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Tremendous efforts have been made over the past decade to
prepare polymer and carbon nanotube (CNT) composites with an
aim to synergistically combine the merits of each individual
component.1 In situ polymerization of the respective monomers in
the presence of carbon nanotubes is expected to form a genuine
polymer/CNT composite with much more enhanced functions
compared to the “post mixing” approaches.1e-f However, in situ
polymerization requires predispersing the carbon nanotubes into
solution. Different dispersion approaches have been reported, such
as polymer wrapping,2 noncovalent adhesion of molecules,3 and
acidic oxidation,4 which impart different surface chemistries and
electronic structures to the carbon nanotubes. The expected
improvement in the nanocomposites is critically dependent on the
polymer-nanotube interfacial chemical and electronic interactions.
Recent interest has been directed at the effect of the interfacial
interaction5 on the mechanical and electronic enhancement in the
composites. However, the impact of dispersion and functionalization
of the carbon nanotubes on the molecular structure of the polymer
in a composite, and therefore on the chemical stability and the
performance of the composite, has not yet been addressed.

Here we report that dispersion and functionalization of single-
walled carbon nanotubes (SWNTs) with single-stranded DNA (ss-
DNA, dT30)2,6 can dramatically change the molecular structure and
performance of the polymer in the nanocomposite. In this com-
munication, a water-soluble self-doped polyaniline/SWNT nano-
composite was produced by in situ polymerization of 3-aminophe-
nylboronic acid monomers in the presence of DNA functionalized
SWNTs.6 The polyaniline (PANI) backbone in the produced poly-
(anilineboronic acid)/ss-DNA/SWNT (PABA/ss-DNA/SWNT) com-
posite had longer conjugated structures and was more in the stable
emeraldine state than in the degradable pernigraniline state, which
can greatly enhance the chemical stability of the self-doped PANI.
The fact that ss-DNA functionalized SWNTs did not promote
quinoid unit formation in the PANI backbone is thereVerse of
previous reports on PANI/CNT composites.1d-f In addition, the
conductance of the composite is 385( 6 and 245( 20 times higher
than the simple sum of the conductance of pure PABA and ss-
DNA/SWNTs alone in the doped and dedoped states, respectively.

UV-vis absorption spectra have been widely used to determine
the oxidation states of PANI because of their distinct chromatic
properties.7 Figure 1a shows the UV-vis spectra of the composite
solution (s) and the pure PABA solution (-, inset), which were
polymerized at 0°C for 12 h.6 Two broad peaks appear with
maxima at 365 and 628 nm for the pure PABA solution, which are
assigned toπ-π* and aromatic-quinoid transitions, respectively.7

For the composite, the peaks appear at 420 and 900 nm. These
two peaks have been assigned to polaron and delocalized bipolaron
structures in the conductive, partially oxidized emeraldine salt state.7

These results lead to a conclusion that the PABA in the composite
is in the more conductive and stable emeraldine state, while the

pure PABA exists more in the degradable, fully oxidized pernig-
raniline state.

To further support this conclusion, we reduced the as-synthesized
pure PABA and composite with NaBH4.6 Figure 1 shows the UV-
vis absorption spectra of the materials after NaBH4 reduction with
dashed lines. The peak at 628 nm (Figure 1a inset, solid) greatly
shifts to 811 nm (Figure 1a inset, dashed) for the pure polymer,
revealing that most of the PABA in the as-synthesized pure polymer
was in the oxidized PA state. However, for the composite, the peak
at 900 nm barely shifted its position (Figure 1a), further demon-
strating that the PABA existed more in the EB state in the
composite. After reduction, the pure PABA still absorbs at a shorter
wavelength (89 nm shorter) than the composite. This large
difference may be due to strong electronic interactions between
carbon nanotubes and the PABA. It is also possible that the
polyaniline backbone has longer conjugated structures in the
composite.

To understand the molecular structures of the PANI backbone
in the pure PABA and in the composite, we used FTIR to examine
the films prepared from the respective solutions.6 Figure 1b shows
the FTIR spectra of the pure PABA before (blue) and after reduction
with NaBH4 (green) and of the composite (red). All the spectra
clearly exhibit benzenoid and quinoid ring vibrations at 1444 and
1570 cm-1, respectively. The ratio of the absorption heights of
quinoid to benzenoid ring modes (I1570/I1444) in the pure PABA is
12( 2, which suggests that the percentage of quinoid units is much
higher than that of benzenoid units for the pure PABA film. This
result is consistent with previous reports.7e,8 However, the ratio of
I1570 to I1444decreases to 2.7( 0.3 for the PABA in the composite,
indicating that the relative amount of quinoid units decreased in
the PABA when polymerized in the presence of the ss-DNA/
SWNTs. Furthermore, reduction of the pure PABA with NaBH4

results in a large decrease of theI1570/I1444ratio to 2.0( 0.1, similar
to the ratio for the composite.9 All these results further demonstrate
that the PABA exists more in the fully oxidized pernigraniline state
in pure PABA and more in the emeraldine state in the composite.

Figure 1. (a) UV-vis spectra of the PABA/ss-DNA/SWNT composite
(red) and the pure PABA (inset, blue) before (s) and after (‚‚‚) treatment
with NaBH4; (b) FTIR spectra of the composite (red) and the pure PABA
(blue) and the pure PABA after reduction with NaBH4 (green). The spectra
were normalized with the 1570 cm-1 peak. Baselines for the absorption
height ratio measurements are shown.
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Aromatic molecules are known to interact strongly with the basal
planes of graphitic surfaces viaπ-π stacking. It has been
demonstrated that a site-selective interaction between the quinoid
ring of PANI and the nanotubes occurred as a consequence of the
in situ polymerization. This interaction promotes and/or stabilizes
the quinoid ring structures.1d-f Therefore we expected that the
PABA in a composite should have more quinoid units than pure
PABA. Our unexpected results may be due to the unique electronic
properties of the DNA functionalized carbon nanotubes. Because
of the electron donating ability of the DNA molecules, the ss-DNA/
SWNTs become very different from bare carbon nanotubes10 and
nanotubes dispersed by strong acid oxidation,1d such that they are
effective electron donors, and therefore possess reductive capabil-
ity.11 The reduction potential of pernigraniline is 1.04 V versus
NHE.9 The reduction potential of ss-DNA/SWNTs is 0.8 V versus
NHE.11a Therefore the pernigraniline produced during the polym-
erization was readily reduced to the emeraldine state by the ss-
DNA/SWNTs.

It is well-known that pernigraniline is not stable in aqueous
solutions. PABA polymerized in situ with ss-DNA/SWNTs existing
in the more stable emeraldine state suggests that the ss-DNA/
SWNTs would greatly enhance the chemical stability of the film.
In our earlier study,9 we indeed found that the PABA had much
more enhanced electrochemical stability when it was in situ
electrochemically polymerized in the presence of ss-DNA/SWNTs
compared to the pure PABA film. Therefore we draw the conclusion
that the functionalization of SWNTs with DNA improved the quality
and stability of the composite.

As expected, the electronic conductivity of the nanocomposite
is greatly improved over the pure PABA. Figure 2 shows the
current-voltage (I-V) curves measured on the films prepared from
the composite and pure PABA solution. They all showed ohmic
behavior between-0.1 and 0.1 V. In the doped state, the
conductance of the nanocomposite (∼1.8× 10-4 S) is∼390 times
higher than the pure PABA film (∼4.4 × 10-7 S) even though
these films are fabricated under the same conditions. After dedoping
with ammonia6 the conductance of the pure PABA is below 10-11

S, which is beyond our instrumental measurement sensitivity. The
nanocomposite is still conductive after dedoping, and the conduc-
tance decreased 7-fold to∼2.5 × 10-5 S. This value is still∼54
times higher than the conductance of pure PABA films in the doped
state. Control experiments were performed with ss-DNA/SWNTs
on the conductance measurements (Figure 2b). We found that the

conductance of the composite in the doped is 385( 6 higher than
the sum of the conductance of pure PABA and ss-DNA/SWNTs
alone. In the dedoped state the conductance is 245( 20 times
higher. The mechanism for the enhanced conductivity needs further
study. It may be because the PABA has a longer conjugated
backbone and exists predominantly in the conductive emeraldine
state in the composite. It is also possible that a strong electronic
interaction between the PABA and the ss-DNA/SWNTs in the
composite causes the synergistic enhancement of the conductance.12

Other possible explanations are that the ss-DNA/SWNTs act as
conductive polyanionic doping agents,1d or that the ss-DNA/SWNTs
serve as “conducting bridges”, connecting PABA conducting
domains and increasing the effective percolation.

In summary, we demonstrated that functionalization of carbon
nanotubes dramatically impacts the molecular structure of the
polymer in an in situ fabricated composite. We envision that rational
design of the functionality of the carbon nanotubes can produce
advanced nanocomposite materials with greatly improved perfor-
mances.
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Figure 2. Typical I-V characteristic curves of the (a) PABA-ss-DNA/
SWNTs composite film, (b) PABA alone, and ss-DNA/SWNT alone before
and after treatment with NH3.
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