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Abstract: We report the synthesis and characterization of adenine—single-walled carbon nanotube (SWCNT)
hybrid materials, where for the first time nucleobases are covalently attached to the exosurface of SWCNTSs.
The structural properties of all hybrids have been characterized using usual spectroscopic and microscopic
techniques. The degree of functional groups for functionalized SWCNTs (~SWCNTs) 2a and 2b is one
adenine group for each 26 and 37 carbon atoms, respectively. Solid-state magic angle spinning '*C NMR
spectroscopy (MAS NMR) and electrochemistry have been also applied for the characterization of these
SWCNTs. AFM images of FSWCNT 2b showed an interesting feature of horizontally aligned nanotubes
along the surface when deposited on highly oriented pyrolytic graphite surface. Furthermore, we evaluated
the coordinating ability of these hybrid materials toward silver ions, and interestingly, we found a pattern
of silver nanoparticles localized over the surface of the carbon nanotube network. The presence of aligned
and randomly oriented CNTs and their ability to coordinate with metal ions make this class of materials
very interesting for applications in the development of novel electronic devices and as new supports for

different catalytic transformations.

Introduction

Carbon nanotubes (CNTs),' * due to their unique one-
dimensional nanostructure and remarkable mechanical, thermal,
optical, and electronic properties,”® may find many applications
in both materials and life sciences.””'® Although CNTs possess
very low solubility in aqueous as well as organic solvents, which
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has been a major barrier for a variety of potential uses, covalent
functionalization of CNTs is a powerful way to improve both
dispersion and interaction. In recent years, interest has focused
on chemical functionalization of single-walled carbon nanotubes
(SWCNTs), and in this regard, a wide variety of reactions have
been developed, including oxidation at defect sites followed by
amidation and esterification reactions, fluorination, addition of
diazonium salts, and radicals and 1,3-dipolar cycloaddition
reactions, to name a few.!!”1°

Nucleic acids can exist in different forms, and this diversity
can be correlated with their different biological functions.'®'”
Nucleobases are the fundamental constituents of nucleic acids
and provide hydrogen binding aided molecular recognition for
the formation of duplexes, triplexes, tetraplexes, and higher order
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architectures.'® Nucleic acids (DNA and RNA) have been
explored to noncovalently functionalize CNTs toward various
biomedical applications ranging from nanodevices, gene therapy,
and drug delivery to membrane separation.'®” 2

Noncovalent interactions and the ability of nucleobases to
disperse SWCNTs have been evaluated theoretically and
experimentally.>> %’ It has been reported that poly(T) single-
stranded DNA (ssDNA) could more efficiently disperse SWCNTs
in water than poly(A) and poly(C), as confirmed later using
density functional theory.>*** It was proposed that thymine
possesses the lowest self-stacking tendency and a higher ability
to disperse the SWCNTSs via m-stacking. Recently, using the
ab initio Hartree—Fock method together with classical force
field, it was shown that experimental binding energies of
nucleobases with SWCNTSs in aqueous solution decrease in the
order G > T > A > C.*° It has also been reported that carboxyl-
or hydroxyl-modified SWCNTs can facilitate the self-structuring
of ssSRNA poly(rA) to form an A+A™ duplex-like structure.*
In addition, Hg(II) ions have a strong and specific binding
affinity for the nucleic bases of ssDNA noncovalently wrapped
around SWCNTs.”’

However, nucleobases have not yet been used for covalent
attachment on CNTs. We anticipate that discrete superstructures
arising from nucleobase—CNT hybrids will likely reveal
interesting structures and properties, including DNA recognition
or self-assembly, on the sheer basis of base-pair complemen-
tarity. These heterocyclic molecules also have an ability to
coordinate a variety of metal ions, which could be used for the
stabilization of superstructures as well as to support metal-aided
catalytic transformations. Therefore, new hybrid materials
comprising both nucleobases and CNTs would be extremely
interesting in view of the remarkable properties of CNTs and
recognition properties of nucleobases.

In this work, we describe the synthesis and the characteriza-
tion, using different analytical and microscopic techniques,
including solid-state NMR and electrochemistry, of adenine—
SWCNT hybrid materials prepared by amidation reactions
between acid/amine-functionalized SWCNTSs and amine/acid-
functionalized adenine derivatives. The possibility to generate
controlled horizontal alignment of the nanotubes on highly
oriented pyrolytic graphite (HOPG) surfaces and the complex-
ation with metal ions disclose unprecedented opportunities for
highly patterned supramolecular assembly of SWCNTSs. This
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will open the door to applications of these hybrids as novel
CNT-based nanowires in nanoelectronics, biosensing, and
catalysis.

Results and Discussion

Synthesis of the Nucleobase—Carbon Nanotube Hybrids.
Purified and oxidized SWCNT-COOH 1a was obtained after
modification of earlier reported procedures involving reaction
of pristine HiPco SWCNTs (Scheme 1).*® The strong acid
treatment generates defects on the side walls and forms open
ends that are both terminated by carboxylic acid groups. The
loading (amount of functional groups) was calculated after
derivatization of the carboxylic groups (activated as acid
chlorides) with Boc-monoprotected diaminotriethylene glycol.
The Boc group was removed with HCI solution in dioxane to
afford functionalized single-walled carbon nanotubes (f-
SWCNTs) 1b. The number of free amino groups was measured
with a quantitative Kaiser test. Nucleobases were modified with
reactive functionalities for conjugation with CNTs. We prepared
the 3-(9-adeninyl)propionic acid ethyl ester, which was eventu-
ally deprotected to obtain the corresponding 3-(9-adeninyl)pro-
pionic acid 4 in good yields. Alternatively, we prepared adenine
derivative 9-(2-aminoethyl)adenine 3, containing an amino
group. ~SWCNT 2a was synthesized following the acyl chloride
route, allowing the SWCNT-COOH 1a to react with oxalyl
chloride under argon at refluxing conditions. The resulting acid
chloride derivative, SWCNT-COCI, was then heated under
reflux with adenine derivative 3 to afford adenine-functionalized
f-SWCNT 2a. 3-(9-Adeninyl)propionic acid 4 was activated
using standard coupling reagents and then condensed with
Jf-SWCNT 1b to afford F~SWCNT 2b.

Characterization of the Nucleobase—Carbon Nanotube
Hybrids. The degree of functionalization for the oxidized
SWCNT-COOH 1a and the functionalized conjugates (f-
SWCNTs 1b, 2a, and 2b) has been evaluated by thermogravi-
metric analysis (TGA) under N, atmosphere (Figure 1). The
TGA curves of f~SWCNT 2a and f~SWCNT 2b show a gradual
weight loss of about 39.6% and 45.9% at 600 °C, respectively,
as compared to 22.0% of the oxidized SWCNT-COOH 1a and
29.4% of the f~SWCNT 1b, respectively. On the basis of weight
loss, we estimated that the degree of functionalization for
J-SWCNT 2a and 2b is of one adenine group each, 26 and 37
carbon atoms, respectively.

The infrared spectra (as KBr pellets) of SWCNT-COOH 1a
and f~SWCNTs 1b, 2a, and 2b also confirmed covalent
functionalization because of the structural modifications that
occurred. The FT-IR spectrum of SWCNT-COOH 1a shows
four broad absorption peaks at 1399, 1594, 1732, and 3421
cm™!, corresponding to the carboxylic groups’ vibrational
motions, like C—O—H bending, asymmetric stretching corre-
sponding to carboxylate anion (COO™), C=0O symmetric
stretching, and the U-shaped O—H stretching respectively
(Figure 2, top). For f~SWCNT 2a, an absorption peak at 1594
cm™!, with a shoulder at 1645 cm™!, and one at 1730 cm ™!,
similar in shape and frequency to that found at 1732 cm™! in
the spectrum of la, due to the incomplete conversion of
carboxylic groups, were clearly observed. These peaks are
assigned to the N—H bending of CONH, the C=O0 stretching
of CONH, and the C=O0 stretching of COOH, respectively.
Some broad absorption bands centered at 3437 cm™! with a
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Scheme 1. Synthesis of SWCNT Derivatives 1a and 1b and Adenine—CNT Hybrids 2a and 2b
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shoulder at 3390 cm™! in the spectrum of f~SWCNT 2a were
visible. These signals are not present in the SWCNT-COOH
1a spectrum, proving the conversion of most of the COOH into
the amide groups of 2a.

The FT-IR spectrum of Boc-protected f~SWCNT 1b and Boc-
deprotected ~SWCNT 1b shows absorption peaks around 1586
and 1593 cm™! corresponding to the N—H bending of CONH;
a shoulder peak at 1626 and 1650 cm™! corresponds to the C=0
stretching of CONH, respectively. The absorption at 1735 cm™

100 T
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c23888883388
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Figure 1. Thermogravimetric analysis for SWCNT-COOH 1a (blue),
JF-SWCNT 1b (red), SWCNT 2a (magenta), f~SWCNT 2b (green), and
adenine acid 4 (cyan) in N, atmosphere with a ramp of 10 °C/min.

£-SWCNT (2b)

is similar to that at 1732 cm™! found in the SWCNT-COOH
1a. Comparison of the two spectra indicates that absorption
peaks at 1519 and 1699 cm™' and a small absorption peak at
2971 cm™! are present only in the Boc-protected nanotubes
(Figure 2, bottom). These signals are not present in the Boc-
deprotected f~SWCNT 1b spectrum, so these absorption peaks
are assigned to the N—H bending of carbamates, C=O stretching
of carbamates, and —CHj; asymmetric stretching of the fert-
butyl group, respectively. Finally, in the FT-IR spectrum of
J-SWCNT 2b, a very strong and broad absorption peak at 1595
cm™! corresponding to N—H bending of CONH, and one at
1737 cm™! due to incomplete conversion of the carboxylic group
(as confirmed by the Kaiser test), were observed (Figure 2,
bottom). In all spectra, two weak signals around 2860 and 2920
cm™! were detected and were assigned to symmetric and
asymmetric —CH,— stretching due to the diaminotriethylene
glycol linker.

NMR spectroscopy is not routinely used to characterize
functionalized CNTs.?” Indeed, proton analysis in solution gives
very weak and broad signals, and most of the NMR studies
have been performed using solid-state analysis.>* > We have
decided to carry out solid-state '*C NMR spectroscopy using
magic angle spinning (MAS). Synchronized Hahn-echo and
"H—!3C cross-polarization (CP) pulse sequences were applied
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Figure 2. Infrared spectra of (top) SWCNT-COOH (a) and f~SWCNT 2a
(b), and (bottom) Boc-protected f~SWCNT 1b (a), Boc-deprotected f-
SWCNT 1b (b), and f~SWCNT 2b (c). The principal absorption features
are highlighted with the correspondent wavenumbers.
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Figure 3. MAS *C NMR Hahn-echo spectra of (a) SWCNT-COOH 1a,
(b) ~ASWCNT 2a, and (c) adenine base alone. SSB indicates spinning
sidebands from the rotor’s Kel-F cap used for NMR. The regions indicated
by arrows highlight the major changes in the spectra.

to the samples for the characterization of SWCNTs and their
derivatives. Figure 3a shows a very strong '*C NMR resonance
around 117 ppm for the SWCNT-COOH 1a sample, along with
other resonances at 151 and 166 ppm corresponding to aromatic
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Figure 4. (A) CV at 0.1 V s~ and (B) corresponding DPV responses of
f-SWCNT 2a (blue) and 2b (magenta), SWNT-COOH 1a (black, solid line),
and electrolyte alone (black, dashed line). f~SWCNT conjugate concentra-
tion: 0.25 mg mL ™.

and carbonyl carbons, respectively. The MAS 3C NMR
spectrum of f~SWCNT 2a (Figure 3b) shows changes in the
25—42 and 150—170 ppm regions due to the presence of
adenine signals and conversion of the acid group into an amide
functionality. The peak at 166 ppm present in the SWCNT-
COOH 1a disappears when adenine is covalently attached to
the nanotubes. For comparison, Figure 3c shows the '3C
resonances of 3-(6-amino-9H-purin-9-yl)propanoic acid 4 alone.

Exploiting the base-pairing properties of the nucleobases for
the development of novel electrochemical biosensors for the
recognition of complementary nucleobases or specific nucleic
acid sequences,* a preliminary study of the electrical properties
of the nucleobase—CNT hydrids in solution was performed. This
is a prerequisite to determine the optimum electrochemical
conditions in view of the future attachment of these CNT hybrids
to semiconducting and metallic electrode surfaces. The cyclic
voltammograms of /~SWCNT 2a and 2b in the 1:1 MeOH/H,O
solvent mixture containing LiClO,4 at 0.2 M as the supporting
electrolyte are shown in Figure 4A, together with the cyclic
voltammetry (CV) of acid-substituted SWCNT-COOH 1a.
Under these electrolytic conditions, none of these CNT samples
showed a reduction wave. Upon oxidation, a single irreversible
anodic shoulder was observed only in the CV of 2a at a potential
above 1.2 V vs SCE, i.e., at the beginning of the background
electrolyte discharge. In contrast, both 2b and 1a showed no
significant anodic step. In order to obtain a better-resolved
electrochemical response, differential pulse voltammetry (DPV)
was also used. The DPV of 2a evidenced clearly a single anodic
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system at 1.25 V, while weakly intense peaks at 0.13 and 0.77
V and an ill-defined broad shoulder at ca. 1.3 V were present
in the DPV of 2b (Figure 4B). The DPV of 1a also confirmed
that these SWCNTSs showed no redox activity upon oxidation.
The system observed at 1.25 and 1.3 V in the DPV of 2a and
2b, respectively, can be ascribed to the multielectronic oxidation
of the bound adenine moieties.>**> The observation of a more
intense peak for 2a with respect to 2b is intriguing and could
be caused by the higher density of bound adenine (as proved
by TGA) and the shorter distance between the CNTs, enabling
faster electronic communication with the electrode surface. The
occurrence of small peaks at 0.13 and 0.77 V in the DPV of 2b
was unclear and could be attributed to the presence of small
redox-active impurities adsorbed on the SWCNTs.

Structural Organization and Complexation Studies of
Nucleobase—Carbon Nanotube Hybrids. New developments in
the production of well-controlled aligned CNT arrays pave the
way for finding applications in bioelectronics and nanobiotech-
nology, including electrochemical enzyme-based biosensors,
immunosensors, and DNA sensors.>® Well-aligned CNTs have
been synthesized mostly by chemical vapor deposition ap-
proaches,?” under ultrahigh vacuum,*® or utilizing very dense
growth which forces the tubes to align parallel to each other.>
Both vertically and horizontally aligned CNTs can be used in
field electron emission devices.***' It has also been demon-
strated that incorporation of aligned CNTs in the adhesive layer
enhances the through-thickness thermal conductivity in the
adhesively bonded joints.** The production of well-aligned
carbon nanostructures involves harsh conditions, and there are
additional limitations for vertically aligned CNTs due to the
presence of metal at the tip.>” ***7* In our case, we were
able to observe the horizontal alignment of CNT functionalized
with adenine using atomic force microscopy (AFM).

The adenine—CNT hybrids were observed directly by trans-
mission electron microscopy (TEM) and AFM. The TEM
images of adenine-based f~SWCNT 2a and 2b are shown in
Figure 5. Figure 5a displays bundles of f~SWCNT 2a deposited
from a methanol—H,O (1:1) solution onto a carbon-coated TEM
grid. Nanotube bundles such as those shown in Figure 5a were
observed throughout. It cannot be appraised whether these
bundles were present in solution or were subsequently formed,

(34) Dryhurst, G.; Elving, P. J. J. Electrochem. Soc. 1968, 115, 1014—
1020.

(35) (a) Oliveira-Brett, A. M.; Antonio da Silva, L.; Brett, C. M. A.
Langmuir 2002, 18, 2326-2330. (b) Zhang, X.; Jiao, K.; Liu, S.; Hu,
Y. Anal. Chem. 2009, 81, 6006-6012.

(36) Katz, E.; Willner, I. ChemPhysChem 2004, 5, 1084-1104.

(37) Dai, H. Acc. Chem. Res. 2002, 35, 1035-1044.

(38) Hovel, H.; Bodecker, M.; Grimm, B.; Rettig, C. J. Appl. Phys. 2002,
92, 771-777.

(39) Choi, G. S.; Cho, Y. S.; Hong, S. Y.; Park, J. B.; Son, K. H.; Kim,
D. J. J. Appl. Phys. 2002, 91, 3847-3854.

(40) (a) Srivastava, S. K.; Vankar, V. D.; Sridhar Rao, D. V.; Kumar, V.
Thin Solid Films 2006, 515, 1851-1856. (b) Cao, A.; Ci, L.; Li, D.;
Wei, B.; Xu, C.; Liang, J.; Wu, D. Chem. Phys. Lett. 2001, 335, 150—
154.

(41) (a) Jung, S. M.; Jung, H. Y.; Suh, J. S. Carbon 2008, 46, 1973-19717.
(b) Jung, S. M.; Jung, H. Y.; Suh, J. S. Carbon 2007, 45, 2917-2921.
(c) Jung, S. M.; Hahn, J.; Jung, H. Y.; Suh, J. S. Nano Lett. 2006, 6,
1569-1573.

(42) Sihn, S.; Ganguli, S.; Roy, A. K.; Qu, L.; Dai, L. Compos. Sci. Technol.
2008, 68, 658-665.

(43) Yang, Q.; Chen, W.; Xiao, C.; Hirose, A.; Sammynaiken, R. Diamond
Relat. Mater. 2005, 14, 1683-1687.

(44) Hubler, U.; Jess, P.; Lang, H. P.; Guntherodt, H. J.; Salvetat, J. P.;
Forro, L. Carbon 1998, 36, 697-700.

(45) Kusunoki, M.; Suzuki, T.; Hirayama, T.; Shibata, N. Physica B 2002,
323, 296-298.

Figure 5. TEM and AFM micrographs images of adenine—CNT hybrids.
(a) TEM image of f~SWCNT 2a showing the bundles of nanotubes. (b)
AFM images of /~SWCNT 2a taken on HOPG surface. (c) TEM image of
f-SWCNT 2b showing exfoliation of nanotubes. (d) AFM images of
J-SWCNT 2b taken on HOPG surface showing alignment of the nanotubes.

due to the decrease of solubility during the slow solvent
evaporation of the TEM deposition process. However, in
comparison to oxidized SWCNT 1a (Figure SI-1, Supporting
Information), the bundles are more dissociated and less tightly
bound with each other, which further confirmed the function-
alization with adenine and its role in modulating the dispers-
ibility properties of CNTs. The TEM images of ~SWCNT 2b,
which was mostly exfoliated and well dispersed, forming very
small bundles (Figure 5c), are more interesting in comparison
to those of f~SWCNT 2a and oxidized SWCNTSs. As can be
seen from the images, tubes remained largely intact after
functionalization. The presence of small bundles of nanotubes
for f~SWCNT 2b in the TEM might be due to the presence of
the triethylene glycol (TEG) linker, which helps in intercalating
the large bundles to produce smaller aggregate (see Supporting
Information, Figures SI-2 and 3).

AFM images of adenine—CNT hybrids taken on HOPG
surfaces further confirmed covalent modification and revealed
fine structures of nanotubes. From comparison of the AFM
images of SWNT-COOH 1a (Supporting Information, Figure
SI-4), ~SWCNT 2a, and ~SWCNT 2b (Figure 5), obtained by
depositing the samples using the same procedure and solvent,
we observed that nanotubes are still present in bundles; however,
the average thickness of the bundles is much reduced after
functionalization, which was confirmed by evaluating the height
and diameter profile of nanotubes.

AFM images of f~SWCNT 2a in methanol—H,0O (1:1) show
that carbon nanotubes associated together to form thick bundles
randomly placed all over the HOPG surface (Figure 5b), with
a width of approximately 40—60 nm and height between 5 and
10 nm. AFM images of f~SWCNT 2b deposited on HOPG
display the very interesting feature of horizontally aligned
nanotubes along the surface. Some tubes aligned in the center,
and most of the tubes seemed to radiate from the center, giving
a “leaf” or “feather” morphology (Figure 5d). This morphology
has been reproducibly observed all over the surface in a series
of repeated experiments. From the cross-sectional height and
diameter analysis of the AFM images of f~-SWCNT 2b (Figure
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Figure 6. AFM images f~SWCNT 2b on HOPG surface, showing alignment
of the nanotubes. (a) AFM image of f~SWCNT 2b. Inset: zoomed region.
(b) 3D AFM image of f~SWCNT 2b showing the heights of the nanotubes
on the surface. (c) Diameter—height profile corresponding to one bundle
of ~SWCNT 2b, indicated by the arrow in the panel (a) inset.

6), we observed that some of the evaluated objects show height
less than 2.5 nm and width below 20 nm. These dimensions
are likely due to there being few parallel SWCNTs. However,
the majority of the objects show cross-sectional height between
2 and 8 nm and width between 20 and 40 nm (see also
Supporting Information, Figures SI-5 and 6), indicating the
formation of small, regular, and homogeneous bundles.

The AFM images of SWCNT-COOH 1a on HOPG surface
shows average diameter around 60—120 nm, with height varying
from 40 to 60 nm (Supporting Information, Figure SI-4), with
globular and unresolved fine structures. Similarly, AFM images
of AFSWCNT 1b showed heavy bundles of nanotubes (Support-
ing Information, Figure SI-7). For comparison, we have taken
the AFM images of f~SWCNT 2a and f~SWCNT 2b on a mica
surface, showing unresolved clusters.

The binding of SWCNT on a graphite surface is similar to
the interaction of two graphite planes, involving weak van der
Waals interaction. It has been reported that special alignment
of the lattice of the SWCNT grown on the HOPG surfaces
maximizes the interaction energy.*® It is also known that
interaction between surface—adsorbate and adsorbate—adsorbate
involving nucleobases is critical in creating ordered surface

(46) Rettig, C.; Bodecker, M.; Hovel, H. J. Phys. D Appl. Phys. 2003, 36,
818-822.

(47) Li, S.-S.; Yan, H.-J.; Wan, L.-J.; Yang, H.-B.; Northrop, B. H.; Stang,
P. J. J. Am. Chem. Soc. 2007, 129, 9268-9269.
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J. V.; Costantini, G.; Kern, K. Nature 2005, 437, 671-679.
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110, 23467-23471. (c) Heckl, W. M.; Smith, D. P.; Binnig, G.;
Klagges, H.; Hansch, T. W.; Maddocks, J. Proc. Natl. Acad. Sci. U.S.A.
1991, 88, 8003-8005. (d) Xu, S.; Dong, M.; Rauls, E.; Otero, R.;
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1.; Kantorovich, L. N.; Besenbacher, F. Small 2007, 3, 2011-2014.
(c) Mamdouh, W.; Kelly, R. E. A.; Dong, M.; Kantorovich, L. N.;
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assemblies.*”*® Nucleobases can exhibit formation of organized
assemblies via hydrogen-bonding interactions.**~>" It is clear
that the formation mechanism of such assemblies, particularly
in aqueous environments, involves adsorption followed by
rearrangement of molecules on the surface into hierarchial
assemblies.’>>* The parallel-oriented surface assemblies for
JF-SWCNT 2b can be attributed to the presence of TEG
monomethyl ether chains (Figure 6). Observing force micros-
copy data, we believe that, subsequent to the adsorption of
SWCNTs on HOPG surface, interdigitation of TEG chains at
the tips and side walls of f~SWCNT 2b occurs in order to keep
the nanotubes apart, while adenine moieties present at the end
of the TEG chains undergo self-hydrogen-bonding interac-
tions.”'® A similar phenomenon at the end of the SWCNT walls
would explain elongation of the nanotubes to several microme-
ters. In contrast, when SWCNT 2a, devoid of TEG chains, was
deposited, fibrils of tubes were observed (Figure 5b). These
aggregates may emerge due to van der Waals interaction
between the nanotubes, which form in this case nonordered
structures. From TEM experiments, it is also clear that f-
SWCNT 2b shows more exfoliation of nanotubes in comparison
to 2a, thus supporting our assumption. If we consider the
solution behavior of such hybrids, the chances of intermolecular
hydrogen bonding, via adenine—adenine base-pairing, in protic
solvents (water—methanol) will be very low. As a consequence,
hydrogen-bonding and hydrophobic interactions likely play
crucial roles in the assembly process at the HOPG surface.’>>?

Having in hand these nucleobase—nanotube hybrids, we
finally decided to analyze the possibility of complexation with
metal ions. Carbon nanotube functionalization with metal ions
or metal nanoparticles is expected to further broaden their
materials applications. As a consequence, several avenues are
pursued for the decoration of CNT surfaces with metal ions.
One approach involves covalent attachment of known coordi-
nating ligands such as terpyridine to the surface of CNTs, where
suitable metal ions may yield modified CNT architectures with
tunable chemical, physical, electronic, and optical properties
based on the metal ions used.>* In another approach, oxidized
nanotubes were directly interacted with silver and nickel salts
through an electroless deposition method, followed by reduction
with the help of ascorbic acid.>® Recently, silver nanoparticle-
decorated CNTs were prepared using silver acetate as the
thermal decomposable precursor without the use of any reducing
agent or electric current.>®

We decided to exploit the coordination behavior of adenine
nucleobase, attached to the CNT surface, to generate Ag(I)
nanoparticle—CNT conjugates. This approach was expected to
coalesce nanotubes, as it is possible to envisage recruitment of
multiple CNTs via adenine units attached to their surface.
Nucleic acids can coordinate to metal ions through the participa-
tion of the base keto-oxygen atoms, the heterocyclic ring
nitrogen atoms, the sugar hydroxyl groups, and the phosphate
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Figure 7. TEM and AFM micrograph images of f~SWCNT 2a with Ag().
(a) TEM image showing interaction of ~SWCNT 2a with Ag(I). Inset:
magnified TEM image showing the attachment of Ag(I) nanoparticle on
nanotube. (b) AFM image of f~SWCNT 2a on HOPG showing the
attachment of Ag(I) nanoparticles all over the nanotube network. (c) Height
and diameter profile of the AFM image in panel (b) along the green vertical
line.

oxygen atoms.’’ In this vein, we have already described
silver—adenine complexes that afford metallaquartets and other
metal-mediated polyads.”® We had also reported the use of
polymerizable adenine nucleobases to create catalytic polymers
where the activity profiles are dictated by judicious selection
of impregnated metal ions.”® Similarly, we have invoked the
metal-ion coordination ability of adenine for the complexation
of f~SWCNT 2a with Ag(I) ions and observed the interaction
with microscopy techniques. We chose ~SWCNT 2a derivative
for complexation with Ag(I) because f~SWCNT 2b contains the
additional TEG linker, which possesses the ability to bind with
Ag(I) because of the presence of O and N atoms.”® In the TEM
image of ~SWCNT 2a complexed with Ag(I), we observed
beadlike Ag(I) nanoparticles present over the nanotubes, prob-
ably due to the interaction of adenine with Ag(l) ion (Figure
7a). In the AFM images, we saw the same interaction, with the
Ag(I) nanoparticles following a path of CNT network (Figure
7b). The height and diameter profile analysis (Figure 7c) showed
that the height of the nanotube varies from 4 to 6 nm, whereas
the approximate height of the Ag(I) nanoparticle ranges between
3.5 and 4 nm, with an approximate width of 40—60 nm (Figure
7c¢ and Supporting Information, Figure SI-8).

The possibility that the presence of these nanoparticles on
nanotubes results from the aggregation of nanotubes themselves
in the sample could be ruled out, first because the approximate
dimension of the nanoparticles is around 4 nm, as observed using
AFM, and second because the nanoparticles are present only
on the nanotube and not on the free surface used for imaging.
We also observed bigger clusters of Ag(I) metal itself, but these
clusters were present only on the nanotube (Supporting Informa-
tion, Figure SI-9). As a control experiment, we mixed the
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AgNO; solution with SWCNT-COOH 1a and observed the
sample by TEM. TEM images showed only physical adsorption
of heavy clusters of Ag(I) on the surface as well as on the
bundles of nanotubes, and these Ag(I) particles are not aligned
(Supporting Information, Figure SI-10), thus confirming the
adenine-Ag(I) interactions.

Conclusion

In summary, we have described the synthesis of new hybrids
based on adenine—carbon nanotubes following the oxidation
of single-walled carbon nanotubes and subsequent amidation
reaction. The conjugates have been fully characterized using
complementary analytical techniques. The functionalization
imparted interesting features to the functionalized nanotubes.
Indeed, the adenine—CNTs were able to form horizontally
aligned structures reminiscent of “leaf” or “feather” morphology
on HOPG surface. Such ordered organization is likely induced
by the presence of the nucleobases and the TEG chains, which
eventually interdigitate, allowing exfoliation and parallel ar-
rangement. The capacity of nanotubes to self-assemble and
easily align has potential applications in the development of
advanced electronic nanodevices. In addition, the demonstrated
capacity of the adenine—CNTs to coordinate metal ions can be
exploited for novel biosensors and in heterogeneous catalysis.
Work is in progress in our laboratories along these lines.

Experimental Section

Materials and Methods. HiPco nanotubes were purchased from
Carbon Nanotechnologies Inc. (ot R0496). Adenine derivatives 3
and 4 were synthesized according to slightly modified literature
procedures and characterized spectroscopically.®® Reagents and
solvents were purchased from Fluka, Aldrich, Loba Chemie Pvt.
Ltd. (Mumbai, India), Spectrochem (Mumbeai, India). and S.D. Fine-
chem Ltd. (Mumbai, India) and used without further purification
unless otherwise stated. Moisture-sensitive reactions were performed
under argon or N, atmosphere. CH,Cl, was freshly distilled from
CaH, and THF from Na/benzophenone, and DMF was dried over
4 A molecular sieves. Chromatographic purification was done with
Merck silica gel (Kiesegel 60, 40—60 um, 230—400 mesh ASTM)
in a standard column. TLC was performed on aluminum sheets
coated with silica gel 60 F254 (Merck, Darmstadt). 'H and '*C
NMR spectra were recorded on JEOL-JNM LAMBDA 400
(operating at 400 and 100 MHz, respectively), JEOL ECX-500
(operating at 500 and 125 MHz, respectively), and Bruker DPX
300 instruments. The peak values were obtained as ppm (d) and
referenced to the solvent.

Preparation of SWCNT-COOH 1a. In 150 mL of 3 M HNO;,
200 mg of pristine HiPco SWCNTSs were suspended by sonication.
The mixture was refluxed for about 48 h, sonicated for 1 h, and
refluxed for another 48 h. Then, 50 mL of 3 M HNO; was added,
and after sonication for 2 h, the mixture was again refluxed for
12 h. The resultant suspension was then diluted by deionized water,
filtered through a polycarbonate filter (Isopore, pore size 100 nm),
and rinsed thoroughly with deionized water several times until the
pH was ~7. The resulting SWCNTs were resuspended in deionized
water and sonicated for 5 min. The suspension was then again
filtered. The black product obtained was dried and characterized
by TEM (Figure SI-1), AFM, and TGA.

Preparation of f~SWCNT 1b. A suspension of 20 mg of
oxidized SWCNT-COOH 1a in 8 mL of oxalyl chloride was stirred
at 62 °C for 24 h under an Ar atmosphere. The excess of oxalyl
chloride was evaporated under a vacuum, giving SWCNT-COCI.

(60) (a) Soulere, L.; Sturm, J. C.; Nunez-Vergara, L. J.; Hoffmann, P.;
Perie, J. Tetrahedron 2001, 57, 7173-7181. (b) Weisser, M.; Kasham-
mer, J.; Menges, B.; Matsumoto, J.; Nakamura, F.; Ijiro, K.; et al.
J. Am. Chem. Soc. 2000, 122, 87-95.
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A mixture of 10 mg of SWCNT-COCI and 120 mg of Boc-
NH(CH,CH,0),-CH,CH,NH, in 10 mL of dry THF was heated at
reflux for 48 h. After cooling to room temperature, solvent was
evaporated under a vacuum. The black suspension of methanol was
suspended in diethyl ether to remove excess protected amine. The
black precipitate separated out after some time, and then the
suspension was centrifuged. The resulting Boc-protected SWCNTs
were dried at room temperature under a vacuum. A 7 mg portion
of Boc-protected SWCNTSs was suspended in 3 mL of 4 M HCl in
dioxane and stirred at room temperature for 12 h under an Ar
atmosphere to cleave the Boc group at the chain-end. The solvent
was evaporated. FSWCNT 1b was washed with dichloromethane
and methanol several times and finally with diethyl ether and the
dried under a vacuum. The amount of functional groups per gram
of f~SWCNT 1b (loading) was measured with the quantitative
Kaiser test (0.6 mmol/g). The nanotubes were characterized by
TEM, AFM, and TGA.

Preparation of f~SWCNT 2a. Fifteen milligrams of SWCNT-
COCI was suspended in a solution of 3 (62 mg, 150 umol) and
diisopropylethylamine (DIEA) (80 uL, 460 ymol) in 15 mL of dry
THF. The resulting suspension was heated under reflux for 48 h.
After cooling to room temperature and removing the excess of 3
by washing several times with DMF, methanol, and finally diethyl
ether, the product was dried at room temperature under a vacuum
to afford 13.5 mg of ~SWCNT 2a. The nanotubes were character-
ized by TEM, AFM, and TGA.

Preparation of f~SWCNT 2b. SWCNT-TEG-NH;"C1~ 1b (14
mg, 8.4 umol, based on the loading calculated with the quantitative
Kaiser test) was dissolved in 2 mL of DMF and neutralized with
DIEA (7.3 uL, 8.39 umol). A solution of compound 4 (35 mg,
169 yumol) in 2 mL of a mixture of DCM—DMEF (1:1) was activated
with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC x HCI) (48.61 mg, 251 umol) and N-hydroxybenzotriazole
(HOBt) (34.2 mg, 251 umol) for 1 h under argon and subsequently
added to the carbon nanotube solution. The resulting mixture was
stirred for 24 h at room temperature, and the reaction mixture was
then filtered on a polycarbonate filter (Fluoropore, pore size 100
nm). The black solid collected on the filter was redissolved in
DMSO and filtered again. This procedure was repeated two times
each with DMSO and CH,Cl,—MeOH (10:1) mixture to remove
the excess of 4. After the final washings with diethyl ether, the
black solid was dried under a vacuum to afford 12.5 mg of
f-SWCNT 2b. The nanotubes were characterized by TEM, AFM,
and TGA.

Preparation of Ag(I) Complex of f~SWCNT 2a. In 0.1 mL of
1:1 methanol—water, 0.1 mg of the ASWCNT 2a and SWCNT-
COOH 1a (used as control) were dispersed by ultrasonication for
5 min. Similarly, a solution of AgNO; was prepared. The AgNO3
solution was added to 2a and 1a. The solution of 2a or 1a was
shaken thoroughly, ultrasonicated for 5 min, and then kept aside
for 10—12 h. Ten microliters of the solution of 2a or la was
deposited onto a holey-carbon TEM grid and HOPG surface and
dried. The adenine-modified nanotube—Ag(I) complexes were
characterized by TEM and AFM.

Characterization. Thermogravimetric analyses (TGA) were
performed using a TA Instruments TGA Q500 with a ramp of 10
°C/min under N, from 100 to 900 °C. FT-IR analysis was carried
out on Perkin-Elmer SpectrumOne instrument using the potassium
bromide (KBr) pellet method. About 1 mg of nanotubes was mixed
and ground with specially dried KBr (~100 mg), and then the
powder was compressed in a special metal die under pressure to
produce transparent KBr discs. Transmission electron microscopy
(TEM) was performed on a Hitachi H600 microscope and a Philips
208 microscopy, working at different accelerating voltage and
different magnification. A 0.1 ug portion of the sample was
dispersed in 0.1 mL of methanol—water (1:1) by ultrasonication
for 5 min and kept for 10—12 h. The solution was again
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ultrasonicated for 5 min before 10 uLL was deposited onto a holey-
carbon TEM grid and dried. The images are typical and representa-
tive of the samples under observation. Atomic force microscopy
(AFM) was carried out using an Agilent Technologies atomic force
microscope (Model 5500) operating in noncontact/ ACAFM mode.
Micro-fabricated silicon nitride cantilevers with a spring constant
(C) of ~50 N/m and resonant frequency (f) of 175 kHz were used.
The average thickness (7), width (W), and length (L) of the
cantilever were approximately 700, 38, and 225 um, respectively.
Data acquisition and analysis was carried out using PicoView 1.4
and Pico Image Basic software, respectively. For AFM imaging,
0.1 ug portions of the samples were dispersed in 0.1 mL of
methanol—water (1:1) by ultrasonication for 5 min and kept for
10—12 h. The solution was again ultrasonicated for 5 min before
depositing, and 10 uLL was deposited onto a HOPG surface and
dried under lamp for 15 min followed by drying under a vacuum
for 2 h. Solid-state nuclear magnetic resonance experiments were
conducted on an AVANCE 500 MHz wide-bore spectrometer
(Bruker, Wissembourg, France) operating at a frequency of 125.7
MHz for *C and equipped with a triple-resonance MAS probe
designed for 3.2 mm zirconia rotors (closed with Kel-F caps). All
the samples were spun at 15 kHz spinning frequency. All cross-
polarization 'H/"3C experiments were carried out with a proton pulse
of 3.12 us, a spin-lock field of 80 kHz for proton and 60 kHz for
carbon, a decoupling field of 100 kHz, a 1.2 ms contact time, and
a recycle time of 5 s. Owing to the spectral line widths and in
order to get undistorted lineshapes, we also made use of Hahn’s
echo pulse sequence®' synchronized with the rotation (echo time
= n rotation periods). The total echo time was kept identical in all
spectra and equal to two rotation periods (z = 66.7 us). Linear
potential sweep cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) experiments were performed with an Autolab
PGSTAT 20 potentiostat from Eco Chemie B.V., equipped with
General Purpose Electrochemical System (GPES) software. A
methanol (VWR, HPLC grade)/water (ultrapure, 18.2 MQ cm) (1/1
v:v) mixture containing 0.2 M lithium perchlorate, LiClO, (Fluka,
purum >98%, stored in a desiccator), was used as the electrolytic
medium. The SWCNT samples were sonicated for at least 30 min
in this electrolytic medium prior to electrochemical measurements.
The working electrode was a 3-mm-diameter glassy carbon disk
(area 0.07 cm?) and was polished successively with 5 um silicon
carbide paper (Struers, FEPA P no. 4000) and 0.25 um alumina
slurry (Struers). The counter electrode was a glassy carbon rod.
Potentials were relative to a platinum wire and were calibrated vs
saturated calomel electrode (SCE) by adding ferrocenemethanol at
the end of the experiments. In the used electrolytic medium, the
ferrocenemethanol/ferroceniummethanol couple was observed at E°’
=0.16 V vs Pt wire. All potentials indicated in the text are referred
to SCE (uncertainty +0.01 V). Electrochemical measurements were
carried out at room temperature (20 £ 2 °C) and inside a homemade
Faraday cage under a constant flow of argon.
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