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Efficient Isolation and Solubilization of Pristine Single-Walled

Nanotubes in Bile Salt Micelles**

By Wim Wenseleers,* Igor I. Viasov, Etienne Goovaerts, Elena D. Obraztsova, Anatolii S. Lobach,

and August Bouwen

We have investigated a wide variety of surfactants for their efficiency in dissolving isolated single-walled carbon nanotubes
(SWNTs) in water. In doing so, we have completely avoided the harsh chemical or mechanical conditions, such as acid or ultra-
sonic treatments, that are known to damage SWNTs. Bile salts in particular are found to be exceptionally effective in dissolving
individual tubes, as evidenced by highly resolved optical absorption spectra, bright bandgap fluorescence, and the unprece-
dented resolution (~ 2.5 cm™) of the radial breathing modes in Raman spectra. This is attributed to the formation of very regu-
lar and stable micelles around the nanotubes providing an unusually homogeneous environment. Quantitative information con-
cerning the degree of solubilization is obtained from absorption spectroscopy.

1. Introduction

Single-walled carbon nanotubes are very promising materials
for a wide range of applications due to their unique mechani-
cal, electronic, and optical properties.'>! However, their prac-
tical application has been hampered by their very low solubili-
ty, which is crucial to their processing.® In particular, as-
produced nanotubes consist of many different diameters and
chiralities—each with very different properties—and contain
impurities (graphite, metal catalyst particles, etc.), and virtually
all purification and separation methods for SWNTs that are
currently being explored require the tubes to be processed as a
liquid dispersion. The solubility of SWNTs can be enhanced by
chemical substitution,”! but this generates defect sites that per-
turb the electronic properties.®! Therefore, SWNTs are usually
dispersed using surfactants. However, in the vast majority of
studies only one of the most common detergents (sodium do-
decyl sulfate, SDS) is used, and surprisingly little research has
been reported on the optimization of the surfactants. Polymers
such as polyvinylpyrrolidone (PVP),”) selected poly(phenyl-
ene-vinylene)s,'*!! and DNA ">l have also been found to act
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as useful surfactants for dispersing nanotubes. Last year, Islam
et al. demonstrated that sodium dodecylbenzene sulfonate
(DDBS) is significantly more effective than SDS in dispersing
SWNTs'" and a transmission electron microscopy (TEM)
study of the morphology of surfactants on carbon nanotubes
has been reported.“sl Moore et al. have recently reported a
comparison of a larger number of surfactants, and confirmed
the relative superiority of DDBS, also including evidence from
the increased resolution in absorption spectra.l'®! Indeed, it is
important to distinguish between true solubilization of individ-
ual nanotubes and the dispersion of bundles of tubes. O’Con-
nell et al. have demonstrated that bundles and individual tubes
can be separated by using centrifugation and that the pure indi-
vidually dissolved nanotubes are fluorescent and display more
resolved absorption bands."” In all solubilization methods re-
ported to date though, use of (often very powerful) ultrasonic
agitation and/or harsh chemical treatments is necessary, both
of which are known to damage and cut SWNTs into short
pieces.[6] In this work, we compare a wide range of surfactants
for solubilization of SWNTs without exposure to such harsh
conditions, and characterize the solubilization by absorption,
fluorescence, and Raman spectroscopy in parallel.

2. Results and Discussion

In order to provide an efficient solubilization, the surfactant
i) should form very stable micelle structures around the
SWNTs, as the dissolution of SWNTs competes with very
strong aggregation forces due to the efficient m-stacking of the
tubes, and ii) should posses a polar tail, preferably long and
disordered, to provide a large solvatation shell to keep the long
and rigid tubes suspended. If this polar tail is charged, aggrega-
tion is further prevented by the Coulombic repulsion between
surfactant coated SWNTs. Although best results may therefore
be expected for ionic surfactants, we also included a range of
zwitterionic and non-ionic surfactants in our study (see Fig. 1),
as different applications and separation methods (e.g., electro-
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Figure 1. Chemical structures of the surfactants used in this study. Abbreviations: SDS: sodium dodecylsulfate, DDBS: sodium dodecylbenzenesulfonate,
DIOCT: dioctyl sulfosuccinate, sodium salt, SPB: sodium pyrenebutyrate, CAS: sodium cholate, DOC: sodium deoxycholate, TDOC: sodium taurodeoxy-
cholate, CTABr: cetyltrimethylammonium bromide, CPCl: cetylpyridinium chloride, PVP: polyvinylpyrrolidone.

phoresis and related techniques) have different requirements
with respect to the charge state and chemical compatibility of
the surfactant. In this study, we used SWNTs produced by the
carbon arc method using a Ni/Y,O5 (1:1 ratio) catalyst.'S!
These tubes are less pure (estimated ~20 %) than those pro-
duced by the high pressure CO (HiPco) method, but have a far
narrower diameter distribution (d=(1.46%0.15) nm, as deter-
mined from optical absorption datal'!), which largely simpli-
fies their spectroscopic properties. On the other hand, at these
relatively large diameters, neighboring types of nanotubes are
very closely spaced so that the individual chiralities usually
cannot be resolved spectroscopically. Surfactants were dis-
solved in water (or D,0O, for increased density in centrifugation
and increased IR transparency in optical spectroscopy) at a
concentration of 1% wt./vol.,, and then added to the raw
SWNT material. Solutions were very gently stirred for 3 days
and then allowed to settle for another 3 days in order to sedi-
ment undissolved aggregates.

For a first screening, a relatively small amount of SWNT ma-
terial (0.36 g L™!) was dispersed into each surfactant solution in
water. The settled solutions were characterized via absorption
spectroscopy. This shows the typical SWNT absorption bands
corresponding to transitions (hereafter referred to as “van
Hove transitions”) between the first, second, and third pairs of
van Hove singularities in the density of states of semiconduct-
ing tubes (the third band overlapping with the first van Hove
transition of metallic tubes),lzo] superimposed on a broad back-
ground which closely follows an inverse proportionality with
wavelength A. A first evaluation of the different surfactants
was obtained by comparing the amplitude of the first or second
van Hove transitions (after background subtraction, see
Sec. 4.2.) as a measure of SWNT concentration. For the more
promising surfactants, we repeated the same procedure using
higher concentrations (2, 10 gL™"). The results are shown in
Figure 2.
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Figure 2. Peak SWNT absorbances (first van Hove transition at
~1710 nm) as a measure of relative SWNT concentration, for each surfac-
tant and for different initial concentrations of the raw material, after set-
tling for 3 days. Data for the lower two concentrations are magnified 5
times for clarity. For these two data series, the SWNT material was ob-
tained from a common ethanol stock dispersion, while for the higher con-
centration data the as-produced raw material was used directly (see
Sec. 4.1).

Among the synthetic anionic surfactants, sodium dioctyl sul-
fosuccinate (DIOCT), which has a branched hydrophobic moi-
ety, is far more efficient than the more traditional linear surfac-
tant SDS. As reported recently, DDBS is also very efficient in
dispersing the nanotubes, but has considerable disadvantages:
for example, DDBS is not available in pure form, and the im-
purities present are believed to be important to the detergent
properties of DDBSP”! (similar effects have been observed for
SDS). Also, the presence of an aromatic ring in this deter-
gent limits its use in spectroscopic investigations. Even much
higher nanotube absorbances are achieved with the natural bile
salt detergents, especially the sodium salts of deoxycholic acid
(DOC) and its taurine substituted analogue taurodeoxycholic

Adv. Funct. Mater. 2004, 14, No. 11, November
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acid (TDOC). In fact, in the case of TDOC we have no indica-
tion that saturation was achieved, even after further increasing
the amount of raw SWNT material to 20 gL\, It is also worth
noting that these bile salts (especially DOC) have an excellent
optical transparency, well into the UV (down to ~200 nm).

Among the cationic surfactants, CTABr also yields useful
SWNT concentrations. CPCl is less efficient, and the first van
Hove transition of the SWNT is strongly blue shifted by
~35 nm compared to most other surfactants suggesting a spe-
cific interaction of the pyridinium ring with the SWNTSs. This
implies that at least some of the CPCl molecules are inverted
with the charged group pointing inward, which may explain the
less efficient nanotube solubilization. Specific (wt-stacking) in-
teractions with aromatic rings have also been suggested to be
responsible for the relatively high efficiency of DDBS and Tri-
ton X-100."Y However, we did not observe a significant spec-
tral shift for these surfactants (within an experimental error of
~5 nm), and efficient - interactions seem in fact unlikely for
these two surfactants due to the steric hindrance of the bulky
substituents (sulfonate and branched octyl respectively). More-
over, in DDBS, the aromatic ring is at the polar end of the mol-
ecule.

Non-ionic detergents lack the advantage of Coulomb repul-
sion to keep the SWNT containing micelles from aggregating.
Therefore, the main factor determining the water solubility, in
this case, is the presence of long and/or branched disordered
polar chains—typically poly(ethylene glycol) chains. This re-
sults in the general trend, also observed by Moore et al.,'®! of
increasing efficiency with increasing molecular weight of the
surfactant. This is most clearly illustrated by the analogous se-
ries Tween 20, Tween 40, Tween 60, which differ only in the
length of the alkyl chain. In strong contrast with other reported
observations,[16] we, however, find that Tween 60 is the most ef-
ficient non-ionic surfactant, with Tween 80 being less efficient
and Tween 85 yielding no significant SWNT solubilization
(in "), within the Tween series, a significant solubilization was
obtained only for Tween 85). The latter two series differ in that
they have one double bond forming a kink in their apolar
chains, and Tween 85 has a completely different structure with
three apolar chains and only one free standing polar branch,
drastically reducing its water solubility (it is in fact designed
for forming inverse micelles in apolar media). The bent apolar
chains make molecular packing more difficult, probably result-
ing in less stable micelle structures. Not coincidentally, Tween
60, having the longest saturated chain and thus allowing a more
regular packing, is also the only detergent of the Tween series
which is solid at room temperature. Given the high efficiency
of the bile salts, it seemed logical to consider non-ionic ana-
logues of these as well. Unfortunately, although the zwitterio-
nic cholesterol derivative CHAPSO still provides a significant
SWNT solubilization, the non-ionic derivative deoxy-BIG-
CHAP yielded no useful SWNT concentrations. Clearly, the
two saccharide tails are insufficient to provide the required
water solubility.

Finally, instead of only relying on non-specific (hydrophobic)
interactions to form stable micelle structures around the
SWNTs, we also considered the use of specific (nt-stacking) in-

Adv. Funct. Mater. 2004, 14, No. 11, November
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teractions to form an even more stable SWNT/surfactant com-
plex. SWNTs are well known to bind to aromatic ring systems
such as pyrene.”**!l The anionic pyrene derivative SPB is in-
deed quite efficient in solubilizing SWNTSs. This surfactant is
very analogous to the cationic derivative used by Nakashima et
al.,” but SPB (at basic pH) is at least two orders of magnitude
more soluble in water, which probably also translates into im-
proved surfactant properties. The m-stacking interaction with
the pyrene groups perturbs the electronic properties of the
SWNTs (as evidenced by a red shift of the first SWNT absorp-
tion bands by ~ 15 nm). This may be an undesirable complica-
tion when the spectroscopic analysis of the SWNTs themselves
is envisaged, but the strong surfactant/SWNT interaction can
also be very useful, for instance to improve the mechanical
properties of polymer/SWNT composites® through a more ef-
ficient load transfer between polymer matrix and SWNTs,
while avoiding covalent functionalization, which creates defect
sites on the SWNTs and would thereby compromise the intrin-
sic strength of the tubes. To date, attempts to exploit the extra-
ordinary mechanical strength of carbon nanotubes in rein-
forced polymer/nanotube composites have been largely limited
by this poor load transfer, due to both a limited interfacial
area, as many tubes remain aggregated in bundles, and the
weakness of the polymer/nanotube interfacial interaction it-
self.”%)

Note that overall, the differences in solubility obtained with
different surfactants in our study are larger than in previous
studies."*!1! This may be attributed to the fact that in previous
work, the combined effects of cutting and solubilization were
observed. The cutting of SWNTSs during ultrasonication is like-
ly to be enhanced when SWNTs are aggregated or entangled
(STM images of SWNTSs from sonicated dispersions also pro-
vide evidence for the fracture of entire bundlesm]), and there-
fore it is possible that the shortening of SWNTs occurs to a
larger extent in inefficient surfactants, thus partially compen-
sating for the lower intrinsic solubilizing efficiency. By avoiding
ultrasonication altogether in this study, the solubilization is
studied separately from the cutting effects.

Besides the fact that many of the surfactants are more effec-
tive than SDS, the absorption spectra (see also Sec. 4.2., Fig. 7)
also show that there is a wide variation of the relative ampli-
tude of the SWNT absorption bands compared to the 1/4 back-
ground. This allows us to conclude that most of this back-
ground is not intrinsic to the SWNT absorption, but rather to
absorption and/or scattering by impurities (metal catalyst parti-
cles or graphitic particles and possibly also to scattering by
large aggregates of bundles), and that SDS appears to prefer-
entially dissolve these impurities, while other surfactants show
a preferential dissolution of SWNTs. This partial selectivity can
be used in order to improve previously reported®! surfactant-
based purification methods.

The first evaluation based on the absorbance yields an over-
all measure of the total amount of SWNTs dispersed, including
separate tubes as well as small bundles or aggregates. For some
of the more promising surfactants, we therefore ultracentri-
fuged (UCF) the dispersions under the conditions as in refer-
ence [9] (in D,0O; 4 h at 122000 g), in order to separate individ-

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

d3idvd 1Ind

1107



[
™}
s
a
-l
wd
=
4

MATERIALS W. Wenseleers et al./ Isolation and Solubilization of Single-Walled Nanotubes

1108 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

L LA B B R p—
1400 1500 1600 1700 1800 1900 2000

\

Absorbance cm™’

1 SDS 1

500 1000 1500 2000 2500
Wavelength (nm)

Figure 3. Absorption spectra of SWNT dispersions with different surfac-
tants (starting from 10 mg raw material in T mL D,0) after ultracentrifu-
gation. No background subtraction (other than the baseline correction for
solvent and surfactant absorption) was applied. Spectra are shifted verti-
cally (steps of 0.5, starting from zero for SDS) for clarity. An arrow marks
the excitation wavelength (930 nm) used for the fluorescence measure-
ments of Figure 4.

ually suspended tubes from bundles (very small bundles may
still remain dispersed), and we investigated the suspensions
(before and after UCF) by absorption, Raman and (after
UCF) fluorescence spectroscopy. Results (after UCF) are
shown in Figures 3-5.

By far the most interesting results were obtained with the
natural bile salt detergents DOC and TDOC, which also
showed the most efficient solubilization before centrifugation.
Not only was the overall SWNT solubility strongly increased
with these surfactants, as judged from the amplitude of the
SWNT absorption bands, Raman intensity, and fluorescence in-
tensity, but also the spectral resolution was improved dramati-
cally, providing compelling evidence for an efficient solubiliza-
tion of isolated nanotubes. For the first time, we obtained a
clear sub-structure in the first van Hove transition of electric
arc produced SWNTs. Arc-SWNTs have a relatively large aver-
age diameter (hence subsequent possible tube diameters are
very closely spaced) and a very narrow diameter distribution,
and in previous work the first van Hove transition was an es-
sentially featureless band. Even in the very detailed analysis of
the absorption spectrum of chemically solubilized arc-SWNTs
by Lian et al.*! this band was well fitted with only two Gaus-
sian components. In the present spectra in DOC or TDOC, we

http://www.afm-journal.de
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Figure 4. Fluorescence spectra, excited at 930 nm, of the same SWNT dis-
persions as in Figure 5.
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Figure 5. Radial breathing mode region of the Raman spectra, excited at
676.4 nm, for the same SWNT dispersions as in Figure 3, as well as for
the SWNT/DOC solution before UCF. Spectra for CTABr and Tween 60
(not shown) were almost identical in shape to that for CPCl, but with high-
er intensities. The instrumental resolution was 0.34 cm™.

can observe about nine components in the first transition, as
well as in the second transition (Lian et al. fitted the second
band with only four components). The positions of the features

Adv. Funct. Mater. 2004, 14, No. 11, November
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Figure 6. Correlation of integrated fluorescence and Raman intensities
with absorbance for the ultracentrifuged SWNT solutions of Figures 3-5.

we observe are in fact in excellent agreement with positions of
groups of nanotube types with similar transition energies ex-
trapolated from the empirical relations derived by Weisman
and co-workers from fluorescence emission/excitation data of
HiPco tubes in SDS dispersion."**! For instance, the pro-
nounced absorption peak at ~ 933 nm corresponds to the series
of semiconducting tubes (15,1), (14,3), (13,5), (12,7), (11,9),
which all have closely spaced second transitions in the range
930-950 nm, but a wider spacing of their first van Hove transi-
tion energies. Indeed, when exciting into this narrow absorp-
tion feature, we observed strong discrete fluorescence peaks
(see Fig. 4) close to the predicted bandgap for each of these
five chiralities of SWNTs, from close to zig-zag to close to arm-
chair. This is very different from the assignment of the less re-
solved absorption features by Lian et al. who assumed that
only chiralities close to the armchair geometry occur in the arc-
SWNTs.?! The observed emission peaks also coincide with
shoulders seen in the absorption spectrum (compare with
Fig. 3, inset).

For the six surfactants studied by fluorescence spectroscopy,
the SWNT fluorescence intensity scales roughly proportionally
with the SWNT Raman intensity (after centrifugation) and the
amplitude of the SWNT absorption bands (see Fig. 6). This
suggests that the absorption and Raman measurements both
provide a measure of SWNT concentration after centrifugation
and that in most cases the fluorescence quantum efficiency
does not depend strongly on the surfactant. Only CPCl appears
to induce a strong (approximately seven-fold) reduction in
fluorescence efficiency, and a noticeable drop in fluorescence
efficiency is also observed for DDBS and DIOCT. Before cen-
trifugation though, absorption spectroscopy is the technique of
choice for estimating SWNT concentrations, because at high
optical densities (due to both SWNTs and impurities) the vary-
ing penetration depth of the exciting light beam prevents (or at
least complicates) quantitative intensity comparisons in Raman
or fluorescence measurements. Besides using absorption as a
relative measure of concentration, we also made a crude cali-
bration relating the absorbance to actual SWNT concentra-
tions based on measurements of nearly completely dissolved

Adv. Funct. Mater. 2004, 14, No. 11, November
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Figure 7. Absorption spectra of two SWNT solutions (using 10 gL™' raw
SWNT material) in D,O with SDS and with DOC before ultracentrifuga-
tion. The 1/A background to be subtracted is also shown (dotted lines) for
each spectrum. The dip near 1900 nm is an artifact due to imperfect cor-
rection for the solvent absorption.

samples of purified HiPco SWNTs at low concentrations (see
Sec. 4.2.). The results are (within the uncertainty on this crude
calibration) consistent with an essentially complete dispersion
of all the SWNTs present in the raw material with TDOC
(after settling, but before UCF), up to the highest concentra-
tions tested. For the TDOC solution (10 gL~ raw SWNT ma-
terial), the SWNT concentration was reduced from ~4.2 gL'
to ~0.10 gL' upon UCF (i.c., 2.4 % of the dispersed tubes
were retained). The fraction of dispersed tubes retained in the
supernatant after UCF was comparable for DIOCT (5.1 %),
DOC (2.4 %), CPCl (2.9 %), and DDBS (2.1 %), but much
lower for SDS (0.3 %, of an already very low concentration of
dispersed SWNTs: 0.20 gL' before and 0.67 mgL™ after
UCF), which is again consistent with SDS being less efficient at
isolating SWNTs.

Also, in Raman spectra, a dramatically improved resolution
of the radial breathing modes (RBMs) is obtained with DOC
and TDOC (Fig. 5). As a result of the narrow diameter distri-
bution, and the resulting efficient packing in bundles and
strong coupling of RBMs of tubes in the bundles, RBM spectra
of dispersions of arc-SWNT usually only show a single, almost
featureless band. As the frequency shifts/splittings associated
with this coupling of RBMs are theoretically predicted to be of
the order of 15 cm™, with a large fraction of this occurring
even for very small bundles,P! it is important to fully separate
bundles into individual tubes in order to achieve a significantly
improved resolution in Raman spectra. For isolated HiPco-
SWNTs in SDS micelles (possibly also containing small
bundles) Strano et al.*? recently deduced an improved RBM
linewidth of ~11.5 cm™ —to the best of our knowledge the nar-
rowest linewidth previously reported in literature for SWNTs
in liquid solution. In our TDOC and DOC solutions, the RBM
modes are as narrow as ~2.5 cm™' (FWHM), allowing to fully
resolve the RBM modes of individual SWNT chiralities. This
resolution is in fact higher than that obtained for individual
SWNTs grown on Si/SiO; substrates by chemical vapor deposi-
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tion,[33'34] for HiPco SWNTs,* laser and arc SWNTS,[36] even
at low temperature, for which natural linewidths in the range
3-10 cm™ were estimated (linewidths increasing with increas-
ing diameter™!). A higher resolution has been achieved only
for the RBM of the inner tubes of double wall nanotubes, in
which the outer wall is believed to provide an unusually unper-
turbed environment (but at the expense of a dramatic increase
in complexity of the spectra).””! Thus our observations prove
that DOC and TDOC efficiently form solutions of individually
separated SWNTs and that the cholesterol groups form very
stable and homogeneous micelle structures around the SWNTs.
Note that a fine structure of the RBM band is already notice-
able in the Raman spectrum taken before UCF (upper curve in
Fig. 5), which suggests that a significant fraction of the tubes
(at least ~20 %) are dispersed in isolated form. Nevertheless,
only ~2.5% of the dispersed (individual plus bundled) tubes
are left after UCF, the rest being lost either because many
tubes are isolated over most of their length but still attached to
or entangled in larger aggregates, or simply because long indi-
vidual tubes are sedimented as well.

It is quite remarkable that the bile salts, which have been op-
timized by nature as detergents aiding in the emulsification
and digestion of fats, also outperform all of the studied syn-
thetic detergents in the solubilization of carbon nanotubes. In
order to identify the structural features that make these bile
salts so efficient we consider the general aspects important to
the solubilization process. Thermodynamically, dissolved
SWNTs in bile salt micelles will be stable if the Gibbs’ free en-
ergy (G=H-TS) of this system is minimal. Unlike conjugated
polymers (as well as smaller aromatic molecules such as the py-
rene derivatives), in which the SWNT separation and solubili-
zation process is governed by the very large m—m interaction en-
ergies,[3 839 the SWNT-surfactant interactions involved in the
case of traditional detergents and bile salts are only very weak
hydrophobic/hydrophilic van der Waals’ interactions. However,
in contrast with the more traditional detergents which have a
linear and very flexible apolar tail, the more apolar half of the
bile salts consists of a semi-rigid cholesterol group which usual-
ly (e.g., in the derivatives considered here) possesses both a hy-
drophobic and a hydrophilic face, depending on the number
and substitution pattern of the hydroxy groups.[4°] The flat-
tened bean shape of this group is particularly suitable for stack-
ing into ordered layers, hence the interaction energy between
neighboring surfactant molecules is at least as important as the
surfactant-SWNT interaction. The rigidity of the cholesterol
group also reduces the entropic penalty associated with the
organization into an ordered layer. In contrast, the conjugated
polymers used to dissolve SWNTs provide a large interaction
energy, but are forced into a particular conformation upon
binding to the SWNTSs.*”! The strong tendency of cholesterol
derivatives to organize into ordered layers is exemplified by
the fact that cholesterol is also a well-known building block for
many chiral (= “cholesteric”) liquid crystals.*!l Also, the mono-
hydroxy substituted bile salt sodium lithocholate, a less polar
and therefore less water solublel*®* analogue of DOC, was
recently shown to form large and remarkably monodisperse
nanotubular structures.*’! It is therefore not surprising that a
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very stable and ordered cylindrical layer is also easily formed
around SWNT templates.

Besides the thermodynamic equilibrium condition, kinetic
aspects are important to the solubilization process. In this
sense, the smaller surfactant molecules such as the bile salts
have a definite advantage over long chain polymers as disper-
sants. It is quite conceivable that in a system where both solute
and dispersant are very long, entanglement (e.g., wrapping of
polymer around SWNT bundles) can be a limiting factor to the
dissolution kinetics. In contrast, the small bile salt molecules
can diffuse rapidly and quickly cover SWNT surfaces as soon
as they become exposed (either thermally or by mechanical
agitation). As these molecules combine into a well-packed
shell the aggregation of the SWNTs is effectively prevented.

Despite giving significant SWNT concentrations, some sur-
factants yield a broad unresolved RBM spectrum, even after
UCEF. Possibly these surfactants solubilize both individual tubes
and entire bundles. Such a loss of selectivity is plausible for the
non-ionic surfactants since they require extremely long chains
to achieve a useful solubilization (e.g., Tween 60, PVP). How-
ever, also for individually dissolved SWNTs a broadening of
the RBM peaks may be induced, if the surfactant micelle struc-
ture is more disordered.

3. Conclusions

Bile salt detergents are extremely efficient in solubilizing
pristine individual SWNTSs, and their micelles form an unusual-
ly unperturbed environment, opening new possibilities for
spectroscopic investigations of nanotubes in liquid solutions as
well as for their processing and purification. As these surfac-
tants are strongly chiral, they even offer the prospect — at least
in principle — to distinguish left- and right-handed chiral tubes
of the same diameter and chiral angle.

4. Experimental

4.1. Materials and Procedures

Surfactants were obtained from Acros [dodecyl sulfate, sodium salt
99 % (SDS); dodecylbenzenesulfonic acid, sodium salt, 88 % (DDBS);
deoxycholic acid, sodium salt 99 % (DOC); taurodeoxycholic acid,
sodium salt, hydrate, 97 % (TDOC); cholic acid, sodium salt 99 %
(CAS); cetyltrimethylammonium bromide, 99+ % (CTABTr); cetylpyri-
dinium chloride monohydrate, 96+ % (CPCl); Triton X-100; Brij 35;
Tween 20; Tween 40; Tween 60; Tween 80; Tween 85; poly(vinylpyrroli-
done), average molecular weight, M,, 58000, K29-32 (PVP)], Aldrich
[dioctyl sulfosuccinate, sodium salt 99 % (DIOCT)] or AppliChem
[CHAPSO, +98 %; deoxy-BIGCHAP, +95% (d-BIGCHAP)], and
used as received. Sodium pyrenebutyrate (SPB) was obtained from the
free acid (1-pyrenebutyric acid, 99 %, Acros) by addition of an excess
of NaOH (pH ~12.5). A stoichiometric amount of NaOH (pH ~ 8.7)
was not sufficient to obtain a significant SWNT solubilization with
SPB. We also checked that with other surfactants a high pH did not im-
prove SWNT solubilization.

Surfactants were dissolved in water (or D,O, for increased density in
centrifugation and increased IR transparency for optical spectroscopy)
at a concentration of 1% wt./vol. and then added to the raw SWNT
material. Solutions were very gently stirred (§ mm x 3 mm stirring bar
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in 4 mL vial, ~200 rpm) for 3 days and then allowed to settle for an-
other 3 days to sediment undissolved aggregates (a ~ 10 min centrifuga-
tion at 3000 g gave similar results, and a longer settling time of 1-2
weeks did not change results significantly either, suggesting that the
dispersions were close to equilibrium after 3 days). For a first screen-
ing, 1 mg of SWNT material was dispersed in 2.75 mL of surfactant so-
lution in H,O.

Because there might be a significant variation in the composition of
subsequent 1 mg samples of the SWNT material (even though taken
from the same batch), we also repeated the procedure using SWNT
samples obtained by distributing and drying a single stock dispersion of
SWNTs in ethanol, but this confirmed the same relative trends among
the surfactants—except that (for all surfactants) the compacted pellets
obtained from the dried ethanol dispersions were in general more diffi-
cult to dissolve than the raw SWNT material. The latter is similar to
previous observations that nanotubes can spontaneously rearrange into
thicker ropes upon purification [44]. Results shown in Figure 2 for the
0.36 gL and 2 gL solution were obtained using this procedure,
while for the 10 g L™ data the raw material was dissolved directly into
the surfactant solution. This may explain why the latter gives a more
than five-fold increase in absorbance in several cases. Peak positions of
the first absorption band of the SWNTs were compared for settled so-
lutions (not ultracentrifuged) obtained using SWNT material from a
common ethanol dispersion. With few exceptions (CPCIl, SPB, as dis-
cussed in Sec. 3.), within an experimental error of ~5-10 nm, no signif-
icant variation of this peak position was found. Moore et al. recently
demonstrated that the smaller variations occurring with non-specifical-
ly interacting surfactants can still be detected with great precision in
fluorescence [16].

In all experiments a surfactant concentration of 1% wt./vol. was
used. This concentration was not optimized, but in many cases this is
more than the critical micelle concentration, so generally we do not ex-
pect dramatic improvements with higher surfactant concentrations. For
SDS, this concentration of 1% wt./vol. is close to optimal [45]. At the
very highest SWNT concentrations obtained with the more efficient
surfactants however, the SWNT concentration (in wt./vol. %) becomes
comparable to the surfactant concentration, and therefore the ratio of
surfactant concentration to SWNT concentration may start to become
the limiting factor.

Raman spectra were recorded in a backscattering geometry using a
Dilor XY triple spectrometer with liquid nitrogen cooled CCD detec-
tion, and a Kr* ion laser (Spectra-Physics model 2020) for excitation.
Spectra were corrected for the spectral/spatial sensitivity variation of
the spectrometer/detector based on the fluorescence from known dyes.
Laser powers incident on the sample were ~40 mW for the ultracentri-
fuged solutions. For high concentration solutions before UCF, lower
powers were used as appropriate to prevent local heating of the sam-
ples. The spectrometer was used in high dispersion mode with 1800
linesmm™ gratings and an entrance slit width of 50 um (spectral reso-
lution =0.34 cm™).

Fluorescence spectra were recorded using a Jobin-Yvon H250 mono-
chromator (600 lines/mm™ grating, 1 um blaze) with a Peltier-cooled
InGaAs PIN detector (EG&G, HTE-2642) and lock-in amplifier. The
incident beam from a Ti:sapphire laser (Spectra-Physics model 3900S)
was modulated at 113 Hz using a chopper. Fluorescence spectra were
not corrected for the spectral sensitivity of the detector, which is
roughly flat up to ~ 1630 nm and drops to ~ 10 % of its peak sensitivity
at 1700 nm.

UCF was performed using a Kontron Centrikon T-1080 ultracentri-
fuge with swing-out rotor (TST 28) and 1.3 mL polyallomer tubes.
After UCF (4 h at 122000 g, 20°C) the central ~1 mL of the superna-
tant was transferred in a separate vial for further measurements.

Absorption spectra were recorded using a Varian Cary SE UV-VIS-
IR spectrometer, using quartz cells with path lengths in the range of 1
to 10 mm and scaled to a common path length of 10 mm. For the high-
est concentration solutions before UCF, absorbances were too high to
be measured directly in a 1 mm cell, and two alternative methods were
used instead. Firstly, absorption spectra were obtained by 20- to 40-fold
dilution (of the supernatant after sedimentation) with surfactant solu-
tion, just before the absorption measurement, and scaled accordingly.
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Secondly, measurements were performed directly on the undiluted so-
lutions in capillary cells (pathlength =5-50 um), internally calibrating
the pathlength based on the D,O absorption bands. Absorbances ob-
tained with both methods were in good agreement, but with larger ran-
dom errors (~20 %) on the measurements in capillary cells (attributed
to inhomogeneous cell thickness). The 10 gL~ data represented in
Figure 2 are those obtained by dilution.

4.2. Estimation of SWNT Concentrations from Absorption
Spectra

Relative Concentrations: The absorption spectra were first used in or-
der to estimate the relative SWNT concentrations. For the solutions be-
fore UCEF, in which the characteristic van Hove bands are superimposed
onto a very strong background (see Fig. 7), an appropriate background
subtraction scheme was needed in order to obtain a reliable measure-
ment of the SWNT absorbance ODgwnr First, a 1/4 background was
subtracted, setting the absorbance at 1 =584 nm (a wavelength outside
the main SWNT absorption bands) to zero. This removes the major
component of the background. As this background subtraction (as well
as the instrumental baseline) is not perfect, we then used an additional
linear background subtraction in the narrow range of the first SWNT
band. For the measurements reported in this paper, we thus derived the
peak absorbance at ~1710 nm corresponding to the first van Hove
transition of the semiconducting tubes (or an average of absorbance
over a narrow range around these wavelengths) as a measure of relative
SWNT concentration. We also checked that measuring the amplitude
of the second van Hove transition (at ~972 nm) confirms the same rel-
ative trends. In all cases (even with SPB and CPCl), surfactant depen-
dence of the SWNT band positions was small enough that it had a negli-
gible effect on the peak absorbance measurements.

Estimate of Absolute Concentrations: Finally, we also roughly related
the measured absorbance to the actual SWNT concentration. To this
end, we prepared solutions of purified HiPco SWNTs (~99 %) at
known concentrations in the range of 0.005-0.11 gL' (in D,O with
1% DOC), following the same procedure as for the arc-tubes, except
that we also used ultrasonication to approach 100 % dissolution of the
tubes. The HiPco tubes were obtained commercially from Carbon Na-
notechnologies (Houston TX, USA), and purified by U. Dettlaff-We-
glikowska (Max-Planck Institute, Stuttgart, Germany) as described in
reference [35]. The dispersions were not perfectly stable (some sedi-
mentation—albeit possibly due to impurities—was noticeable after a
few days), but the absorbance scaled linearly with added concentration
of SWNT material, indicating that dissolution was close to complete. In
order to be able to compare the absorbances of the HiPco tubes with
those of the arc-SWNTSs, which have a different diameter distribution,
we assumed that the oscillator strength of the lowest energy absorption
band scales with the total nanotube length (in line with the theoretical
scaling of the joint density of states with length [46]), in other words,
with the ratio mass/diameter. After subtraction of a 1/1 background
(setting OD(472 nm)=0), the first and second van Hove transitions,
plotted on an energy scale, were approximated as two Gaussian bands.
The first band (centered at 0.945 eV with a width of 0.288 eV), normal-
ized to a concentration of 1 gL and a pathlength of 1 cm, was found
to possess an integrated (over energy) absorbance of 3.0 eV. Taking
into account that only ~2/3 of the tubes are semiconducting, this inte-
gral corresponds to an oscillator strength of 1.9 x 10~ per carbon atom,
for the first absorption band of the semiconducting tubes. Accounting
for the different average diameters for the HiPco (~0.96 nm) and arc-
SWNTs (~1.46 nm), hence a 1.52 times lower integrated absorption
per mass for the arc-SWNTSs, this corresponds to the following calibra-
tion factor for the arc-SWNTs:
Clg L™'1=0.08 x ODgwxr (1710 nm) (1)
where we used a conversion factor from integrated to peak absorbance
(for these arc-SWNTs) derived from a high quality absorption spec-
trum of a high SWNT concentration solution (with DOC) after UCF.
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Given the many uncertainties, (for instance, the background subtrac-
tion probably overcorrects (i.e., underestimates) the absorbance when
applied to the very broad absorption spectra of the HiPco tubes, hence
underestimating the oscillator strength and overestimating the above
calibration factor and concentrations) this currently only represents an
approximate order of magnitude estimate. Thus, for the highest SWNT
concentration solution in Figure 2 (10 g L™ raw material, with TDOC),
this estimate yields a SWNT concentration of ~4.2 g L™ (before UCF),
suggesting that all the SWNTSs present in the raw material were dis-
solved — in agreement with the conclusion that saturation was not yet
reached (20 g L™ raw material gave ODgwn1(1710 nm) ~ 130, hence a
SWNT concentration of ~10 gL™). For consistency, the same back-
ground subtraction scheme was also used when estimating SWNT con-
centrations after UCF, even though the background was very small in
this case.
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