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We exposed a novel method by using DNA as the dopant as well as template at the same time to prepare
PANI-DNA hybrid micro/nanowires with conductivity as high as ~102 S cm™. The high conductivity is
due to the co-doping function of DNA with HCl produced by FeCls. It is found that the morphology and
conductivity of the PANI-DNA hybrids are affected by the [DNA]/[AN] ratio due to the co-operation and
competition of DAN’s dopant and template function, and the role of DNA in PANI-DNA hybrid varies with

the changing of [DNA/[AN] ratios.
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1. Introduction

Bio-molecule templates give new opportunities to construct
novel nano-materials with special features [1-3]. Among those bio-
templates, deoxyribonucleic acid (DNA) has recently received great
attention because its special self-recognition and self-assembly
properties offer unique advantages for design and synthesis of
multifunctional bio-active molecular complex [4-6]. In addition,
micro/nanostructures of conducting polymers, such as polyaniline
(PANI) or polypyrrole (PPy), have also drawn great interests due to
their unique chemical and physical properties [7-11] including
controllable chemical and electrical properties by simply changing
the oxidation and proton state, facile and low cost of preparation,
and excellent environmental stability. These unique properties lead
to the wide applications of conducting polymers in micro/nano-
materials [12-14] and devices, such as light-emitting diodes
[15,16], transistors [17], chemical and biosensors [18,19], solar cells
[20], electrochromic devices [21] and memory devices [22]. It is
therefore reasonable to be expecting that combination of the
reversible doping/de-doping feature of conducting polymers with
molecular-recognition and self-assembly characteristic of DNA
[23,24] might expose wide applications in molecular electronic
device and quantum functional materials [25]. So far, a series of
articles on nanostructured hybrids of conducting polymers with
DNA have been reported. For instance, Y.F. Ma and co-workers [26]
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reported a strategy for the fabrication of conducting polymer
nanowires on thermally oxidized Si surface by using DNA as the
hard-template. Nagarajan et al. [27] used DNA as the hard-template
to prepare water-soluble PANI-DNA complexes, in which PANI was
wrapped around the DNA and it can reversibly control the
secondary structure of DNA from the native form to an over-wound
polymorph by simply changing the redox state of PANI. Moreover,
a hybrid of poly(o-methoxy-aniline) with DNA, which has a needle-
like morphology and conductivity of ca. 1077 Scm™!, has been
reported by Dawn et al. [24] Except for PANI-DNA complexes,
PPy-DNA hybrids have also been reported [28]. As to our best
knowledge, DNA in the previous papers mainly was used as the
hard-template and the conductivity of the resultant nanostructured
hybrid was quite poor [24,26]. Consequently, exploring new func-
tion of DNA for enhancing conductivity of the conducting polymer
hybrids with DNA is urgently necessary.

As Scheme 1 shows [28], DNA molecule has phosphate groups
which can act as the dopant of PANIs due to their proton doping
mechanism [7], suggesting that the doping function of DNA might
be imposed. Recently, Wan et al. [29-31] reported a simplified
template-free method (STFM) to prepare PANI nanotubes with 20-
30 nm in diameter and PANI derivatives with hollow microspheres
in shape by using FeCls as both oxidant and dopant in the absence
of acidic dopant and hard-template. This STFM is the simplest
approach to prepare PANI nanostructures at the current time
because only aniline monomer and oxidant are required.

Herein, we report a novel approach to prepare self-assembly
microwires of PANI-DNA hybrid with conductivity as high as
1.3 x 1072 Scm ™! by using DNA as dopant as well as hard- and soft-
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Scheme 1. Molecular structure of DNA.

template. Interestingly, these hybrid microwires are constructed by
the nanofibers with about 20-30 nm in diameter. Moreover, the
morphology and conductivity of the hybrid are greatly affected by
the mass ratio of DNA to aniline. The role of DNA as dopant and
template is discussed based on the molecular characterizations, as
measured by FTIR and UV-vis spectrum, X-ray photoelectron
spectroscopy (XPS), synchronous energy dispersive X-ray (EDX)
and X-ray diffraction (XRD), as well as the conductivity measured
by a four-probe method.

2. Experimental
2.1. Materials

Deoxyribonucleic acid (DNA) from salmon test was purchased
from Sigma Chemical Co., USA (D-1626, type III, sodium salt). All the
experiments involving DNA were performed under sterilized
conditions. Before each reaction, DNA was firstly dissolved in the
water under magnetic stirring to form a homogeneous and trans-
parent aqueous solution. Aniline (A.R., Beijing Mashi Fine Chem.
Co.) was distilled under reduced pressure and kept refrigerated
under nitrogen prior to use. Other reagents, such as Ferric chloride
hexa-hydrate (FeCl;-6H,0, Tianjin Shuangchuan Chem. Reagent
Factory), m-cresol (Tianjin Wenda Xigui Chemical Plant) and
ethanol (Beijing Chemical Plant), were all of A.R. grade and used as
received without further treatment. Besides, pH-meter (PHS-W)
was used to measure the pH value of the reaction solution.

2.2. Characterization

Field emitting scanning electron microscope (SEM, JSM-6700F)
and transmission electron microscope (TEM, JEM-200CX) were used
to measure the morphology of DNA, PANI and PANI-DNA. The
molecular structure was characterized by FTIR spectra (Perkin-
Elmer System), ultraviolet-visible absorption spectrum (SHIMADZU
UV-1601PC UV-vis spectrophotometer), X-ray photoelectron spec-
troscopy (XPS, ESCALab220i-XL), synchronous energy dispersive
X-ray (EDX) and X-ray diffraction (XRD, RINT2000 Wide angle
goniometer). The conductivity at room temperature was measured
by a four-probe method with a Keithley 196 SYSTEM DMM digital
multi-meter and an ADVANTEST R6142 programmable DC voltage-
current generator as the current source.

2.3. Synthesis procedure

The PANI-DNA hybrid microwires were synthesized by using
DNA as the dopant as well as template at the same time in the
presence of FeCl3-6H,0 as the oxidant. A typical synthesis proce-
dure is as follows. First, a pre-designed amount (0.2-20 mg) of DNA
was dissolved in 10 mL de-ionized water with magnetic stirring at
room temperature to form transparent solution (pH = 6.78-6.91).
Next, 0.183 mL aniline was added into the mixture and kept stirring
for about 30 min at room temperature to form a uniform mixture
solution, and then 8 mL FeCl;-6H,0 aqueous solution (1.0 M) was
dripped into the mixture for about 40-50 min at 0-5°C (with

ice-water bath). After about 10 h reaction, the resulted dark-green
suspension was filtered and washed with de-ionized water and
then ethanol for several times. Finally, the product was dried under
vacuum at 60 °C for 12 h to obtain a dark-green powder that was
represented by PANI-DNA hybrid. The PANI nanofibers were also
synthesized by a similar synthesis procedure in the absence of DNA,
which were represented by PANI.

3. Results and discussion

Fig. 1 shows SEM images of PANI and the PANI-DNA hybrids
synthesized at different mass ratios of DNA to aniline, which are
represented as [DNA]/[AN] ratios. As shown in Fig. 1a, the PANI,
which was synthesized in the absence of DNA, is fibril morphology
in shape with 20-30 nm in diameter and about 200 nm in length
that is consistent with the previous results [29]. At a lower [DNA]/
[AN] ratio (e.g. 0.011), the PANI-DNA is composed of nanofibers
with about 30-50 nm in diameter and ~ 100 nm in length (Fig. 1b),
indicating that the morphology of the PANI-DNA is similar to that
of the PANI but with a slightly larger diameter and less length.
When the [DNA]/[AN] ratio is increased to 0.054, although PANI-
DNA is still composed of nanofibers with ~20 nm in diameter,
however, these nanofibers arrange in a certain way and make up
the microwire with ~1 pm in diameter and over 10 um in length
(Fig. 1c and d). When the [DNA]/[AN] ratio is further increased to
0.07, interestingly, the resulted PANI-DNA shows a helical micro-
wire in shape with 0.5-0.8 pm in diameter (Fig. 1e and g), which is
constructed with helical nanowires with 100-200 nm in diameter
observed from SEM image at a higher magnification (see Fig. 1f),
similar with the morphology of the solid DNA(Fig. 1h), indicating
that DNA plays a role of hard-template inducing the formation of
the helical PANI-DNA microwires. As shown in Fig. 1h, the solid
DNA is constructed by the helical nanowires with 120-150 nm in
diameter, which is much bigger than that of one single strand DNA
(~2 nm in diameter) [32,33], suggesting DNA used in this study is
composed of a lot of single strand of DNA that can serve as the hard-
template forming the helical microwires of PANI-DNA.

In addition, the conductivity of PANI-DNA is also affected by the
[DNA]/[AN] ratios. As shown in Fig. 2, the conductivity of PANI-DNA
increases with the increase of the [DNA]/[AN] ratios until it ach-
ieves a maximum value at the [DNA]/[AN] equal to 0.054, and then
followed by decreasing conductivity. The maximum conductivity of
the PANI-DNA at the [DNA]/[AN] ratio of 0.054 is calculated to be
about 1.3 x 102 S cm ™, as measured by a four-probe method. This
is enhanced by over 70 times compared with the conductivity of
the PANI (0.18 x 103 Scm™!), proving that DNA has the doping
function to the PANI-DNA.

In order to further understand the role of DNA in PANI-DNA
hybrid, the molecular structure of the PANI and as-synthesized
PANI-DNA at different [DNA]/[AN] ratios dissolved in m-cresol was
firstly characterized by means of UV-vis spectra. As shown in
Fig. 3a, the electronic structures of the PANI-DNA are similar to that
of the PANI, which has two bands at 330 nm and 432 nm (assigned
as the m-m" and n-7t* transition respectively) [34] and with a long
tail from 800 nm to 1200 nm (assigned as the delocalized polaron
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Fig. 1. Morphology of PANI, PANI-DNA hybrid and DNA. (a): SEM images of PANI; (b)—(f): SEM images of PANI-DNA prepared at [DNA]/[AN] = 0.011, 0.054 and 0.07 respectively; (g):
TEM images of PANI-DNA prepared at [DNA]/[AN] = 0.07; (h): SEM image of pure DNA in solid state. Other synthesis conditions: [FeCl;]/[AN]=4:1, T=0-5°C.

band) [35], indicating that the resulted PANI-DNA hybrids belong
to the conducting state of PANL. Moreover, the polymeric chain
structure of PANI-DNA was also similar to the PANI, as measured by
FTIR. As shown in Fig. 3b, all characteristic bands of PANI [36-38],
such as the C=C stretching deformation of the quinoid at
1562 cm~! and benzenoid rings at 1494 cm™, the C-N stretching of
the secondary aromatic amine at 1296 cm~', the aromatic C-H in
plane bending at 1128 cm™, and the out-of-plane deformation of
C-H in the 14-disubstituted benzene ring at 802cm~! and
507 cm™! are all quite distinct in PANI-DNA. Besides, the bands at
3440 cm~! and 3221 cm~), attributed to the N-H and =NH
stretching modes respectively, are also observed. However, the

bands at 2924 cm~! and 2854 cm™! assigned to the vibration of
P-OH of phosphate group in the DNA chain, and two bands at
1730 cm~! and 675 cm™! attributed to the stretching vibration of
C=O0 double band in DNA base pairs [6,39] and asymmetric
stretching of P-O-C respectively [40] are only appeared from the
PANI-DNA prepared at relatively higher [DNA]/[AN] ratios (e.g.
[DNA]/[AN] at 0.054 and 0.07, respectively), and the peaks in
Fig. 3b(4) ([DNA]/[AN] = 0.07) are more distinct than in Fig. 3b(3)
([DNA]/[AN] = 0.054). In spite of these, the peak at 1375cm™’
assigned as the C-N stretching vibration of trans isomer of PANI
[41] disappears for PANI-DNA prepared at [DNA]/[AN]=0.07 as
shown in Fig. 3b(4), this phenomenon combines with other petty
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Fig. 2. Room-temperature conductivity of the PANI-DNA hybrid as a function of
[DNA]/[AN] ratios. Other synthesis conditions: [FeCl5]/[AN] =4:1, 0-5 °C.

spectrum shifts and variation in FTIR indicating that DNA has
influenced the PANI-DNA molecular backbone especially under
a higher content. On all accounts, the FTIR results clearly demon-
strate that DNA has been incorporated into the PANI-DNA hybrid,
and the proportion of DNA in the PANI-DNA hybrid increases with
the increase of [DNA]/[AN] ratio. However, by now, it still cannot be
sure that if DNA is chemically combined with PANI or not, and how
they are combined together.

As above-mentioned, FeCl; can be served as oxidant and dopant
at the same time due to the produced HCI by its hydrolyzation,
which is a common dopant of PANI [42]. According to general acid-
doping mechanism of PANI, on the other hand, via its PO3~ group,
DNA can also act as the dopant for PANI. Consequently, PANI-DNA is
expected to be doped by DNA and HCl as co-dopant. Scheme 2 gives
the assumed PANI-DNA hybrid formula co-doped by DNA and CI~,
where x and y representing the doping degree induced by DNA and
Cl™~ respectively, which can be determined by the content ratio of P
and Cl elements usually. In order to prove the above proposal, the
XPS spectra of the PANI-DNA and PANI are measured, and the
results are given in Fig. 4 and the supporting information Fig. S2. It
can be seen from Fig. 4a that the band of P2p appears at 133.9 eV
and is only observed for PANI-DNA hybrid, which is the charac-
teristic of (PO3~) group in DNA, indicating that (PO3") acts as the
counter anion in PANI-DNA hybrid. At the same time, a band of
Cl2p at 197.1 eV (Fig. 4b) as well as a band of Fe2p at 712.2 eV
(supporting information Fig. S2) is also observed for both
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Fig. 3. UV-vis (a) and FTIR (b) spectra of PANI and PANI-DNA. (1): PANI; (2)-(4): PANI-DNA prepared at [DNA]/[AN] =
4:1, T=0-5°C, and the samples are dissolved in m-cresol for UV-vis spectra test.

conditions: [FeCl;]/[AN] =

X. Li et al. / Polymer 50 (2009) 4529-4534

G T
0 ﬂ 0
o-"~o
o~ Cl
+°* +°
£ O OO
| | | |
H H

X y

Scheme 2. The assumed PANI-DNA hybrid formula co-doped by DNA and Cl™ (x, y
representing different doping degrees of DNA and Cl .

PANI-DNA hybrid and PANI, showing FeCls acting as the co-dopant.
Moreover, three deconvolved peaks of N1s spectra appearing
around 398 eV, 399 eV and 401 eV, are found for both PANI-DNA
and PANI (Fig. 4c and d), which belong to characteristic compo-
nents of quinonoid imine (=N-), benzenoid amine (-NH-) and
positively charged nitrogen (.n-) [43] respectively, accordingly
indicating both of them are in doping state. Comparing the (_y.)
band energy of PANI-DNA and PANI, it can be found that the former
is lower (401.2 eV) than that of the latter (401.7 eV), which is the
result of the increased electron cloud density arising from the
formation of new bond (_4.\y.) induced by the doping function
of PO3, proving that PO3~ is chemically combined with the PANI
backbone in the usual manner of dopant.

Besides, EDX results of the PANI-DNA and PANI (see supporting
information Fig. S1) give further supports on the above proposal.
Similarly, the detection of Cl and Fe elements from both PANI-DNA
and PAN], indicates that FeCl; serves as oxidant and dopant at the
same time, that is also consistent with our previous results [42].
Besides, Cl and P elements are also detected in the PANI-DNA,
suggesting that the PANI-DNA is doped by DNA and HCl as the co-
dopant. Thereby, the total doping degree in the PANI-DNA is
assigned as (Cl + P)/N and calculated to be 0.499-0.545 except for
0.38 of the sample prepared at [DNA]/[AN]=0.07 (see Table 1),
further indicating that PANI-DNA is identical to the emeraldine salt
form of PANI, whose doping degree is general at around 0.5. The
lower doping degree of 0.38 for the sample prepared at [DNA]/
[AN] = 0.07 may be attributed to two reasons: one is DNA’s hard-
template function at a high [DNA]/[AN] ratio, the other is the steric
hindrance of the excessive DNA macromolecules. Interestingly, it is
noted that the contribution of HCl and DNA to the total doping
degree is also affected by the [DNA]/[AN] ratios. For instance, the
doping degree by HCI (i.e. y value in Scheme 2) decreases with the
increase of [DNA]/[AN] ratios, while the doping degree by DNA (i.e.
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0.011, 0.054 and 0.070, respectively. Other preparation
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Fig. 4. XPS spectra of PANI and nanofiber-constructed helical PANI-DNA microwires prepared at [DNA]/[AN] = 0.054. (a): CI2p, (b): P2p,

respectively.

x value in Scheme 2) increases with the increase of the [DNA]/[AN]
ratios before it reaches to the critical value, and then decreases with
the increase of [DNA]/[AN] ratio (see Table 1). Based on above-
results, it is reasonable to suggest that, at a lower [DNA]/[AN] ratio,
DNA mainly acts as the co-dopant for PANI-DNA, resulting in the
increasing conductivity with the increase of [DNA]/[AN] ratios. At
a higher [DNA]/[AN] ratios, on the other hand, DNA is mainly served
as the hard-template to form the helical microwires, in which the
hard-template function as well as the steric effect of insulated DNA
results in the decreasing conductivity of PANI-DNA with the
increase of the [DNA]/[AN] ratios. In brief, the above discussion can
interpret why the conductivity is decreased and the helical
morphology is observed at a higher [DNA]/[AN] ratios as shown in
Figs. 1 and 2, respectively.

The crystalline of pure DNA, PANI and PANI-DNA was also
measured by XRD. As shown in Fig. 5, the XRD spectra of the PANI-
DNA prepared at lower [DNA]/[AN] ratio (e.g. 0.011 and 0.054) have
some sharp peaks at 26 =9.5°(001), 15.1°(011), 20.4°(020) and
25°(200) and a weak peak at 26.5°(121), which are in the mono-
clinic space group P21 [44], showing higher crystalline and similar
to that of PANL However, the PANI-DNA prepared at a higher
[DNA]/[AN] ratio (e.g. 0.07) only has one broad peak centred at

Table 1
Influence of the [DNA]/[AN] ratios on the doping degree by HCl and DNA calculated
from EDX analysis results.

Samples [DNA]/[AN] CI/N P/N (C1+P)/N
[g/g]

PANI 0 0.545 0 0.545

PANI-DNA 0.027 0.447 0.052 0.499

PANI-DNA 0.054 0.322 0.202 0.524

PANI-DNA 0.070 0.281 0.099 0.380

406.0 404.0  402.0 400.0 398.0  396.0 394.0

Binding Energy (eV)

(c) and (d): N1s of PANI-DNA and PANI

260 =23.6°, which is similar to that of pure DNA and shows amor-
phous. All above-described results suggest that DNA is served as
template and dopant at the same time that differs from the
previous results, where DNA only plays a role of hard-template.
Generally, DNA is mainly used as the hard-template to prepare
hybrids or nanostructures of conducting polymers with DNA.
According to our previous results [30,45], when DNA is used as the
dopant, it is expected to be functioning as the soft-template in the
self-assembly of PANI nanofibers or nanotubes. These results
suggest that DNA is able to play a role of soft- and hard-template at
the same time in the formation of the PANI-DNA hybrids. However,

200

Intensity (CPS)

10 20 30 40 50 60
20

Fig. 5. XRD spectra of PANI and PANI-DNA. (1): PANI; (2)-(4): PANI-DNA prepared at
[DNA]/[AN] = 0.011, 0.054 and 0.070, respectively; (5): pure DNA in solid state. Other
synthesis conditions: [FeCls;]/[AN] =4:1, 0-5 °C.
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the competition between the soft-template and hard-template by
DNA is related to the [DNA]/[AN] ratios that results in the
morphology variation of PANI-DNA with the [DNA]/[AN] ratios. At
a lower [DNA]/[AN] ratio, soft-template by DNA is dominated,
resulting in the formation of PANI-DNA nanofibers, which is similar
to that of the PANI. At a higher [DNA]/[AN] ratio, on the other hand,
co-operation of soft- and hard-template by DNA results in helical
PANI-DNA microwires constructed with nanofibers or helical
nanowires. In other words, the helical PANI-DNA including
microwires or nanowires is induced by DNA functioned as the hard-
template, while the PANI-DNA nanofibers are self-assembled by
DNA functioned as the soft-template.

4. Conclusion

In summary, we expose a novel method by using DNA as the
dopant as well as hard- and soft-template to prepare PANI-DNA
hybrid micro/nanowires with conductivity as high as
~1072 S cm~. Both the morphology and conductivity of the PANI-
DNA hybrids are affected by the [DNA]/[AN] ratios. It is proved that
the change of conductivity with the [DNA]/[AN] ratios results from
the competition of DNA and HCl as the co-dopant. On the other
hand, the co-operation and competition of DAN as the soft- and
hard-template result in the morphology variation of the PANI-DNA
with the [DNA]/[AN] ratios.
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