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Facile High-Yield Synthesis of Polyaniline Nanosticks with Intrinsic Stability
and Electrical Conductivity

Xin-Gui Li,*!*"! Ang Li,""! and Mei-Rong Huang*'*"!

Abstract: Chemical oxidative polymeri-
zation at 15°C was used for the simple
and productive synthesis of polyaniline
(PAN) nanosticks. The effect of poly-
merization media on the yield, size, sta-
bility, and electrical conductivity of the
PAN nanosticks was studied by chang-
ing the concentration and nature of the
acid medium and oxidant and by intro-
ducing organic solvent. Molecular and
supramolecular structure, size, and size
distribution of the PAN nanosticks
were characterized by UV/Vis and IR

but disadvantageous for formation of
PAN nanosticks with small size and
high conductivity. The concentration
and nature of the acid medium have a
major influence on the polymerization
yield and conductivity of the nanosized
PAN. The average diameter and length
of PAN nanosticks produced with 2m
HNO; and 0.5mM H,SO, as acid media
are about 40 and 300 nm, respectively.
The PAN nanosticks obtained in an op-
timal medium (i.e., 2M HNO;) exhibit
the highest conductivity of 2.23 Sem™

and the highest yield of 80.7%. A
mechanism of formation of nanosticks
instead of nanoparticles is proposed.
Nanocomposite films of the PAN nano-
sticks with poly(vinyl alcohol) show a
low percolation threshold of 0.2 wt %,
at which the film retains almost the
same transparency and strength as pure
poly(vinyl alcohol) but 262000 times
the conductivity of pure poly(vinyl al-
cohol) film. The present synthesis of
PAN nanosticks requires no external
stabilizer and provides a facile and

spectroscopy, X-ray diffraction, laser
particle-size analysis, and transmission
electron microscopy. Introduction of
organic solvent is advantageous for en-
hancing the yield of PAN nanosticks

Introduction

The conducting polymer polyaniline (PAN) is very attractive
due to its inexpensive monomer, ease of synthesis, widely
controllable conductivity! and excellent environmental sta-
bility. Thus, PAN has superior suitability for commercial ap-
plication than non-intrinsically conducting polymers that are
merely physical mixtures of an insulating polymer with con-
ducting materials such as carbon black and graphite. Nano-
materials have novel chemical and physical properties be-
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direct route for fabrication of PAN
nanosticks with high yield, controllable
size, intrinsic self-stability, strong redis-
persibility, high purity, and optimizable
conductivity.

cause of the small size and quantum effect of the nanostruc-
tures. Recently, one-dimensional PAN nanostructures such
as nanowires, nanosticks, and nanotubes have attracted
much attention due to properties such as intrinsic electrical
conductivity and special nanoeffects, and the associated
promising applications in nanodevices and other important
fields.!

Template, electrochemical, and even physical methods in-
volving electrospinning and mechanical stretching®>! are
used to prepare nanostructured PAN. Examples of the fabri-
cation of one-dimensional nanosized PAN include PAN
nanofibers by potential cycling!® and interfacial polymeri-
zation,” Fe;O, nanoparticles containing PAN nanotubes by
an ultrasonic technique,”® and submicrometer PAN/nano-
ZnO composite fibers.”) However, the complex preparation
and/or imperfect performance of the nanosized PAN prod-
ucts restricted the extent of practical applications of these
methods. Copolymerization has been used to prepare nano-
structured aniline copolymers by a template-free method
that introduces functional groups such as SO;™ in comono-
mers.""" Electrically conductive copolymer nanoparticles
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were thus prepared, but the conductivity of the copolymer
particles was not markedly improved, and the cost of the
functionalized comonomer was relatively high. It seems that
some inherent problems regarding nanosized PAN prepared
by traditional emulsion and dispersion polymerization
remain to be solved, such as low self-stability, complicated
preparation process, small synthesis scale, and impure com-
position. Recently, two facile template-free approaches
using interfacial and rapidly mixed polymerization to avoid
secondary growth for the synthesis of the PAN nanofibers in
an aqueous system have been reported.'"” The size and mor-
phology of the nanofiber products are good, but the yield of
the PAN nanofibers, which is an important parameter for es-
timating the practical value of the method in potential appli-
cations, was not elaborated so far.

In this study, we used traditional chemical oxidative poly-
merization in the absence of any external additives or inter-
nal ionic side groups to directly and facilely synthesize one-
dimensional PAN nanosticks with inherent self-stability (i.e.,
stable dispersion without visible precipitation in pure water
in the absence of stabilizers over a certain period of time),
high preparation yield, and superior and stable conductivity.
The effect of polymerization media on the yield, molecular
and supramolecular structure, morphology, and properties of
the nanosticks was systematically investigated. A template-
free method to effectively prepare PAN nanosticks was de-
veloped.

Results and Discussion

Synthesis of PAN nanosticks: Ammonium persulfate as oxi-
dant was added dropwise to a solution of aniline (AN) mo-
nomer in aqueous HNO; to synthesize the PAN nanosticks
(Scheme 1). The concentration and nature of the acid
medium were varied to study their effects on the rate and
yield of polymerization (Figure 1). When the acid concentra-
tion is higher than 0.1M, a light blue PAN is generated in
about 10 min and the polymerization rate becomes increas-
ingly faster as the acid concentration is increased from 0.1
to 1.0M. At an acid concentration higher than 1.0m, the
polymerization rate becomes much higher due to much
faster chain initiation. Chocolate-brown oligomers are ob-
served when pure water is used as polymerization medium,
because sufficient H* is necessary for the oxidant to oxidize
AN and then initiate oxidative polymerization.['"

Various factors influence the yield, such as oxidant spe-
cies, oxidant/monomer ratio, medium, temperature, and
method of polymerization."! The effects of the concentra-
tion and nature of the acid medium were studied at a fixed
temperature of 15°C and a constant oxidant/monomer
molar ratio of 1/1. As shown in Figure 1, with increasing
HNO; concentration from 0 to 2Mm, the yield of PAN first
showed a minimum and then a maximum. The minimal
yield at 0.1 M may be due to the weakest polymerizability of
AN at the lowest acid concentration. The slightly higher
yield in neutral water than in 0.1-0.5m acidic media could
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Scheme 1. Chemical oxidative polymerization of aniline and acid-doped
chain structures of the PAN particles with (NH,),S,0; as oxidant in acid-
free pure water (top) and acidic water (bottom) with the same fixed
(NH,),S,0Og¢/aniline monomer molar ratio of 1/1 at 15°C for 6 h.
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Figure 1. Influence of HNO; concentration on the yield of PAN nano-
sticks with a fixed (NH,),S,0¢/monomer molar ratio of 1/1 at 15°C for
6h and on the bulk electrical conductivity of a virgin sample and a
sample aged for 480 d at room temperature. The aging time of the PAN
synthesized in 2.5M HNO; was 270 days.

also be assigned to a different coupling mode, as discussed
below. Otherwise, the yield would be even lower in neutral
water if the coupling mode were the same. The maximal
yield of up to 80.7% is obtained in 2mM HNO;. Decreased
yield in HNOj; at the concentrations higher than 2m is at-
tributed to oxidative degradation of the PAN chains by con-
centrated HNO;."') The polymerization yields in 1m
HNO; and 0.5M H,SO, are nearly the same (up to 79%)
and slightly higher than that in 1M HCI (Table 1).

The dependence of polymerization yield on the concen-
tration and nature of the protic acid mainly results from the
variation in polymerizability of AN in different states (pro-
tonated or free neutral) in different acidic media. In strong
concentrated acid, AN can simply be oxidized to radical cat-
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Table 1. Synthesis and properties of PAN particles prepared in four poly-
merization media.

Medium Yield A(UV/Vis) #(quinoid/ D, DD, o
[%]  [nm] benzenoid) [nm] [Sem™]
[em™]
H,O 753 601 1592/1498 3871 1.172 2.06x1073

05M H,SO, 790 628
1m HCl 774 624
IMHNO, 789 615

1580/1486  106.3 1.412  0.125
1560/1477 3345 1.059 0.764
1560/1477 198.6 1.170 1.53

ions that can polymerize by a subsequent coupling step.
However, the polymerizability of AN becomes weaker in
more dilute acid because the head-to-tail coupling step re-
quires participation of a certain amount of protons.'*
Therefore, protonation of AN and subsequent head-to-tail
coupling in neutral water become more difficult in the ab-
sence of H*. In fact, the N=N character arising from the
head-to-head coupling under neutral or basic conditions
leads to the formation of chocolate-brown oligomers with
poor conjugated structure rather than a dark green polymer
with highly m-conjugated structure.*®! The presence of a
small number of N=N linkages in PAN has been confirmed
by IR spectroscopy. The stability and activity of (NH,),S,0q
as oxidant may also be dependent on acid concentration.
With decreasing acid concentration, an increased number of
hydroxyl ions would tend to react with the sulfate radical
anions from (NH,),S,04.[*!l Consequently, fewer sulfate rad-
icals participate in oxidative polymerization of AN in more
dilute acid medium, and the yield is lower.

Introduction of the organic solvent CH;NO, enhances the
yield of the PAN particles when (NH,),S,0q is used as oxi-
dant (Table 2). This may be due to a slightly different poly-

Table 2. Synthesis and characterization of PAN particles prepared in
0.5m HNO; containing different amount of CH;NO,.

CH,NO,  Oxidant Yield D, DJD, o

(mL] (%] [nm] [Sem™]

0 (NH,),S,0s  70.1 2923 1.109 1.02

3 (NH,),S,0s 720 3089  1.082 0.249

6 (NH,),S,0s 752 3362 1.061 0.391

6 FeCl, 64.0 3214 1.087 5.95%x10°8

merization mechanism caused by the polar organic solvent
that results in a head-to-head coupling mode that forms azo-
benzene units in the polymer with higher yield but lower
conductivity (Table 2). This is similar to the oxidative poly-
merization of AN in neutral (Table 1) or polar acetonitrile/
pyridine media.* However, when FeCl; is used as oxidant
instead of (NH,),S,04, the yield is lower even if 6 mL of
CH;NO, is added. This confirms that (NH,),S,0; is a more
efficient oxidant for AN polymerization than FeCl;. Appa-
rently, 2m HNO; is the best acid medium for the synthesis
of PAN nanosticks with the highest yield and highest con-
ductivity.
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Macromolecular structure of the PAN particles: The molec-
ular structure of PAN was analyzed by UV/Vis absorption
spectroscopy, FTIR absorption spectroscopy, and wide-angle
X-ray diffraction (XRD).

UV/Vis spectra: UV/Vis absorption spectra of aqueous dis-
persions of PAN particles obtained in HNO; at different
concentrations are shown in Figure 2. The characteristic

1 HNO3 concentration / M
\ 2.5

Absorbance/A.U. —=

200 400 600 800
Wavelength / nm
Figure 2. UV/Vis absorption spectra of PAN particle dispersions (in dis-

tilled water) prepared in HNO; media of six concentrations at a fixed
(NH,),S,0O¢/aniline molar ratio of 1/1 at 15°C for 6 h.

peaks of PAN at about 350, 430, and 800 nm, are attributed
to m—m*, polaron—m*, and w—polaron transitions, respec-
tively.'’”! The result suggests that the PAN dispersions in
water have the UV/Vis characteristics of acid-doped PAN
solutions in organic solvents, that is, the PAN particles seem
to be molecularly dispersed in water despite their aqueous
insolubility, and they are nanosized, as discussed below.
With increasing HNO; concentration the peak at 700-
900 nm shifted slightly, and the dispersion of PAN particles
obtained in 2mM HNO; has a UV/Vis absorbance peak at the
shortest wavelength of 730 nm. This is contrast to the varia-
tion of the conductivity with acid concentration in Figure 1.
This implies that the PAN particles with the highest conduc-
tivity, formed in 2m HNO;, are the most poorly dispersed in
water. This phenomenon has further been proved by the
fact that the dispersion of PAN particles obtained in 1m
HNO; among four polymerization media exhibits UV/Vis
absorbance peak at the shortest wavelength of 747 nm in
Figure 3, that is, the PAN particles with the highest conduc-
tivity obtained in 1M HNO; are also the most poorly dis-
persed in water. In both Figures2 and 3, a sharp peak at
about 220 nm is present in every spectrum, but no reports
on this band were found so far. Maybe the band at around
220 nm is relevant to the characteristics of the PAN nano-
structures with sizes of 20-300 nm.!'")

Figures 4 and 5 show UV/Vis absorption spectra of solu-
tions of the soluble part of PAN powders in N-methylpyrro-
lidone (NMP). Clearly, these curves are totally different
from those discussed above. The band features are similar to
those of dedoped PAN in the state of emeraldine base. This
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Figure 3. UV/Vis absorption spectra of PAN particle dispersions (in dis-
tilled water) prepared in four polymerization media with a fixed
(NH,),S,0¢/monomer molar ratio of 1/1 at 15°C for 6 h.
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Figure 4. UV/Vis absorption spectra of PAN particle solutions (in NMP
and containing a very small amount of insoluble PAN particles) prepared
in HNO; media with six concentrations with a fixed (NH,),S,0Og/aniline
molar ratio of 1/1 at 15°C for 6 h.
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Figure 5. UV/Vis absorption spectra of PAN particle solutions (in NMP
and containing a very small amount of insoluble PAN particles) prepared
in four polymerization media with a fixed (NH,),S,0¢/monomer molar
ratio of 1/1 at 15°C for 6 h.

could be explained by partially thermal dedoping of the
PAN powders during drying at 40°C for 3 days. The peaks
at about 330 and 640 nm are assigned to x—mn* and n—m*
transitions associated with the excitation of the benzenoid
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to quinoid rings in the PAN chains.'”! Apparently, the solu-
tion of PAN synthesized in pure water displays the weakest
band at around 640 nm because it has the most weakly -
conjugated structure, as is shown by its having the lowest
conductivity and highest solubility in NMP. The solution of
the PAN synthesized in 2m HNO; exhibits the second weak-
est band at around 640 nm, possibly due to its poorest solu-
bility in NMP, as verified by the presence of the most insolu-
ble particles in solution. Therefore, it is easily understood
why the solution of PAN synthesized in 2.5M HNOj; exhibits
the strongest band at the longest wavelength of around
660 nm because of its second highest solubility in NMP,
which is reflected in almost no insoluble particles in the so-
lution. Similarly, the solution of the PAN synthesized in
0.5m H,SO, of four polymerization media exhibits the stron-
gest band at the longest wavelength of around 628 nm be-
cause of its second highest solubility in NMP, as is verified
by its second lowest conductivity (Table 1). Clearly, the rela-
tionship between UV/Vis band intensity/wavelength and
conductivity of the PANSs is strongly influenced by their sol-
ubility.

FTIR spectra: The FTIR spectra of PANs prepared in four
polymerization media (Figure 6) were recorded to analyze
the molecular structure and oxidation state of PAN and pro-

Polymerization

Transmittance —

3500 3000 2500 2000 1500 1000 500
Wavenumber / cm”

Figure 6. FTIR absorption spectra of PAN prepared in four polymeri-
zation media with a fixed (NH,),S,0O¢/monomer molar ratio of 1/1 at
15°C for 6 h.

vide insight into the doping effect of different acids.”” The
wavenumbers of two characteristic absorption peaks are
summarized in Table 1. The peak at about 3450 cm™' is due
to the N—H stretching vibration. The bands at 1592 and
1498 cm™ are consistent with quinoid and benzenoid ring
deformations, respectively."! The bands at 1303 and
1150 cm™" are assigned to C—N and C=N stretching vibra-
tions, respectively.”* The strong band at 1150 cm™' was de-
scribed as an “electronic-like bond” that is considered to be
a measure of the degree of delocalization of electrons, that
is, a characteristic peak of conducting PAN.?% The four IR
spectra look similar, but the PAN prepared in acid-free
water exhibits a strong peak at 1498 cm™', a relatively weak
peak at 1150cm™', and very weak additional peak at
1444 cm™" due to -N=N- stretching that serves as evidence
for its low conductivity.”™ There is no band at 1444 cm™" in

Chem. Eur. J. 2008, 14, 10309 -10317
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Polymerization the other three IR spectra of
media the PANs synthesized in acidic

1 media. The characteristic peaks
. 11 HNO, due to quinoid and benzenoid
'E 1M HCI ring deformations slightly shift
ﬁ 0.5MH, SO, to lower wavenumbers on

changing the polymerization
medium from H,O to H,SO, to
HCI to HNO; (Table 1). This
variation coincides with the in-
crease in electrical conductivity.
It seems that there is a close re-
lationship between the IR spec-
tra and highly m-conjugated
structures of the PANGs.

Wide-angle X-ray diffracto-
grams: The wide-angle X-ray
diffractograms in Figure 7 reveal that the PAN formed in
acid-free water has a different and more highly crystalline
structure compared to those prepared in acid media. The
three types of PAN particles synthesized in different acid
media are all almost amorphous and have similar X-ray dif-
fraction characteristics to one another, because the presence
of three bulky acid substituents on the imino groups de-
stroys the regular array of the polymer chains.”?” The similar
diffraction features suggest that different doping acids have
similar effects on the aggregated structure. The slight differ-
ences in diffraction intensity among the three peaks are at-
tributable to the different natures of the anions and the in-
teraction between the anions and the polymer chain. For in-
stance, Cl~ can form a hydrogen bond with an H atom in
the PAN backbone chain. Lower crystallinity is also due to
higher molecular weight, as was revealed by the more
strongly m-conjugated structure (Figure 5) and much higher
conductivity (Table 1). Apparently, the higher intensity of
the peak at a Bragg angle of 25.7° compared to that at 20.4°
can be taken as characteristic for a highly doped PAN.I'-%]
However, only PAN particles synthesized in pure water ex-
hibit the strongest and sharpest peak at a Bragg angle of
20.4°, which could be the characteristic of a slightly doped
PAN. This result is in good agreement with emeraldine salt
doped with acetic acid with lower dissociation constant.]
Two strong peaks centered at 25.7 and 20.4° may be ascribed
to periodicities perpendicular and parallel to the polymer
chains, respectively.””) The peak at 20.4° also represents the
characteristic interchain distance of PAN.*!

S

i

10 20 30 40 50 60 7
Bragg angle 24/ degree

Figure 7. X-ray diffraction pat-
terns for the PAN prepared in
four ~media with fixed
(NH,),S,0¢/monomer  molar
ratio of 1/1 at 15°C for 6 h.

Particle size and its distribution: Laser particle-size analysis
(LPA) and transmission electron microscopy (TEM) were
employed to analyze the polydispersity and observe the
morphology and size of the nanostructured PANs prepared
in various polymerization media. Figure 8 and 9a show the
size and size distribution for PAN particles synthesized in
HNO; at five different concentrations. The HNO; concen-
tration has a significant effect on particle size and polydis-
persity. The number-average diameter D, decreases with in-
creasing HNOj; concentration from 0 to 2M. In particular,
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Figure 8. Variation of the number-average diameter D, and polydispersity

index D,/D, of PAN particles (in pure water) synthesized in HNO; with

five different concentrations at 15°C with a monomer/(NH,),S,05 molar
ratio of 1/1 for 6 h, determined by laser particle-size analysis (LPA).
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Figure 9. Size distribution of the PAN nanosticks (in pure water) pre-
pared in HNO; medium at four concentrations (left) and four media
(right) with the same fixed (NH,),S,0g/aniline molar ratio of 1/1 at 15°C
for 6 h, determined by laser particle-size analysis (LPA).

the PAN particles prepared in 0.2-0.5M HNO; have the
smallest polydispersity index (PDI, defined as D,/D,, where
D,, is weight-average diameter) of 1.109, whereas the PAN
particles prepared in 2mM HNO; are the smallest with the a
D, value of 186 nm because the particles should be the most
highly doped in 2m HNO; (Figure 1), the most highly
charged, and thus the most self-stable.

The D, and D,/D, of PAN particles prepared in four
polymerization media (Figure 9b and Table 1) indicate that
the concentration and nature of the acid medium have a re-
markable effect. The PAN particles synthesized in H,SO,
are the smallest but the most widely distributed, while the
PAN particles obtained in HNOj; have the second smallest
D, and the second smallest D,/D,. Note that the PAN parti-
cles formed in acid-free pure water have the largest D, be-
cause of the absence of positively charged PAN chains from
acid (Scheme 1). Notably, the PAN particles produced in
HCI have the smallest D, /D, possibly due to the smallest
size of the CI™ anion, which is conversely confirmed by the
largest D, /D, when H,SO, with the largest anion is used as
acid medium. Obviously, the size distribution of PAN nano-
particles fabricated in HCI is extremely narrow and even
more uniform than that of an AN copolymer.'""! The pres-
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ence of the organic solvent CH;NO, in the polymerization
medium is not advantageous for formation of PAN nano-
structures because they have larger D, despite their lower
D./D, (Table 2). Note that the LPA data were statistically
treated by an equivalent-sphere model, and LPA is used
here mainly to reveal the size distribution of nanosticks with
relatively small aspect ratio. Therefore, exact morphology
and size of the nanosticks were determined by TEM.

The morphology of the PAN nanosticks fabricated in the
polymerization media of 2M HNO; and 0.5m H,SO, was ob-
served by TEM (Figure 10). Clearly, the particles look like
regular nanosticks with an average diameter of about 40 nm
and the length of about 300 nm or longer. The size deter-
mined by LPA is different from that by TEM because the
LPA data were statistically treated in terms of an equivalent

200 nm 166 nm

Figure 10. TEM images of PAN nanosticks synthesized in 0.5m H,SO,
(a—c) and 2mM HNO; (d-f) with a fixed (NH,),S,0O¢/monomer molar ratio
of 1/1 at 15°C for 6 h.
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sphere, whereas the PAN nanosticks have an anisotropic
shape. Therefore, the size of the PAN nanosticks revealed
by TEM is more reliable, but the size distribution (D,/D,)
revealed by LPA is still significant.

The PAN nanosticks have smooth surfaces without secon-
dary growth. Moreover, the TEM images were obtained on
PAN nanostick dispersions that had been stored for half a
year after preparation in a yield of up to 80.7 %. Apparently,
the PAN nanosticks synthesized in this investigation have
nearly uniform morphology, superior self-stability, high syn-
thetic yield, and thus potentially extensive applicability.

Why does the chemical oxidative polymerization of AN in
1-2m HNO; aqueous solution afford self-stable nanosticks
as products? A possible mechanism of nanostick formation
deviating from nanoparticle formation is proposed as fol-
lows: When mixed with the HNO; solution, AN is first pro-
tonated by HNO; to form HNO;-AN salt with hydrophilic/
hydrophobic and negatively/positively charged characteris-
tics at the same time. These amphiphilic charged salt could
self-assemble into sticklike micelles that act as soft tem-
plates for formation of nanosticks (Figure 11). In HNO; so-
lution of lower than 1M concentration, relatively more free
neutral ANs would diffuse into the HNO;-AN micelles, the
micelles would become thicker, and finally larger PAN
structures would form. On the contrary, when the HNO;
concentration (1-2Mm) is much higher than AN concentration
(0.1m), more ANs would be protonated, and fewer free neu-
tral ANs would be present in the reaction medium. As a
result, the number of neutral ANs inside the HNO;—AN mi-
celles is lower, and the micelles remain thin with high aspect
ratio, especially under vigorous stirring. On the dropwise ad-
dition of the oxidant solution, these sticklike micelles rapid-
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Figure 11. Possible formation mechanism of PAN nanosticks by chemical
oxidative polymerization of aniline in 1-2m HNO; aqueous solution with
(NH,),S,05 as oxidant at a fixed (NH,),S,Og/aniline molar ratio of 1/1 at
15°C for 6 h.
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ly react with the oxidant to produce positively charged PAN
nanosticks in aqueous HNO;.

Properties of the PAN particles

Bulk electrical conductivity: As shown in Figure 1, the bulk
electrical conductivity of the PAN particles increases first
and then decreases as the concentration of HNO; rises from
0 to 2.5m.[7 The maximum conductivity of 2.23 Scm™ is at-
tained in 2M HNOj; as polymerization medium, because the
PAN nanosticks obtained in 2M HNO; have maximal  con-
jugation. Although the doping level would probably be
higher in an acid medium of higher concentration than 2w,
the lower conductivity of PAN particles formed in 2.5m
HNO; can be attributed to the following reasons: 1) inter-
ruption of the long m-conjugated chains by the strong oxidiz-
ing power of highly concentrated HNO;; 2) possible changes
in PAN chain structure due to different polymerization
mechanisms, including side reactions in concentrated HNO;
as polymerization medium. For example, PANs obtained by
polymerization of AN in very concentrated acid include
some -N=N- besides C,,—N(H)—C,, linkages, and reactions
between AN and HNO; involving nitro substitution on
phenylene rings and even formation of amino/imino groups
are possible.

Moreover, the conductivity of the PAN particles gradually
rises on changing the acid medium in the order H,O<
H,SO, <HCI<HNO; (Table 1). The lowest conductivity of
the PAN particles formed in acid-free water must be ascri-
bed to the lowest doping level (Figure 1) and the presence
of a small amount of -N=N- linkages (Figure 6), while PAN
synthesized in 1M HNO; has the highest conductivity of up
to 1.53 Scm™' among the three kinds of PAN particles pre-
pared in acid media. In other words, the anionic groups in-
troduced during the polymerization in acid media have a
major influence on the conjugated structure and thus con-
ductivity. Adding CH;NO, to the HNO; medium leads to
PAN particles of lower conductivity (Table 2), and the con-
ductivity is much lower when FeCl; is used as oxidant rather
than (NH,),S,0s, that is, FeCl; is not a good oxidant for ob-
taining electrically conducting PAN particles.

It is important that the PAN nanosticks exhibit stable con-
ductivity. Figure 1 shows that PAN nanosticks stored for
480 d under air at room temperature have only slightly
lower conductivity than as-prepared PAN nanosticks, that is,
long-term stability of the conductivity is good. As shown in
Figure 12, the fact that the conductivity of two types of PAN
nanosticks hardly varies with thermal treatment time at
48°C implies excellent short-term stability of the conductivi-
ty. In other words, dedoping of the PAN nanosticks with
time in air from ambient temperature to 48°C is very slow.
This is due to strong interaction between the PAN chains
and HNO; dopant.

Stability of the PAN particles in pure water: The stability of

the dispersion of as-prepared PAN particles in water de-
pends on the polymerization medium. As shown in
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Figure 12. Influence of the heat-treatment time at 48°C on the bulk elec-
trical conductivity of the 480-day-old sample of PAN nanosticks synthe-
sized with a fixed (NH,),S,0¢/monomer molar ratio of 1/1 at 15°C for 6 h
at HNO; concentrations of 1 and 2™ and temperatures of 20°C and
46°C.

Figure 13, the three samples synthesized in 2, 1, and 0.5M
HNO; exhibit quite different stabilities after standing for
16 h at room temperature. The uniform dispersion of PAN

- .5M 0.5m
03} (HNO3 HNO HNO3
(= ' I“ )

Initial PAN dispersion After standing for 16 h

E] [ 2
3 3 \ { 3 é % ] Y

Initial PAN dispersion After standing for 10 h

Figure 13. Stability of aqueous dispersions of PAN nanosticks prepared in
HNO; medium with three concentrations (top) and three acidic media at
room temperature (bottom).

nanosticks synthesized in 2m HNO; appears to be stable for
several days without aggregation. Clearly, the higher acid
concentration is favorable for formation of a uniform disper-
sion of PAN particles with higher self-stability. This is fur-
ther evidence that PAN nanosticks with the smallest D, are
obtained in the most concentrated acid (Figure 8). Depend-
ence of stability on doping acid is also illustrated in
Figure 13. The aqueous dispersion of PAN nanosticks
formed in 1M HNO; has the highest stability after standing
for 10 h, and that formed in 0.5m H,SO, the lowest. These
difference in stability can be explained by the different re-
pulsive electrostatic interactions generated by the NO;~,
CI~, and SO/ anions that are introduced into the polymer
chains by the doping process. Adding electrolyte is another
way to influence the stability of the PAN dispersion and
confirm the applicability of the -electrostatic repulsion
theory to this case. The PAN nanosticks synthesized in 2m
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] HNQ3 were well disperseq in
; = distilled water at the optimal
. pH of 2.6 and in 1M NaCl so-
lution. However, the dispersion
- of PAN nanosticks in water is
still stable after standing for
20 h at 15°C, but the 1M NaCl
electrolyte remarkably lowers
the dispersion stability and then
accelerates precipitation of the
PAN nanosticks (Figure 14). Al-
though the PAN nanosticks
flocculate in 1M NaCl, the pre-
cipitated PAN nanosticks are still redispersible by ultrasonic
treatment for about 3 min.

Figure 14. Status of dispersions
of the same concentration of
PAN nanosticks in water at
pH2.6 (left) and 1m NaCl
(right) after standing for 20 h
at 15°C.

Nanocomposite films of PAN nanosticks in PVA matrix:
The electrical conductivity of nanocomposite films contain-
ing the PAN nanosticks first increases sharply and then
slowly with increasing content of PAN nanosticks
(Figure 15). The intersection of the two tangents gives the

qafc EE— @000

Log (electroconductivity / S cm'1)

0 1 2 3 4 5 99 100
PAN nanostick content / wt%

Figure 15. Effect of PAN nanostick content on the electrical conductivity
of PAN nanosticks/PVA nanocomposite films. The insets are the photo-
graphs of the nanocomposite films containing of 2, 3, and 5 wt % of PAN
nanosticks in PVA matrix.

critical concentration that can induce the percolation phe-
nomenon. The determined value of about 0.202 wt% is
comparable with that in the nanocomposite based on multi-
walled carbon nanotubes.’ In accordance with percolation
theory, when the content of PAN nanosticks exceeds the
percolation threshold, their state in the composite film un-
dergoes a transition from the isolated dispersed state to that
of contact and connectivity, and finally the conductive net-
work is formed. Accordingly, the nanocomposite film
changes from insulator to electrical semiconductor with
stable conducting structure. The electrical conductivity
reaches a value of up to 2.55x10™*Scm™' at a PAN nano-
stick content of 5wt %.! This implies that the PAN nano-
sticks are able to uniformly and stably disperse in viscous
polymer solutions or similar media for further practical ap-
plicability.?>*]
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Conclusion

Regular PAN nanosticks have been synthesized by facile
chemical oxidative polymerization in acidic aqueous media
in the absence of any external emulsifier or stabilizer. The
polymerization yield, size, polydispersity, morphology, stabil-
ity, and conductivity of the PAN nanosticks could be signifi-
cantly optimized by controlling the concentration and
nature of the acidic polymerization medium. The optimal
polymerization medium for the synthesis of the PAN nano-
sticks with diameter of about 40 nm, length of about
300 nm, high purity, and high and stable conductivity is an
ammonium persulfate/ AN molar ratio of 1/1 in 2m HNO; at
15°C for 6 h, which produces the highest polymerization
yield of 80.7%. Furthermore, the PAN nanosticks are ex-
pected to be more suitable for practical application due to
their low cost, high yield, facile synthesis, high intrinsic sta-
bility, and redispersibility even in viscous media.

Experimental Section

Reagents: Aniline (AN), ammonium persulfate, HNO;, HCI, H,SO,
BaCl,, N-methylpyrrolidone (NMP), and poly(vinyl alcohol) (PVA) were
of analytical reagent grade and used as received.

Synthesis of PAN nanosticks by chemical oxidative polymerization of
AN: A typical procedure for the preparation of nanostructured PAN in
2M HNO; as acidic polymerization medium follows (Scheme 1):[10-11:14.24]
Aqueous HNO; solution (2.0M, 80 mL) was added with AN (0.91 mL,
10 mmol) to a 250 mL glass flask in water bath at 15°C and the mixture
stirred vigorously for one hour. Ammonium persulfate (2.28 g, 10 mmol)
was dissolved separately in HNO; (2.0m, 20 mL) to prepare an oxidant
solution that was kept in the same water bath. The oxidant solution was
then added dropwise to the monomer solution at a rate of one drop
(60 uL) every 3 s at 15°C over about 30 min. Then the reaction mixture
was continuously stirred for 6 h in a water bath at 15°C. After the reac-
tion, the virgin HNOs-doped PAN salts formed were isolated from the re-
action mixture by centrifugation and washed with an excess of distilled
water to remove residual oxidant and water-soluble oligomers. Ultrasonic
dispersion, washing, and centrifugation were repeated three or four times
until no SO,~~ was detected by BaCl, solution. The purified dark green
precipitate was divided into two parts, one of which was dispersed in
water for direct solution measurements by UV/Vis, TEM, and laser parti-
cle-size analysis and direct application for nanocomposite film prepara-
tion, and the other left to dry under an infrared lamp at 40°C for one
week for determination of the polymerization yield and FTIR and XRD
measurements.

Preparation of the nanocomposite film: The PAN nanosticks were pre-
pared with a fixed (NH,),S,0O¢/monomer molar ratio of 1/1 in 2m HNO;
at 15°C for 6 h. Aqueous dispersions of PAN nanosticks (2.5 mL) of dif-
ferent contents were well mixed with an equal volume of 4% aqueous
PVA solution (1 g in 25 mL water) by ultrasonically dispersing for 2.0 h
to prepare several groups of composite solutions. Then the composite so-
lution was cast onto a polytetrafluoroethylene plate. After drying in an
oven at 35°C for 24 h, the 10-20 pm-thick film was peeled off the sub-
strate to form a free-standing film for performance evaluation.

Measurements: IR spectra were recorded on KBr pellets on a Nicolet
Magna 550 FTIR spectrometer at 2 cm ™ resolution. The UV/Vis spectra
of PAN particle dispersions in water and PAN solution in NMP were ob-
tained on a Lambda 35 UV/Vis spectrophotometer (Perkin-Elmer In-
struments) in the wavelength range of 190-900 nm at a scanning rate of
400 nmmin~'. Wide-angle X-ray diffractograms were obtained by using a
D/max 2550 model X-ray diffractometer with Cuyg, radiation over a 260
range from 5 to 70°. The size and size distribution of the as-prepared
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PAN particles in water were analyzed on a Beckman Coulter LS230 laser
particle-size analyzer. The size and morphology of the particles were fur-
ther observed by a Hitachi model H600 transmission electron micro-
scope. The bulk electrical conductivities of the PAN pellets and nano-
composite films were calculated by measuring the resistance and thick-
ness of the pellets or films between two round-disk stainless steel electro-
des with a diameter of 1 cm with a multimeter and a thickness gauge at
20°C, respectively. The relative error for various measurements is less
than 5%
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