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Enhanced Adsorption Affinity of Anionic Perylene-Based Surfactants
towards Smaller-Diameter SWCNTs

Claudia Backes,'™ " Udo Mundloch,™ Cordula D. Schmidt,” Jonathan N. Coleman,'!
Wendel Wohlleben,'! Frank Hauke,'™"! and Andreas Hirsch*!* "I

Abstract: We present evidence from
multiple characterization —methods,
such as emission spectroscopy, zeta po-
tential, and analytical ultracentrifuga-
tion, to shed light on the adsorption
behavior of synthesized perylene sur-
factants on single-walled carbon nano-
tubes (SWCNTs). On comparing dis-
persions of smaller-diameter SWCNTs
prepared by using cobalt-molybdenum
catalysis (CoMoCAT) with the larger-
diameter SWCNTs prepared by high-
pressure carbon monoxide decomposi-
tion (HiPco), we find that the CoMo-
CAT-perylene surfactant dispersions

zeta potentials, and higher anhydrous
specific volumes (the latter determined
from the sedimentation coefficients by
analytical ultracentrifugation), which
indicates an increased packing density
of the perylene surfactants on nano-
tubes of smaller diameter. This conclu-
sion is further supported by the subse-
quent replacement of the perylene de-
rivatives from the nanotube sidewall by
sodium dodecyl benzene sulfonate

Keywords: nanotube  sorting -
nanotubes - perylenes - supramolec-
ular chemistry - surfactants

(SDBS), which first occurs on the
larger-diameter nanotubes. The en-
hanced adsorption affinity of the pery-
lene surfactants towards smaller-diame-
ter SWCNTs can be understood in
terms of a change in the supramolec-
ular arrangement of the perylene deriv-
atives on the scaffold of the SWCNTs.
These findings represent a significant
step forward in understanding the non-
covalent interaction of m-surfactants
with carbon nanotubes, which will
enable the design of novel surfactants
with enhanced selectivity for certain
nanotube species.

are characterized by more negative
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Introduction

Even though single-walled carbon nanotubes (SWCNTs)
can be regarded as one of the most fascinating classes of
synthetic materials of the past two decades, the solubiliza-
tion and separation of polydisperse mixtures of SWCNTs of
varying diameters and chiralities presents one of the biggest
hurdles to their useful application.'! To tap the full potential
of SWCNTs, postsynthetic separation techniques are urgent-
ly required. The joint efforts of physicists, chemists, surface,
and materials scientists have been rewarded by significant
recent progress.”) Among possible separation techniques,
considerable attention has been directed towards alternating
current (ac) dielectrophoresis,** density gradient ultracen-
trifugation (DGU),”® and ion-exchange chromatography
(IEC).

For the above-mentioned separation techniques, the
SWCNTs need to be distinguished by noncovalent function-
alization. For example, dielectrophoresis makes use of the
differences in the dielectric constants of sodium dodecyl sul-
fate (SDS) dispersed metallic and semiconducting nano-
tubes,”* while DGU exploits differences in the buoyant
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densities of surfactant-stabilized nanotubes. Subtle varia-
tions in surfactant concentration and the use of cosurfac-
tants allow fine-tuning so that nanotubes can be sorted
either by diameter or electronic character, which indicates
the importance of the arrangement of the surfactant on the
nanotube scaffold.”®! Supramolecular aggregation is explic-
itly utilized in nanotube separation by IEC. When nano-
tubes are wrapped with an appropriate single-stranded
DNA, the electrostatics of the SWCNT-DNA hybrid in the
ion-exchange column depend on the nanotube diameter
and/or the electronic properties.’™!!

As briefly summarized, multiple techniques can be used
to achieve nanotube sorting. However, these methodologies
generally require special equipment, and are often charac-
terized by low throughput, especially in the cases of electro-
phoresis and chromatography. Thus, the ideal SWCNT sepa-
ration scenario would involve selective dispersions of specif-
ic (n,m)-SWCNTs; for example, a scenario in which only
nanotubes of specific diameters or even single chirality are
stabilized by the surfactant, whereas all others could easily
be removed by mild centrifugation. Effective examples, such
as selective nanotube dispersion by fluorine-based poly-
mers,'”” ) are scarce. The use of polymeric materials has
been shown to be problematic with respect to surfactant re-
moval after the separation to recover the nanotubes in their
pristine form. Up to now, only one example of a nonpoly-
meric nanotube-dispersant agent has been reported that
demonstrated enrichment of the (8,6)-nanotube species in
the supernatant: nanotube sorting was achieved by means of
a salting-out precipitation process with the aid of a flavin
mononucleotide as a m-surfactant.!'! The increased affinity
of the flavin mononucleotide for the (8,6)-SWCNT has been
ascribed to the formation of helical structures on the nano-
tube scaffold that perfectly match the chirality of the (8,6)-
SWCNT.

To further extend the research area of selective nanotube
dispersion, novel surfactants need to be synthesized and ex-
tensively characterized to shed light on the underlying
mechanisms of the dispersion process, and on the supra-
molecular arrangement of the surfactants. Herein, we report
that a group of nonpolymeric, anionic & surfactants based
on perylene bisimides (Per) as nanotube anchoring
groups!®7 show an enhanced affinity towards smaller-diam-
eter nanotubes. Furthermore, the packing density of the per-
ylene-based surfactants is enhanced for smaller-diameter
nanotubes as revealed by zeta potential measurements and
hydrodynamic characterization of the nanotube-surfactant
complexes by analytical ultracentrifugation. As the nonpoly-
meric molecules can be easily removed, as demonstrated by
replacement of the perylene surfactants with sodium dode-
cyl benzene sulfonate (SDBS), they can also be regarded as
potent candidates for the bulk separation of SWCNTs.

13186 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Results and Discussion

Emission spectroscopy: In a detailed investigation on the
surfactant capability of water-soluble perylene bisimide de-
rivatives 1-3, we have found that carbon nanotube (CNT)
emission is strongly reduced in intensity, and is redshifted
relative to aqueous solutions of nanotubes dispersed in
SDBS.["! Furthermore, we could relate part of the fluores-
cence loss to inhomogeneities in the uniformity of the sur-
factant coating when various perylene derivatives were com-
pared.!'”! Inhomogeneities in the surfactant coverage lead to
the local exposure of nanotube surface area to the aqueous
environment and presumably allow oxygen to adsorb on the
sidewall, which has been shown to strongly quench nanotube
emission.'® 22 Thus, an increase in the uniformity of the sur-
factant coverage leads to significantly increased quantum
yields.*? Additionally, adsorption of the electron-poor
perylene unit leads to p-type doping of the nanotubes,"”!
which results in nanotube fluorescence bleaching by electron
transfer from the nanotube to the perylene unit. This phe-
nomenon has been well documented by O’Connell et al. for
the case of the addition of an organic acceptor molecule to
a dispersion of SWCNTs in SDS.[*

HOOC COOH

HooC COOH
“/\/\/\N \ O / NM
HooC COOH
1
Hoog COO'EOOH
L:i_ HOOC
COOH
NH,
COOH
Hoog & 2 —%;VCOOH
H
HoocgNr “/\/\/\N O , N’\/\/\rr o COoH
0
HOOC HN HOOC
HOOCJK» COOH 2 HOOC COOH
HooC
HOOG
§C<TOOH
COOH
Hooc  HN
o
H
HOOC'; ; N WN O'
Hooc S
o
HOOCJTT‘EOOH
HooC

These observations indicate that a complex mechanism
underlies the reduction of nanotube emission intensity when
the nanotubes are dispersed with synthesized perylene sur-
factants such as 1-3. The redshift of the remaining nanotube
emission cannot easily be rationalized. Even though adsorp-
tion of an aromatic unit to the nanotube scaffold is often ac-
companied by redshifted emission and absorption,[1%142+27]
this shift can again be attributed to increased exposure of
the nanotubes to the environment or to an alteration of the
exciton binding energy by a m-m stacking interaction with
the surfactant.” Recently, Papadimitrakopoulos et al. stud-
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ied the fluorescence of SWCNTSs dispersed in various organ-
ic solvents by using a flavin-based surfactant.”! They as-
cribed part of the redshifted nanotube emission to bundling
and debundling effects, uniformity of surfactant coverage,
and adsorption of the aromatic compound. They showed
that the flavin-based dispersion in toluene favors a highly
uniform surfactant coverage that shields the nanotubes from
the environment and therefore results in superior nanotube
emission quantum yields. However, it is interesting to note
that the nanotube emission in this case was still redshifted
compared with nanotubes dispersed in SDBS, which indi-
cates a contribution from the n— stacking interaction.

In this regard, it is possible to explain the more pro-
nounced redshift of SWCNT-Per complexes for smaller-di-
ameter nanotubes in two ways: 1) The increased redshift
may be attributed to a less homogeneous perylene coverage
for smaller-diameter nanotubes, which would result in great-
er CNT exposure to the aqueous environment, as discussed
above. This behavior would be associated with a lower affin-
ity of the perylene surfactant to smaller-diameter nanotubes.
2) The perylene surfactant may exhibit a stronger interac-
tion with the smaller-diameter nanotubes, which would
result in a higher packing density on the nanotube scaffold.
This may cause stronger redshifting of the nanotube emis-
sion by the enhanced m—m stacking on the smaller-diameter
nanotubes.

The first explanation is quite reasonable in light of the ob-
servations by O’Connell et al. that the addition of an organ-
ic acceptor molecule to nanotubes dispersed in SDS results
in nanotube fluorescence bleaching with the larger diameter
SWCNTs. Smaller-bandgap nanotubes would be affected
first, since the charge transfer from the SWCNT to the or-
ganic acceptor is more efficient in the case of the smaller-
bandgap nanotubes.” This ultimately indicates a stronger
interaction of the larger-diameter nanotubes with the elec-
tron-acceptor molecules. In our study, dispersion of the
nanotubes with the perylene-based surfactants leads to a
permanent p-type doping of the nanotubes."! Thus, the
more pronounced redshift of the emission from the smaller-
diameter nanotubes can be rationalized by an increased ac-
cessibility of the nanotube surface to the aqueous environ-
ment, as the perylene—nanotube interaction is reduced.

On the other hand, the second explanation above (i.e.,
the higher packing density of the perylene on the nanotube
surface) cannot be excluded. Thus, a variety of further inves-
tigations has been performed to shed light on the nanotube
emissions in the perylene dispersions.

Zeta potential: One way of probing relative changes in the
packing density of charged surfactants on the nanotube sur-
face is the determination of the zeta potential, C, which is
defined as the electric potential at the hydrodynamic slip
plane of the diffuse zone of counterions surrounding the
Helmholtz double layer of a dispersed object. Thus, it can
be directly related to the potential in the vicinity of the
bound ions at the surface of the nanotubes. Recently, White
etal.” and Coleman et al.” have correlated the zeta po-
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tential of surfactant-stabilized nanotubes to the dispersion
stability. They demonstrated that stable nanotube disper-
sions are characterized by a high magnitude of the zeta po-
tential |C|. In the case of anionic surfactants the zeta poten-
tial is negative, whereas it is positive for cationic surfactant
systems.

To investigate whether the packing density of the pery-
lene derivatives on the nanotube varies with nanotube diam-
eter, we have determined the zeta potential for dispersed
SWCNTs prepared by high-pressure carbon monoxide de-
composition (HiPco) and SWCNTs prepared by using
cobalt-molybdenum catalysis (CoMoCAT), which can be
distinguished by differences in the diameter distribution
(HiPco: 0.8-1.4 nm, CoMoCAT: 0.7-0.9 nm). We used pery-
lene surfactants 1-3 as dispersing agents and compared the
results with those obtained by using SDBS (Figure 1).

The differences between SWCNT-SDBS in buffered
media and nonbuffered media (the latter denoted as natural
pH) can be seen in Figure 1. The zeta potential of HiPco-
SDBS is more negative in nonbuffered media than in the
buffered environment, which has an ionic strength of 0.09 m.
Thus, it can be concluded that the packing density of SDBS
on the nanotube scaffold is reduced when the ionic strength
is increased. This behavior appears to be counterintuitive,
since higher ionic strengths should increase the stability of
micelles due to charge screening of the head groups by the
pool of counterions in buffered solutions. Since counterions
are rather loosely bound and can slip off during the electro-
phoretic movement of the nanotube, they do not contribute
to the zeta potential. Thus, one might expect the zeta poten-
tial of SWCNTs dispersed in SDBS to be more negative in
buffered solutions—in marked contrast to the results pre-
sented herein. Probably, the increased ionic strength and the
induced charge screening leads to the localization of coun-
terions in the Helmholtz double layer, which thereby re-
duces the zeta potential.

On comparison of HiPco with CoMoCAT SWCNTs, only
minor differences are observed in the magnitude of the zeta
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Figure 1. Zeta potential of HiPco and CoMoCAT SWCNTs dispersed in
buffered solutions of the perylene derivatives 1-3 (pH 7), and SWCNT-
SDBS (buffered and nonbuffered). The error bars are derived from the
standard deviation over ten measurements. m: HiPco, pH=7; a: HiPco,
natural pH; e: CoMoCAT, pH=7; v: CoMoCAT, natural pH.
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potential with SDBS as surfactant; the zeta potential of Co-
MOoCAT is slightly reduced in magnitude, presumably due to
the higher curvature, which would allow fewer SDBS mole-
cules to adsorb per unit length nanotube. This trend is re-
versed for the perylene surfactants, especially in the case of
the bolaamphiphiles 1 and 2. The magnitude of the zeta po-
tential for nanotubes dispersed in 2 is increased from
—34.7mV for HiPco nanotubes to —47.3 mV for CoMoCAT
nanotubes. This strongly indicates that the packing of the
bolaamphiphile 2, which carries highly bulky substituents,
can be strongly enhanced for smaller-diameter nanotubes
such as CoMoCAT. Similar behavior has been observed for
1, although not as pronounced.

In summary, the zeta potential measurements strongly in-
dicate that the perylene derivatives 1 and 2 exhibit an in-
creased affinity for adsorption onto smaller-diameter
SWCNTs, such as CoMoCAT.

Selective replacement: The observation of the enhanced af-
finity of the perylene surfactants for smaller-diameter nano-
tubes is consistent with the results from the replacement ti-
trations of HiPco SWCNTs dispersed in the perylene surfac-
tants with dilute aqueous solutions of SDBS. This subse-
quent replacement of the perylene derivatives from the
nanotube sidewall can be experimentally followed by ab-
sorption (see Figure S1 in the Supporting Information) and
emission spectroscopy (see Figure 2). In general, upon sub-
stitution of the perylene surfactant by SDBS, the initially
quenched nanotube fluorescence is recovered and blueshift-
ed.

To further evaluate this replacement, the evolution of
three different fluorescence peaks (at 1025, 1125, and
1250 nm), which correspond to small- (d=0.83 nm, (7,5)-
SWCNT), medium- (d=0.89 nm, (7,6)-SWCNT), and large-
diameter (d=0.98 nm, (9,5)-SWCNT) nanotubes, respective-
ly, on addition of SDBS is shown in Figure 3. The data
points have been fitted to a sigmoidal curve (Boltzmann fit)
yielding the inflection points marked by the vertical lines in
Figure 3. The emission of the (9,5)-SWCNT recovers first,
followed by (7,6), and then (7.,5). The perylene surfactant is
first replaced from the larger-diameter nanotubes (continu-
ous trace) and then from the smaller-diameter nanotubes
(dotted trace) in the HiPco sample for all perylene deriva-
tives. These results are in agreement with those obtained
from the zeta potential measurements, which indicate that
the affinity of the perylene surfactant is higher for smaller-
diameter nanotubes. The concept of selective replacement
can also be applied to cosurfactant-replacement DGU,
which results in the fractionation of HiPco and CoMoCAT
SWCNTs by diameter, as has previously been demonstrated
by our group.P"

As discernable from the fluorescence spectra in Figure 2,
the emission of the perylene unit (onset at low wavelengths)
slightly convolutes the data, especially for HiPco-2 (Fig-
ure 2b). However, if the evolution of the nanotube emission
peaks is considered relative to the perylene background, the
replacement information can still be extracted.

13188 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L
~

HiPco-1 pH7 S
(7,8) — 40 4 SDBS (1gL7)
——50 11 SDBS (1gL")
60 ul SDBS (1gL™")
70 ul SDBS (1gL™)
~— 80 ul SDBS (1gL™")
~——85 1 SDBS (1gL")
—— 90 I SDBS (1gL7)
100 ul SDBS (1 gL")
—— 150 I SDBS (1 gL™)

4,,,= 660 nm

Emission Intensity / 10™° nW cm’
w
:

0 . — . —
900 1000 1100 1200 1300
Wavelength / nm

1400 1500

=
~

HiPco-2 pH7 S

7.6) 15l SDBS (1 gL")
——20 I SDBS (1gL")
251l SDBS (1gL™)
40 ul SDBS (1 gL™)
———4518DBS (1gL7)
——55ul SDBS (1gL™)
——60ul SDBS (1 gL™)
80 ul SDBS (1gL")

(9,5) — 100 ul SDBS (1 gL

A,,. =660 nm

(7.5)

Emission Intensity / 10™° nW cm’'
w
:

00 1000 1100 1200 1300 1400 1500
Wavelength / nm

o

HiPco-3 pH7 S
30 L SDBS (1gL7)
~——60uLSDBS (1gL")
80 4L SDBS (1g L")
100 uL SDBS (1 g L")
120 uL SDBS (1g L")
——130 4L SDBS (1gL")
—— 140 4L SDBS (1gL")
160 uL SDBS (1 gL
——200 4L SDBS (1gL")

A =660nm
‘exe

(7,8)

" nwem’
o
:

Emission Intensity / 10°

04== ‘ - - —
900 1000 1100 1200 1300 1400 1500

Wavelength / nm

Figure 2. Fluorescence spectra at A.,,=660 nm of the addition of SDBS
to buffered aqueous solutions of HiPco-Per ([Per];=0.1gL™).
a) SWCNT-1  ([SWCNT]=0.052gL""), b)SWCNT2 ([SWCNT]=
0.042 gL', and c¢) SWCNT-3 ([SWCNT] =0.040 gL ™).

Since the evolution of the fluorescence spectra during the
replacement titration may strongly depend on the prepara-
tion conditions, such as nanotube concentration, perylene
concentration, and the presence of various amounts of bun-
dles due to ultrasonication and centrifugation processing, we
repeated the fluorescence titrations with varying initial pery-
lene concentrations, but constant initial nanotube concentra-
tion. Note, however, that in the following discussion, only
the nanotube concentrations in the supernatant after centri-
fugation (calculated from the optical densities in the absorp-
tion spectra) are considered, which vary in this series of ex-
periments. The inflection points (IP) of the replacement ti-
trations (as indicated in Figure 3) and the corresponding
concentrations of perylene and nanotubes are summarized
in Table 1. The corresponding spectra of the fluorescence ti-
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Figure 3. Evolution of the nanotube emission intensity on addition of
SDBS to HiPco-Per for three different fluorescence peaks, which corre-
spond to small- (7,5), medium- (7,6) and large-diameter (9,5) HiPco-
SWCNTs. a) HiPco-1, b) HiPco-2, and ¢) HiPco-3.

trations, as well as the evolution of the fluorescence intensi-
ties, are displayed in Figures S2-S5 in the Supporting Infor-
mation.

As mentioned above, the concentration of nanotubes in
the supernatant after centrifugation is not equal in every ex-
periment due to the preparation of the dispersions, which in-
volves ultrasonication and centrifugation. This may also lead
to different bundle-size distributions of the nanotubes in the
set of experiments performed here. One might expect that
even slight fluctuations in the bundle-size distributions that
arise from the preparation of different samples might have a
large impact on the replacement data, as the SWCNT sur-
face area accessible to the adsorption of the perylene surfac-
tants is significantly lower in bundles than in individualized
nanotubes. However, this effect is negligible, as can be seen
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Table 1. IP of the replacement titrations for small (7,5), medium (7,6)
and large (9,5) diameter HiPco SWCNTS, as indicated in Figure 3, as well
as the SWCNT and perylene concentrations in the experiments.

Per [Per] [HiPco] 1P (7.5) IP (7,6) IP (9,5)
[er']  [gL] SWCNTs SWCNTs SWCNTs
mean mean mean
value value value
0.1 0.052 181 1.75 1.74
1 0.2 0021 196 1.8 189 1.8 189 1.81
0.5 0.024  1.87 1.81 1.79
0.1 0042 131 1.23 1.18
2 0.2 0023 141 134 126 123 117 117
0.5 0017 131 1.21 1.17
0.1 0.043 325 3.15 2.93
0.1 0054 300 335 271 315 231 293
3 0.1 0.049 377 3.59 3.54
0.2 0016  6.58 6.49 6.42
0.5 0.0056  39.7 - 38.8 38.0 -

in the position of the inflection points summarized in
Table 1, which are reliably reproducible.

The situation is different, however, when the concentra-
tion of perylene dispersants is changed, at least in the case
of 3. We varied the concentration of perylene surfactants in
the dispersions to elucidate whether the concentration of
free perylene (i.e., not bound to the nanotube scaffold) in-
fluences the position of the inflection point of the titration.
In the case of the bolaamphiphilic derivatives 1 and 2, we
observed that the titration is independent of the concentra-
tion of the perylene dispersant, whereas much more SDBS
is required (with respect to the amount of nanotubes dis-
persed) to induce the replacement of 3 when free perylene
is present in the dispersion (concentration of 3, [3]=0.1, 0.2,
and 0.5 gL™"). It may thus be concluded that the amphiphilic
perylene derivative 3 interacts with the structurally similar
SDBS molecules, so that the SDBS is captured in solution
by free perylene micelles, which delays the replacement (as
indicated by the higher values of the IPs). This is not the
case for the bolaamphiphilic perylenes 1 and 2. Experiments
on the formation of mixed micelles of the perylene disper-
sants with SDBS and other commercially available deter-
gents are currently underway in our laboratory to further in-
vestigate this hypothesis.

As a consequence, it is crucial to minimize the amount of
free perylene micelles, at least in the case of the amphiphile
3. We therefore performed the titration three times with a
perylene concentration of 0.1 gL~ From the absorption
spectra (see Figure S1 in the Supporting Information) it can
be concluded that the perylene dispersant is predominantly
associated with the nanotube surface, since the pattern of
the perylene transitions is significantly different from that of
the unbound perylene micelles. A detailed discussion con-
cerning this topic is also presented in the Supporting Infor-
mation.

On comparing the mean values of the inflection points of
the titrations of the three perylene dispersants, it is striking
that the bulky bolaamphiphile 2 is replaced fastest (as indi-
cated by the lowest values for the inflection points present-
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ed in Table 1), followed by 1 and then 3. This can be ration-
alized in terms of a decreasing packing density of the pery-
lene molecules on the nanotube surface in the order 2<1<
3. This is in complete agreement with results published else-
where.

In summary, the repeated titrations have yielded useful in-
formation about the interaction of the perylene dispersants
with the nanotubes. Most importantly, it is shown that the
perylene derivatives are first replaced from larger-diameter
nanotubes (9,5), followed by medium (7,6), and then small-
er-diameter nanotubes (7,5). This strongly indicates an en-
hanced adsorption affinity of the perylene dyes for smaller-
diameter (i.e., larger-bandgap) nanotubes. This effect is least
pronounced for the small bolaamphiphilic derivative 1, as
the differences between the inflection points in the titration
of the (n,m) SWCNTs under consideration are smaller than
the other perylene derivatives.

Hydrodynamic characterization by analytical ultracentrifu-
gation: The results described above strongly indicate that
the perylene derivatives prefer to interact with smaller-di-
ameter SWCNTs. This behavior cannot be rationalized on
electronic grounds alone, as discussed above. One possible
explanation is that the supramolecular adsorption pattern of
the perylene surfactants on smaller-diameter nanotubes is
different from that on larger-diameter SWCNTSs. To obtain
insights into the adsorption geometry, we performed analyti-
cal ultracentrifugation (AUC) in water and deuterated
water, because the anhydrous molar specific volume of the
SWCNT-surfactant complex can be derived from the sedi-
mentation coefficients.”>* The anhydrous specific volume
was determined for the HiPco-2 and CoMoCAT-2 com-
plexes, and for HiPco-SC (SC=sodium cholate) and CoMo-
CAT-SC for comparison (Table 2).

Table 2. Tabulated data of the sedimentation coefficients s in H,O and
D,0O (denoted by the subscripts H and D, respectively) and the anhy-
drous specific volumes 7 of the systems investigated."”!

sy [Sv] sp [Sv] 7 [em*g™"]
CoMoCAT-SC 13.0 9.2 0.56
HiPco-SC 16.6 10.9 0.65
CoMoCAT-2 15.7 8.7 0.74
HiPco-2 18.7 11.7 0.69

[a] Sedimentation co-efficient for H,O. [b] Sedimentation coefficient for
D,O.

In the case of SC as nanotube surfactant, the differences
in the anhydrous specific volumes v of CoMoCAT and
HiPco SWCNTs account well for the variations in the diam-
eter distributions of the pristine nanotube material. CoMo-
CAT nanotubes are characterized by a much narrower di-
ameter distribution, with a mean diameter centered at
0.8 nm. The HiPco nanotubes have a mean average diame-
ter of 1.1 nm, which is 38% larger. The anhydrous molar
volume of CoMoCAT-SC is smaller by 0.09 cm’g™" than
that of HiPco-SC (assuming equal packing density for SC
on the SWCNT surface).
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Most importantly, the situation is different with 2 as nano-
tube surfactant. In this case, the anhydrous specific volume
v of the nanotube—surfactant complex is higher for CoMo-
CAT nanotubes, even though their mean diameter is lower
than that of the HiPco nanotubes. This striking deviation for
2 as surfactant compared to SC as surfactant points towards
a different supramolecular arrangement of the perylene sur-
factants on the smaller-diameter nanotubes. The adsorption
geometry of the surfactant must be altered in such a way
that more perylene molecules can be adsorbed on the nano-
tube scaffold of the smaller-diameter tubes, as was also indi-
cated by the zeta potential measurements and the replace-
ment titrations.

This counterintuitive behavior is not easy to explain; es-
pecially because it cannot be rationalized on electronic
grounds alone, since the adsorption strength of a p-type
dopant is presumably increased for smaller bandgap (i.e.,
larger-diameter) nanotubes.

Since the dispersions were only mildly centrifuged prior
to the analytical ultracentrifugation experiments, the ques-
tion arises as to whether the determination of the anhydrous
specific molar volumes is convoluted by varying amounts of
nanotube bundles in the dispersions. Even though nanotube
bundles are characterized by higher sedimentation coeffi-
cients than individualized SWCNTs, it is possible that the
sedimentation coefficients of small bundles overlap with
those of the exfoliated SWCNTs.”® In this case, different
bundle-size distributions in the CoMoCAT and HiPco sam-
ples may influence the AUC data. However, the conclusion
of enhanced adsorption affinity of the perylene dyes towards
smaller-diameter nanotubes is not based on the determina-
tion of the anhydrous specific volume alone. The analytical
ultracentrifugation experiments provide a third independent
technique which agrees very well with the results from the
zeta potential and replacement titrations, in which variations
in bundle-size distributions should not have a large impact.
In the case of zeta potential measurements, it has previously
been shown by Coleman et al. that the zeta potential is nei-
ther dependent on SWCNT bundle size, nor on bundle-size
distributions.® The replacement titrations, which provide
the strongest evidence for the enhanced adsorption affinity,
were followed by near-infrared fluorescence; a technique
that is also independent of nanotube bundle-size distribu-
tions, because only individualized semiconducting nanotubes
contribute to the fluorescence. Thus, overall, it seems un-
likely that the data in the manuscript is convoluted by the
presence of nanotube bundles in the dispersions.

Adsorption hypothesis: Finally, we present an adsorption
hypothesis that accounts well for the increased interaction
and higher packing density of the perylene derivatives on
smaller-diameter nanotubes (Figure 4): as discussed above,
adsorption of the perylene unit leads to permanent p-type
doping of the nanotubes!” (Figure 4a). Larger-diameter
SWCNTs are presumably more prone to electron transfer
than smaller-diameter nanotubes due to their smaller bandg-
ap. Thus, the larger-diameter SWCNTs would be more posi-
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a) X Perylene X
L S - L/
Electron transfer from SWCNT to b
electron poor perylene unit e

- permanent p-type doping

b) Large Diameter c) Small Diameter

Perylene

Perylene

G
Repulsion

Figure 4. Schematic illustration of the possible adsorption of the perylene bolaamphiphile 2 on larger- and
smaller-diameter SWCNTs. In the case of larger-diameter SWCNTs the packing density of the perylene surfac-
tant is reduced due to Coulombic attraction of the p-type doped SWCNTs and the negatively charged New-
kome dendrimer substituents of the perylene surfactant. In the case of smaller-diameter nanotubes, the p-type
doping is less pronounced, which renders the repulsion between the dendrimers the dominant force so that the
substituents point away from the nanotube scaffold. This ultimately increases the packing density of the pery-

lene surfactants.

tively charged. This may lead to an attraction of the nega-
tively charged dendrimer substituents in the periphery,
which bend towards the nanotube scaffold (Figure 4b). In
contrast, this attractive force may be reduced for the small-
er-diameter nanotubes. Additionally, repulsive Coulombic
forces between the two dendrimers on each side of the pery-
lene moiety may cause the substituents to point into solu-
tion; that is, away from the nanotube surface (Figure 4c). A
larger area per unit length of nanotube would then remain
bare, so that more surfactant molecules could be adsorbed,
which would lead to a higher packing density onto the nano-
tube surface.

Even though the hypothesis of the different geometry in
the adsorption of the perylene on smaller-diameter nano-
tubes accounts well for the enhanced affinity of the perylene
surfactants towards small diameter nanotubes and the
higher anhydrous specific volume of CoMoCAT-2 com-
pared with HiPco-2, further validation is necessary and cur-
rently underway in our laboratory.

Conclusion

We have demonstrated that a group of synthesized anionic
surfactants based on perylene bisimides are potent candi-
dates for the separation of carbon nanotubes by diameter,
because they show an enhanced affinity for adsorption to
smaller-diameter nanotubes, which is in marked contrast to
the pyrene derivatives recently investigated.® The in-
creased interaction is reflected by a more pronounced red-
shift in the nanotube emission for smaller-diameter nano-
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tubes. During the subsequent
addition of SDBS to the nano-
tube—perylene dispersion, the
emission features of larger-di-
ameter nanotubes are recov-
ered faster than the peaks of
the smaller-diameter nanotubes.
This behavior is attributed to
the enhanced affinity of the
perylene surfactant for nano-
tubes of smaller diameter, since
the perylene is replaced at
higher concentrations of SDBS.

w This concept has previously

Perylene

been utilized to explain the
fractionation of nanotubes by
diameter with cosurfactant re-
placement DGU.P!

Additionally, we have found
that the packing density of the
perylene-based surfactants used
in this study is higher on small-
er-diameter nanotubes. This is
reflected by more negative zeta
potentials of CoMoCAT-Per
complexes than those of
HiPco—Per complexes. Further support can be drawn from
the determination of the anhydrous specific volumes of the
SWCNT-surfactant complexes with analytical ultracentrifu-
gation. The higher anhydrous specific volume of CoMo-
CAT-2 than that of HiPco-2 can be understood in terms of
a change in the supramolecular arrangement of the perylene
derivatives on the scaffold of the smaller-diameter tubes. Fi-
nally, a hypothesis is presented that accounts for the selec-
tive interaction of the perylene surfactants.

We believe that this study presents a significant step for-
ward in understanding the noncovalent interaction of m sur-
factants with carbon nanotubes, which is of utmost impor-
tance for the design of novel surfactants with even greater
selectivity in the interaction with certain nanotube species.
Further investigations concerning the validation of the ad-
sorption hypothesis, as well as the application of the pery-
lene surfactants in nanotube separation, are currently under-
way in our laboratory.

Experimental Details

General: SWCNTs were obtained from Unidym (purified HiPco-
SWCNTs batch number P0343) and SouthWest Nanotechnologies (Co-
MoCAT SWCNTs batch number SG65-0012) and used as received.
Chemicals and solvents were purchased from Acros (Geel, Belgium), and
buffer solutions from Fischer Scientific. The syntheses of the perylene bi-
simide derivatives were performed according to a procedure described
elsewhere !

Experimentally, an XLA (Beckman—Coulter) analytical ultracentrifuge
was used to directly measure the redistribution of SWCNTs in a centrifu-
gal force field. This instrument enabled the characterization of the sedi-
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mentation and diffusion of SWCNTs in situ at an angular velocity of
40 krpm. Dispersed SWCNTs and reference aqueous solutions (water
and deuterated water, respectively) were loaded into two-hole Epon cells
equipped with quartz windows. These cells were housed in a four-cell
rotor (Ti-60, Beckman-Coulter), which was kept at a constant tempera-
ture of 25°C. The optical density of the SWCNT solutions at approxi-
mately 740 nm (where there is negligible surfactant and solvent absorb-
ance) was measured as a function of time and position to track the redis-
tribution of the SWCNTs. Experiments were typically continued for 1-
2 h until essentially all the SWCNTs had sedimented to the bottom of
the cells. Alternatively, an analytical ultracentrifuge with a multiwave-
length detector recently developed in-house was used.

Zeta potential measurements were carried out on a Malvern Zetasizer
Nano system with irradiation from a 633 nm He—Ne laser. The samples
were injected into folded capillary cells, and the electrophoretic mobility
(1) was measured by using a combination of electrophoresis and laser
Doppler velocimetry techniques. The electrophoretic mobility relates the
drift velocity (v) of a colloid to the applied electric field (E); v=uE. All
measurements were conducted at 25°C.

The fluorescence spectra of the nanotube titration experiment of HiPco—
Per with SDBS were recorded at room temperature with an NS1Nano-
Spectralyzer (4,,,=660 nm and 785 nm) from Applied NanoFluorescence,
LLC.

Preparation of the dispersions: The SWCNT samples in SC and SDBS in
water and deuterated water were prepared as follows: HiPco SWCNTs
(0.5 mg) or CoMoCAT SWCNTs (1.0 mg) were added to the aqueous SC
solution (5mL, 10 gL™") to yield SWCNT concentration of [HiPco]=
0.1 gL' and [CoMoCAT]=0.20.1 gL' and dispersed with the aid of a
bath sonicator (150 W, 30 min). Coarse aggregates were removed by mild
centrifugation at 15 krpm (Sigma 4 K15). The resulting dispersions were
diluted with the corresponding surfactant solution to yield optical densi-
ties of approximately 1cm™' at 740 nm. Unless otherwise noted, the
SWCNT-Per dispersions were prepared analogously, with an initial pery-
lene concentration of 0.1 gL' for the HiPco SWCNTs and 0.2 gL' for
CoMoCAT SWCNTs in buffered aqueous media (pH 7). In the case of
H,O the phosphate buffer (ionic strength of 0.09m) was purchased from
Fisher Scientific. For D,O the buffer solution was prepared by dissolving
Na,HPO, (ca. 0.42%) and NacCl (ca. 0.11%).

For the titration experiments, the initial nanotube concentration was
0.1 g ™!, while the concentration of perylene in buffered aqueous solution
was varied according to Table 1. Dispersion also involved mild sonication
(150 W, 30 min) and centrifugation (15 krpm, 30 min). The supernatant
nanotube concentrations were calculated from the optical density at
740 nm and the corresponding extinction coefficient of this HiPco batch
(3625Lg 'm™'). To induce the replacement of the perylene from the
nanotube sidewall, 5-30 pL portions of a solution of SDBS (1 gL ") were
added to 1 mL of the HiPco-Per supernatant. Absorption and emission
spectra were recorded after 3 min of sonication in a bath-type sonicator.
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