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ABSTRACT: Polypyrrole (PPy) nanowire networks have been synthesized in high yield (higher than 90%) by
chemical oxidative polymerization of pyrrole in the presence of hexadecyltrimethylammonium bromide (HTAB)
and organic diacids (oxalic acid, tartaric acid, or glutaric acid) and triacid (citric acid). The diameter of nanowire

is 60—90 nm. The influence of reaction conditions, such as polymerization temperature, polymerization time,
and the molar ratios of HTAB to organic acids and pyrrole, on the morphologies of the PPy nanowire networks
has been systematically investigated. In addition, the interconnected PPy nanoparticles are prepared without using
HTAB. The film of PPy nanowire networks and nanoparticles is superhydrophilic. A plausible formation mechanism

of PPy nanowire networks is discussed.

Introduction et al. reported that the wettability of PPy film could switch from

Micro/nanostructured conductive polymers have attracted SUP€rhydrophobic to superhydrophilic by changing the electrical
growing attention due to their potential applications in sefsor, Potential. They suggested that the porous structure with rough-
biomedicine, actuators etc. In particular, polypyrrole (PPy) €SS on both coarse and fine scales played an important role in
has been studied in great detail because of its good electricaiachieving superhydrophobicity or superhydrophilicity-dow-
conductivity, redox properties, and environmental stability. Up €Ver. as far as we know, the study on the wettability of PPy
to now, nanostructured PPy with various morphologies have with pnlform nanostructures has seldqm been reported. We have
been synthesized, assembled, and characterized. For instanceBréviously developed a general chemical route to prepare three-
PPy nanofibers have been prepared by using the solid templatédimensional PANI nanowire networks with high yields, uniform
method and seeding approddRPy micro/nanotubes have been diameters by using both organic diacids (oxalic acid) and
fabricated by template or template-free methd@ubmicro- cationic surfactgnt (hexadecyltr.lmethylammonlium bromide
scopic tubes of PPy with junctions and dendrites have been(HTAB)).*" Herein superhydrophilic PPy nanowire networks
prepared via self-assemi\Core-shell particles with the shell ~ Were successfully synthesized with high yields (higher than
of PPy have been reporté®Py nanowires, microcontainers, 20%) by émploying a similar route with organic diacids (oxalic
and networks have been synthesized by electrochemical meth-&c€id, tartaric acid, or glutaric acid) or triacid (citric acid) and
ods® and individually addressable PPy nanowires were fabri- HTAB.
cated by electrochemical meth&dh addition, nanostructured
PPy have been fabricated on diverse substrates’ surfaces b
various approaché$. Recently, PPy nanowires have been  Materials. The pyrrole monomer was purified by distillation.
reported to be prepared by using the cationic surfactant HTAB, oxalic acid dehydrate (OX), tartaric acid (TA), citric acid
(cetyltrimethylammonium bromide (CTAB)) under neutral hydrate (Cl), glutaric acid (GL), ammonium persulfate (()45,Os,
aqueous or 1.0 M hydrochloric acid (HCI) conditiotig? APS), and methanol were of analytical grade and used as received.
Additionally, high yield of PPy has been prepared (nonfibrillar) Preparation of PPy Nanowire Networks.Under stirring, HTAB
by using anionic surfactad®.However, the method of synthe-  (1.82 g, 0.005 mol), one of the organic acids (OX, 0.63 g, 0.005
sizing PPy nanowires with high yield and uniform diameter is Mol; TA, 1.10 g, 0.0075 mol; CI, 1.70 g, 0.008 mol; or GL, 1.45
still in need of exploration. g, 0.011 mol), and pyrrole (0.55 mL, 0.008 mol) were dissolved in

The surface wettability is a very important property to the 22C ML of deionized water at about & for 3 h. An aqueous

lid terial di h I lationshio to b thsolution of APS (20 mL, 0.008 mol; the molar ratio of APS to
Solid materials and In generaj has a close relationship to bo pyrrole, 1:1) was added into above solution in one portion. The

the SL_Jrface_free energy and the surface ge_ometrlc structureaaction was allowed to proceedrfd h atabout 15°C under
Materials with superhydrophobic surface (with water contact stjrring. The resulting product was washed with deionized water
angle (CA) larger than 18)or superhydrophilic surface (with  and methanol repeatedly and then centrifuged at 5000 rpm for 10
water CA lower than 9 have been extensively investigated min. Finally, the product was dried in a vacuum oven af@or
due to both fundamental research and practical applicatfons. 24 h. The yields of PPy were 0.67, 0.72, 0.77, and 0.70 g,
The wettability of PPy has similarly been studied. Mecerreyes respectively.
et al. reported that CA of PPy doped with various amount of ~ Characterization. Samples of PPy for characterization of field-
fluorinated counterion changed from°1® 96°.15 Recently, Xu emission scanning electron microscopy (FESEM, JSM-6700 F) and
transmission electron microscopy (TEM, JEM 3010, JEOL) were
t Hunan Universi prepared by first redispersing the collected product with deionized
ty. : -
#Hunan City University. water. The electrical conductivity was measure_d _under laboratory
§ Beijing University of Chemical Technology. conditions by a four-probe method with a 2400 digital source meter
* Corresponding author: E-mail: wbzhong@hnu.cn. (Keithley) as a current source and a 6517 A high resistant meter

)Experimental Section

10.1021/ma0525076 CCC: $33.50 © 2006 American Chemical Society

Published on Web 04/06/2006
ublished on We CDV



Macromolecules, Vol. 39, No. 9, 2006 Superhydrophilic Polypyrrole Nanowire Network8225

(Keithley) as a dc voltage meter. Fourier transform infrared spectra doped by OX, TA, ClI, or GL, respectively. And then it can
(FT-IR) were obtained from Nicolet NEXUS 670. Water CAs was calculate that the conversions of pyrrole monomers in these

detected by contact angle system (OCAZ20, Dataphysics). The systems are about 96%, 92%, 90%, and 93%, respectively.
elemental analysis of O and N was measured by TC-436 (Leco),

and C and S were measured by CS-4444 (Leco). To further understand the system of forming PPy nanowire
networks, the influences of the recipe, i.e., molar ratios of
Results and Discussion pyrrole to organic diacids (or triacid) and HTAB (the concentra-

tion of HTAB is 0.02 M), on the morphologies of PPy networks
are systematically investigated. The results are briefly sum-
marized as follows. (1) If HTAB is not used in the reaction

The morphologies of PPy prepared with different organic
diacids and triacid are shown in Figure 1, which reveals that

they are all nanowires and packed in rough porous structures. . .
Additionally, it is difficult to find individual and/or monolayer  S°lution, all products of PPy prepared with OX, TA, CI, or GL
are all nanopatrticles with diameter of 20800 nm. From the

nanowires in FESEM images. The low-magnification FESEM images of FESEM and TEM (Figure 4). it can be found that

images (Figure 1a,c,e,g) show that these uniform nanowires can

be fabricated in a large area for all resulting products obtained Fhese particles are linked and packed together. Furthermore, the

from different systems images reveal that the surfaces of PPy samples also possess
The TEM images of PPy synthesized with different organic rough and extended porous structures. (2) When the molar ratio
diacids and triacid are shown in Figure 2. Here individual PPy ?f (H:;I'ABdto OXland plyl_rl_rXIBe t(HgﬁB t%TA anld pyr[)olf, HTAEl.
nanowire is difficult to be found, but instead, numerous PPy 005 a(r; l_rjl){g%e’l(_){ 5:0.9 Od 1'?2'3%'”;‘?63"31 N \(ljvele? 6'.3.5'
nanowires are packed compactly. Moreover, they are linked .1.azn2.1.2. .d (12 225 ‘;TD B .tv.v.kan .b;[ ; d
together via some “cross-linking points” (pointed out in Figure or 1:2.2:1.2 and 1:2.2:2.5), PPy nanowire ne Works are obtained.
2 images) to form three-dimensional porous networks but not (3) It can be found that the PPy prepared with organic diacids
just packed structures. From Figures 1 and 2, it can be found and triacid are particles when the molar ratio of pyrrole to HTAB

: : lower than 0.5 or higher than 5.0. (4) When the molar ratio
that PPy nanowires are not formed in the same plane, so not al® S
the “cross-linking points” of the nanowires can be clearly of OX (TA, ClI, and GL) to HTAB is higher than about 3.6

observed. Additionally, since the nanowires are packed densely,(3'4.’ 3.4, and 3.1), the morphology of PP_y_ transform_s in_to
only those ones existing on the fringe can be clearly observed particles, too. From the above data, the conditions of fabricating

by TEM. The PPy nanowires prepared with different organic Z’_Py na_now:re r|1etw_o|_rks are S"T‘"af to th???_r?f fOFming ttt]ree-
diacids and triacid are uniform and almost have the sameI 'mean'ogadpo ):jankl]me nanOV\rlllre_net\ggr S us,_lt can be K
diameter, 68-90 nm, which is smaller than that of polyaniline ogically deduced that to synthesize y hanowire networks,

nanowires synthesized by employing a similar rélbert a little thed optim:Jm rr]noll?jrbratio of ;'EAElt% lel (ET?,GCIly'?anl%L) q
higher than that of PPy nanofibers (280 nm) reported by Wu and pyrrole should be around 1.L:1. (1:1.5:1.6, 1:1.6:1.6, an
and co-workerd? The conductivity of the PPy nanowire 1:2'2:1_'6)' In addition, the EffeiCt of temperature on t_he mor-
networks prepared with OX (the molar ratio of HTAB to OX phologies of PPy prepared with OX is examined. Figure 5a
and pyrrole, 1:1:1.6), TA (the molar ratio of HTAB to TA and reveals that the PPy nanowires consist of nanoparticles when
pyrrole, 1:1.5:1.6), CI (the molar ratio of HTAB to Cl and PY/ole is polymerized at 30C, while the PPy nanowires, as
pyrrole, 1:1.6:1.6), and GL (the molar ratio of HTAB to CI showed in Figure 5b, are short in length when the polymerization
and py’rrole 1:2.2’:1.6) is about 0.27. 0.09. 0.07. and 0.01 s ©f pyrrole is carried out at OC. This result suggests that it

cm1, respectively. The difference of conductivity is probably should be not appropriate to form well-defined PPy nanowire
assigned to the acidity of the organic acids. networks at 0°C with the system. The above two results are

The FT-IR spectra of PPy nanowire networks prepared with probably a_lssigned to the influence Of. temperature on the
different organic diacids and triacids reveal that their charac- mq(;|;>holog|/es of lthe formed m'che”.esﬂ’ which cfonsllst of organic
teristic peaks are almost the same. The characteristic peaks of*®! HTAB/pyrrole. Moreover, the influence of polymerization
PPy at the wavenumbers of about 1560 and 1480'are due time on the formed morphologies a'?d yields of PPy. nanowire
to the fundamental stretching vibration of pyrrole rid§&ands networks are bnefly gva!uated. Durmg the polymerlzatlon_ of
at about 1200 and 920 crhare assigned to the stretching pyrrole, APS solution is directly added into the mixture solution

vibration of doped PPy. Bands at about 1050 and 1319'cm of HTA,B’ OX, and pyrrole (0.005, 0.005, and 0.008 mol,
are attributed to the €H deformation vibrations and €N respectively) at about 15C. It can be found that the above

stretching vibration&® respectively. The new peak at about 1690 mixture so!ution turns into black rapidly. The mixtgre solution
cm ! is assigned to the €0 stretching vibration of the is kept stirred and reacted fpr another 30 min ar}d. then
carboxylic groupsP The result shows that PPy may be doped centrifuged at 5000 rpm fqr 5 min. After'that, black precipitates
by OX, TA, CI, and GL. To understand the chemical composi- of PRy and colorless solutions are thamed. When the color'less
tions of the PPy nanowires, the energy dispersion spectrometerSOIUt"m_'S separated and added with APS, there is no obvious
(attachment to the transmission electron microscope) was used¢1ange in appearance. It suggests that pyrrole monomer should
Itis found that Br (belonging to HTAB) does not exist in those ~Nave been completely polymerized within 30 min. In other
PPy nanowires prepared with OX, TA, ClI, and GL. The result wor_ds, the p(_)lymerlzatlon yield of I_3Py should be high in this

is similar to that reported by Zha§Whereafter, the elemental  P€riod. Additionally, the morphologies of PPy prepared for 30
analysis is used to determine the elemental composition of the Min are almost the same as those for 4 h. These results indicate
PPy nanowires. The result reveals a composition (mass percentth@t the PPy nanowire networks could be prepared in a high
prepared with OX, TA, Cl, and GL) [C] 59.01, 56.30, 56.45, Yield in just a short period (30 min).

60.48; [0] 18.41, 22.30, 24.13, 17.07; [N] 15.85, 14.12,12.93, To examine the wettability of prepared PPy nanowire
14.75; [S] 3.01, 3.26, 2.69, 3.21, respectively. Then the chemi- networks and nanoparticles, the film samples of PPy are
cal composition of those PPy nanowires should be (pyrrole) prepared. The PPy was redispersed and deposited on glass
(SO0)0.0840X)0.17  (pyrrolel(SOu)o.10(TA)0.163 (pyrrole)- wafers (used as substrate) first and then dried in a vacuum oven
(SO)0.091(Cl)o.183, and (pyrrole)(SQu)o.00d GL)o.157 respectively. at 40°C for 24 h. It can be found that the water droplets spread
In this way, the result further proves that PPy should have beenrapidly over the PPy films’ surfaces as soon as they contacéB{e/
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Figure 1. FESEM images of PPy nanowires prepared at@%low-magnification images a, c, e, g and high-magnification images b, d, f, h): (a,
b) prepared with HTAB, OX, and pyrrole, 0.005, 0.005, and 0.008 mol, respectively; (c, d) prepared with HTAB, TA, and pyrrole, 0.005, 0.0075,
and 0.008 mol, respectively; (e, f) prepared with HTAB, Cl, and pyrrole, 0.005, 0.008, and 0.008 mol, respectively; (g, h) prepared with HTAB,
GL, and pyrrole, 0.005, 0.011, and 0.008 mol, respectively. cDV
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Figure 2. TEM images of PPy nanowires: (a) prepared with HTAB, OX, and pyrrole, 0.005, 0.005, and 0.008 mol, respectively; (b) prepared with
HTAB, TA, and pyrrole, 0.005, 0.0075, and 0.008 mol, respectively; (c) prepared with HTAB, CI, and pyrrole, 0.005, 0.008, and 0.008 mol,
respectively; (d) prepared with HTAB, GL, and pyrrole, 0.005, 0.011, and 0.008 mol, respectively.

both hydrophilicity of hydrophilic materials and hydrophobicity
d of hydrophobic one&?! Therefore, here the film of PPy
nanowire networks and nanoparticles can be obtained with
superhydrophilicity. The resulting surfaces of the prepared PPy
b films, no matter made of nanowire networks or nanoparticles,
are both rough with porous loose structures (Figures 1 and 4),
in which there are numerous nanoscale reservoirs. With these
structures, it is thought that the hydrophilic nanowires or
nanoparticles absorb water into these reservoirs as soon as the
water droplets contact the prepared PPy films. As the result,
water droplets are pushed to spread over the surfaces rapidly,
and the surfaces show the superhydrophilicity.
3000 2500 2000 1500 1000 500 In our previous work, we have synthesized three-dimensional
Wavenumbers (cm™') polyaniline nanowire networks via using organic diacids. It is
Figure 3. FT-IR spectra of PPy nanowire networks prepared with found the,‘t a kind of Wh'te preCIpltgte with a network-like
different organic diacids: (a) OX, (b) TA, (c) Cl, and (d) GL. structure is produced without APS. This structure used as “soft”
templates can be elongated and form a three-dimensional
films. All PPy films show superhydrophilicity with CA close  polyaniline nanowire network’ Here the morphology of PPy
to 0°. As we know, wettability of solid surface is governed by nanowire networks is similar to that of three-dimensional
both the chemical composition and physical properties. The polyaniline nanowire networks prepared with organic diacids.
wettability of doped PPy also depends on the types of used Moreover, when the PPy nanowire networks are prepared
dopants'62°For instance, PPy doped with a fluorinated dopant without APS, a kind of white precipitate is found, too. Therefore,
is well hydrophobid? In the present work, the neutral (dedoped) the formation mechanism of PPy nanowire networks may
PPy is slightly hydrophilic for containing the pyrrole moiety. resemble that of the three-dimensional polyaniline nanowire
Besides, the dopants (organic diacids and triacid) of PPy may networks. It may have a bit of difference from the formation
be hydrophilic. Moreover, the prepared PPy is nanowires or mechanism of PPy nanowires reported by some literature. Wu
nanopaticles. As mentioned above, surface roughness enhanceasnd co-workers have reported that the viscosity of reac(t:iBr{/

Absorbance
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Figure 4. FESEM and TEM images of PPy nanoparticles (low-magnification FESEM images a, c, e, g; high-magnification FESEM images b, d,
f, h; TEM images i, j): (a, b, i) prepared with OX and pyrrole, 0.005 and 0.008 mol, respectively; (c, d, j) prepared with TA and pyrrole, 0.0075
and 0.008 mol, respectively; (e, f) prepared with Cl and pyrrole, 0.008 and 0.008 mol, respectively; (g, h) prepared with GL and pyrrole, 0.011 and
0.008 mol, respectively. cDV
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Figure 5. FESEM and TEM images of PPy nanostructures. PPy nanowires showed in FESEM images were prepared with HTAB, OX, and
pyrrole, 0.005, 0.005, and 0.008 mol, respectively: (aj@Q(b) 0°C; (c) TEM images of PPy nanowires prepared with HTAB, ethanoic acid, and
pyrrole, 0.005, 0.012, and 0.008 mol at %5; (d) TEM images of PPy nanowires prepared with HTAB and pyrrole, 0.005 and 0.008 mol (without
acid), at 15°C.

mixture played a key role in the evolution of fibrillar morphol-  polymerized with HTAB but without any acid, it can be easily
ogy in the system of HCI, CTAB, and pyrrole. They found that found that monolayer small-area PPy nanowires with the
the viscosity of a 1.0 M HCI aqueous solution with CTAB diameter of about 76110 nm are linked (Figure 5d), too. The
increased dramatically when pyrrole was adéfedhang et al. result is similar to those in the literatu¥el® From the above
have reported that a white flocculent precipitate appeared results and literatur€;12:19it is suggested that PPy nanowires
immediately when APS was added into the solution of CTAB could be synthesized with HTAB and pyrrole with/without acid.
and pyrrole. The yielding of white precipitate (lamellar meso- Namely, the acid should not be a prerequisite for preparing PPy
structural (CTAYS,Og precipitate) was a key step for the nanowires with the system. Since organic diacids and triacid
formation of PPy one-dimensional nanostructtiréu and co- have two or three carboxyl groups, they may improve micelles
workers have reported the spherical micelles of CTAB mol- to link with each other. The micelles are made of cationic
ecules transformed into rodlike micelles when the molar ratios surfactant, HTAB and pyrrole. Therefore, organic diacids and
of 1,3-diphenyl-2-pyrazoline to CTAB were higher thaf?2n triacid would drive HTAB micelles with pyrrole to aggregate
the present work, the experimental evidence reveals that PPywith each other and form the networks of micelles by the
nanoparticles are interconnected without HTAB. The results interactions of hydrogen bonding and/or static charge (electro-
suggest that organic diacids and triacid should have influence static force). Thus, when APS is added into the reaction mixture,
on the interconnection of PPy, too. To further understand the the networks could be elongated and form PPy nanowire
effect of organic diacids and triacid on forming the PPy networks!223

nanowire networks, the organic diacids and triacid were replaced )

with ethanoic acid to prepare PPy under the same conditionsConclusion

(HTAB and pyrrole, 0.005 and 0.008 mol, respectively; at about PPy nanowire networks were synthesized in high yield (higher
15°C). The TEM images of PPy synthesized with ethanoic acid, than 90%) by using HTAB as emulsifier, organic diacids (oxalic
HTAB, and pyrrole are shown in Figure 5c. It can be observed acid, tartaric acid, glutaric acid), or triacid (citric acid) as dopants
that PPy nanowires with the diameter of about-600 nm are and via the route of chemical polymerization of pyrrole. It is
linked, too. But it is easy to observe the monolayer PPy found that organic diacids and triacid may improve intercon-
nanowires. Namely, the cross-linking structure of PPy nanowires nections of nanostructured PPy. To synthesize well-defined PPy
prepared with ethanoic acid should be lower than that preparednanowire networks, the optimum molar ratio of HTAB to oxalic
with organic diacids and triacid. Additionally, when pyrrole is acid (tartaric acid, citric acid, glutaric acid) and pyrrole is aroutjﬂgv
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1:1:1.6 (1:1.5:1.6, 1:1.6:1.6 and 1:2.2:1.6). Simultaneously, the
film of PPy nanowire networks and nanoparticles is superhy-
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Ménch, |.; Stamm, MAAngew. Chem., Int. EQR005 44, 6391. (c)
Pike, A. R.; Patole, S. N.; Murray, N. C.; llyas, T.; Connolly, B. A,;
Horrocks, B. R.; Houlton, AAdv. Mater. 2003 15, 254.

drophilic. This simple, wide, rapid, and repeatable approach for (11) Zhang, X.; Zhang, J.; Liu, Z.; Robinson, Chem. Commur2004

preparing superhydrophilic PPy nanowire networks is thought
of as a good application in the foreground.
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