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We examine the BreitWigner—Fano (BWF) line shape in the Raman spectra of carbon single-wall nanotubes
(SWNTSs) dispersed in agueous suspensions. Bundling and electronic effects are studied by comparing undoped
SWNTs (C-SWNTSs) to boron-doped nanotubes (B-SWNTS) in a variety of different surfactant solutions. For
SWNTs dispersed with nonionic surfactants that are less effective in debundling than ionic surfactants, the
Raman spectra retain a large BWF feature. However, we demonstrate that even for SWNTs dispersed as
isolated nanotubes by ionic surfactants the BWF feature may be present and that the intensity of the BWF is
highly sensitive to the specific surfactant. In particular, surfactants with electron-donating groups tend to
enhance the BWF feature. Also, modification of the SWNT electronic properties by boron doping leads to
enhanced surfactant dispersion relative to undoped C-SWNTs and also to modification of the BWF feature.
These observations are in agreement with reports demonstrating an enhancement of the BWF by bundling
but also agree with reports that suggest electron donation can enhance the BWF feature even for isolated
SWNTs. Importantly, these results serve to caution against using the lack or presence of a BWF feature as
an independent measure of SWNT aggregation in surfactant dispersions.

Introduction Raman measurements are particularly sensitive to m-SWNTS,
relative to other spectroscopic techniques, as m-SWNTs cannot
be observed with PLE spectroscopy and are difficult to
'pterrogate by absorbance spectroscopy in polydisperse distribu-
lons. This sensitivity is due in part to the appearance of a
broadened, asymmetric peak with a Brélfigner—Fano (BWF)

line shape in the Raman spectrum of m-SWNTs that arises from
coupling of the Ag phonon to the electronic continuum. The
region of the Raman spectrum specific to atomic displacements
tangential to the tube surface (tangential or G-band region) is
actually composed of two peaks for m-SWNTs. The iGode

at ~1580 cn1! is due to displacements along the tube axis,
and the diameter-dependent @ode betweer-1530 and 1560
cm 1 is due to displacements along the tube circumferéfce.
Brown et al. showed that nanotube curvature was responsible
for both the frequency difference between the two components
as well as the coupling of the lower frequency @ode to the
conduction electron continuufd. The BWF line shape is
described by

Carbon single-wall nanotubes (SWNTs) are unique one-
dimensional materials with optical, electronic, and vibrational
properties that are dependent on the nanotube diameter and chir:
angle. The tunable electronic properties of SWNTs make them
ideal candidates for a variety of applications including field-
effect transistord? chemical sensorsphotovoltaic (PV) materi-
als*#5 organic light-emitting diodes (OLEDS$),and energy
storage medi&® As produced, SWNT samples consist of2:1
mixture of semiconducting and metallic nanotubes (s-SWNTs
and m-SWNTSs, respectively) of various band gaps and exist in
bundles of varying size because of strong intertube van der
Waals force$. This presents a challenge for the incorporation
of SWNTs into devices, because each different device may
perform ideally with a specific nanotube type or band gap. These
requirements underscore the importance of producing homo-
geneous dispersions of isolated SWNTs and of finding methods
for separating SWNTSs according to diameter and helicity. It is
also important to probe the interaction of SWNTs with other
molecules and to understand the effect of this interaction on )
device performance. For example, the change in electrical [ H (0~ wgy/dl]
conductance upon molecular adsorption is the primary mech- (@) =1, 1+ [(0 — o )/F]2
anism by which SWNTSs sense chemicasiso, both static and BWF
dynamic charge transfer in SWNT/polymer composites are
important for energy storage or energy conversion devites.

Raman spectroscopy is an especially powerful tool for
characterization of SWNTS:1*Raman spectroscopy has been
used to glean information on the degree of SWNT debundling
and isolation'>"18 the relative contents of s-SWNTs and
m-SWNTs in a given samplé;2°and the electronic redistribu-
tion or charge transfer as a function of molecular interactféns.

where 14 is a parameter which measures the interaction of the

phonon with a continuum of statesgwr is the BWF frequency

at maximum intensity,, andT is the broadening parametsr.
The origin of the BWF component, as well as the sensitivity

of the BWF component to a variety of intrinsic and extrinsic

factors, has been the subject of much recent debate. Initial

reports suggested that the BWF component was intrinsic to

individual m-SWNTSs, arising from the coupling of the discrete

T Part of the special issue “Arthur J. Nozik Festschrift”. A1g phonon to the continuum of electrons at the Fermi level in

* Author to whom correspondence should be addressed. the m-SWNTg?224Consistently, early reports demonstrated the
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presence of a BWF line shape for m-SWNTs isolated on in the SWNT-surfactant interactions, both of which lead to
substrated? However, more recent reports call these findings varying degrees of charge localization at the nanotube surface.
into question by demonstrating the lack of this mode for In several cases, we observe a strong BWF component in the
m-SWNTs isolated on substrat®s6 These latter experiments  metallic Raman spectrum even for dispersions of highly isolated
support a competing idea that the BWF coupling arises from SWNTSs. The intensity of the BWF mode tends to be higher for
low frequency, gapless plasmon modes in the far-infrared that surfactants containing electron-donating groups, suggesting that
are strongly enhanced by bundle formatfénOther recent charge injection may contribute to the BWF feature in disper-
reports correlating the BWF intensity with temperature and sions of isolated SWNTs. This hypothesis is supported by the
X-ray diffraction data also claim an enhancement because of observation that modifications in the electronic distribution
bundling, although these experiments were not done with single-induced by boron doping also lead to significant differences in
tube resolutiorfé:2° the BWF intensity for nanotubes dispersed with a given
The dispersion of SWNTSs in aqueous solution with surfac- s_urfactant. In general, our results, coupled_with re_zsults from the
tant$® and polymerd represents a crucial advancement toward literature, suggest that the presence and intensity of the BWF
providing debundled, isolated nanotubes that are easily processedfature is sensitive to any changes in the magnitude of dielectric
for device fabrication. The degree of debundling in SWNT Screening, whether from tubéube interactions in bundles, from
solutions has been assessed by PLE, absorbance, and Ramd#arge injection or depletion, or from charge polarization from
spectroscopy. Raman experiments performed on SWNTs dis-tube-molecule interactions. These results suggest that the
persed in aqueous solution with sodium dodecyl sulfate (SDS), €xistence or lack of a BWF feature should not be used alone as
single-stranded DNA, polyvinylphenol (PVP), and aragoza & measure of SWNT aggregation and also _prowde_mformatlon
polymers demonstrated the disappearance of the BWF line shapéedarding the nature of surfactaimanotube interactions.
once the SWNTs were isolated in solut’ In general, the
appearance and disappearance of the BWF was attributed td=xperimental Section
bundling/debundling effects, in similarity to studies performed
on SWNTs isolated on substrates. Following this reasoning,
Karachevtsev et al. used the ratio of the higher frequenty G
component to the BWF component ((&~) as a measure to

SWNTs were produced by laser vaporization of a graphite
target containing the appropriate catalysts. C-SWNTs were
produced from graphite targets having 0.6 atomic % each of
i e Ni and Co powder. Boron-doped SWNTs were produced from
compare the relative degree of SWNT aggregation in different oo onite targets containing 11 atomic % nickel boride (NiB).
surfactant and polymer suspensions and fitfhs. Boron is doped substitutionally into the lattice of these B-

However, in addition to the bundling effect, the BWF SWNTs at a level of~1—1.5 atomic % relative to carbdf.
component has also been shown to exhibit sensitivity to electron Targets were made by presgif g of material at 10 000 psi in
donation and withdrawl from m-SWNTs. For example, SWNT 3 cylindrical die 1-in. in diameter. Targets are mounted in a
oxidation by acidic species such as H)®,SO,, and Nafion molybdenum holder and positioned into a quartz tube sur-
has been shown to cause a diminishment of the BWF fe#ttfe.  rounded by a clamshell furnace. The furnace temperature during
Strano et al. also studied SDS-suspended HipCo SWNTs with synthesis was 117%C. Nitrogen was used as the background
a large BWF component at basic pH and observed a downshiftgas at a pressure of 500 Torr and at a flow rate of 108/ cm
and narrowing of this feature with decreasing $Hn these  min. Samples were vaporized with a pulsed alexandrite laser,
cases, the proton localizes fractional charge at the nanotuberunning in the free mode at 10 Hz, which produces 755 nm
surface at low pH, leaving a net positive charge-Y over the  pulses which are-200 ns in duration. Laser power ranged from
remainder of the nanotube. Shim et al. showed that, while 2 to 4 W atpower densities of 4565 W/cn? to remain in a
the BWF mode was absent for substrate-suspended isolatedsaporization regimé®4°Material was produced at a rate 880
SWNTs, the adsorption of the electron-donating polymer mg/h and was collected in the cold zone downstream of the
polyethyleneimine (PEI) induced a large BWF component for furnace.
the isolated SWNT$&! The enhancement of the BWF feature To Study a Variety of samp|e3, we also Synthesized C-SWNTs
for m-SWNTs has been shown upon n-type doping with°Li,  and B-SWNTs using a Nd:YAG laser and C-SWNTSs using arc
and the development of a BWF feature for s-SWNTs was shown discharge. Although this report focuses on SWNTs produced
for doping with Cs, Rb, and R'3" These latter examples  jith the alexandrite laser, the same trends are seen for SWNTSs
demonstrate an enhancement of the BWF feature when injectedyenerated with the Nd:YAG laser and arc discharge.
electronic charged) is delocalized over the length of the Surfactant dispersions of SWNTs were prepared in a manner
nanotubes. In general, these reports demonstrate the tendencyimilar to that described previousiy* Sodium dodecy! sulfate
for diminishment of the BWF feature when electron density is (SDS), sodium dodecyl benzyl sulfonate (SDBS), sodium
withdrawn from m-SWNTs, while the BWF feature is strength- cholate (cholate), and Tween 80 were purchased from Aldrich
ened when electron density is donated to m-SWNTs. Theseang were used without further purification. Triton X-100 was
results suggest a strong dependence of the BWF mode on theyyrchased from EMD and was used without further purification.
localization or polarization of charge on the nanotube surface Figure 1 displays the chemical structures of several of the
induced by molecular interactions, even for completely de- syrfactants utilized in this study. Briefly,-6.0 mg of SWNT
bundled SWNTSs. Clearly, these results suggest that caution mustaw soot was added to 15 mL of a 1% (by weighg{Dsolution
be taken in attributing changes in BWF intensity solely to the of g given surfactant. This dispersion was sonicated with a cup-
degree of SWNT aggregation and emphasize the need for furthemhormn sonicator at 30% power for 12 min and then was transferred
studies. to a bath sonicator for 24 h. Following bath sonication, the

In this contribution, we examine the role of bundling and dispersion was again sonicated with the cup-horn sonicator, this
nanotube-surfactant interactions on the BWF Raman compo- time at 100% power for 12 min. The dispersions were then
nent for dispersions of SWNTSs in various surfactants. Interest- immediately centrifuged at 28 000 rpmrfd h at 20°C. The
ingly, we find that the intensity of the BWF component is supernatant was carefully removed via pipet for use in absor-
sensitive to both the degree of debundling and the differencesbance and Raman measurements.
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Figure 1. Chemical structures of the anionic surfactants used in this study. (A) sodium dodecyl benzyl sulfonate (SDBS), (B) sodium dodecyl

sulfate (SDS), and (C) sodium cholate (cholate).

i " cholate ' C-SWNTs dispersed in cholate, SDBS, Triton X-100, and SDS.
121 a T SDXB1SOO ] Individual peaks in the absorbance spectra arise from optically
riton X-

g induced transitions between van Hove singularities (vHs) in the
density of states (DOS) for SWNTSs of specific chiralities. Three
main groupings of peaks may be seen in the absorbance
spectra: (1) peaks fronv1400 to 1900 nm arising from the

- - first vHs transitions for s-SWNTSs, (2) peaks frer800 to 1100

L nm arising from the second vHs transitions for s-SWNTs, and
ook v N (3) peaks from~580 to 780 nm arising from the first vHs
400 800 1200 1600 transitions for m-SWNTs. The structure at wavelengths shorter

Wavelength (nm) than ~580 nm arises from the third optical transitions for

—— s-SWNTSs, which are superimposed on a rising background.

b - The absorbance spectra for the nonionic Triton X-100 sample
B-SWNT and the Tween 80 sample (not shown) are broad and relatively
2.0 ] featureless compared to the spectra of the SWNTSs dispersed in

1.5 anionic surfactants. This observation, coupled with the lack of

10 | photoluminescence (PL, not shown) from these samples, sug-
gests poor debundling for these nonionic surfactants. In contrast,
0.5F the anionic surfactants debundle the SWNTs relatively ef-
(C-SWNT = 3

0.0 . fectively, as evidenced by well-resolved peaks in the absorbance
400 800 1200 1600 spectrum as well as S|gn|f|c_ant and well-resolved PL. In
agreement with previous studies, we see a dependence of the
Wavelength (nm) SWNT peak positions in absorbance and PL on the dielectric
Figure 2. (a) Absorbance spectra of C-SWNTs dispersed with four environment of the solution, which is determined by the
different surfactants. Spectra are not normalized but are offset for clarity. gyrfactant2 For the anionic surfactants, we find the best
(b) Un-normalized absorbance spectra for B-SWNTs and C-SWNTs dis ; _ ; ; ;
X . . ) persion of these laser-generated SWNTSs is achieved with
0,
dispersed in 1 wt % SDBSHD solution. The starting mass of raw echolate, followed by SDBS, and then SBE2This is likely a

material for each sample was 9 mg, and all absorbance spectra wer ) .
taken in 1-cm cuvettes. reflection of the strength of the surfactamanotube interac-

tions#1:43:44

Figure 2b shows absorbance spectra for boron-doped SWNTs

Steady-state absorbance measurements were made using ®-SWNTs) and C-SWNTSs, both dispersed in 1% SDB&ID
Cary 500 double beam spectrometer at a spectral resolution of, j

bsorb q ded solution. The carefully analyzed second derivatives of the
1 nm. Absorbance and Raman spectra were recorded forgpqqrmhance spectra (not shown), as well as PLE peak positions,

sqlutlons n ljcm cuvettes. Raman measurements were ,mad%lemonstrate that boron doping does not induce any changes in
with an argon ion laser (488 nm, 2..54.eV gxutauon) ora hehgm the peak positions of s- or m-SWNTs. This suggests that the
neon laser (633 nm, 1.96 eV excitation) in the back-scattering q,,racteristic electronic structure of the SWNTS is maintained
configuration. Because excitation at 633 nm is Specific for 4 these low doping levels and that the optical properties are
m'SV‘.’NT,S in the diameter range for thege .samples—.(l.B still defined by the transitions between the one-dimensional van
nm, vide infra), only data for 633-nm excitation are displayed 5\ singularities. As evidenced by the higher optical density

and discussed in this report. For dry samples and films, the ¢ 1o B-.SWNT solution. these-1% doped B-SWNTs show
excitation power was kept below 5 mW to avoid sample heating. o markably enhanced dispersion in surfactant solutions com-

Because of the high heat capacity of water, sample heating forpared to undoped C-SWNTSs, suggesting reduced intertube

the SWNT suspensions was not a problem. Up to the highest, o, qer waals forces and enhanced tuberfactant interactions.
power used, 22 mW at 633-nm excitation wavelength, no shifts s reqylt is found for every surfactant utilized in this study

in any Raman peak positiqns or relat.ive intensities WEr€ oycept for cholate which, surprisingly, does not suspend the
observed and the Stokes/anti-Stokes ratios remained constanig_g\wNTs at all. This effect will be discussed in detail in

Thus, the power was adjusted to provide good signal to nOisesubsequent portions of this manuscript.
for each suspension on the basis of the optical density of the Figure 3 displays the radial breathing mode (RBM) region

solution. of the spectrum for several samples. The RBMs are slightly
upshifted relative to the dry samffeand are in the range of
~160-190 cnT?, indicating a diameter range of1.2—-1.5
Figure 2 shows the absorbance spectra for several of thenm#6 Excitation at 633 nm for this diameter range is in
solutions examined in this study. Figure 2a shows undoped resonance with the first vHs transitions for several m-SWNTSs.

SDS

Absorbance (a.u.)
o
(2]

2.5

Absorbance (a.u.)

Results
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Figure 3. RBM Raman spectra, excited at 633 nm for several
dispersions discussed in this report. (a) C-SWNTSs dispersed in SDBS
and cholate. (b) B-SWNTs and C-SWNTSs dispersed in SDBS.
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Possible m-SWNT species which may be resonant with 633 Raman Shift (cm )
nm in our sample include the (16,1), (11,8), (12,6), (9,9), and rigyre 4. (a) Raman spectra excited at 633 nm of C-SWNTSs in dry,
(13,4) SWNTs. Analysis of the G-band spectra, discussed below, powder form and dispersed in,O with various surfactants. Spectra
demonstrates that some s-SWNTs are also probed at thisare normalized and offset for clarity. (b) Demonstration of fitting for
wavelength, likely because of resonance with the third optical Raman spectrum of C-SWNT sample dispersed with cholate. Data
transitions for a small number of s-SWNTs. From Figure 3b, (Points) are fit with two Lorentzians and one BWF line shape (dark
we consistently observe enhanced intensity of the RBMs for :Ir??l'sgtfl?egllve composite fit (thin solid line). Fitting parameters are given
B-SWNTs, an effect that was also reported earlier for laser- '
generated B-SWNT¥. In this study, the authors posited that
the enhancement was due to a shifting of the optical transitions The G-band spectra for the C-SWNT dispersions are signifi-
by a few meV, while our analysis of absorbance and PLE data cantly different from the spectrum of the dry sample. The
suggest that the positions of the optical transitions do not changespectrum for the TWEEN-dispersed SWNTs shows contribu-
as a result of boron doping. We believe that the enhancementtions mainly from the 1589 cnt semiconducting peak and a
may result from an enhancement of the absorbance cross sectiotarge BWF component at1550 cn1l. An intense BWF peak
induced by substitutional boron dopif. is also observed for the Triton X-100 sample. For the SDBS-
To study a variety of samples, we also synthesized and dispersed sample, the intensity of the BWF mode is dramatically
dispersed undoped C-SWNTs using a Nd:YAG laser and an reduced relative to the TWEEN and Triton samples, and the
arc discharge technique as well as B-SWNTs with the Nd:YAG BWF is completely absent for the SDS-dispersed sample.
laser. The samples made with the Nd:YAG laser and with arc Finally, for the cholate sample, a very strong BWF feature is

discharge have RBMs in the range of180-210 cnt?, observed, an interesting observation given the fact that this
indicating a slightly smaller mean diameter than the SWNTs surfactant produces highly debundled, isolated SWNTs. The
prepared with the alexandrite laser. fitting parameters for the spectra of C-SWNTs in the three

Figure 4 compares the G-band Raman spectrum of the different anionic surfactants are listed in Table 1.

unpurified, dry C-SWNT sample to the spectra of the same  To further explore electronic effects and the effect of tube
SWNTs in a variety of surfactant dispersions. The Raman surfactant interactions, we also compared the dry and solution-
spectrum for the dry sample is a convolution of several peaks phase Raman spectra of B-SWNTSs to the undoped C-SWNTSs.
corresponding to both semiconducting and metallic SWART% Figure 5 compares the Raman spectra for B-SWNTs and
Specifically, it has been shown that s-SWNTSs display four peaks C-SWNTSs in dry form and in dispersions with Triton X-100,
in this region at~1607, 1592, 1569, and 1553 c#P° while SDBS, and SDS. The fitting parameters for the spectra of
the spectrum for m-SWNTs may be fit with one Lorentzian at B-SWNTs in SDS and SDBS are listed in Table 1. In the dry
~1580 cnT! and a BWF feature in the region 6f1530-1560 form, the spectra look fairly similar, with a slightly diminished
cm~1.22The G-band spectrum for the dry sample is fit well with  BWF intensity in the B-SWNT spectrum. A diminishment in
six components with frequencies near these values. The pealBWF intensity for a dry B-SWNT sample was also seen,
at~1535 cntlis asymmetric and returns slowly to the baseline although not commented on, in a previous report on laser-
at low energy and is fit best with a BWF line shape withh & generated B-SWNTs (Figure 5a, ref 47). In the dispersions, the
—0.13 andl’ = 30 cnTl. These same parameters were used as relative intensities of the various tangential modes are altered
first approximations in the fitting of all other spectra, and values to varying degrees by the substitutional doping of boron into
near these initial guesses resulted in good fits. the SWNT lattice. In the Triton X-100 surfactant (Figure 5b),
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TABLE 1: Fitting Parameters for the Raman Spectra of We finally comment on the interesting observation that
C-SWNTs and B-SWNTs in Anionic Surfactant Solution$ several variations occur for the semiconducting peaks as a
sample  surfactant w (cm™) T (cm™?) 1/q G /Gt function of surfactant and boron doping. For example, the
C-SWNT __ SDS 1565 15 ~1588 cn1! semiconducting p(_eak is pror_ninent in the SDS and

1578 16 cholate C-SWNT spectra but is absent in the SDBS C-SWNT
1589 11 spectrum (Figure 4a, Table 1). Also, thel563 cnT! semi-
SDBS 1548 32 -032 06 conducting peak is enhanced for the B-SWNTSs relative to the
igg; i; C-SWNTs dispersed in SDS (Figure 5c, Table 1), and the
cholate 1551 35 —0.16 6.9 B-SWNT spectrum contains two semiconducting peaks that are
1563 21 not present in the SDBS-dispersed C-SWNT sample. These
1588 8 effects warrant their own study, and we are currently pursuing
B-SWNT  SDS 1563 20 a multiwavelength Raman study in which we correlate variations
15741 15 in the Raman semiconducting peaks to changes in photolumi-
SDBS 1155%$ 411(15 022 4.0 nescence and absorbance. These results will be reported at a
155G 14 ' ' later date. For conciseness and clarity, we discuss changes in
1566 18 only the BWF feature in this report.
1578/ 18
1588 8 Discussion
featzreesfrquhlﬁingg;ﬁ)oﬁgﬁy':mlg '}gﬁﬁﬂi “izteg\fgrr] t?gr I‘tﬁ;ergf,{,a,:n Itis remarka_ble that such large va!riations_ in the relative ratios
features. S and M label peaks corresponding to semiconducting andOf the tangential modes, the BWF in particular, are seen as a
metallic SWNTSs, respectively, as inferred from ref 22. Thé@& ratio function of surfactant. To understand these variations, we
is the ratio of the area of the BWF (% to all other Lorentzian consider the effects of bundling, the Raman resonance condi-
components of the fits. tions, pH effects, nanotubssurfactant interactions, and boron
doping.
IDryI T T 1 Thiton X100 lI) Bundling. TIl’le'abso'rption transitions of SWNTs are broad-
ened by proximity with other nanotubes, and the PL from
C-SWNT semiconducting SWNTs is quenched via contact with co-

bundled metallic SWNTs. Thus, the broad, featureless absor-
bance spectra and lack of PL for SWNTSs dispersed with Tween
80 and Triton X-100 suggest that the SWNTs remaining in
solution after ultracentrifugation are at least lightly bundled and
do not exist as well-isolated nanotubes. On the contrary, well-

Raman Intensity
(@]
0
=
pd
-
ﬁo
Raman Intensity

L L
1500 1700 1300

1
1300

1500 1700 resolved peaks corresponding to interband transitions for
Raman Shift (cm™) Raman Shift (cm™) individual SWNT species are observed in the absorbance and
- . PLE spectra for SWNTs dlspersed_ln the anionic su_rfactan_ts.
2| sos c > | soss d Islam et gl. showed, by AFM,.that H|pCp SWNTs,c)sqnlcated in
» » SDBS, without ultracentrifugation, contained4 + 5% isolated
S | c-swNT N tubes, with the remaining tubes being bundié@his number
b= / € C-SWNT was even higher, 9& 5%, for laser-generated SWNTs, similar
= = to those SWNTSs studied here. This implies that the ultracen-
< © trifuged samples should contain predominantly isolated SWNTs
E E B-SWNT encased in surfactant micelles, while a contribution from a small
X | B-SWNT 14 percentage of narrow bundles may also exist. The percentage

1300 1500 1700 13'00 15'00 1700 of isolated tubes was much lower for SDS, #62%24 in
Raman Shift (cm'1) Raman Shift (cm'1) agreement with other studies that have found higher dispersion
yields and better-resolved absorbance and PLE spectral features

Figure 5. Comparison of Raman spectra, excited at 633 nm, for for SDBS (relative to SDS) with ultracentrifugatiéh?2 These
B-SWNTs and C-SWNTs in (a) the dry form and dispersed with three report4142 also found the highest dispersion yields for the

ﬁgmgﬁiﬁsz agt;i) OTf;ggtn fé'i&?i’téc) SDS, and (d) SDBS. Spectra are cholate surfactant, in complete agreement with our absorbance

and PLE data, which suggest the dispersion yields follow the
both spectra are dominated by the semiconducting peak aroundoattern cholate- SDBS> SDS. These dispersion yields suggest
1588 cnt! and a large BWF feature peaking around 1545tm  that the highest fraction of isolated, debundled SWNTSs exist in

Interestingly, the same peaks are seen for C-SWNTs andthe SWNT-cholate sample.

B-SWNTs dispersed in SDS (Figure 5c), but the relative At first inspection, the presence of an intense BWF compo-
intensities differ. No BWF feature is present in the spectrum nent for the poorly debundled TWEEN 80 and Triton X-100
for either SDS-dispersed sample. For the SDBS-suspendedsamples and the lack of this feature for the SDS sample seems
B-SWNT sample (Figure 5d), several changes are seen relativeto support the assertion that the BWF intensity is strongly
to the C-SWNT sample. The B-SWNT spectrum contains two dependent on the degree of SWNT aggregattgfi. This
semiconducting peaks that are not present in the SDBS-dispersedssertion is challenged, however, by the observation of BWF
C-SWNT sample, and the relative intensity of the BWF is components in the spectra for the SDBS- and cholate-suspended
greatly enhanced (GG ratio, Table 1). No significant shifts ~ samples. In fact, the shape, position, and intensity of the BWF
in the frequencies of any of the G-band peaks, within our feature are almost identical for the SWNTs suspended in cholate
experimental resolution, are seen in the dry or dispersed samplegnd in TWEEN, and the feature is actually slightly more intense
as a result of boron doping. for the cholate sample relative to the TWEEN sample. This is
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surprising, given the fact that the cholate surfactant debundlesbe attributable to the degree of charge polarization at the
SWNTs very effectively, while TWEEN produces samples with nanotube-surfactant interface. The electrostatic interaction
a very low degree of SWNT isolation. Also, among the anionic between a localized charge on a surfactant molecule and a
surfactants that produce well-isolated SWNTs, the BWF inten- SWNT surface can be described as a polarization of charge at
sity is the highest for the cholate sample. These data are inthe site of the interaction. For example, an interaction with a
contradiction to the assertion that the intensity of the BWF mode surfactant species having a fixed negative charge may induce
may be taken as a direct measure of the SWNT aggregationan offsetting positive charge distribution in the nanotube if the
staté®17and demonstrate that, in addition to the bundling effect surfactant’s charged group is in proximity to the surface of the
on the BWF feature, other effects may be at play. tube. A corresponding redistribution of charge on the nanotube
Resonance ConditionsFor our analysis to be complete, we results in an increase in electron density away from the
must consider the resonance conditions for Raman excitationinteraction site. The net effect may be considered to be “charge
as a function of surfactant and boron doping. As discussed injection”. Similarly, the interaction may be described as
above, Figure 2a shows that small shifts occur in the absorbancedonating fractional electron density to the SWNT, resulting in
and PLE spectra for C-SWNTSs dispersed in different surfac- What we term electronic polarization toward the nanotube
tants*2 While these shifts could possibly affect the resonance surface. In contrast, interactions with a fixed positive charge
conditions for Raman excitation at 633 nm, Figure 3a demon- cause partial electronic charge to be localized in the nanotube
strates that the relative intensities of the RBM peaks are the at the interaction site. Here, the net result is the removal of
same for the SWN¥cholate and SWNF¥SDBS samples.  fractional electron density from the SWNTs because of elec-
Similarly, when comparing B-SWNTs to C-SWNTSs, analysis tronic polarization away from the nanotube surface. We use the
of the second derivative of the absorbance spectra, the PLEterm electronic polarization because neither case involves a full
spectra, and the RBM peaks suggests that the resonancé&harge transfer, and no bonds are formed or broken. Instead,
conditions for these samples also do not change significantly. the electronic charge of the SWNT is locally perturbed by
We also point to our results on SWNTSs synthesized with a Nd: interaction with the surfactant, resulting in a distributed negative
YAG laser and arc discharge. While these samples have acharge ¢-) on the SWNT if the surfactant contains electron-
different mean diameter, which would imply a different donating groups or a distributed positive charge)(if the
distribution of tubes in resonance, we see exactly the same trend$urfactant contains electron-withdrawing groups.
as those observed for the SWNTs synthesized with the alex- To apply this argument to the observations made for our
andrite laser, shown here. These observations suggest that th&EWNT dispersions, we return to the observation made by Shim
large differences in the BWF intensity cannot be attributed to et al. of a large enhancement of the BWF mode for isolated
changes in the resonance conditions. Ultimately, the consider-SWNTSs in contact with the electron-donating polymer poly-
ation of resonance conditions is inconsequential for the analysisethyleneimine (PEI}! Further, it has been suggested that the
of our data, since the main point is the unexpected observationz—s interactions between the benzene ring of SDBS and the
of a BWF feature for isolated SWNTSs. SWNT surface contribute to its superior dispersion yields
pH Dependence.lt has also been shown that solution pH relative to SDS1441t has also been shown that the BWF feature
can have a dramatic effect on the appearance and position ofis €nhanced by the extendeez plasmon interactions associ-
the BWF feature for surfactant-dispersed SWNT# these ated with nanotube bundlirf§-2” Similar to the electronic effect
experiments, a wider red-shifted BWF feature was observed for 0f the SWNT/polymer composité,the intertube van der Waals
SDS-suspended SWNTSs at high pH, while lowering the pH led interaction gives rise to an enhanced BWF mode.
to narrowing and blue-shifting of the featiifdt was also shown Thus, it also seems reasonable thatr interactions between
that acid protonation led to quenching of the; Eransitions the adsorbed benzene ring of the SDBS surfactant and the
because of valence band depletion due to oxidation. These sam&WNT surface may lead to an enhancement of the BWF.
effects have been seen with the acidic polymer Naffdfrom Obviously, the degree of charge polarization should be lower
Figure 2, itis evident that the SDSSWNT sample studied here  for the SDBS-SWNT interaction, as the majority of the
has lower intensity | transitions than the cholate and SDBS nanotube-surfactant interaction involves the aliphatic hydro-
samples. This raises the possibility that the SDS surfactantcarbon chain as opposed to a nanotubanotube interaction
produces an acidic environment at the surfacta@notube in a bundle, which involves alt— interactions. However, the
interface, which may lead to quenching of the BWF. To examine presence of a small BWF feature even for these highly
this possibility, we adjusted the pH of this SBSWNT solution debundled SWNTs suggests that even this small degree of
in small increments up to pH= 10, taking Raman and interaction may contribute significantly to the development of
absorbance spectra at each pH. As we increased the pH, wehis feature. Also, because of the- interaction between the
observed neither the development of a BWF feature in the benzene ring of SDBS and the SWNT surface, the negative
Raman spectrum nor an increase in intensity of the E charge of the anionic sulfonate head group may be brought into
transitions in the absorbance spectrum. This suggests that thelose proximity to the nanotube surface, giving an even greater
BWEF is not simply quenched by acidic conditions for the SDS- degree of electronic polarization at the SWNT surféce.
dispersed SWNTSs. Also, the pH values of the dispersions do  Tan and Resasco presented data that suggested napthenic
not vary significantly as a function of surfactant. The pH values (saturated) rings provide better nanotttiserfactant interactions
obtained for C-SWNTs dispersed in SDS, SDBS, and cholate than aromatic rings, which explains the cholate molecule’s
were 7.6, 7.5, and 7.8, respectively, suggesting that macroscopiGuperior dispersion yields relative to SDBS and Sb$he
variations in pH are not responsible for the differences seen ascholate molecule interacts with the nanotube surface by adopting
a function of surfactant. a curved conformation, which places some of the hydroxyl
Nanotube—Surfactant Interactions. It is interesting to groups near the nanotube surfdédhe unpaired electrons of
consider the observation that the intensity of the BWF feature these hydroxyl groups should also serve to polarize negative
scales with the dispersion yield of the different surfactants, that charge on the nanotube surface to a greater extent than the
is, cholate> SDBS > SDS. We suggest that this scaling may benzene ring of SDBS. If we extend the hypothesis that the
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BWEF intensity is a function of the degree of electronic benzene ring or to the negative charge of the sulfonate head
polarization, then the large increase in the electron density ongroup which may interact with the nanotube surf&c&hese

the SWNT surface induced by the chola®WNT interaction groups should interact more strongly with the boron-doped tubes
would explain the large enhancement of the BWF feature for because of the electron-accepting B sites and the overall p-type
cholate relative to SDBS and SDS. For the SDS surfactant, only electronic character of the B-SWNTSs.

the aliphatic chain interacts with the SWNT surface, placing  Finally, we address the interesting observation that, while the

the anionic group farther away from the nanotube surface, andcholate molecule provides the highest dispersion vyields for

consequently the BWF feature is absent. These structural,C-SWNTs, B-SWNTSs are not dispersed by this surfactant. While

packing, and electronic differences could explain the different we do not have enough evidence at this point to conclusively

relative intensities for the BWF feature in the different disper- explain this effect, we conjecture that the electron-accepting

sions. boron sites may interact strongly with the lone pairs on the

Finally, the results shown here qualitatively agree with the hydroxyl groups of the cholate molecules. This interaction may
results recently reported for SWNT dispersions using DNA and Serve to change the conformation of the cholate moletises
SDS as surfactant§.!” These reports demonstrated the disap- that the surfactant layer is no longer able to produce stable
pearance of the BWF feature for the surfactant-stabilized SWNT Micelles. This anomaly is very intriguing and warrants further
dispersions and a reappearance of the BWF when the SWNTsstudy.
were allowed to aggregate in a film. Consistently, we also .
observe the lack of a BWF feature for SDS- and DNA-dispersed Conclusion

(data not shown) SWNTs. Interestingly, Karachevtsev et al.  |n summary, we have explored the Raman spectra for laser-
noted the interaction of electron-withdrawing groups on the generated SWNTSs dispersed in various surfactants to determine
DNA molecules with the SWNT¥. Thus, within the framework  the sensitivity of the metallic BWF feature to bundling and
of our argument for the BWF sensitivity to electronic polariza- nanotube-surfactant interactions. Disappearance of the BWF
tion, the lack of a BWF feature for a surfactant, such as DNA, is seen for the SDS surfactant for these particular SWNTSs,
that polarizes electron density away from the SWNT surface is suggesting a dependence on bundling that is in agreement with
entirely consistent. several studies on isolated SWNTs. However, in some surfac-

Boron Doping. When comparing B-SWNTs to C-SWNTs tants, a weak (SDBS) or even strong (cholate) BWF feature is
in nonionic surfactants such as Triton X-100 (Figure 5b), the still present, even for highly isolated SWNTs. Also, altering
relative intensity of the BWF feature is higher for the C-SWNTs. the SWNT electronic properties by substitutional doping with
At first inspection, this observation is in agreement with a greater electron-deficient boron atoms leads to an enhancement of the
degree of debundling for the B-SWN¥326 However, no PL BWEF feature for SWNTSs dispersed in SDBS. The general trend
is seen from either sample, suggesting that many bundles stillobserved is an enhancement of the BWF feature for SWNT
exist and few nanotubes are fully isolated. For B-SWNTSs in surfactant interactions in which electron density is induced in
SDBS, we see a large enhancement for the BWF feature relativethe SWNT as a result of the surface dipole. This trend is in
to C-SWNTs (Figure 5d, Table 1). Again, this enhanced BWF agreement with reports that demonstrate an electronic contribu-
component would be surprising if the BWF intensity were solely tion to the BWF line shape that is enhanced by electron
dependent on the degree of aggregation, given the fact that thedonation. These findings suggest that both bundling and
B-SWNTs show enhanced dispersion in the surfactant solutionselectronic effects must be considered when analyzing the BWF
with better resolved individual transitions in the absorbance feature for metallic SWNTs dispersed with surfactants or
spectrum and more intense PL. The enhanced dispersionpolymers and caution against using the presence or lack of such
spectral resolution, and PL suggest a higher degree of debun-a feature as the sole measure of SWNT aggregation.
dling for the B-SWNTs relative to the undoped SWNTSs. )
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