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Abstract: Combinations of different aromatic polymers and organic solvents have been studied as dispersing
agents for preparing single-walled carbon nanotubes solutions, using optical absorbance, photolumines-
cence-excitation mapping, computer modeling, and electron microscopic imaging to characterize the
solutions. Both the polymer structure and solvent used strongly influence the dispersion of the nanotubes,
leading in some cases to very high selectivity in terms of diameter and chiral angle. The highest selectivities
are observed using toluene with the rigid polymers PFO-BT and PFO to suspend isolated nanotubes. The
specific nanotube species selected are also dependent on the solvent used and can be adjusted by the
use of THF or xylene. Where the structure has more flexible conformations, the polymers are shown to be
less selective but show an enhanced overall solubilization of nanotube material. When chloroform is used
as the solvent, there is a large increase in the overall solubilization, but the nanotubes are suspended as
bundles rather than as isolated tubes which leads to a quenching of their photoluminescence.

Introduction to separate metallic from semiconducting tubes or, further, to
be able to purify down to a unique species with specific electrical
properties from a given SWNT material.

The dispersion of SWNTs in solutions is useful for their
analysis, purification, and modification. Several methods of
solubilizing SWNTs through chemical and physical function-
alization have been reported. Although chemical functionaliza-
tion™~15 significantly enhances solubilization of SWNTSs in
various solvents, it also changes the intrinsic properties of the
SWNTs due to the modification of their graphene surfaces.
Therefore, noncovalent functionalization through polymer wrap-
plngl or adsorption of ionic surfactadts!® enables dispersion,
while preserving the intrinsic properties of the SWNT. Of these

Since the discovery of single-walled carbon nanotubes
(SWNTSs), their excellent mechanical and electrical properties
have made them promising materials for many potential
applications:™* The wrapping of the graphene sheet leads to
many distinct possible structures, defined by the chiral indices
n and m,> with a third of the species being metallic and the
remainder being semiconducting. However, raw SWNT samples
are usually dominated by bundles of tubes, with the distribution
of tube structures depending on the preparation meth8d.he
diversity of tube diameters, chiral angles, and aggregation makes
their useful application difficult. It is thus desirable to find ways
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(10) An, L.; Owens, J. M.; McNeil, L. E.; Liu, J. Am. Chem. So@002 124, (20) Chen, J.; Liu, H.; Weimer, W. A.; Halls, M. D.; Waldeck, D. H.; Walker,
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Figure 1. Structures of the aromatic polymers used in this study.

between conjugated polymers and carbon nanotubes couldead to a very high degree of selectivity in terms of the nanotube
enhance SWNT properties, for example, in nonlinear opfics. species which are solubilized as isolated tubes. In addition, these
Also, the combination of polymers and carbon nanotubes haspolymers also show energy transfer from the polymer to the
great potential for applications in photovoltaic deviéekght- nanotubes? providing a further route for nanotube excitation.
emitting diodeg# and field-effect transistor®. In the present paper we present an extended description of this
There have been a number of previous works on both the work, examining a further range of polymers and solvents, and
purification of SWNTs and the separation of specific species. demonstrate that the solvent plays a critical role in affecting
Papadimitrakopoulos and co-work&and Maeda et &7 have the final distribution of dispersed SWNTs. We have studied
both reported successful large-scale separation of semiconductoptical absorption, sensitive to both bundled and isolated tubes,
ing and metallic SWNTs using weakly adsorbed amines. An Which demonstrates that the solubilization of nanotubes can be
alternative dispersing agent is DNA, whose helical structure has achieved with most of the processes studied here. Photolumi-
been reported to enclose and wrap SWNTSs. This has been showmescence, which by contrast is only sensitive to isolated tubes,
to efficiently narrow the diameter distribution of nanotu@® emphasizes the different distributions which occur for the
It has also been suggested that a wrapping agent such as glifferent solvent/polymer combinations.
conjugated polymet?-303lwith structures having strong interac-
tions with the surfaces of SWNTs through- interactions,
might result in the selective solubilization of SWNTs with The polymers poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO), poly[9,9-
certain diameters or chiral structures. dihexylfluorenyl-2,7-diyl] (PFH), poly[(9,9-dioctylfluorenyl-2,7-diyl)-

We have recently reportétthat the use of nonaqueous C¢0(14-Phenylene)] (PFO-P), poly[(9,9-dioctylfluorenyl-2,7-digh-
solvents, combined with light-emitting aromatic polymers, can (NN"dipheny}N.N-di(p-butyl-oxy-pheny)-1,4-diaminobenzene)] (PFO-
' ’ PBAB), and poly[(9,9-dioctylfluorenyl-2,7-diyl@it-co-(1,4-benzo-
2,1 ,3-thiadiazole)] (PFO-BT) were purchased from American Dye
Source, Inc. Poly[2-methoxy-5-(2thyl-hexyloxy)-1,4-phenylene vi-
(22) Wa'ng, Z.; Liu, C.; Liu, Z.; Xiang, H.; Li, Z.; Gong, @hem. Phys. Lett. nylene] (MEHPPV) was purchased from Sigma Aldrich. Schematic

Experimental Section

(21) Ogawa, K.; Zhang, T.; Yoshihara, K.; Kobuke,J¥ Am. Chem. So2002
124, 22.

23) ZGOr(e)liszt?gr'n%M . Petritsch. K. Arias. A C.: Lux A Andersson. M. . Pictures of the polymer structures are shown in Figure 1. Solvents were
Friend, R. H.Nature1998 395, 257. """ purchased from Sigma Aldrich. Samples of SWNTs grown by the

(24) Erie$d_,l_R. H.(;:GygeglR. V\IS.; IgolgesbA. Bé; BurrougheAs, JB H.d; Maers,LR. “HiPCO” growth proces¥ were purchased from Carbon Nanotech.,
., lalliant, ., braaley, . . . 0s Santos, . i reaas, J. L.; H e
Logdiund, M.; Salaneck, W. Rature 1999 397, 121. Inc. The nanotubes were _used as purchased Wlt_h quoted purltles of
(25) Sirringhaus, H.; Tessler, N.; Friend, R. Sciencel998 280, 1741. >85% SWNTs. The solutions were prepared with the ratio 5 mg
(26) chgétg%%dg%% D.; Galeska, I.; Papadimitrakopoulod, Am. Chem. Soc.  SWNT/6 mg polymer/10 mL solvent, then homogenized in a sonic bath
(27) Maeda, Y. et. all. Am. Chem. So@005 127, 10287.
(28) Zheng, M.; Jagota, A.; Semke, E. D.; Diner, B. A.; Mclean, R. S.; Lustig, (32) Nish, A.; Hwang, J.-Y.; Doig, J.; Nicholas, R.Nat. Nanotechnol2007,
S. R.; Richardson, R. E.; Tassi, N. §8at. Mater 2003 2, 338. 2, 640

(29) Zheng, M.; Diner, B. AJ. Am. Chem. So2004 126, 15490. (33) Nish, A.; Hwang, J.-Y.; Doig, J.; Nicholas, R. Nanotechnology2008
(30) Rice, N. A.; Soper, K.; Zhou, N.; Merschrod, E.; ZhaoChem. Commun 19, 095603.

2006 4937. (34) Nikolaev, P.; Bronikowski, M. J.; Bradley, R. K.; Rohmund, F.; Colbert,
(31) Wei, C.Nano Lett 2006 6, 1627. D. T.; Smith, K. A.; Smalley, R. EChem. Phys. Lett1999 313 91.
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for 60 min to achieve maximum solubility followed by vigorous
sonication using an ultrasonic disintegrator for 15 min in order to 1.0

—
]
—

debundle the nanotubes and make them optically active. Longer ::2?,':,,‘, -12
sonication times did not improve the optical activity of the soluti&ns. 5 o8} ——PFO-PBAB "2
This was then promptly followed by centrifugation at 9§@6r 3 min. o ——FFo o2
The preparation used for dispersions in sodium dodecylbenzene ® 06| ::::-a-r :
sulfonate (SDBS), used here for comparison with polymers, consisted g

of 5 mg SWNT/350 mg surfactant/35 mL,D. Sonication was for 30 .E 04l

min using an ultrasonic disintegrator, and centrifugation was performed [+]

with an ultracentrifuge at 85 0@Cfor 4 h. Absorbance measurements 8

were taken using a Perkin-Elmer BWis—near-infrared spectropho- < oz

tometer (Lambda 9). Photoluminescence excitation (PLE) mapping was

done using an automated custom-built system consisting of a 75 W U-EM 500 800 1000
xenon lamp focused into a monochromator which then illuminated the
samples in a quartz fluorescence cell. Normalization for the lamp’s
spectral response was done using a silicon photodiode. Luminescence
from the samples was collected at an angle 8Gthe excitation beam

and focused into a spectrograph fitted with a liquid-nitrogen-cooled
InGaAs photodiode array. Raman measurements were performed at

1200 1400 1600
Wavelength (nm)

—
=2
N

——aqueous SDBS

. L —— PFOI Chiorofo
room temperature using a Kilaser at 647 nm for excitation and a _pFo,TH:m "
Jobin-Yvon T64000 triple-grating spectrometer with a nitrogen-cooled —— PFOI Toluene

multichannel CCD detector. The transmission electron microscopy
(TEM) and atomic force microscopy (AFM) image studies were
conducted by JEOL 4000EX and ThermoMicroscope M5 instruments,
respectively.

Ahsorbance (a.u.)

Results

Absorbance.Optical absorbance studies were performed on ) ) ) . ,
all the nanotube solutions prepared. All solutions use the same 400 600 ngeléﬁuath i'rﬁrg} 1400 1600
starting HIPCO SWNT material and might be expected to show
similar optical properties, if the solubilization process is
independent of tube species. The absorbance spectra in this work
are dominated by the absorption of the Bnd B, bands of —— o-xylene
the semiconducting SWNTSs in the wavelength region from 500 toluene
to 1600 nm. The absorption intensity is proportional to the T poiene
amount of solubilized nanotubes, independent of whether they
are isolated or bundled and contrasts with photoluminescence
(PL), where only isolated semiconducting tubes contribute
intensity. Figure 2a shows the absorbance spectra of SWNTs
dispersed in the range of polymers studied using the solvent
toluene. Some spectra have been magnified for comparison (the
dramatic increase in the short wavelength region is due to the
onset of polymer absorption). All solutions were prepared with
the same process parameters, including starting concentration, 400 600 800 1000 1200 1400 1600
sonication power and time, and centrifugation conditions. Wavelength (nm)
Absorbance was meas‘_'lred in a quartz cell using th(:_" Same patr):igure 2. (a) Absorbance spectra of dispersed HiPCO-produced SWNTs
length and corrected with a toluene reference solution. Figure with different polymers using toluene solvent; (b) spectra of dispersed
2a shows the magnitude of the optical absorbance to be highlynanotubes using PFO in the solvents toluene, THF, and chloroform
sensitive to the structure of the polymer. Polymer solutions gpmpareg with Ehzt prep?‘mdpigos'?BtSh aq“?oust S‘:'“Itionsi (©) Speg”a of
which have high total absorbance, such as PFO-P and MEHPPV,Olisﬁ;rs]: nanotubes using in the solvents tolugnglene, an
also show less well-resolved features, due to the presence of
multiple overlapping peaks, while those with lower total absor- SDBS, which is thought to disperse SWNTs without any
bance, such as PFH and PFO-BT, are much narrower and betteselectivity. These spectra have been adjusted for visual com-
resolved. These resolved features may be correlated with theparison because the spectra of solutions in THF and chloroform
peaks observed in PLE maps, examples of which will be shown are only measurable when the solutions are diluted, due to the
later. This indicates that as solubilizing agents, the polymers very high solubilization of the nanotubes. All polymer solutions
have varying degrees of selectivity at dispersing SWNTs and prepared with THF and chloroform showed similarly high
also that polymers showing a high selectivity, such as PFO solubilizations, typically 2 to 3 orders of magnitude greater than
BT, only disperse a smaller fraction of the nanotubes present.that in toluene. In general, the polymer/chloroform solutions

Figure 2b shows how the choice of solvent affects the show the highest nanotube solubility, THF shows the second-
dispersion for PFO in three organic solvents: toluene, THF, highest solubility, and toluene shows the lowest solubility. The
and chloroform. Also shown is the absorbance spectrum of higher solubility is associated with all SWNT species being
SWNTs dispersed in aqueous solution using the ionic surfactantsolubilized, hence, yielding the poorly resolved absorption

8

o
[

Absorbance (a.u.)
2 8
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Figure 3. PLE maps where the false color scale represents the intensity of emission from SWNTs dispersed using SDBS in aqueous solution and using PFO
in the organic solvents THF, toluer@xylene, ancp-xylene. The points represent the positions of SWNT resonances using the scheme proposed by Weisman
and Bachilo®

features. By contrast, absorbance measured using the family ofdielectric screening causes a reduction of the eleetebectron
solventso-xylene, toluene, anp-xylene, which have much more  and excitonic Coulomb interactiod%.38 This shift varies
similar properties, show (Figure 2c) very similarly resolved slightly between different polymers, but is independent of the
spectra but still have a difference in absorbance of a factor of solvent used. Other resonant features which are visible at higher
more than 3. and lower energy excitation relative tgfalso result in emission

Photoluminescence-Excitation (PLE).Photoluminescence  from the same | energy gaps and can be attributed to
spectroscop¥!8 is particularly sensitive to isolated nanotubes previously established phonnand weakly allowed absorp-
since their aggregation into bundles not only quenches the tion*° effects.
luminescence but also causes broadening of the optical transi- The peaks in Figure 3a for the aqueous SDBS solution
tions. This is due to the interaction with other nanotube species correspond to a typical distribution of standard HiPCO-produced
and, in particular, to metallic tubes which provide efficient SWNTSs, with 23 species observed. For the same SWNT material
nonradiative decay pathways for any photoexcited carriers. prepared using PFO and organic solvents, totally different results
Figure 3 shows the PLE maps of SWNTs dispersed using SDBSare found. Only 6 peaks may be observed in PFO/toluene
in aqueous solution and using PFO in the organic solvents (Figure 3b), almost all (22) peaks are detected in PFO/THF
toluene, THF,0-xylene, andp-xylene. The peaks correspond
to resonant emission from the primary;Electronic transitions ~ (35) Weisman, R. B.; Bachilo, S. Mano Lett 2003 3, 1235.

o : (36) Ando, T.J. Phys. Soc. Jpr2004 73, 3351.

when the excitation matches the secondaps Electronic (37) Li, L.-J.; Lin, T.-W.; Doig, J.; Mortimer, I. B.; Wiltshire, J. G.; Taylor, R.

18 i indi iri iti A.; Sloan, J.; Green, M. L. H.; Nicholas, R. Bhys. Re. B: Condens.
levels!® The points indicate thg empllrlcal positions for_the Miatter Mater. Phys2008 74 345418,
energy gaps of the correspondingrf) indexed tube species  (38) Li, L. J.; Khlobystov, A. N.; Wiltshire, J. G.; Briggs, G. A. D.; Nicholas,
given by Weisman et al. for the case of SWNTSs dispersed using (39) F}i) riégl,alt\)l.’;\/lgaegrt'rza%%?, %.?BMlétzger, W. K.; Ellingson, R. J.; Nozik, A. J.
an aqueous surfacta#ttput with a red shift of approximately Heben, M. J.; Rumbles, Ghys. Re. B: Condens. Matter Mater. Phys.

0 .. . H 2005 71, 115426.
1.3%. This is due to the surrounding polymers causing a (40) Miyauchi, Y.; Oba, M.; Maruyama, ®hys. Re. B: Condens. Matter Mater.

difference in the local dielectric environment where the increased Phys.2006 74, 205440.
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Table 1. Relative Intensity of SWNT Species Deduced from PLE Maps of Samples Prepared in SDBS Aqueous Solutions and
Polymers/Toluene

relative intensity (%)

D,0 toluene
diameter chiral angle PFO- PFO-
(n,m) q (nm) (deg) SDBS PFO-P PBAB PFO MEHPPV PFH BT
(7,9 -1 0.829 24.50 28.42 18.81 31.22 38.99 33.31 24.34
(7,6) 1 0.895 27.46 70.19 41.67 100 34.60 86.44 37.01
(8,9 1 0.840 19.11 35.08 18.46 24.49
(8,6) -1 0.966 25.28 85.95 73.43 98.68 100 100 75.28 5.8
8,9 1 1.032 27.80 87.85 71.53 86.00 46.43 76.16 100 26.25
(9,9 -1 0.916 17.48 68.14 67.99 25.71 86.81 28.11 10.47
(9,5 1 0.976 20.63 49.74 71.35 47.95 59.69 36.39
9,9 -1 1.103 25.87 100 73.68 62.10 47.02 57.59 97.99 16.67
9,9 1 1.170 28.05 43.76 51.60 37.37 8.62
(10,2 -1 0.884 8.95 16.08 36.96
(10,3 1 0.936 12.73 24.92 29.68 8.29 19.69 16.94
(10,5 -1 1.050 19.11 86.66 100 27.85 68.48 100
(10,9 1 1.111 21.79 44.31 56.43 22.83 30.03 7.5
(10,8 -1 1.240 26.33 14.63 30.20
(11,0 -1 0.873 0.00 15.98 13.72
(11,1 1 0.916 4.31 12.32 16.05 3.90
(11,3 -1 1.014 11.74 58.39 29.51 42.79 37.64
(11,9 1 1.068 14.92 27.43 32.44 14.63 16.47 8.63
(11,9 -1 1.186 20.36 30.84 55.05 11.32
(12,1 -1 0.995 3.96 31.86 43.83 36.16 36.64
(12,2 1 1.041 7.59 13.47 22.09 9.17 13.99 9.07
(12,4 -1 1.145 13.90 48.97 43.05 9.76
(12,5 1 1.201 16.63 19.41
(13,2 -1 1.120 7.05 41.03 23.73 11.76 9.21
(13,3 1 1.169 10.16 15.36

(Figure 3c), and in the case of PFO/chloroform, no SWNT A sample graphene sheet map is shown in Figure 4 for the
photoluminescence could be observed at all. From the increasedeference aqueous SDBS solution. Each hexagon corresponds
solubility using PFO/chloroform seen in the absorbance spectra,to one f,m indexed carbon nanotube species and is shaded in
coupled with the absence of photoluminescence, we may a grayscale from white to black, proportional to its relative
conclude that the dispersed SWNTSs remain mostly bundled. Any intensity, according to the values given in Table 1. Histograms
isolated nanotubes suspended cannot be detected as the excitingf the photoluminescence are also plotted for the relative
or emitted light may be absorbed by the large amount of intensity against the nanotube diameter or chiral angle. The
nonemissive suspended material. Figure 3d,e shows that inillustrations of Figure 4 show that the HIPCO-produced SWNTs
agreement with the absorption measuremeatsylene and used have a fairly wide distribution of diameters, between 0.8
p-xylene show similar peaks to those observed for toluene, with and 1.25 nm, and of chiral angles from 0 to®3Ro correction
the strongest emission coming from tleexylene solvent has been made for possible differences in the quantum efficien-
solution. In order to perform a systematic study, therefore, cies of different species. However, the even distribution of chiral
solutions were prepared for all other polymers using toluene, indices shown suggests that this is not a strong function of the
chloroform, and THF. PLE maps for the toluene and THF nanotube parameters.
solutions were recorded, while none of the solutions using  Figure 5 shows the graphene sheet maps of the SWNTs
chloroform show any photoluminescence. dispersed using the different polymers in toluene (left) and THF
To compare the PLE results of different polymer/solvent (right), and Figure 6 shows the histograms as a function of
combinations quantitatively, we first calculate the intensity of gigmeter (left) and chiral angle (right). The distribution of
each peak using peak-fitting software. Fitting procedures along gispersed species is strongly dependent on both polymer and
both the excitation and emission axes have to be considered sajyent, although some general observations can be made. First,
that the overlap of peaks and contributions from phonon effects the total number of species giving photoluminescence is usually
may be removed. In order to ensure that all PLE maps measurechigher in THF than in toluene. This is probably related to the
have a good signal-to-noise ratio, particularly important for pigher overall solubility of SWNTSs in THF, as shown in Figure
detecting the minority species, the parameters of the measure- for PFO, PFH, and PFO-BT. By contrast, although PFO-P
ments were separately optimized for each solution. Therefore, 3nq pPFO-PBAB have a relatively high absorption intensity in
for each PLE map the fitted intensity is normalized by the THF, the number of species present is found to decrease, which
species which shows the highest intensity and represented as g attribute to the THF solutions preferentially selecting smaller
percentage. Examples of the calculated results are shown ingjameter tubes. For example, the strongest species in PFO-P/
Table 1. The data are presented graphically in schematicyyene and PFO-BT/toluene are bott0(5 but shift to ©,4)
representations called graphene sheet filagsd histograms — \hen THF is used. It is thought that the change of solvent
of the PL intensity as a function of diameter and chiral angle. enyironment alters the polymer conformation and thus affects

(41) Weisman, R. B.; Bachilo, S. M; Tsyboulski, Bppl. Phys. A2004 78, the interaction, or binding energy, between the polymer and
1111, specific SWNT species. For the case of MEHPPV, with a very
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(2) Chirality preference. PFO/toluene has a very strong
dependence on the chiral angle of SWNTs in favor of near-
armchair structures, but this phenomenon disappears using THF.
Both PFH (Figure 6e) and PFO-PBAB (Figure 6b) also show
significant chiral selectivity in both toluene and THF solutions,
although the toluene is still better.

(3) Diameter preference. In THF solutions, PFH, PFO-BT,
and PFO-P (Figure 6a) all show a preference for tube diameters
in the range of 0.91.05 nm, which is significantly narrower
than the original starting material, while a similar behavior is
seen with MEHPPV/toluene (Figure 6c), but not with THF.

(4) No particular preference. In toluene, PFO-P, and in THF,
100 - PFO and MEHPPV, show no apparent preference, but solubilize
all nanotubes well.

Raman Scattering. Raman scattering may also be used to
M demonstrate the enhanced selectivity which occurs as a function
of solvent and has the advantage of not being strongly influenced
by the bundling state of the nanotubes. The radial breathing
mode (RBM) frequencies are proportional to 1/diameter of the
—‘ nanotube® and show resonances similar to those seen in the

Relative intensity
& 8

L]
[=]
L

PLE spectra. RBM spectra are shown in Figure 7 taken using
an excitation wavelength of 647 nm which is in resondnte

il

050 0.65 0,50 0.35 1.00 1.5 1.10 1.5 1.20 125 with the (10,3, (7,6), (7,5, and 8,3) semiconducting nanotubes
() Diameter (nm) and a group of metallic nanotubes with diameters-Gf2 nm
o which give a broad peak at around 200 ¢miThe spectra are
100 = normalized to the strength of th&,p) peak. The strength of
| the metallic peak is quite significantly reduced when PFO is
280+ used with all of the organic solvents, even chloroform, and the
E - f additional selectivity which occurs for the PFO/toluene com-
.g 60 bination results in almost total removal of all of the metallic
. species, as reported previoudty.
2 407 TEM and AFM. Figure 8 shows the TEM and AFM images
g of SWNTSs dispersed using PFO in toluene and chloroform. In
201 the case of PFO/toluene, the TEM images often show composite
] H [ structures 67 nm across showing only one SWNT surrounded
“u 5 10 15 20 25 30 by polymer, marked with an arrow as indicated in Figure 8a.
Chiral angle (deg) The presence of the polymer makes it difficult to image the

Figure 4. Schematic representations of SWNT solutions using aqueous Nanotube side wall due to the overlap of polymer matrix. The
SDBS as a dispersing agent. Shown is a graphene sheet map (a) andow magnification images (inset) suggest there are some
histograms for distributions with respect to diameter (b) and chiral angle composites with larger sizes. However this may be due to
©- aggregation caused during the preparation of the samples for
TEM. In contrast, the nanotube/polymer composites in PFO/
chloroform solutions are larger and denser, often overlapping
and interwoven, as shown in the inset of Figure 8b. Most of

different structure from the other polymers studied in this work,
the behavior of the two solvents is reversed, with toluene

showing a reduced number of nanotubes solubilized and a . .
the composites are larger than 10 nm across and usually contain

preference for smaller diameters. multiple nanotubes wrapped together by polymer, as marked
Comparing the species-specific actions of the different . P bp 9 Y polymer,

polymer/solvent combinations, we may divide these into four n F|gure 8b. These images support the conclusions from the
groups: optical measurements that although the polymers have success-

(1) Species specific. The most remarkable combination is fully wrapped and dispersed nanotubes in chloroform, the

. . . . dispersed nanotubes remain bundled.
PFO-BT (Figure 6f) in toluene, which selects ti® 5 species )
to such a strong extent that it is more than 4 times stronger The AFM study further confirms the TEM resulits. The drop-

than any other. In THF, PFO-BT also shows a significant cast films from the toluene solutions have nanotube-rich and
preference but. now for'the9(4) species, but a significant polymer-rich areas, but those from chloroform solutions form
number of ;)ther tubes remain and so it is’ included in the third V€Y thick, black films. Figure 8¢ shows the nanotube-rich area

group of diameter-selective treatments. PFO/toluene (Figure 6d)fr°”;] a Ft?:uﬁ r!ehs{oll;tlon, W(;tré very unlformly qll_fzpl\irs_?ﬁ W.'rej[i'
might also be included in this group, although its main action each with height ot aroun nm as seen in - s is the

seems to be through its chiral angle selectivity. Nevertheless, 5'%€ of the single tupe wr_appe_d by PFO observed_ n TEM' For
when combined with a different starting material such as the chloroform solution films, images are shown in Figure 8d

nanotubes produced by the COMoCAT process, it is capable of (42) Jorio, A,; Saito, R.; Hafner, J. H.; Lieber, C. M.; Hunter, M.; McClure, T;
producing solutior® with over 50% of the single species,b). Dresselhaus, G.; Dresselhaus, M.PBys. Re. Lett. 2001, 86, 1118.
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Figure 5. Graphene sheet maps showing normalized PL intensity of SWNTSs dispersed using various polymers, whose structures are also shown, in toluene

(left) and THF (right).

binding energies between the PFO and nanotube. These different
(44) Allinger, N. L.; Yuh, Y. H.; Lii, J. H.J. Am. Chem. Sod989 111, 8551.

(43) Ponder, J. W.; Richards, F. M. Comput. Cheml987, 8, 1016.

probably not detected optically due to the low total fluorescence conformations where PFO surrounds a nanotube, some examples
guantum yield of the solutions and the parasitic absorption of of which are shown in Figure 9a,b, with each having different

for both the dense central area and area close to an edge. In thand solubility of the polymers as SWNT dispersing agents, we
bundles.

central area, the features are typically in the order of tens of have performed molecular mechanics simulatidnsing the

nanometers high, corresponding with the TEM results, but at MM3 force field** We have previously showf that the
and some smaller size composites are also found. These wersimplifies the simulation process. Here we find several possible

the edges some individual tubes without any polymer wrapping polymer PFO forms relatively rigid and rodlike chains, which

Molecular Dynamics Simulation. In order to understand the
polymer structure and effect of the solvent on the selectivity

= VOL. 130, NO. 11, 2008 3549
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Figure 6. Histograms of dispersed SWNTSs using polymers in toluene (lower diagrams) and THF (upper diagrams) show chiral angle and diameter distribution.

conformations might be stable in different solvent environments, in Figure 9c for a 10,5 tube and PFO-P, whose unit structure
therefore causing the observed solubilization and selective is a copolymer of PFO with a benzene ring. This extra benzene
dispersion effects. Figure 9a shows wrapping mainly by side ring gives the polymer backbone more freedom to rotate and
chains of PFO, while the wrapping through tire st interactions fit the curvature of the SWNT surface.

between nanotubes and the backbone of PFO is also possiblefDiSCUSSion

as shown by the structure in Figure 9b. Another possibility

occurs when all the side-chain groups are on the same side. The optical studies above show that the total solubility and
This can cause the backbone to twist around the tube, as showrihe selectivity of dispersed nanotubes are highly dependent on
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Figure 7. Raman spectra of the RBM frequencies of SWNTs dispersed in

aqueous SDBS and PFO/organic solvents excited at 647 nm using a Kr
laser.

prepare SWNT solutions includes centrifugation, aggregations
of polymers and SWNTs of higher relative density to the
solvents are sedimented to the bottom of centrifuge tifbElse
density of chloroform, however, is 1.5 g/€énmuch higher than
those of RO, 1.1 g/cm, and THF and toluene, 0.9 g/énThis

high density helps to suspend the SWNTs through buoyant
forces, either bundled or debundled, even without the surfactant.
The high solvent density is thought to be responsible for the
sizable amount of polymer-wrapped bundled nanotubes which
exist in chloroform solutions, as confirmed by the TEM and
AFM studies. By contrast, large differences occur in the species
preferred in dispersions using THF and toluene, which have
almost the same density, but have very different polarity and
structure. This is evidence that the changes in conformation and
aggregation of the polymers caused by the solvents play an
important role in the observed behavior.

Many reports exist in the literature of molecules with aromatic
rings adsorbed on SWNTs through-z interaction$253 The

the polymer structures and solvents. There is a considerabler—x stacking between aromatic molecules and the surface of

volume of literature on how solvents affect the conformation
of polymers and affect their physical propertf&s?’ The
solubility of polymers, reflecting their conformation, is sensitive
to several different solvent parameters: polarity, aromaticity,
and solvent architectuf€ When polymers are in an unfavorable
solvent, they tend to fold and minimize exposure to the solvent,

SWNTs is likely to exhibit a preferred specific orientation. This
may be the reason why these aromatic polymers have such a
strong selectivity. If a specific nanotube species with a particular
surface structure fits the stacking with the polymer backbone,
the amount of this species solubilized will be enhanced. When
the diameter of the nanotube is reduced, this stacking effect

and in a favorable solvent, they have a relatively open and will become more sensitive because the curvature of the

straight conformation. As a result it is generally believed that
the solubility of SWNTSs is related to the density and polarity
of the solvents used. Solvents with high density or high polarity
will cause high solubility of SWNTs. Liu et al. used two

different solvents for poly(2,7-9,9(di(oxy-2,5,8-trioxadecane))-

graphene surfaces of SWNTs becomes larger and thus makes
the stacking conditions more critical.

The intrinsic structure of PFO greatly limits the possibility
of conformation changes. This enhances its selectivity because
the effect of thexr—n stacking of the PFO backbone and

fluorene), which has very similar structure to PFO, to disperse nanotube surface dominate the binding energy between the PFO
SWNTs#® They described a simple model and suggested that and nanotubes. Furthermore, the length of the side groups
the polarity of the solvents will strongly affect the way the influences the solubility of the SWNTSs since longer side chains
polymers aggregate and thus influence the degree of dispersiorwill cover more nanotube surface area and result in stronger
of the nanotubes. This is confirmed by the absorption data of composite structures. PFH, with side groups shorter by two
Figure 2c where the higher polarity-xylene shows a much  carbon atoms compared with PFO, shows much lower SWNT
higher solubility tharp-xylene. Bahr et & used several organic  solubility than PFO. However, these two polymers both show
solvents to solubilize SWNTs without any surfactant and highly selective dispersion of SWNTSs due to the limitations of
compared their solubility. Chloroform has solubility of 31 mg/ conformation. Where more freedom of conformation exists, the
L, THF has a solubility of 4.9 mg/L, and the solubility of selectivity decreases. PFO-P, with its backbone extended by an
toluene is less than 1 mg/L afté h of sonication followed by extra benzene ring, has increased flexibility of the polymer
filtration through glass wool. Here, the presence of the poly- chains and shows nonselective dispersion. PFO-PBAB and PFO-
mer makes a similar measurement unreliable, but the absor-BT both have an extended backbone similar to that of PFO,
bance spectra suggest that the solubility of SWNTs in the samebut the unique side groups complicate the conformation condi-
three solvents is consistent with the observation made by Bahrtions compared with PFO-P, therefore affecting the resultant
et al. dispersions.

Solvent density is also of some importance. It has been MEHPPV is also an aromatic polymer but with a very
reported by Amold et &l that it is possible to sort SWNTs  gifferent structure from the others used here, making it an
species by density differentiation using extended ultracentrifu- jnteresting comparison to the PFO-based polymers. First, the
gation of aqueous solutions. Since the technique we use t0ahsorption intensity of SWNTs in MEHPPV/toluene is between
that of PFO-P/toluene and PFO-PBAB/toluene, but the number
of species showing photoluminescence is somewhat less than
that in PFO-PBAB/toluene. Second, when THF is used as a
solvent in place of toluene, the total SWNT emission is found
to increase for the case of MEHPPV in contrast to the decrease
seen while using PFO-PBAB. Third, a shift in the solubilization

(45) Huser, T.; Yan, M.; Rothberg, L. Proc. Natl. Acad. Sci. U.S.A2000
97, 11187.

(46) Schwartz, B. JAnnu. Re. Phys. Chem2003 54, 141.

(47) Quan, S.; Teng, F.; Xu, Z.; Qian, L.; Hou, Y.; Wang, Y.; Xu, Eur.
Polym. J 2006 42, 228.

(48) Traiphol, R.; Sanguansat, P.; Srikhirin, T.; Kerdcharoen, T.; Osotchan, T.
Macromolecule2006 39, 1165.

(49) Liu, G.; Johnson, S.; Kerr, J. Blater. Res. Soc. Symp. Pr&004 796,
V6.8.1.

(50) Babhr, J. L.; Mickelson, E. T.; Bronikowski, M. J.; Smalley, R. E.; Tour, J.
M. Chem. Commur2001, 193.

(51) Arnold, M. S.; Green, A. A; Hulvat, J. F.; Strupp, S. |.; Hersam, M. C.
Nat. Nanotechnol2006 1, 60.

(52) Zhao, J.; Lu, J. PAppl. Phys. Lett2003 82, 3746.
(53) Gotovac, S.; Honda, H.; Hattori, Y.; Takahashi, K.; Kanoh, H.; Kaneko,
K. Nano Lett.2007, 7, 583.
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Height (nm)

Figure 9. Computer models of SWNTs wrapped by polymers. (&)@ Tube surrounded by four PFO chains with their side-chain groups1(h))(Tube
wrapped by three PFO chains through s interaction between the PFO backbone and the nanotube surfacg0,®)Tube helically wrapped by PFO-P
with all the side-chain groups at one side. The darker atoms indicate the backbone of polymers.

to small diameter SWNTSs is observed in most of the PFO-based Conclusions

polymers when THF is used in place of toluene. In the c_ase of SWNTs have been successfully dispersed using aromatic
MEHPPV, the opposite behavior is seen. This is further evidence organic polymers in various solvents. The solubility and the

of how the polymer structure affects the solubilization of selective dispersion have been found to be strongly influenced
individual nanotubes in different solvents and shows that by the polymer structures and solvent used. Chloroform gives
changes in polymer structure can drastically alter the results.the highest solubility for SWNTSs, but evidence suggests that
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