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here is increasing enthusiasm for

the use of single-walled carbon

nanotube (SWNT) networks as con-
ductive flexible electrodes and sensing ma-
terials because of the following advantages:
SWNT films can be readily fabricated by sev-
eral room temperature solution-based pro-
cesses, such as spray coating,"? inkjet
printing,®* deposition through a filter, >
and deposition by a layer-by-layer
approach.”® The obtained network elec-
trodes are highly reproducible owing to sta-
tistical averaging effects and exhibit
percolation-like electrical conductivity.
SWNT networks have been demonstrated
to function for a variety of applications in-
cluding electrodes for solar cells,” organic
light emitting diode,'® smart windows,"
sensors,'? and transparent transistors.?
There have been several reports on the con-
ductivity of SWNT networks with values
ranging from 12.5 S/cm’> to ~6600
S/cm.>'* The discrepancy in these values
are due to many factors that can affect the
conductivity of SWNT networks, including
inhomogeneous distribution of SWNTs with
respect to length, diameter, the doping
level of the tubes,®'>~"” and the metallic-to-
semiconducting SWNT volume fraction.
Nevertheless, all the experimentally mea-
sured conductivities of the SWNT networks
are significantly lower than the conductivity
of a SWNT rope (axial conductivity ~10000
to 90000 S/cm).'®® Previous measure-
ments also show that the conductivity of
SWNT networks decreases as the tempera-
ture drops.'* The low conductivity and the
strong temperature dependence indicate
the existence of high resistance and tunnel-
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ABSTRACT The overall conductivity of SWNT networks is dominated by the existence of high resistance and

tunneling/Schottky barriers at the intertube junctions in the network. Here we report that in situ polymerization

of a highly conductive self-doped conducting polymer “skin” around and along single stranded DNA dispersed and

functionalized single wall carbon nanotubes can greatly decrease the contact resistance. The polymer skin also

acts as “conductive glue” effectively assembling the SWNTSs into a conductive network, which decreases the

amount of SWNTs needed to reach the high conductive regime of the network. The conductance of the composite

network after the percolation threshold can be 2 orders of magnitude higher than the network formed from

SWNTSs alone.
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ing/Schottky barriers at the intertube junc-
tions, which dominate the overall film con-
ductivity in the network. One could expect
that decreasing the intertube resistance
could increase the conductivity of the net-
work. Indeed, Lee and co-workers?° re-
ported that contact junctions can be im-
proved by removing the insulating
surfactant in SWNT networks with a 12 M
HNO; treatment. Consequently, the con-
ductivity of the SWNT network increased
2.5 times.

Inspired by the remarkable electronic
and thermal conductivity and the superior
mechanical properties of carbon nanotubes
(CNTs), tremendous efforts have been made
over the past decade to prepare polymer
and CNT composites with an aim of syner-
gistically combining the merits of each indi-
vidual component.®?'~28 However, al-
though most of the reported composites
show enhancement over polymeric materi-
als, much lower electronic performance is
observed when compared to CNT films.™
Recently, Sun et al.?° demonstrated that
bulk-separated metallic SWNTs offered
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superior performance than the as-produced nanotube
sample in conductive composites prepared by blending
with poly(3-hexylthiophene) and also poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate). The author
did not compare the performance of films prepared
from SWNTs alone. Blanchet et al.>° discovered that the
percolation threshold of a SWNT network was dramati-
cally downshifted upon replacing the insulating dis-
persing reagents in the network with a conducting
polymer. However, after percolation, the conductivity
of the SWNT network was not increased by the
replacement.

Herein, we report that the conductivity of SWNT net-
works can be dramatically improved by in situ polymer-
ization of a thin layer of self-doped conducting poly-
mer (polyaniline boronic acid, PABA) around and along
the carbon nanotubes. The formed conducting polymer
improves the contacts between the SWNTs and it also
acts as a conductive “glue” or “zipper”, which effectively
assembles the SWNTs into a conductive network and
decreases the amount of SWNTs needed to reach the
high conductive regime of the network. The conduc-
tance of the composite network beyond the percola-
tion threshold can be 2 orders of magnitude higher
than the network formed from SWNTSs alone. In addi-
tion, the thin layer of conducting polymer provides a
powerful functionality for a variety of potential
applications,”™*" including flexible sensors #3236

However, we found that only in situ polymerized
conducting polymers were able to effectively interlink
the SWNTs to form a highly conductive network. The
preformed conducting polymer dramatically decreased
the conductivity and increased the percolation thresh-
old of the SWNT networks. Surprisingly, the conducting
polymer formed by in situ polymerization with preoxi-
dized SWNTs (“seed” method) did not assemble the
nanotubes into a conductive network either. Instead,
the polymer induced severe aggregation of the nano-
tubes into large particles. Consequently, the percolation
threshold of the composite formed by the seed ap-
proach is much higher and the conductance after the
percolation threshold is 3 orders of magnitude lower
than the network formed by SWNTs alone.

RESULTS AND DISCUSSION

Electrical Properties of the Composite and ss-DNA/SWNT Films.
The conductance of networks formed from randomly
arranged conducting sticks (CSs) exhibits a percolation
behavior.?” The electrical conductivity of the network
increases sharply by orders of magnitude when the
concentration of the CSs in the network reaches its per-
colation threshold. Above the percolation threshold,
electrons conduct predominantly along the CS and
move directly from one CS to the next.

Because of their high electrical conductivities and
large aspect ratios, the electrical conductivities of car-
bon nanotubes films'*3® and carbon nanotube/poly-
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Figure 1. (a) Conductance of in situ polymerized composite
(red square), ss-DNA/SWNTs (black dot), post mixture
(purple triange), and “seed” composite (green inverted tri-
angle) as a function of layers of the composites and ss-DNA/
SWNTs. Each layer corresponds to 2 pL of solution with a
concentration of SWNT at 10 mg/L. The conductance was
measured by a two-probe approach. Each data point pre-
sented here was an average of 18 pair of electrodes on five
silicon chips. (b) Conductance of in situ polymerized compos-
ite (red square), ss-DNA/SWNTs (black dot) measured by a
four probe approach. These films of ss-DNA/SWNTs and
composites with different thickness were fabricated through
a vacuum filtration method. The conductance of “seed” com-
posite and postmixture was beyond the sensitivity of the
measurement setup. Each data point presented here was an
average of 10 measurements.

mer composites?®3°3° have been understood accord-
ing to the percolation theory of randomly arranged CSs.
Figure 1a shows the room-temperature percolation be-
havior of the ss-DNA/SWNTs network and the compos-
ite films fabricated by different approaches described in
the experimental section (in situ polymerized, “seed”,
and postmixture composites). The SWNT concentration
of these solutions was kept constant at 10 mg/L.

At the third layer, the in situ fabricated composite
reaches its percolation threshold while the ss-DNA/
SWNT film just begins to have measurable current. At
this percolation point, the conductance of the in situ po-
lymerized composite is 5 orders of magnitude higher
than that of the ss-DNA/SWNT film. There is no detect-
able current for the composites prepared by postmixing
and “seed” method. According to the percolation mech-
anism, multiple conducting channels have formed in
the in situ polymerized composite film and the tube-
tube junctions begin to dominate its overall resistance,
whereas space between conducting sticks is still the
governing factor for the other three samples.

The films reached their percolation threshold at 3,
6, 10, and 11 layers for in situ polymerized composite,
ss-DNA/SWNTs, postmixture, and seed composite, re-
spectively. After percolation, the conductance of the in
situ polymerized composite is ~10%-fold, ~10°-fold,
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and ~10°%fold higher than that of the ss-DNA/SWNTs,
postmixture, and seed composite, respectively. Based
on the percolation theory for randomly arranged con-
ducting sticks, above the percolation threshold, the
overall resistance of the film is dominated by intertube
junctions in the conducting channels. The significant
difference in conductance illustrates that only the in situ
polymerized PABA remarkably improved the intertube
contacts, while the preformed PABA and the in situ po-
lymerized PABA by seed approach did not.

To eliminate the influence of electronic contacts be-
tween the electrodes and the composite on the electri-
cal measurements, the percolation behavior of the in
situ polymerized composite and ss-DNA/SWNTs alone
were also studied by a four-probe approach. The dis-
tance between each probe is T mm. The conductance
of the composite prepared by the seed method and
postmixture approach is beyond the sensitivity of the
measurement setup. Figure 1b shows that the sheet
conductance of the in situ polymerized composite net-
work increased 40 times compared to that of ss-DNA/
SWNT alone. This number is lower than that measured
by the two-probe setup on silicon chips. In contrast to
two-probe measurements, it seems that the in situ po-
lymerized conducting polymer skin did not decrease
the amount of SWNTs needed to reach the high con-
ductive regime of the network. This discrepancy may be
related to the geometry-dependent percolation behav-
ior of the carbon nanotube networks, which has been
studied by Kumar et al. and Ural et al. recently.*®*' With
larger distances between the source and drain elec-
trodes, the percolation probability of the carbon nano-
tubes, defined as the probability of finding at least one
conducting path between the source and drain elec-
trodes, decreased more dramatically compared to the
small ones. In this work, the distance between the two
electrodes is around 2 pm in the two-probe measure-
ment, 500 times shorter than the distance between the
probes in the four-probe measurements (1 mm). It is
possible that the length of the “glued” tubes by self-
assembling during the polymerization is still too short
compared to T mm, while it is comparable or longer
than 2 pm. Atomic force microscopic study of the films
supports this hypothesis, which will be discussed in
the morphology study section of this work. Therefore,
the “glue” effect dramatically facilitates the percolation
in the two-probe measurement, while not too effective
for the four-probe measurements. The detailed
geometry-dependent percolation behavior of the com-
posite network is still under investigation in our group,
nevertheless, this study demonstrates that in situ po-
lymerization of a thin layer of conducting polymer
could effectively improve the contact between the
tubes and increase the overall conductivity of the car-
bon nanotube network. On the contrary, the postmix-
ture and seed approach did not improve, but in fact,
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Figure 2. Normalized Fourier-transform IR spectra of (a) in
situ polymerized composite (red) and pure PABA (blue); (b)
seed composite (green) and postmixture (purple). After the
baseline correction at two points (1626 and 1010 cm™’), all
IR spectra are normalized as the standard peak (quinoind) at
1574cm™",

dramatically decreased the conductance of the ss-DNA/
SWNT network.

Molecular Structures of PABA in the Composites. Recently,
we found that the polymerization kinetics and the elec-
tronic structure of poly(aniline boronic acid) (PABA) in
the composite prepared by in situ polymerization are
very different from that of neat PABA and the PABA in
the composite prepared by seed approach.*? Our first
assumption is that the molecular and electronic struc-
tures of PABA in the composites fabricated by various
approaches are different, which might be the reason for
the observed dramatically different conductance and
percolation behaviors. We used Fourier transform infra-
red (FTIR) spectroscopy to systematically study the mo-
lecular structures of PABA in the composites.

Figure 2 shows the FTIR spectra of the four samples:
in situ polymerized composite, neat PABA, seed-
composite, and postmixture. IR characteristic bands of
polyaniline are observed at 1574, 1478, and 1120 cm ™',
corresponding to quinoid, benzenoid, and C=N stretch-
ing (—N=quinoid=N—, “electron-like band”**) modes,
respectively.?>*>** The peak at 1210 cm ™' is related to
the antisymmetric stretching vibration of the PO?~ in
DNA.** The spectra also exhibit characteristic vibrations
at 1510 and 1340 cm ™', assigned to the B—N and B—O
stretching mode.*® The calculated ratio for the absorp-
tion intensity of quinoid to benzenoid ring modes
(I1574/11478) in the pure PABA is 3.5 (Table 1), which sug-
gests that the percentage of quinoid units is much
higher than that of benzenoid units for the neat PABA
film. However, the ratio of /,5,, to I, ,,4 decreases to 1.5
for PABA in the in situ fabricated composite, indicating
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TABLE 1. Intensity Ratio of Quinoind and Benzenoid Units
and Relative Intensity of “Electron-like Band”
(—N=quinoid=N-—) for Pure PABA and Three Different
Composites®

relative intensity of

intensity ratio —N=quinoid=N—
samples his74/ I‘:47a ;:tching at
1120cm™"
pure PABA 35 13
in situ fabricated composite 1.5 5.4
post mixture 34 13
seed-method prepared composite 0.9 2.9

“The peak intensity reading is similar to that in ref 39.

that the relative amount of quinoid units decreased in
the PABA when polymerized in the presence of ss-
DNA/SWNTs. This result is consistent with our previous
work,*” indicating that the PABA exists more in the fully
oxidized pernigraniline state in the pure PABA and
more in the conductive emeraldine state in the com-
posite. We hypothesized that this phenomenon is re-
lated to the electron-donating ability of the DNA mol-
ecules.*® Because of the ss-DNA functionalization, the
SWNTSs become effective electron donors and therefore
possess reductive capability.*® Pernigraniline produced
during the polymerization was readily reduced to the
emeraldine state by the ss-DNA/SWNTs (Scheme 1).

The ratio of relative intensities of quinoid to ben-
zenoid ring modes (/,5,4/11475) in the post mixture is
3.4, which is similar to the neat PABA (3.5), indicating
that the neat PABA weakly interacts with the ss-DNA/
SWNTs in the composite. The results demonstrate that
the PABA in the postmixture composite exists in the
nonconductive pernigraniline state.

A striking difference among the four spectra in Fig-
ure 2 is found in —N=quinoid=N— stretching at
~1120 cm™ . The peak has been described by MacDi-
armid et al.**°° as the “electronic-like band” and is con-
sidered to be a measure of the degree of delocaliza-
tion of electrons along the polyaniline backbone, and
thus it is a characteristic peak of polyaniline conductiv-
ity. There is a dramatic increase intensity of the

R R

Scheme 1. ss-DNA Functionalized Single-Walled Carbon
Nanotube (SWNT). The schematic is only a graphical presen-
tation and does not represent the precise way that ss-DNA
binds on SWNTs. Because of the electron richness of the ss-
DNA/SWNTs, the pernigraniline state of PABA produced dur-
ing the polymerization is readily reduced to the stable and
conductive emeraldine state.

VOL.2 = NO.6 = MA ET AL.

“electronic-like band” in the in situ polymerized com-
posite, as shown in Figure 2a and Table 1. This remark-
able increase suggests that PABA in the in situ polymer-
ized composite has higher conductivity compared to
the neat PABA. The composite fabricated by the post-
mixture approach shows similar low intensity of the
“electron-like band” as the neat PABA, indicating that
conductivity of the PABA in the postmixture compos-
ite may be similar to the neat PABA.

Unexpectedly, the relative intensity of the “electron-
like band” in the composite prepared by the seed ap-
proach is 2.9, much higher than that of the neat PABA
and the postmixture composite (1.3). The ratio of rela-
tive intensities of quinoid to benzenoid ring modes
(I1574/11478) in the composite prepared seed-method is
0.9, much lower than that of the neat PABA and the
postmixture composite (3.5 and 3.4, respectively). The
results indicated that the PABA in the composite fabri-
cated by the seed approach also existed in the conduc-
tive emeraldine states. Therefore, the conductivity of
the PABA should be higher than the PABA in the post-
mixture composite, even though lower than that of the
composite prepared by in situ polymerization with the
intact ss-DNA/SWNTs. However, the conductance mea-
surements described above did not show this trend, in-
dicating that there are other uncovered factors that de-
termine the overall macroscopic conductivity of the
films in addition to the modified tube—tube contacts.
To understand the percolation behaviors of the com-
posites, we further studied the morphology of the films
and the spatial distribution of the carbon nanotubes in
the films at different percolation states.

Morphology Studies. Atomic force microscope (AFM)
and high resolution transmission electron microscope
(HRTEM) images in Figure 3 show the third layer of the
different samples (ss-DNA/SWNTs, in situ polymerized
composite, postmixture and seed composite) that have
been prepared layer-by-layer from the corresponding
solutions with a SWNT concentration of 10 mg/L. At this
percolation point, as shown in Figure 1a, only the com-
posite fabricated by in situ polymerization with the in-
tact ss-DNA/SWNTs reached the percolation threshold
studied by two-probe measurements. The composites
fabricated by postmixture and seed method showed no
detectable current by our detection instruments. Fig-
ure 3a shows the morphology of the films prepared
from ss-DNA/SWNT alone. Most of the SWNTSs are indi-
vidual (~2 nm in diameter), with some bundled struc-
tures (~17 nm). The nanotubes appear randomly ori-
ented. Most of the tubes remain isolated from each
other, with some jointed tubes.

Figure 3b is a typical AFM image of the in situ polym-
erized composite. Remarkably, individual ss-DNA/
SWNTs are replaced by long fibers (most of the fibers
are longer than 4 pum). These fibers are randomly ar-
ranged and self-assembled into a network. The diam-
eter of the fibers ranges from 3 to 20 nm measured by
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high resolution TEM (Figure 3c). From the TEM images
it is noted that some of the fibers are composed of indi-
vidual nanotubes with a polymer coating of 1 to 3 nm
in thickness. Some of the fibers are carbon nanotube
bundles, which are composed of carbon nanotubes
with polymer coating. The prepolymerized PABA did
not show the tendency to self-assemble the carbon
nanotubes into networks (Figure 3d). The arrangement
and the spatial distribution of the carbon nanotubes in
the postmixture composite are very similar to that of ss-
DNA/SWNT alone. In the AFM image, there are large
bright regions (~60 nm in height), which are suspected
to be the neat PABA without being uniformly mixed
with the SWNTs. From the study by high resolution TEM
(Figure 3g), we found that while some of the tubes
were not coated, some were coated with a 1—3 nm
layer of polymer.

In the conductance experiment, we found the con-
ductance of the postmixture network dramatically de-
creased and the percolation threshold of the SWNT net-
works largely increased (3 fold) (Figure 1). After the
percolation threshold, the conductance of the postmix-
ture composite is 3 orders of magnitude lower than
the network prepared from SWNT alone, and is 5 or-
ders of magnitude lower than the network formed from
the in situ polymerized PABA composite. Combined
with the FTIR results, showing that the PABA exists in
the nonconductive pernigraniline state in the postmix-
ture composite and in the conductive emeraldine state
in the in situ polymerized composite, this morphological
study strongly suggests that the electronic and molec-
ular structure and therefore the conductivity of the in-
terfacial PABA on the SWNTs can modulate the overall
electronic performance and percolation behavior of the
SWNT films. Compared to the simple postmixture pro-
cess, the in situ polymerization process also facilitates
SWNTs self-assembling to highly conducting networks,
which also largely contributes to the highly improved
conductance and the low percolation threshold of the
in situ polymerized composite. This result soundly sup-
ports the hypothesis discussed earlier in this work.

The morphological study of the seed composite (Fig-
ure 3e,f) revealed our curiosity pertaining to why the
conductance is even lower than the postmixture. In
contrast to the PABA in situ polymerized in the pres-
ence of the intact ss-DNA/SWNTs, the PABA in the seed
composite did not interlink the nanotubes into a con-
ductive network. Instead, the PABA induced severe ag-
gregation of the nanotubes into large particles (as large
as 1 wm). The aggregation mechanism is still under in-
vestigation. It is possibly related to defects along the
tubes caused by the preoxidation process, which largely
weakens the mechanical strength of the carbon nano-
tube. We suggest that the PABA was first formed on the
carbon nanotubes, indicated by the polymer agglomer-
ates (~35 nm in height) attaching on each isolated
nanotube (Figure 3e). These agglomerates further
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Figure 3. AFM images of the third layers of the films prepared from
(a) ss-DNA/SWNTSs, (b) in situ polymerized composite, (d) postmixture,
and (e) seed composite. The concentration of SWNT in all these
samples is 10 mg/L. TEM images of in situ polymerized composite (c),
seed composite, (f) and postmixture (g).

induce the carbon nanotubes to curl into larger par-
ticles®” (Figure 3f). This aggregation dramatically
changed the effective length/diameter aspect ratio of
the carbon nanotubes, which is known to impact the
conductivity and percolation behavior of the carbon
nanotube films.>? Therefore, even though the PABA in
the seed composite may have higher conductivity com-
pared to that of PABA in the postmixture, the aggre-
gated carbon nanotubes make the conductivity of the
seed composite even lower than the postmixture com-
posite. Therefore, we conclude that not only the molec-
ular structure of the polymer but also the arrangement
or distribution of carbon nanotubes in the composites
determines the overall macroscopic electronic property
and percolation behavior of the composites.

SUMMARY

The electrical performance of SWNT network can be
significantly improved by in situ polymerization of a thin
layer of PABA on the intact ss-DNA/SWNTs. The thin layer
of PABA also acts as a conductive “glue” or “zipper”, which
can effectively assemble the ss-DNA/SWNTs into a con-
ductive network. These advantages cannot be obtained
by simply mixing a preformed conducting polymer with
the ss-DNA/SWNTs. Surprisingly, we also found that the
enhancement was not achievable by in situ polymeriza-
tion with preoxidized SWNTs (seed method). The fabrica-
tion process rigorously impacts the electronic and molec-
ular structure of the produced PABA in the composites,
and also the arrangement or lateral distribution of the car-
bon nanotubes in the composites. Understanding these
reaction characteristics is important to effectively opti-
mize the fabrication parameters and ensure the forma-
tion of SWNT networks in a controllable fashion for a vari-
ety of potential applications.
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METHODS AND MATERIALS

Materials. 3-Aminophenylbronic acid hemisulfate salt (ABA),
potassium fluoride (KF) and all other chemicals were purchased
from Aldrich and used as received. Single-stranded DNA (ss-DNA)
with sequence d(T);, was purchased from Integrated DNA Tech-
nologies. All solutions were prepared using deionized water
(18.2 M() (Nanopore water, Barnstead).

Dispersion and Functionalization of SWNTs with Single-Stranded DNA.
HiPco Purified single-walled carbon nanotubes (SWNTs) were
purchased from Carbon Nanotechnologies and dispersed into
water using the method described by Zheng et al.>® It was re-
ported that the ss-DNA binds to the carbon nanotubes through
 stacking, resulting in helical wrapping to the surface of the car-
bon nanotubes.>® Briefly, 11 mg of purified HiPco SWNT was sus-
pended in aqueous ssDNA solution. This mixture was kept at 0
°C with an ice—water bath and sonicated with a Sonics Vibra-cell
(at 30% amplitude) for 30 min. After sonication, the sample was
centrifuged with a Beckman centrifuge at 5000 g to remove un-
dispersed SWNTSs. As a result, highly dispersed and ss-DNA func-
tionalized SWNT (ss-DNA/SWNT) solution was obtained. To re-
move free ss-DNA in the dispersed solution, the solution was
dialyzed with a microcon YM-100 centrifugal filter unit (Milli-
pore) for 4 h. The electronic structure of the ss-DNA/SWNTs was
studied with a Cary 500 UV—vis—NIR spectrophotometer using
double beam mode.

Different Approaches to Fabricate ss-DNA/SWNT/Polyaniline Boronic Acid
(ss-DNA/SWNT/PABA) Composite Solutions. Recently, we fabricated a
highly conductive self-doped polyaniline/SWNT composite by
in situ polymerization (both chemical and electrochemical po-
lymerization) of 3-aminophenylboronic acid (ABA) monomers in
the presence of the ss-DNA/SWNTs.>**” We found that the ABA
polymerization speed was dramatically increased (4500 times) by
adding 1% (by weight) of ss-DNA/SWNTs into the polymeriza-
tion solution. The formed polyaniline boronic acid (PABA) prefer-
entially deposited on the carbon nanotubes.*> More impor-
tantly, the quality of the PABA was significantly improved, as
indicated by the fact that the PABA backbone had longer conju-
gation length and existed in the more stable and conductive em-
eraldine state.*>*”

Adding ss-DNA alone into the solution only slightly increased
the polymerization speed (3 times), and the conjugation length
of the formed PABA was similar to the neat PABA formed in the
absence of ss-DNA or ss-DNA/SWNTs, indicated by the
UV —vis—NIR electronic absorption spectra. Furthermore, our
previous atomic force microscopy (AFM) study demonstrated
that double stranded-DNA (ds-DNA) molecules could be used
as templates to fabricate polyaniline nanowires on insulating
substrates,>* a procedure that relies on the electrostatic attrac-
tion of protonated aniline monomers to the negative charges
along a DNA template. However, ds-DNA alone was not able to
act as a molecular template to form PABA nanowires, possibly
due to the steric effect of the boronic acid groups in the ABA
monomers.>* In contrast, nanowires of PABA can be fabricated
by using ss-DNA/SWNTs as growing templates. Since the electro-
static attraction provided by the phosphate groups was not
strong enough to emulsify and align the monomers of
3-aminophenylboronic acid, we believe that the strong m—r in-
teraction between the monomeric benzene ring and the graph-
ite regions on the carbon nanotube played an especially impor-
tant role in preconcentrating the 3-aminophenylboronic acid
monomers before the polymerization.

The mechanism for the polymerization of aniline and aniline
derivatives has been proposed as oxidative polymerization.>
We hypothesize that the ABA monomers were preconcentrated
along the ss-DNA/SWNTs and formed SWNT - ABA complexes,
which act as polymerization precursors. Due to the electron do-
nating ability of the DNA molecules, the ss-DNA/SWNTs become
highly electron rich,*® which increases the electron density of
the ABA monomers, and facilitates the polymerization. By add-
ing the oxidant, (NH,),S,Og (APS), into the ss-DNA/SWNTs solu-
tion before introduction of the ABA monomers, the ss-DNA/
SWNTSs was oxidized and became electron deficient. We indeed
found that the polymerization of ABA was dramatically slowed
down even though it has been reported that oxidized SWNTs
could lead to the production of conducting polymer nanowires,
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which is known as “seed” method.*®>” Furthermore, the elec-
tronic and molecular structure of the produced PABA in the com-
posite was very different from the PABA in the composites fabri-
cated with the intact ss-DNA/SWNTs.*?

On the basis of these previous studies, we fabricated ss-
DNA/SWNT/PABA composite solutions using different fabri-
cation approaches to study how the fabrication process im-
pacts the electronic performance of the composite networks.
A typical procedure for the preparation of a solution of
ss-DNA/SWNT/PABA nanocomposite by an in situ polymeriza-
tion approach is as follows: 50 nL of ABA solution (50 mM)
and KF (40 mM) in 0.05 M H,SO, was added to 2.5 mL of the
ss-DNA/SWNTs solution (70 mg/L) in 0.05 M H,SO,. The solu-
tion was bubbled with nitrogen for 30 min at 0 °C to re-
move the dissolved oxygen. The chemical polymerization of
ABA was then initiated by adding 11.34 pL of 37.5 mM
(NH,),S,04 (APS) (in 0.05 M H,SO,) dropwise to the mixture.
It is important to note that the amounts of ABA and APS were
determined from titration experiments to make sure only a
thin layer of PABA is produced around and along the carbon
nanotubes (Figure S1, Supporting Information). The polymer-
ization was carried out at 0 °C with nitrogen bubbling for
7 h and another 43 h in a refrigerator (4 °C). The obtained
composite solution is referred to as “in-situ polymerized com-
posite”. For the “seed” approach,®®” the polymerization con-
ditions were kept the same, except 11.34 plL of 37.5 mM
APS was first added to preoxidize the same amount of
ss-DNA/SWNTs, followed by addition of 50 pL of ABA solu-
tion (50 mM). The obtained composite solution is termed
“seed composite”. A neat poly(aniline boronic acid) (PABA)
was fabricated by a recipe described in our previous work,
which was demonstrated to produce PABA with longer con-
jugation length.*” A composite of ss-DNA/SWNT/PABA was
prepared by mixing 50 p.L of the preformed neat polymer so-
lution with 2.5 mL of the ss-DNA/SWNTs (70 mg/L) in 0.05 M
H,SO,. The resulting solution is so-called “postmixture com-
posite”. All the composites, neat PABA, and ss-DNA/SWNTs
solutions were dialyzed to remove excess salts before con-
ductance measurements.

Conductance Measurements. Percolation-like conductive behav-
iors of the composites prepared as described above and ss-DNA/
SWNT alone were studied by measuring the conductance of the
films in a layer-by-layer approach on a prepatterned Si chip. Each
layer was prepared by adding 2 pL of the dialyzed solution (10
mg/L of SWNTs) onto a Si chip and dried under vacuum. The Si
chip was fabricated at Air Force Research Laboratories, and the
distance between two facing gold electrodes is 2 um. Then, the
conductance of the composites was measured with an Electro-
chemical Workstation CHI 760C.

To eliminate the influences of contact resistance between
the composite and the electrodes during measurements, the
percolation-like conductive behaviors of the composites and ss-
DNA/SWNTs alone were also studied by a four-probe approach.
Films with different thickness were prepared from the corre-
sponding composite and ss-DNA/SWNT solutions by vacuum fil-
tration using Anodisc 47 inorganic membranes with 200 nm
pores (Whatman Ltd.). To evaluate the impact of the conduct-
ing polymer skin on the conductivity of the carbon nanotube
network, the thickness of each film was prepared with different
composite solutions while maintaining the concentration of the
carbon nanotubes (note that the film thickness for different com-
posites will be slightly different). After filtration, the thin films
were dried in vacuum for 15—20 min. The sheet conductance
of the films was determined by a 302 manual four point resistiv-
ity probe (Lucas Laboratories).

Characterization. The morphology of the resulting composites,
neat polymer, and the ss-DNA/SWNT films was characterized by
a Nanoscope Il A (Digital Instruments) operating with tapping
mode in ambient air. The thickness of PABA on the carbon nan-
otubes was measured from high-resolution transmission elec-
tron microscope (TEM) (Libra 120 Energy Filtering TEM, Zeiss) op-
erated at 200 kV. Samples were prepared for imaging by placing
a drop of agueous composite solution on TEM grids and wick-
ing away the liquid after 2 min. The molecular structures of the
PABA in the pure polymer and the composites were measured

Wwww.acsnano.org



by Fourier transform infrared (FTIR) spectroscopies. The FTIR
spectra were recorded on a Spectrum Spotlight FTIR imaging
system (Perkin-EImer instruments).
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