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The thermodynamics of the exchange of solubilizers
adsorbed on single-walled carbon nanotubes (CNTs) is probed
by analysis of the spectral shifts of the CNTs in the near-infrared
region. Equilibrium constants and thermodynamic parameters
of the exchange of sodium cholate for DNA (20-mers of oligo
DNAs, cytosine) on CNTs of different chirality are determined.

Single-walled carbon nanotubes (CNTs) are rolled-up
graphene sheets with rigid one-dimensional structures. The
diameter and optical band gap of CNTs are uniquely related to
their chiral indices (n,m), which represent how the graphene
sheets are rolled up.! Evaluation of the interactions between
molecules and CNTs has attracted much research.>* There have
been several reports focused on this topic by monitoring
fluorescence quenching induced by adsorption onto CNTs,>¢
the absorption of adsorbed dye on CNT-coated silica spheres,’
and Raman shifts induced by adsorption of CNTs® and by
chromatography-based analysis using CNTs as the stationary
phase ! However, quantitative evaluation of the interaction
between molecules and CNTs has been very limited.

Exchange of CNT solubilizers has been used to prepare
individually solubilized CNTs!'~!3 and separate CNTs with a
different chirality.'4'® The benefit of this method is that it does
not require sonication, so destruction or denaturation of the
CNTs is avoided. Furthermore, the exchange of the solubilizers
adsorbed on the CNTs is important to understanding the
interaction between molecules and CNTs.

Here we describe the thermodynamics of the exchange of
solubilizers adsorbed on the CNTs based on the analysis of the
shifts in the near-IR (NIR) absorption spectra of the CNTs. The
equilibrium constants (K,) and thermodynamic parameters, such
as enthalpy (AH) and entropy (AS) of the solubilizer exchange
of sodium cholate (SC) with oligo-DNA (20-mers of cytosine)
on the CNTs are determined. The dependence of tube diameter
on K, and changes in AH and AS are also described. In order to
prove our presented thermodynamic treatment, we used SC and
oligo-DNA, which are well-known CNT solubilizers.

As CNTs, HiPco-CNTs (Unidym) were used in this study.
The CNTs were dissolved in aqueous micelles of SC (denoted
SC-CNTs) (see the Supporting Information for experimental
details).!” Experimental conditions to obtain individually solu-
bilized CNTs were the same as those reported previously.'320
The concentration of SC ([SC]) was adjusted to 2 mM, while the
concentration of the DNA ([DNA]) ranged from 0-15.6 uM. All
of the solutions contained phosphate buffer (pH 11.5, 20 mM).
The solutions were stored for one day at a temperature of 15, 30,
35, or 40°C, then absorption spectra were measured using a
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Figure 1. Absorption spectra of the CNTs dissolved in
solutions containing SC in the absence and presence of the
DNA (30°C). A: the UV region, B: the NIR region. The pair of
integers (n,m) written near the peak tops in B indicate the
chirality of the CNTs.

V-670 spectrophotometer (JASCO) equipped with a temperature
controller (ETCS-761).

Figure 1 shows the absorption spectra of the solutions of
CNTs in the absence and presence of the DNA at 30°C; in
Figure 1A (the UV region), the absorption peaks from the DNA
are observed. Figure 1B (the NIR region) shows absorption
peaks consistent with the S11 transitions of the semiconducting
CNTs,?! which allowed the chirality of the CNTs to be
assigned.?! The absorption peaks of the CNTs exhibited a red
shift as the [DNA] increased; that is, the intensity of the
absorption peaks of the SC-CNTs decreased and new peaks
appeared about 10-nm red-shifted from the original peaks. These
spectral changes are accompanied by the isosbestic points as can
be seen in the figure. This signifies that there are two species
in the solution: the SC-CNTs and the DNA-solubilized CNTs
(DNA-CNTs). These species exist in equilibrium in the mixed
solutions containing both SC and the DNA. The equilibrium
constant (K,) of these CNTs with a different atmosphere can be
calculated using the following equation:

_ [DNA-CNT][SC]
7 [SC-CNT][DNA]

The ratio of [SC-CNT] to [DNA-CNT] in the solutions
containing both SC and the DNA were estimated from the
absorption spectra (see the Supporting Information Results
and discussion details).!” Briefly, the absorbance peaks for
[DNA]=15.6uM and [DNA]=0uM were assumed to be
peaks signifying [DNA-CNT] and [SC-CNT], respectively. The
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Figure 2. Absorbance of the DNA-CNT solutions (filled
circles) and fitting curves (solid line) plotted against the
[DNA] at 30°C.

six peaks in Figure 1B were analyzed independently. For
example, the absorbance at 1081 nm (Abs@1081 nm) was used
to estimate the exchange of solubilizers on the (10,2)CNTs.
The obtained [SC-CNT] and [DNA-CNT] were fitted using
the Hill equation to calculate the equilibrium constants
(K,) of the exchange following the method used by
Papadimitrakopoulos et al. for the exchange of flavin mono-
nucleotides and sodium dodecylbenzenesulfonate (SDBS).'*
Based on their report, we obtained the following equation:

[DNA]"
[SCT\” \
(59) o

a

AA = [DNA-CNT] =

2

where n corresponds to the Hill coefficient reflecting the
cooperativity of the exchange reaction.

Figure 2 shows a plot of Abs@1081 nm against [DNA] at
30 °C. The fitting curve was obtained using eq 2. The K, and n
of the exchange reaction on the (10,2)CNTs were determined to
be 6.6 x 10° and 2.7, respectively. In previous reports,!+!6
exchange of flavin with SDBS also showed positive n values
(3 to 16) at room temperature. In that case, formation of aqueous
micelles of SDBS was the origin of such cooperativity. On the
contrary, in our case, the concentration of the DNA was varied;
thus, the cooperativity observed for the exchange of SC with the
DNA does not originate from micelle formation. Previous papers
have reported that SC is densely packed®>?3 and that DNA wraps
with a helical structure?* on CNTs. Desorption of densely
packed SC from the CNTs, which is induced by the polyanionic
DNA, is probably cooperative. The smallest (6,5)CNTs, which
possess a diameter of 0.76 nm, showed smaller K, and » than
those of the other chirality indices. The small diameter of the
(6,5)CNTs probably affected cooperative desorption of the SC
molecules self-assembled on the CNTs.

K, and n at 15 and 40 °C are shown in Table 1 (for detailed
Experimental and the data that were used to determine the value
in Table 1, see the Supporting Information, Figures S1-S9 and
Table S1).!7 Larger K, values were obtained at the higher
temperature. This means that the higher temperature enhances
the exchange of SC with the DNA on the CNTs. On the other
hand, n was independent of temperature.

Plots of InK, for the CNTs of each chirality against the
inverse of temperature (1/7) are shown in Figure 3. The
thermodynamic parameters AH, AS, and TAS at 25°C were
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Table 1. Equilibrium constants and Hill coefficients of the
exchange of SC and the DNA on the CNTs of specified chiral
index of (n,m)

Chiral index (1,m) K, x 1073 Hill

of CNTs 15°C 30°C 40°C coefficient n
(6,5) 1.3+0.1 1.84+£02 34+£04 13+0.1
(7,5) 62+0.7 99+£0.710.7+24 28+05
(10,2) 47+02 66+07 98+16 25+0.5

(8,4), (7,6), 9.4) 63+0.6 7.6+2210.1+2.1 27404
(8,6) 68+07 88+13 85423 24+02

(10,3), (9,5) 65+06102+£1.611.7+£13 22£03
9.5+
f
\\\\"‘--if\i: d
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Figure 3. Temperature dependence of the thermodynamic
equilibrium constants of solubilizer exchange on the CNTs
having a specified chirality. a: (6,5), b: (10,2), c: (7,6), (8,4),
9,9), d: (7,5), e: (8,6), and £: (9,6), (10,3).

Table 2. Thermodynamic parameters AH, AS, and TAS at
25°C obtained from linear analyses

-1
Chiral index (1,m) /kﬁn‘z S mﬁl‘?. - TASQS(JOICHOI
(6.5) 2047 0.16+002  48+7
(1.5) 1743 0132001  40+3
(10,2) 23+4  0.15+£001  44+4
8.4), (1.6), (0.4) 14+2 0124001  36+2
(8,6) 79432 0.10£001  30+3
(10,3), (9,5) 1742 0.13£001  40+2

obtained by fitting the plots and are presented in Table 2. The
obtained AH and TAS at 25 °C ranged from 8 to 29 and 30 to
48 kI mol~!, respectively, indicating that the exchange reaction
is entropy-driven. The positive AH means that the reaction is
endothermic, which indicates that the 77— interactions between
the nucleobases of the DNA and CNTs are weaker than the
interactions between SC molecules and the CNTs. The large AS
can be explained by desorption of SC molecules from the CNTs.
Adsorption of the DNA on the CNTs increases AS.

For (6,5)CNTs, both AH and AS are larger than those of the
CNTs with different chirality indices. Strano et al. suggested that
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the number of SC molecules in a unit length of a CNT are
independent of the chirality of the CNTs.?> This means that the
molecular assembly of SCs on the CNTs is not affected by the
chirality (diameter) of the CNTs; therefore, the changes in
enthalpy and entropy upon removing SC from the CNTs are
almost independent of the chirality of the CNTs. Thus, the
observed variation of AH, AS, and n probably arise from the
degree of the interaction between the DNA and the CNTs. The
obtained larger AH of the (6,5)CNTs can be assigned to the
weak interaction between the DNA and the nanotubes. The
larger AS and smaller n of the (6,5)CNTs are possibly explained
by a weak interaction that would result from the large free
volume of the DNA on the surface of the CNTs.

In conclusion, we have succeeded in the determination of
K,, n, AH, and AS for the exchange between SC and DNA on
CNTs with different chirality. The thermodynamic parameters
indicated that the exchange was entropy-driven and dependent
on the chirality of the CNTs. The present study provides a
fundamental feature in understanding thermodynamics of solu-
bilized CNTs in solution.
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