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ABSTRACT

The equilibrium compositions of coatings on single-wall carbon nanotubes were spectroscopically
deduced for samples dispersed in dilute sodium dodecyl sulfate (SDS) and then exposed to low
concentrations of ssDNA oligomers. With all studied oligomers, displacement of the SDS tended
to occur at lower ssDNA concentrations for smaller diameter nanotubes than for larger diameter
ones. However, the behavior varied significantly with oligomer. For example, the diameter
dependence was steeper for (TAT)4 than for (ATT)4, suggesting that inter-strand head-to-tail
hydrogen bonding interactions play a role in SWCNT wrapping. Concentrations of ssDNA in the
range of several pg/mL displace SDS from nanotubes dispersed in 1500 pg/mL SDS solutions.
This effect allows the use of coating exchange to prepare ssDNA dispersions with minimal
oligomer costs. Another demonstrated use exploits the structure-dependent relative coating
affinities in a simple filtration method for diameter enrichment of SWCNT mixtures.
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The unusual properties of single-wall carbon nanotubes (SWCNTSs) have inspired extensive studies
by many basic and applied researchers.! In most of that work, nanotube surfaces are
noncovalently coated by one or more surfactants or polymers to allow individualization and the
preparation of stable liquid suspensions.** These adsorbed coatings are also important because
their specific interactions with SWCNTSs are central to all major methods for structural sorting,®®
and they enable analyte selectivity in chemical sensing applications.”!* These key roles have
motivated several investigations of coating displacement kinetics,!!"!° but equilibrium studies of

relative coating stabilities or coating exchange remain much more limited.

Recently, Sims and Fagan have measured changes in SWCNT fluorescence intensities to study the
equilibrated structure-specific exchange of alkyl and bile salt surfactants in the presence of
polymers used in aqueous two-phase extraction sorting.?’ The rapid equilibration of those
surfactants on nanotube surfaces allowed the use of a real-time spectroscopic titration method.
Here we report a study of the SWCNT adsorption equilibrium for sodium dodecyl sulfate (SDS)
in competition with short oligomers of single-stranded DNA (ssDNA). Such oligomers can show
structure-specific interactions with SWCNTs and are valuable for nanotube sorting,?!*? bio-
sensing applications,”? and band gap tailoring through the guanine functionalization reaction.?*?
Because conformational relaxation of ssDNA on nanotubes can be quite slow, we performed
“sampling” titrations in which a range of titrant (ssDNA) concentrations were added to multiple
aliquots of an SDS dispersion. The samples were then incubated for several days to reach coating
equilibrium, after which each was spectroscopically analyzed to give one point on a titration curve.

The fluorescence data gave specific information on multiple SWCNT species, revealing that the

adsorption competition between ssDNA and SDS depends on nanotube structure.



The basis of our approach is the sensitivity of SWCNT fluorescence to surface coating,
which allowed us to monitor the displacement of one coating by another through emission
spectroscopy. As described in detail in Experimental Methods, ten aliquots of an unsorted SWCNT
suspension in 0.15% SDS were incubated for approximately ten days at room temperature after
the addition of different amounts of ssDNA. We then measured SWCNT excitation-emission
spectra for each of the equilibrated samples (e.g. Figure S2) and extracted sets of peak wavelengths
and intensities for ten to twelve different semiconducting (n,m) species, using established spectral
assignments.?%?” To illustrate, Figure 1 shows emission slices, excited at 648 nm, for the original
SDS dispersion and six of the equilibrated aliquots containing 0.5 to 3 pg of the (ATT)4 ssDNA

oligo. Systematic changes in peak intensities and peak wavelengths are evident.
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Figure 1. Emission spectra of equilibrated SWCNT dispersions in 0.15% SDS
before and after addition of different masses of (ATT)s ssDNA, as shown in
the legend. The fluorescence excitation wavelength was 648 nm and the
sample volumes were 1.005 mL.



Figure 2a plots the emission peak wavelength shifts caused by (TAT)4 addition for ten
SWCNT species as a percentage of the maximum possible shifts, which are the measured
differences between peak positions of dispersions prepared using pure (TAT)s4 as compared to
0.15% SDS solutions. All species show sigmoidal curve shapes, reaching asymptotic spectral shifts

that range from 75 to 100% over the range of added ssDNA concentrations. In Figure 2b we plot
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Figure 2. (a) Equilibrated spectral peak shifts for various (n,m) species as a fraction of the shift
between peak wavelengths in pure SDS and pure (TAT)4. The x-axis shows the added
concentration of (TAT)s. (b) Equilibrated peak intensities, normalized to the difference between
values in pure SDS and pure (TAT)4, plotted against added concentration of (TAT)s. (¢)
Equilibrated spectral peak shifts for various (n,m) species as a fraction of the shift between peak
wavelengths in pure SDS and pure (ATT)4. The x-axis shows the added concentration of
(ATT)4. (d) Equilibrated peak intensities, normalized to the difference between values in pure
SDS and pure (ATT)4, plotted against added concentration of (ATT)a.



the corresponding normalized intensities, calculated as [, = . These show

norm ~
I instial ~ I final

much less sigmoidal character than the curves in Figure 2a. We attribute this shape difference to
the nonlinear relation between SWCNT coverage and spectral shift arising from the much higher
fluorescence quantum yields of SWCNTSs coated by SDS as compared to ssDNA. The mismatch
in quantum yields causes the overall emission spectrum of a sample equally coated by SDS and
ssDNA to show a spectral peak located closer to the SDS position. This reduces the initial slopes
of spectral shift curves (Figure 2a), distorting their shapes into a sigmoidal form. To more
accurately infer coating displacements as a function of added ssDNA, we therefore use intensity
data such as shown in Figure 2b. Spectral shifts and intensity changes induced by (ATT)4 addition

are plotted in Figures 2c and 2d.

It is apparent that the coating displacement titration curves in Figure 2 vary with SWCNT
species. To efficiently characterize each of these spectral and intensity curves, we found the

ssDNA concentration (cy/5 ) that gave a response half-way between initial and final values. Figure
3a shows that there is a good correlation between these ¢y, values for the (TAT)4 intensity and
spectral shift data, although the ¢, values are larger for spectra than for intensity because of the

distortion effect described above. We note that the (TAT)4 displacement trace for (6,5) does not
appear unusual compared to other (n,m) species even though this oligo is a recognition sequence
for (6,5).%® Our titration results for (GT)s, (GT)12, (GT)20, (TTA)TT, and (GTT)3G are shown in

Figures S6 — S10.

In Figure 3¢ we plot the dependence of the ¢y, intensity parameters on SWCNT diameter

for four ssDNA oligos. The results for (TAT)s, (ATT)4, and (GT)e, all of which have 12



nucleotides, show increases of ¢y, with diameter. This implies that the thermodynamic stability

of SDS coatings relative to the ssDNA coatings is lower for smaller diameter than for larger
diameter nanotubes. (GT)2o, the longest oligo in the set, shows the same qualitative dependence
on SWCNT diameter, but at mass concentrations that are greater by a factor of about 2. This

difference may reflect an entropic free energy cost in (GT)20 wrapping. We note that because of
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Figure 3. (a) Correlation plot showing the (TAT)4 concentrations for each (n,m) that give half
spectral shift and half intensity change. The line is a linear best fit. (b) Normalized peak intensity
from (6,4) SWCNTs vs.oncentration of added (TAT)a. Open circles show data points; the solid
curve is a 2-parameter fit using a simple equilibrium model (see Supporting Information). (c)
Values of concentrations giving half-intensity changes vs. SWCNT diameter for the four ssDNA
oligos shown in the legend. (d) Natural log of the (TAT)4 concentrations giving half-intensity
changes plotted against nanotube diameter. The solid line is a linear best fit to the data points.



the low SDS concentration (0.15%) in our sample suspensions, the morphology of the displaced
SDS coating is likely a monolayer with the dodecyl chains mainly aligned parallel to the nanotube

axis.?’

In Figure 2, the spectral shift and intensity data differ significantly for addition of (ATT)4
compared to (TAT)s. There is a milder diameter dependence for (ATT)4 that can also be seen in
Figure 3c. Note that the (ATT)4 and (TAT)4 oligos are isomeric; their only difference is that the
end nucleotides of (ATT)4 can base-pair with each other whereas those of (TAT)4 cannot. We infer
that inter-strand end pairing interactions reduce the variation of adsorption affinity with SWCNT
diameter. Another difference between (ATT)s4 and (TAT)4 displacement behavior is evident for
(7,5). The asymptotic spectral shift for this species is 82% with (TAT)4 but only 50% with (ATT)a.
To interpret this, we note that (ATT)4 has previously been identified as a recognition sequence for
(7,5),2 and that a kinetic study found that sodium deoxycholate displaces (ATT)4 from the two
enantiomers of (7,5) at very different rates.!> It therefore seems possible that the (7,5) trace in
Figure 2c represents displacement of SDS only from the enantiomer with high (ATT)4 affinity,
with displacement from the low affinity enantiomer occurring either on a longer time scale or at
higher concentrations than were used here. For both (ATT)4and (TAT)4, many other (n,m) species
show asymptotic spectral shifts between 70% and 90%. We suggest that for these nanotubes,
surface regions remaining exposed after ssDNA wrapping are covered by SDS molecules, leading

to blue-shifted emission as compared to nanotubes coated only by ssDNA.

Ideally, titration data would allow determination of equilibrium parameters for the SDS to

ssDNA coating displacement reaction, represented in simplified form by eq 1.



(SDS,,)/SWCNT + DNA = DNA/SWCNT + nSDS (1)

Here, DNA/SWCNT represents a nanotube segment coated with one strand of a ssDNA oligo;
(SDS,)/SWCNT represents the same segment coated with » molecules of SDS; DNA is a free
ssDNA strand; and n SDS represents n free SDS molecules. Our system evidently contains
thermodynamically distinct equilibria for all combinations of ssDNA oligo and SWCNT (7,m)
species in the sample, with smaller diameter nanotubes having larger equilibrium constants. The
complexity of multiple coupled equilibria unfortunately prevents us from extracting most
quantitative parameters from the data. However, in the case of a small diameter SWCNT whose
displacement occurs preferentially, we can check the relevance of eq 1 by using it to model the
equilibrium coating displacement as a function of added ssDNA (see Supporting Information)
and comparing the results to the measured intensity titration curve. The red curve in Figure 3b
shows that this two-parameter simulation gives an excellent match to the measured (6,4)
intensity changes caused by addition of (TAT)4. Because our data were limited to one SDS
concentration, it was not possible to separately determine the strongly coupled parameters n and
the displacement equilibrium constant. Note that that many of the other measured intensity
curves deviate qualitatively from the form of the simple simulations. We attribute this to the
multiple simultaneous equilibria in which different SWCNT species compete for the same pool

of ssDNA.
Despite these complexities, it is clear from our data that displacement of SDS is more
thermodynamically favored for smaller as compared to larger diameter SWCNTs. Using the ¢y/9

intensity parameters to characterize this pattern for (TAT)4, we plot In (¢, ) against nanotube

diameter in Figure 3d and find a nearly linear relation. As discussed in Supporting Information,



the slope of this curve indicates that the free energy change for SDS to (TAT)4 coating exchange
increases by approximately RT for a 0.3 nm increase in nanotube diameter. This thermodynamic
diameter dependence of SDS-to-ssDNA coating displacement parallels the kinetic diameter
dependence found recently for similar coating displacements.'® There, the smaller diameter
SWCNTs showed more rapid SDS displacements by ssDNA oligos, in cases where the oligos

were short enough that conformational relaxation was not the rate limiting kinetic step.

Our data clearly show that ssDNA mass concentrations of several pg/mL can displace
SDS from SWCNT surfaces at an SDS concentration of 1500 pg/mL. The amounts of ssDNA
needed for half-displacement seem consistent with the prior experimental determination of an
average ssDNA to SWCNT mass ratio of 1.0 in a SWCNT sample from the same HiPco batch
used here.’® The present findings suggest that it is feasible to prepare ssDNA-coated SWCNTs
by first dispersing the nanotubes in dilute aqueous SDS, then adding small amounts of the much
more expensive ssDNA, allowing time for the displacement equilibration, and finally filtering or

dialyzing to remove SDS from the sample.
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(n,m) species after addition of 1.75 pg/mL of (ATT)s ssDNA.



Our data also suggest a rather simple approach to coarse structural sorting of SWCNTs, as
low concentrations of (ATT)4 can displace SDS more completely from the smaller diameter
SWCNTs in a sample than from the larger diameter species. Figure 4 shows the fractional SDS
coatings remaining at equilibrium, as estimated by interpolating the data for various (n,m) species
in Figure 2c to find shift percentages at an (ATT)4 concentration of 1.75 pg/mL. We demonstrated
this scheme for generating diameter-dependent surface coatings by adding 1.75 ug/mL of the

ssDNA oligo, allowing time for coating equilibration, and using quick centrifugal filtration to
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Figure 5. Excitation-emission maps of a SWCNT sample before (a) and after (b)
processing for enrichment in small diameters. Note the different intensity color scales.
The sample’s emission spectra with 575 nm excitation are shown unnormalized in (¢) and
normalized in (d).
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partially remove SDS solution from the sample before diluting it with water. The ssDNA-coated
SWCNTs remained preferentially suspended and the recovered supernatant was enriched in the
smaller diameter SWCNTSs that were coated by (ATT)4. Figure 5 shows spectra of a sample before
and after this separation processing. It is clear that there was substantial enrichment in the smaller
diameter SWCNTs relative to larger species. Consistent with the presumed mechanism, the peak
positions of (6,4), (9,1), (6,5), and (8,3) were red-shifted compared to the SDS-coated starting
dispersion, while peaks of larger diameter species remained nearly unshifted. We note that this
initial implementation of displacement-based sorting gave low efficiency, with an estimated
recovery yield of 7.4% for (6,5). Nevertheless, protocol refinements may lead to increased yields,

and the simplicity and low cost of the approach may prove attractive for some applications.

In summary, we have used fluorescence spectroscopy to explore the competitive
equilibrium adsorption of SDS versus short ssDNA oligomers on semiconducting single-wall
carbon nanotubes. The results for oligomers (ATT)4, (TAT)4, (GTT)3T, (TTA)4TT, (GT)s, (GT)12,
and (GT)20 all show some dependence on nanotube diameter, with preferential displacement of
SDS from smaller diameter SWCNTSs as compared to larger diameter SWCNTs. No significant
variation with nanotube chiral angle or mod(n-m, 3) identity was evident. Differences between the
isomeric oligomers (ATT)4 and (TAT)4 point to a role for inter-strand head-to-tail hydrogen
bonding interactions in stabilizing ssDNA coatings. In some cases, we also observe incomplete
fluorescence peak shifts that suggest the presence of residual SDS at the nanotube surface, possibly
in regions left exposed by the oligo wrapping. In the future, studies of this type can be extended
by using sorted SWCNT samples to avoid competing equilibria among multiple species and allow
the determination of free ssDNA concentrations and equilibrium parameters. Our findings show

that ssDNA concentrations of several pg/mL can displace SDS coatings in samples dispersed in

11



0.15% (1500 pg/mL) SDS solutions. This may allow the preparation of ssDNA-coated samples
with minimal cost for materials. Finally, we have demonstrated that the structure-dependent
differences in coating affinities found here can be used in a very simple filtration method for

diameter enrichment of SWCNT suspensions.

Experimental Methods

SWCNTs used in this study were taken from batch 195.1 produced by the Rice University
HiPco reactor. To prepare pristine SDS-coated samples, we added weighed raw HiPco SWCNTs
to a 0.15% (w/v) aqueous solution of sodium dodecyl sulfate (Acros). The SDS to SWCNT mass
ratio at the beginning of sample preparation was kept at approximately 6:1 for all samples. The
mixture was immersed in an ice water bath and tip-sonicated at 0.5 W/mL output power (3 mm
tip, Misonix Microson XL) for 45 active min (90 min total with a duty cycle of 30 s on, 30 s off).
The SWCNT suspensions were then centrifuged for 1.5 h at 13000xg. The top 80 percent of
supernatant was collected, diluted with 0.15% SDS solution, and stored in sealed vials to give the
SDS-coated SWCNT suspension used in a titration run. Based on near-IR absorption spectra and

31,32

previously determined (n,m)-specific E11 absorption cross sections, we estimate that many of

the (n,m) species in the samples have concentrations in the range of 0.1 to 0.3 pug/mL.

We purchased custom-synthesized ssDNA oligonucleotides from Sigma-Aldrich, Inc. To
prepare ssDNA solutions, 0.1 M NaCl solution was added to the tube containing known masses of
ssDNA, and the tube was shaken to give complete dissolution. The ratio of DNA mass to NaCl
solution was controlled to give a stock concentration of 1 ug/puL. The DNA stock solutions were

kept refrigerated until use.

12



The absorption and near-infrared (NIR) fluorescence spectra of pristine SDS-suspended
HiPco samples were measured in a 10x10 mm cell using a prototype model NS3 NanoSpectralyzer
(Applied NanoFluorescence, LLC). Those fluorescence spectra were excited by diode lasers
emitting at 532, 638, 671, and 779 nm. Full excitation-emission spectra of titrated samples were
measured using a custom-built NIR spectrofluorometer. Its tunable excitation source was a
spectrally filtered supercontinuum laser (SuperK Extreme, NKT Photonics), and NIR sample

emission was detected by a TE cooled InGaAs array spectrometer (BWTek, Sol 1.7).

To perform a sampled titration, ten 1.00 mL aliquots of a SWCNT aqueous dispersion in
0.15% SDS were dispensed into ten cuvettes, each with dimensions of 10x10 mm. Different
volumes of 1 pg/ul ssDNA oligo were added to the cuvettes (0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
4.5, and 5.0 pL, except for (GT):20, for which the added volumes were 1.7, 3.3, 5.0, 6.7, 8.3, 10.0,
11.7,13.3, 15.0, 16.7, 18.3, and 20.0 pL). Additional volumes of aqueous 0.1M NaCl were used
to keep the cuvette total volumes uniform (NaCl volumes were 4.5, 4.0, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0,
0.5, and 0 pL, except for (GT)20, for which they were 18.3, 16.7, 15.0, 13.3, 11.7, 10.0, 8.3, 6.7,
5.0, 3.3, 1.7, and 0 pL). After thorough mixing, the cuvettes were sealed with caps and then
incubated for about ten days to allow equilibration, as indicated by stable spectra. After that we
measured their SWCNT excitation-emission maps and used custom software to locate the peak

excitation and emission wavelengths and intensities for multiple (n,m) species.

For the structural sorting, a 3 mL sample of SWCNTSs suspended in 0.15% aqueous SDS
was dispensed into an Eppendorf tube, followed by the addition of 3 pL of 2 pg/ul ssDNA
solution. The tube was then securely capped, sealed with parafilm, thoroughly mixed, and
incubated for 2.5 h in a water bath set at 36 °C. After that, the suspension was transferred into a

centrifugal filter (Amicon, Ultracel YM-50, Cellulose 50,000 MWCO). The filter was then

13



centrifuged at 1000xg for 20 min. After centrifugation, the 100 pL of liquid suspension remaining
above the membrane was collected and diluted to 1000 pL with 0.1 M NaCl solution. We

characterized this diluted sample with an excitation-emission spectral scan.

14
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