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Detecting and Tuning the Interactions between Surfactants
and Carbon Nanotubes for Their High-Efficiency

Structure Separation

Xiang Zeng, Dehua Yang, Huaping Liu,* Naigen Zhou, Yanchun Wang, Weiya Zhou,

Sishen Xie, and Hiromichi Kataura®

The selective interaction is systematically explored between the surfactants
(sodium deoxycholate (DOC), sodium dodecyl sulfate (SDS), and sodium
cholate (SC)) and the single-wall carbon nanotubes (SWCNTs) by the gel
chromatography technique. The results show that DOC preferentially inter-
acts with small-diameter semiconducting SWCNTs (S-SWCNTs), exhibiting
the strongest interaction strength for the SWCNTSs, and the highest structural
selectivity. The surfactant SC shows high selectivity toward the chiral angles
of the SWCNTs. lts interaction strength and structural recognition ability are
slightly higher than that of SDS but lower than that of DOC. Combining with
the proved selectivity of SDS in the adsorption onto the S-SWCNTs with small
C—C bond curvature, it is discovered that the synergistic effect of the triple
surfactants amplified the interaction difference among the different SWCNTs
and the gel, and thus dramatically improved the separation efficiency and
structural purity of the SWCNTs, achieving the separation of distinct (n, m)
single-chirality species and their enantiomers in one step. This work not only
provides deeper insights into the separation mechanism of SWCNTs with

the surfactant sorting techniques, but also has a profound significance in
studying the interaction between the SWCNTs and other small molecules.

1. Introduction

The optical and electronic properties of single-wall carbon
nanotubes (SWCN'5) are solely determined by their diam-
eters and chiral angles. Thus, structural control of SWCNTs
is critical for their basic research and technical applications

in electronics, optics, and other related
areas.'””) However, the current synthetic
methods of SWCNTs difficultly produce
a population of single-structure SWCN'Ts
with identical properties despite recent
creative breakthroughs in controlling the
structural growth,'31 which seriously
restricts the evaluation of their property
and the corresponding technical applica-
tions. The structural control of SWCNTs
by the postgrowth separation methods
are more developed. Until now, various
separation techniques such as DNA
wrapping chromatography,!'*!% polymer
wrapping,'®!7]  density gradient ultra-
centrifugation (DGU),¥1% aqueous two-
phase extraction (ATPE),2°22 and gel
chromatography!?*?4 have been developed
for the structural sorting of the synthetic
SWCNT mixtures. With these techniques,
SWCNTs can be separated based on not
only their electronic type (i.e., metallic and
semiconducting SWCNTs) but also chi-
rality. In these solution-sorting techniques,
the selective interactions of DNA, polymers, or surfactants with
the SWCNTTs is critical for their separation efficiency and purity.
DGU, ATPE, and gel chromatography are currently the major
methods because of the possibility of the mass production of
single-chirality SWCNTs.I!8-24 The principal feature in these
methods is that the surfactants like sodium dodecyl sulfate
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(SDS), sodium cholate (SC), and by sodium deoxycholate (DOC)
are used to tune the density (DGU), surface wettability (ATPE),
or the surface charge density of the distinct (n, m) SWCNTs (gel
chromatography) for their structural separation.'*3% However,
the lack of understanding of the selective interaction between
the surfactants and the SWCNTs limits the separation effi-
ciency, purity, and the types of the SWCNT species.

Here, we systematically investigated the selective interac-
tion of the surfactants with different chiral SWCNTs by the
gel chromatography technique. Compared with the ATPE and
DGU techniques, the gel chromatography does not need expen-
sive density gradient agents or other chemical agents, and is
a simple and efficient way to investigate the selective interac-
tion between the surfactants and the SWCNT5.123-2%] In a typical
gel-based method, SWCNTs are dispersed in water with one of
the surfactants (SDS, DOC, and SC) or their mixture. These
surfactant-wrapped SWCNTs with different structures can be
separated on the basis of their interaction difference with an
allyl dextran-based gel, which results from the difference in the
coverage and/or thickness of the surfactant coating around the
different (n, m) species due to the selective interaction between
the surfactants and the SWCNTs.12326:30331 A higher coverage
or a thicker surfactant coating having a high density of nega-
tive charges on the SWCNT surfaces would lead to their strong
repulsion from the surfactant-functionalized gel, and thus,
to weaker adsorbability,?13% (as shown in Figure 1). There-
fore, the selective interaction between the surfactants and the
SWCNTs can be easily judged by the adsorption or the desorp-
tion processes of the distinct (n, m) SWCN'T5s onto/from the gel.
Although our group and other researchers recently reported the
selective interactions of these surfactants with SWCNTS by sim-
ilar methods,%3234 a more systematical and refined investiga-
tion is lacking, which could not give a complete image of the
selective interaction between the surfactants and the nanotubes.

In this work, the selective interaction of DOC and SC
molecules with SWCNTs was investigated by varying their
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concentrations to explore the adsorbability/desorbability of the
SWCNTs onto/from the gel. Since previous works showed that
SDS is an essential and indispensable ingredient in the gel-
based separation of SWCNT5,1°! the separation experiments
herein were conducted in the presence of SDS. Specifically,
the SDS-dispersed SWCNT solution was loaded into gel col-
umns, and the adsorbed SWCNTs were eluted by varying the
DOC, SDS, or SC concentrations in the eluents (Figure S1,
Supporting Information). Thus, their selective interactions
with the different-structure SWCNTs could be determined from
the elution order of the adsorbed SWCNTs. The results show
that the surfactants DOC and SC preferentially interact with
the SWCNTs by diameter and chiral angle, respectively. DOC
exhibited the strongest interaction strength and the highest
structural recognition ability for the SWCNT5. By contrast, SDS
showed the weakest interaction strength and the lowest struc-
tural recognition ability for the SWCNTSs, which explained that
the SDS-encapsulated SWCNTs more easily adsorbed onto gel.
Combining with the previously demonstrated selectivity of SDS
toward the smallest C—C bonds of the SWCNT5, we discovered
that the synergic effect of the three surfactants increased the
interaction difference between the different SWCNT structures
and the gel, thereby facilitating high-efficiency separation of
distinct (n, m) species and their enantiomers.

2. Results and Discussion

The selective interaction between the surfactants and the
SWCNTs was investigated as follows (Figure S1, Supporting
Information): (i) The as-prepared SWCNT dispersions were
overloaded into the gel columns, which ensured that the
adsorbed nanotubes would have a narrower structural distribu-
tion. (i) The adsorbed nanotubes were eluted by incrementally
increasing the concentration of one surfactant. During the step-
wise elution, the eluents were 1 wt% SDS + x wt% A, in which

o\\ o
(b) . /S\\/o Na*

SDS

Figure 1. a) The diagram for the surfactants tuning the interaction between the SWCNTs and the gel. A higher density surfactant coating would lead
to a weaker adsorbability of an SWCNT to gel. The purple and blue circles respectively represent different-structure SWCNTs, which are indicated by
indexes of (ny, my) and (n,, my). Brown bars denote surfactant molecules. b) The chemical structures of the surfactants sodium dodecyl sulfate (SDS),

sodium cholate (SC), and sodium deoxycholate (DOC).
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Figure 2. Optical analysis of the eluted fractions with increased DOC and SDS concentrations. a) Normalized optical absorption spectra of the eluted
SWCNT fractions at increasing DOC concentrations. b) The elution order of distinct (n, m) species as a function of their diameters (top of panel),
smallest bond curvature radius (middle of panel) and chiral angles (bottom of panel) at increasing the DOC concentrations. ¢) Normalized optical
absorption spectra of the eluted SWCNT fractions at increasing SDS concentrations.

A can be SDS, DOC, or SC and x is the variable concentration
of A with a stepwise increase. (iii) The elution order of the
various (n, m) SWCNTs and their selective interaction with the
surfactants were analyzed. The early-eluted SWCNTs exhibited
a stronger interaction with the corresponding surfactants due
to a higher coverage or a thicker coating on their surfaces, thus
suppressing the interaction with the gel.

2.1. Selective Interaction of DOC with SWCNTs

As mentioned above, the experiment consisted of two steps:
overloading and the stepwise elution process. Initially, a
10 mL aliquot of SDS/SWCNT dispersion was applied to a
column packed with 1.4 mL of gel beads under 1 wt% SDS
followed by the removal of the unadsorbed nanotubes. The
totally adsorbed nanotubes in the column were eluted by one
step with an aqueous solution of 0.5 wt% DOC. The optical
absorption spectrum is presented in the top panel of Figure 2a,
which shows that the adsorbed SWCNTs are highly enriched
in (6, 5) SWCNTs with a narrow diameter distribution, indi-
cating the successful extraction of these nanotubes from the
initial SWCNT mixture via the overloading process. Next, the
adsorbed nanotubes were eluted using a mixture of SDS and
DOC eluents in which the DOC concentration was increased
from 0.02 to 0.2 wt% in increments of 0.02 wt%, while the SDS
concentration was fixed at 1 wt%. As shown in the lower panels
of Figure 2a and Figure S2a (Supporting Information), the dis-
tinct absorption spectra of the eluted fractions show that the
adsorbed SWCNTs were selectively desorbed, and their chiral
structures were separated.

Five distinct species were collected at different DOC con-
centrations; especially, near single-chiral (6, 4), (6, 5), and
(7, 5) nanotubes were obtained, which could give a clear elution
order of distinct (n, m) species. As shown in Figure 2b, the elu-
tion order more strongly depends on the SWCNT diameters.®
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The smaller-diameter species desorbed first, followed by the
large-diameter SWCNTs with increasing DOC concentration.*’]
Since the only variable was the DOC concentration in the elu-
ents, the difference in the surfactant density resulted from the
selective interaction of DOC with different-structure SWCNTs.
Clearly, DOC is more inclined to encapsulate the small-diam-
eter nanotubes.

For a comparison with DOC, a parallel experiment was
performed in which the adsorbed nanotubes were eluted by
a stepwise increase in the SDS concentration (as shown in
Figure 2¢; Figure S2b, Supporting Information). The SDS con-
centration was increased in increments of 0.4 wt%. A smaller
increment could not desorb the nanotubes. At 1.4 wt% SDS,
a mixture of SWCNTs was eluted in which a high content of
large-diameter SWCNTs were present compared to that in the
adsorbed nanotubes. With increasing the SDS concentrations,
the large-diameter SWCNTs in the eluted fractions decreased,
and consequently, the eluted fractions were enriched in (6, 5)
SWCNTs. The results indicate that the SDS molecules pref-
erentially adsorbed onto the large-diameter nanotubes, which
is consistent with our previous works.l?*l More accurately, the
selective interaction of SDS more strongly depended on the
smallest C—C bond curvature radius (Figure S2c of ref. [24]).
Only one type of near single-chirality (6, 5) SWCNTs was sepa-
rated, which indicated that SDS has a lower chiral selectivity
than does DOC. By contrast, the separation of high-purity (n, m)
species by a much smaller increment of DOC concentration
proved that DOC had a stronger interaction with the SWCNTs
than did SDS. The difference in the elution ability might be
derived from the fact that the planar DOC molecule has a
much stronger affinity with the SWCNTs than does the linear
SDS and forms a much more homogeneous micellar structure
around the SWCNTs (as shown in Figure 1b).383%

As shown in Figure 3a and Figure S2a (Supporting Infor-
mation), the nonselective mass desorption of the adsorbed
SWCNTs occurred when the initial concentration of DOC was

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Optical absorption spectra of nonselectively desorbed SWCNTs under different starting concentrations and incremental steps of DOC.
a) Starting concentration 0.02 wt%, and a step to 0.02 wt%. b) Starting concentration 0.005 wt% and four steps to 0.02 wt%. c) Starting concentration

0.0005 wt% and eight steps to 0.02 wt%.

set at 0.02 wt% in the first elution step, which led to a dramatic
decrease in the yield of the following eluted SWCNTs. During
the subsequent elution steps, nonselective mass desorption
was not observed. A similar observation was made when the
flow-through fraction was repeatedly loaded into the following
columns (Column 2-Column 4) (as shown in Figure S3, Sup-
porting Information). Interestingly, when the starting con-
centration of DOC and the increment step was decreased to
0.005 wt%, the nonselective desorption of SWCNTs reduced
dramatically (Figure 3b; Figure S4a, Supporting Information);
with a further decrease in the starting concentration and the
increment step, the nonselective mass desorption of SWCNTs
was not observed (Figure 3c; Figure S4b, Supporting Informa-
tion). The nonselective DOC encapsulation of the SWCNTs
under a high starting concentration might be attributed to the
huge difference in its affinity/or interaction with the SWCNTs
as compared to that of the SDS.’%3! The introduction of a
high-concentration DOC solution resulted in a high DOC con-
centration gradient and abruptly destroyed the equilibrium
adsorption state of the nanotubes onto gel in the pure SDS
system. On the other hand, although a lower DOC concentra-
tion gradient could avoid the nonselective mass desorption,
the structural purity of the eluted SWCNTs clearly decreased
(Figure S4b,c, Supporting Information). These results indicate
that the separation of SWCNTS is greatly affected by the DOC
concentration gradient.

2.2. Selective Interaction between the SC Molecules
and the SWCNTs

The selective interaction between the SC molecules and the
SWCNTs was investigated by eluting the adsorbed nanotubes
with increasing SC concentration from 0.01 to 1.6 wt%, while
the SDS concentration was fixed at 1 wt%. Figure 4a; Figure S5
(Supporting Information) present the optical absorption spectra
of the eluted fractions. The eluted SWCNT fractions exhibited a
lower structural purity than those eluted with DOC, with some
fractions having specific species enrichment such as (8, 3)
and (7, 3) SWCNTs in the case of 1 wt% SDS + 1.2 wit% SC
and 1 wt% SDS + 1.6 wt% SC. Such concentrated desorption
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of the species in a certain elution step could not be realized
in the monosurfactant system of achiral SDS in which they
gradually desorbed from the gel at each step. The changes in
their absorption spectra (as shown in Figure 4 and Figure S5,
Supporting Information) confirmed a rough desorption order
for the different (n, m) species: (6, 5) — (7, 5) — (7, 6), (8, 4) —
(8, 3) = (7, 3), (9, 1). The relationship between the elution order
and the corresponding physical structures including diameters,
the smallest C—C bond curvature radius and chiral angles are
summarized in Figure 4b. Clearly, the elution order exhibits
a strongest dependence on the chiral angles of the SWCNTs.
Specifically, the early-eluted nanotubes had larger chiral angles
and the late-eluted SWCNTs had smaller chiral angles, which
implied that SC preferentially interacted with SWCNTs having
larger chiral angles; this observation was different from that of
SDS and DOC.

In order to further confirm the strong dependence of the
selective interaction of SC with the SWCNTs on the chiral
angles, the selective adsorption of the SWCNTs onto the gel
under different ratios of SC to SDS was investigated by the
overloading method. Four ratios of SC to SDS, namely, 1 wt%
SDS + 0 wt% SC, 0.8 wt% SDS + 0.2 wt% SC, 0.5 wt% SDS +
0.5 wt% SC, 0.2 wt% SDS + 0.8 wt % SC, were respectively used
to disperse and separate the SWCNTs. For each ratio, 10 mL
of SWCNT dispersion was loaded into the multistage gel col-
umns. Each gel column was packed with 1.4 mL of gel beads.
The adsorbed nanotubes were eluted with 0.5 wt% DOC to
compare the structural distribution of the adsorbed nanotubes.

As shown in Figure 5 and Figure S6 (Supporting Informa-
tion), an increasing ratio of SC to SDS dramatically changed
the structural distribution of the adsorbed nanotubes. Without
the SC surfactant (Figure 5a), the adsorbed nanotubes in first
column were mainly enriched with (6, 5) nanotubes, accom-
panied by some (6, 4), (7, 5), and (7, 6) nanotubes. However,
by increasing the ratio of SC/SDS to 0.2 wt%/0.8 wt%, the
content of the small-chiral-angle SWCNTs such as the (8, 3),
(9, 1), and (9, 2) species increased in the adsorbed SWCNTs,
while the contents of the (6, 4) and (6, 5) nanotubes decreased
rapidly. Especially in the case of 0.5 wt% SDS + 0.5 wt% SC,
the presence of higher contents of (7, 3), (8, 3), (9, 1), and
(9, 2) nanotubes in the adsorbed SWCNTs were evident. These
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Figure 4. Optical analysis of the SWCNT fractions eluted with a stepwise increase in the SC concentration. a) Normalized optical absorption spectra.
b) The elution order of distinct (n, m) species as a function of their diameters (top of panel), smallest bond curvature radius (middle of panel) and
chiral angles (bottom of panel) at increasing the SC concentrations. In the lower panel of (a), the concentrations of SC are indicated on the right side

of each spectrum.

results further confirm the preferential interaction of SC with
SWCNTs having larger chiral angles,?? and are different from
the previous results.?1?23% Similar to the case of 1 wt% SDS,
the small-diameter species exhibited a stronger adsorbability
onto the gel due to their early adsorption in the columns (as
shown in Figure 5c). However, when the ratio of SC to SDS
increased to 0.8 wt%/0.2 wt%, the adsorption of SWCNTs was
not observed, which implied that SC interacted more strongly
with the SWCNTs than did SDS, and that a high ratio of SC
to SDS led to a rapid decrease in their interaction with the gel.

2.3. The Synergistic Effect of Triple Surfactants in Amplifying
the Interaction Difference between the SWCNTs and the Gel

Since the chiral structure of an SWCNT is solely determined by
its diameter and chiral angle, the different selectivity of the sur-
factants SC, DOC, and SDS toward the chiral angles, diameters,
and C—C bond curvatures of SWCNTs sufficiently suggested
that the combination of these surfactants could synergistically
enhance the structural recognition of the SWCNTs, which well
explained the improved separation efficiency of SWCNTs by

1 %SDS + 0 %SC 0.8 %SDS + 0.2 %SC 0.5 %SDS + 0.5 %SC
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Figure 5. Normalized optical absorption spectra of the adsorbed nanotubes across different columns under different ratios of SC to SDS. a) 1.0 wt%
SDS. b) 0.8 wt% SDS + 0.2 wt% SC. c) 0.5 wt% SDS + 0.5 wt% SC. Col. = Column.
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Figure 6. Analysis of the interaction between the various surfactants and
the SWCNTs based on the results in Figures 2 and 4 and Figure S4 of the
Supporting Information. a) Comparison of the initial concentrations and
incremental steps of various surfactants for the selective desorption of
SWCNTs and b) comparison of the distinct (1, m) single-chirality species
separated via stepwise elution of different surfactants.

the use of cosurfactants in previous works.!!%21:3234 The inter-
action strength of different surfactants with the SWCNTs is
another important parameter for the separation of SWCNTs.
A strong interaction between the surfactants and the SWCNTs
would suppress the adsorption of SWCNTs onto the gel, thus
exhibiting strong elution ability. The elution features of the
three surfactants are summarized in Figure 6. The starting
concentration and the increment step of SDS for the selective
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desorption of SWCNTs was the largest at 0.4 wt%, while those
of DOC were the smallest at 0.08 and 0.02 wt%, respectively. As
shown in Figure 6b, five types of (n, m)-enriched species were
separated by the stepwise elution process with DOC, while
only (6, 5)-enriched species were separated by stepwise elu-
tion with SDS. The highest elution ability of DOC indicates its
strongest interaction strength with the SWCNTs. By contrast,
the lowest elution ability of SDS implies its weakest interaction
with the SWCNTs. The interaction of SC with the SWCNTs and
its structural identification ability are higher than that of SDS
but lower than that of DOC. The structure of SC is very similar
to that of DOC (Figure 1b). The lower interaction of SC with
the SWCNTs possibly resulted from the hydrophilic hydroxyl
groups in its molecule structure.

Because of their different interaction strengths with the
SWCNTs, and thus the elution abilities, the surfactants DOC,
SC, and SDS play different roles in the separation process of
the SWCNTs. In order to separate the SWCNTs by gel chroma-
tography, the selective adsorption of SWCNTs onto the gel is
critical. The surfactant DOC is suitable for the selective des-
orption of SWCNTs because of its strong elution ability and
identification ability for the SWCNTs. By contrast, SC and SDS
are more suitable for dispersing the SWCNTs to enable their
adsorption into the gel columns owing to their weaker inter-
action with the SWCNTs and lower elution ability. Therefore,
the adsorbability of the SWCNTT5 dispersed by the cosurfactant
system of SC and SDS in different ratios (namely, 1 wt% SDS +
0 wt% SC, 0.8 wt% SDS + 0.2 wt% SC, 0.5 wt% SDS + 0.5 wt%
SC, and 0.2 wt% SDS + 0.8 wt% SC) was investigated. In these
experiments, 0.2 mL of SWCNT dispersion was loaded into a
gel column packed with 8 mL of gel beads (normal loading con-
dition). The adsorbed nanotubes were eluted with 0.5 wt% DOC
solution. As shown in Figure 7, at SC to SDS ratios lower than
0.5 wt%/0.5 wt%, the adsorbed nanotubes showed the same
structural distribution as that of the semiconducting SWCNTs
in the pristine HiPco-SWCNTs. However, in the case of 0.2 wt%
SDS + 0.8 wt% SC, the loaded SWCNTs directly flowed through
the gel column without adsorption. Thus, the surfactant system
of 0.5 wt% SC + 0.5 wt% SDS provides the optimal condition
that not only ensures the adsorption of SWCNTs onto the gel
columns (Figure 7), but also effectively tunes the interaction
difference between the various SWCNTs and the gel based on

400 600 800 1000 1200
Wavelength (nm)

Figure 7. Optical absorption spectra of the adsorbed SWCNTs and flow-through fractions under different ratios of SC to SDS by the normal loading
method. a) The adsorbed SWCNTs and b) the flow-through fractions. From top to bottom, the spectra correspond to the SDS to SC ratios of 1.0 wt%
SDS + 0.0 wt% SC, 0.8 wt% SDS + 0.2 wt% SC, 0.5 wt% SDS + 0.5 wt% SC, and 0.2 wt% SDS + 0.8 wt% SC.
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both the chiral angle and the diameter (Figures 2 and 4). This
facilitates the selective desorption of the adsorbed SWCNTs by
increasing the DOC concentration.

In the triple-surfactant system, the addition of SC can be
performed by two approaches: First one, the SWCNTs were
directly dispersed in the aqueous solution of 0.5 wt% SDS +
0.5 wt% SC and then overloaded into the gel columns (see
Method 1 in Figure S7, Supporting Information). Second one,
the SWCNTs were dispersed in an aqueous solution of 1 wt%
SDS and overloaded into the gel columns (see Method 2 in
Figure S8, Supporting Information). The SDS concentration
in the gel column was changed to 0.5 wt% by eluting with an
aqueous solution of 0.5 wt% SDS. The SC concentration was
then in-situ tuned to 0.5 wt% by eluting the gel columns with
0.5 wt% SDS + x wt% SC, in which the SC concentration x was
increased in small incremental steps, preventing the desorp-
tion of SWCNTs. Here, we performed parallel experiments to
investigate the effect of the two methods on the separation of
SWCNTs, which could give more insight into the interaction
between the SWCNTs and the surfactants, and help to design
new strategy to improve the separation efficiency of single-
chirality SWCNTs. In both the methods, the selective desorption
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of the adsorbed nanotubes was performed by the eluents 0.5 wt%
SDS + 0.5 wt% SC + y wt% DOC, in which the DOC concen-
tration y was incrementally increased from 0.019 to 0.085 wt%
with an optimized incremental step of 0.002 wt% to 0.003 wt%.
A larger incremental step would decrease the structural puri-
ties of the separated nanotubes (see Figure S9, Supporting
Information). In the two methods, overloading was employed
to narrow the structural distribution of the adsorbed SWCNTs,
thus reducing the mutual disturbance of the different-structure
species during the selective desorption. As shown in Figure S10
(Supporting Information), under normal loading conditions,
the large-diameter SWCNTs with longer absorption wavelength
were eluted together with the small-diameter SWCNTs without
structural selectivity from the gel column, which dramatically
reduced the purities of the separated SWCNTs.

The optical absorption spectra of the SWCNTs separated by
the two methods are shown in Figure 8 and Figure S11, and
Figures S12 and S13 (Supporting Information), respectively.
The results achieved from the two methods were very similar.
At each DOC concentration, single-chirality SWCN'Ts were des-
orbed from the gel columns, but their purities were slightly
different. The optical absorption spectra of the highest-purity
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Figure 8. Normalized optical absorption spectra of the separated SWCNT fractions by a stepwise increase in the DOC concentration after in situ tuning

of the interaction between the SWCNTs and the gel with SC (Method 2).

a) Column 1, (b) Column 2, and (c) Column 3. In (a—c), the upper panels

correspond to the adsorbed SWCNTs and the lower panels correspond to the eluted fractions. On the right, the concentrations of DOC are indicated.
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Figure 9. Optical characterization of the highest purity (n, m) species. a) Normalized optical absorption spectra, b) the relationship plot between the
elution order and the diameters, and c) the photoluminescence map of the eluted single-chirality species shown in (a).

(n, m) species are shown in Figure 9a and Figure S14a (Sup-  described method.** The results were presented in Figures S15
porting Information). Eleven distinct near single-chirality (n, m)  and S16 of the Supporting Information. The purities of the
species were separated: (6, 4), (7, 3), (9, 1), (6, 5), (8, 3), (9, 2), separated (n, m) by the two methods were summarized in
(7, 5), (8, 4), (7, 6), (9, 4), and (8, 6). The purity evaluation of  Table S1 of the Supporting Information. It can be concluded
the separated (1, m) species were performed using a previously  that the purities of the (6, 5), (7, 5), (7, 6), (8 6), and (9, 4)
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nanotubes with larger-chiral angles separated by method 2 are
clearly higher, possibly because of the difference in the (n, m)
distribution of the SWCNTs adsorbed on the gel used for the
following stepwise elution (Figure 5). As shown in Figure 9a
and Figure S15 (Supporting Information), the purities of the
(n, m) species separated by method 2 reached as high as 90%
such as (6, 4), (6, 5), and (7, 3), which are much higher than
that obtained from the SDS/DOC system (Figure 2a). More
importantly, the types of the separated (n, m) species was more
than twice of that obtained from the SDS/DOC system. The
(9, 1), (9, 2), (8, 4), (7, 6), and (9, 4) SWCNTs species with small
chiral angles could not be separated from the same adsorbed
SWCNTs without the introduction of SC (Figure 2a), which
indicated that the introduction of SC dramatically improved the
separation efficiency of the SWCNT5. Besides, the presence of
SC also prevented the mass desorption at the first elution step,
despite the use of a high initial DOC concentration of 0.02 wt%,
possibly because of their smaller difference in the affinity/or
interaction with the SWCNTs. The separation of high-purity
single-chirality (n, m) species was further confirmed by photo-
luminescence mapping (Figure 9¢). As shown in Figure 9b
and Figure S14b (Supporting Information), the relationship
between the elution order (n, m) and their diameters displays a
smooth elution tendency from small-diameter to large-diameter
species, evidencing that the elution order was dominated by
DOC because of its strong interaction with the SWCNTs. We
speculate that the introduced DOC molecules possibly plugged
into the SDS/SC surfactant coating and directly interacted with
the nanotube surfaces, and thus forming a mixture-surfactant
structure instead of a layered-surfactant structure. Addition-
ally, the purities of the SWCNT fractions separated from the
third column in the both methods were slightly lower than
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those separated from columns 1 and 2 (Figure 8c; Figure S12c,
Supporting Information). In the third column, more of the
large-diameter SWCNTs were adsorbed. Possibly because the
adsorbability of these large-diameter SWCNTs was weaker, the
introduction of low-concentrations of DOC (extremely strong
elution ability) easily induced nonselective desorption, similar
to the case shown in Figure S10 of the Supporting Information.
Therefore, for the separation of large-diameter SWCNTT, a dif-
ferent surfactant concentration ratio should be adopted.

As shown in Figure 8 and Figure S12 (Supporting Informa-
tion), the same (n, m) species were desorbed at different DOC
concentrations, indicating their different interaction with the
gel, possibly due to enantiomeric separation.!'>240 The circular
dichroism (CD) spectra of the separated fractions were recorded.
As shown in Figure 10 and Figures S17 and S18 (Supporting
Information), the CD spectra exhibited positive and negative CD
peaks at the corresponding optical transition wavelengths,9:2¢]
evidencing the enantiomeric separation of the single-chiral (6, 4),
(7, 3), (6, 5), (8, 3), and (7, 5) species. The relative purities of the
various (n, m) enantiomer fractions were evaluated based on the
background-corrected intensity of the CD and optical absorption
at the E,, transition wavelength, 2l and the corresponding absorb-
ance was acquired from their absorption spectra (Figures S17
and S18, Supporting Information). These results are presented
in Table S2 (Supporting Information). The relative purities of the
enantiomers (29.7-81.3 mdeg) are much higher than those of the
enantiomers separated by a single surfactant (0.4-11.8 mdeg),2%!
and those separated with other techniques.'®17:194142] Here, we
ascribed the higher purities of the separated enantiomers to the
selective interaction of the chiral surfactants SC and DOC with
SWCNTs. High-purity enantiomers can be achieved by long-term
dispersion and ultracentrifugation of the SWCNT dispersions to

e 118 —M@6,4)
-719.7 —P@(6,4)

il +56.1 —M@ (7,
-78.6 — P @

+45.1 —M@(8,3)
—P@@®.3)

Circular Dichroism (mdeg)

—P@(6,5)

250 350 450 550 650 750
Wavelength (nm)

250 350 450 550 650 750
Wavelength (nm)

Figure 10. Typical circular dichroism (CD) spectra of the eluted single-chirality species. The relative purities of the separated enantiomers are indi-
cated in each panel. The relative purity for the right-handed enantiomer (8, 3) is unavailable because the CD intensity at E,, was difficult to evaluate.
The complete CD and optical absorption spectra of the separated enantiomers are presented in Figures S17 and S18 (Supporting Information).
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remove the nanotubes bundles and by multistep separation at
the expense of the raw materials and separation efficiency.*¥

3. Conclusions

The selective interaction of the surfactants DOC, SC, and SDS
with the SWCNTs were systematically investigated by gel chro-
matography to experimentally demonstrate the selective inter-
action of different surfactants with SWCNT structures. DOC
preferentially interacted with small-diameter SWCNTs and
exhibited stronger interaction strength and higher structure
recognition ability. SC selectively interacted with large-chiral-
angle SWCNTs, and showed interaction strength stronger than
that of SDS but weaker than that of DOC. Combining with
the proved selectivity of SDS molecules in the interaction with
SWCNTs having small C—C bond curvatures, we clarified that
the synergistic effect of the cosurfactants enlarged the interac-
tion difference between the different (n, m) SWCNTs and the
gel and thus dramatically improved the separation efficiency
and purities, simultaneously achieving the separation of dis-
tinct (n, m) single-chirality species and their enantiomers. The
present results provide a more comprehensive understanding
of the structural separation of SWCNTs by the surfactant
sorting methods, which could help to further improve the sepa-
ration efficiency and purities of single-structure SWCNTSs, thus
accelerating their technical applications in optoelectronic, bio-
medicine and new functional materials.

4. Experiment Section

Dispersion and Purification of SWCNTs: HiPco-SWCNTs (R1-794, 1.0 +
0.3 nm in diameter, Nanolntegris) were dispersed in 1 wt% SDS (99%,
Sigma-Aldrich) aqueous solution (15 mg SWCNT/15 mL SDS solution)
using an ultrasonic probe homogenizer (Sonifire 450D, Branson) for 1.5 h
at 30 W. During sonication, the bottle containing the sample solution
was immersed in a water bath at 15 °C to prevent heating. The
resulting sample was then centrifuged at 210 000 x g for 30 min using
an ultracentrifuge (S50A, Hitachi CS150FNX) to remove bundles and
impurities. Approximately 80% of the supernatant was recovered and
used as the parent SWCNT dispersion.

Detecting the Selective Interaction between the Surfactants and the
SWCNTs: The selective interaction between the surfactants and the
SWCNTs was detected by a stepwise elution process. Specifically,
10 mL of SWCNT dispersion was applied to a column packed with
1.4 mL of gel beads (Sephacryl S-200 HR, GE Healthcare, lot 10102247),
and the unadsorbed nanotubes were washed by T wt% SDS solution. The
SWCNTs in the gel column were desorbed by the eluent 1 wt% SDS +
x wt% A, where A represents one of the surfactants SDS, SC, or DOC
and x denotes the concentration of the corresponding surfactant
A. During the stepwise elution, the concentration x was increased with
a step of 0.4 wt% for SDS (99%, Sigma-Aldrich), 0.02 wt% for DOC
(97%, Sigma-Aldrich), and 0.1-0.2 wt% for SC (99%, Sigma-Aldrich), until
no additional SWCNTSs could be eluted from the gel columns. The SWCNTs
eluted at each step were fractionally collected with 1.5 mL of 1 wt%
SDS + x wt% A and used for optical measurements. The schematic
diagram of this process is presented in Figure S1 of the Supporting
Information. Before the experiments, the gel columns were prepared by
loading 1.4 mL of allyl dextran-based gel beads (Sephacryl S-200 HR, GE
Healthcare) into a 10 mL medical syringe (inner diameter = 1.6 cm).

Synergistically Tuning the Interaction between the SWCNTs and the Gel
with Triple Surfactants: Two methods were adopted to synergistically tune
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the interaction between the SWCNTs and the gel with triple surfactants.
In the first method, HiPco-SWCNTs were dispersed directly in a mixture
of 0.5 wt% SDS + 0.5 wt% SC solution. 10 mL of SWCNT dispersion
was applied to a column packed with 1.4 mL of gel in the surfactant
environment of 0.5 wt% SDS + 0.5 wt% SC (overloading case). After the
unadsorbed nanotubes were completely washed away, the nanotubes
adsorbed onto the gel were eluted stepwise by a series of eluents, where
the concentrations of SDS and SC were respectively fixed at 0.5 wt%, while
the content of DOC was increased until no desorption could be detected.
The eluted nanotubes were also collected fractionally with 1.5 mL
of 0.5 wt% SDS + 0.5 wt% SC + x wt% DOC. The corresponding
schematic diagram is given in Figure S7 of the Supporting Information.
For comparison, the effect of normal loading on the selective desorption
of the SWCNTSs from gel was also investigated, in which 0.2 mL of SWCNT
dispersion was loaded into a gel column packed with 8 mL of gel beads.
The difference in the second method is that the selective adsorption of
the surfactant SC onto the SWCNTs was performed in the gel columns.
Specifically, 10 mL of SWCNT/1 wt% SDS dispersion was loaded into a
gel column packed with 1.4 mL of gel beads followed by washing away
of the unadsorbed SWCNTs using 1T wt% SDS. Next, the surfactant
environment was changed to 0.5 wt% SDS by eluting the gel column with
0.5 wt% SDS. The surfactant environment was then altered to 0.5 wt%
SDS + 0.5 wt% SC by stepwise elution of the column with a series of
eluents containing 1 wt% SDS + x wt% SC in which the SC concentration
x was incrementally increased from 0 to 0.5 wt% with a small step. Finally,
the nanotubes were selectively desorbed from the gel in the same way as
mentioned in method 1. The corresponding schematic diagram for this
experiment is presented in Figure S8 of the Supporting Information.
Optical Measurements: The optical absorption spectra were recorded
by using a UV-vis—NIR spectrophotometer (UV-3600, Shimadzu) in the
wavelength range of 200-1350 nm. Photoluminescence contour maps
were measured using a spectrofluorometer (Nanolog, Horiba) equipped
with a liquid nitrogen-cooled InGaAs detector. CD spectra were recorded
using a CD spectrometer (J-1500, JASCO) in the wavelength range of
200-900 nm. For each of the measured samples, a corrected spectrum
was obtained by subtracting a reference CD spectrum recorded under the
same conditions with an aqueous solution of the cosurfactant system.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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