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ABSTRACT: A single molecular approach has been developed to selectively template polyaniline nanomaterials
via interfacial and emulsion polymerization routes to control the nanomaterials shape, size, solubility, solid state
ordering, and expanded polymer chain to coil-like conformation. A new amphiphilic azobenzenesulfonic acid
dopant was designed and developed from renewable resource cardanol which exists in the form of 4.3 nm spherical
micelles in water. The amphiphilic micelles selectively undergo spherical or cylindrical aggregation with ammonium
persulfate (APS) and aniline in water at ambient conditions. In the interfacial route, aniline molecules diffuse
through the interface and get oxidized by the dopak®S spherical pre-aggregates to produce polyaniline
nanospheres of 400 nm in diameter. The oxidations of dopant-aniline cylindrical micelles by APS in the emulsion
route produce polyaniline nanofibers of 5200 nm diameters with length up to-8 M. The mechanistic
aspects of the polyaniline nanomaterials formation was investigated by dynamic light scattering to trace the factors
which control the morphology of the resultant materials. The aniline/dopant ratio was varied from 100 to 450 to
study the effect of reactants composition on the morphology and mechanism of the nanomaterials formation. The
presence of hydrophobic tail in the amphiphilic dopant increases the solubility of nanospheres and nanofibers in
water as well as organic solvents such as chloroferiytanol, chlorobenzene, xylene, amecresol, etc. The
absorbance spectra of the nanospheres showed a free carrier tail above 950 nm in the near IR region for the
delocalization of electrons in the polaron band corresponding to expanded conformation of polyaniline chains
whereas the polyaniline nanofibers showed a peak characteristics -a8380hm with respect to more coiled-

like conformation. The solvent dependent absorption studies revealed that the conformations of the polymer
nanomaterials are less influenced by the solvent in which they were suspended. WXRD patterns of nanofibers
showed a peak at®2= 6.4° (d-spacing= 13.6 A) for polyaniline chain due to the effective inter-digitations of
dopant molecules in the polyaniline crystalline domain. The expanded conformation of polymer chains enhances
the solid state ordering of the nanospheres and a new intense pek-a.05 (d-spacing 14.3 A) is observed,

which is absent in the case of nanofibers.

Introduction micelles for the successful growth of polyaniline nanofilFéss.
External surfactants such as alkyltrimethylammonium bromide
or sodium dodecylbenzenesulfonate were utilized to form
emulsion template for assisting dopants such as inorganic
mineral acids and sulfonic acid%.32 However, the removal of

Nanostructured polyaniline materials have attained wide
interest for new applications in chemitdl and biological
sensorg;® energy conversion and storage devitesand

microelectronick 13 etc. Approaches such as “hard and soft” : A S
templated419 interfacial2®-23 rapid mixing2* electrochemi- these surfactant molecules during the purification step signifi-

cal1325seeding® oligomer assiste® and dilute polymerization ~ ¢&ntly influence on the properties of the end nanomaterials such
technique¥ have been reported for the development of one and @S Solubility, conductivity and processability. Kaner and co-
three (1D and 3D) dimensional polyaniline nanomaterials. Workers developed an interfacial polymerization route for
Among these approaches, emulsion and interfacial polymeri- Polyaniline nanofibef®2*and in this route the polymerization
zation techniques have attracted considerable interest owing toS Performed in an immiscible aqueous/organic two-phase
the simple procedures and also formation of high purity System. The polymerization occurs at the interface and the
nanomateriald3 In the emulsion polymerization technique, the ~resultant polyaniline in its hydrophilic emeraldine salt form
dopant acts as emulsifier for aniline in water to form micelles diffuses away from the reactive interface which makes more
in water to produce nanostructured polyaniline materials. The reaction sites available at the interf&éelhe interfacial route
synthesis of polyaniline nanofibers in the emulsion route was is mostly restricted to<1 g scale (also low yield) due to the
found highly susceptible to the dopant/aniline ratio in the feed difficulty in controlling the diffusion process at the interfaces
and good homogeneous nanofibers were produced only forfor large scale synthesis of polyaniline nanomateflsterest-
selective compositior®. The reason for the inhomogeneity in  ingly, the nanofibers produced through interfacial route were
the nanofiber formation was rationalized to the poor micelles thin (<100 nm), free from agglomerates and easily dispersible
formation in water, and it was understood that the structural in water compared to other synthetic routésThe idea of
design of the sulfonic acid is crucial in the stabilization of utilizing a single molecular dopant system in both emulsion and
interfacial routes to trace the factors which control the morphol-

* Corresponding author. E-mail: jayakannan18@yahoo.co.in, Fax: 0091- ogy of the nanoma.lterials is cru.c'ial and importgnt for funda-
471-2491712. mental understanding of polyaniline nanomaterials. However,
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the efforts to investigate these two well-known polymerization resistivity of the samples was measured at five different positions
routes in a single dopant system is not explored because of theand at least two pellets were measured for each sample: the average
poor micellar formation by interfacial-loving dopants (freely ~©of 10 readings was used for conductivity calculations. The thermal
soluble in water) in the emulsion route and vice versa. stability of the polymers was determined using TGA-50 Shimadzu

Recently we have reported a renewable resource strategy for1€rmogravimetric analyzer at a heating rate of I'min in
- h . nitrogen. Uv-vis spectra of the PANI in water were recorded using
polyaniline nanomaterials based on a raw material, cardanol

A - . 'Perkin-Elmer Lambda-35 U¥vis spectrophotometer.
which is an industrial waste and pollutant from the cashew nut Interfacial Route for Polyaniline Nanomaterials. The synthesis
industry33:34 A new amphiphilic molecule, 4-[4-hydroxy-2Z)- Y : Y

. ’ f polyaniline is described in detail faP-1-100 and other two
pentadec-8-enyl)phenylazo]benzenesulfonic acid, was develope amples were prepared following the same procedure. The dopant

from cardanol and employed as a dopant to produce polyaniline 1 (0.053 g, 0.11 mmol) and ammonium persulfate (2.5 g, 11.00
microspheres, dendritic nanofibers, linear nanofibers, and nano-mmol) were dissolved in doubly distilled water (30 mL) in a 50
tubes via self-assembly approa€li* The amphiphilic molecule  mL glass vial. In a separate glass vial distilled aniline (1 mL, 1.02
has an inbuilt head to tail geometry to form stable micelles of g, 11.00 mmol aniline/dopant 100) was dissolved in dichlo-
4.3 nm diameters in water and potential dual amphiphilic romethane. To the dichloromethane solution, dopant plus oxidant
sulfonic acid derivative for emulsion and interfacial routes. Here, in water was carefully added without disturbing the interface. The

the unique amphiphilic character of the dopant molecule was Intérfacial polymerization was allowed to stand at"®for 15h
utilized to selectively template the interfacial and emulsion Without disturbing. Then the polyaniline solid mass was formed in
routes (a single molecular approach) to tune the size shapethe aqueous phase which was centrifuged, washed with distilled

. i / S ~“~water and methanol for several times until the filtrate become
solid state ordering and expanded chain to coil-like conformation ;orless. The solid product was dried in a vacuum oven &G0

of polyaniline nanomaterials. Dynamic light scattering (DLS) for 48 h (0.01 mmHg). Yield= 0.36 g (35%). FT-IR (in cmb):
experiments were performed for the polymerization mixtures 3015.8, 1563.5, 1484.3, 1301.2, 1248.8, 1151.4, 1106.3, 1027.9,
to trace the templating behavior of the dopant molecule. DLS 812.7, 707.4, and 618.4.

studies revealed that the dopant micelles form selectively Emulsion Route for Polyaniline Nanomaterials. Typical
spherical or cylindrical aggregates with ammonium persulfate procedure for the synthesis of polyaniline nanofiber is described
or aniline in water, respectively. The spherical aggregates inducein detail for P-E-100 and other two samples were prepared
the formation of nanospheres (interfacial route) whereas the following the same procedure. The dopan0.053 g,0.11 mmol)
cylindrical aggregates lead to the formation of nanofibers Was dissolved in doubly distilled water (20 mL) and stirred under
(emulsion route). The morphologies of the nanomaterials were Yltrasonic fo 1 h at 30°C. Distilled aniline (1 mL, 1.02 g, 11.00
characterized by SEM and TEM and the size distribution of MMol aniline/dopant= 100) was added to the dopant solution and
the spheres were determined by particle size analyzer. Thestlrred under ultrasonic for additiona h at 30°C. At the end of

. - . . the stirring, the formation of pale yellow emulsion was noticed.
absorption spectroscopy and X-ray diffraction studies revealed A, monium per sulfate (1.1 M solution) was added atGand

that the nanospheres produced by the interfacial route is highly siirred under ultrasonic fol h at 5°C. The resultant green color
ordered with expanded chain conformation compared to the content was allowed to stand at6 for 15 h without disturbing in
nanofibers produced by the same dopant via emulsion route.a refrigerator. The solid mass was filtered, washed with distilled
The amphiphilic nature of dopant enhances the solubility of the water, methanol and diethyl ether for several times until the filtrate
nanospheres (also fibers) and they can be dispersed in variou®ecome colorless. The solid product was dried in a vacuum oven
solvents like water, alcohol, chloroform, chlorobenzene, at 60°C for 48 h (0.01 mm of Hg). Yiela= 0.80 g (76%). FT-IR

’ 825, 705.9, and 628.7.
Experimental Section P-1-300, P-1-450, P-E-30Q and P-E-450 were prepared by

varying aniline/dopant ratio as 300 and 450 mol by following the
above procedure. The composition, yield, elemental analysis data
(SN ratio) were summarized in Table 1.

Materials. Aniline, ammonium per sulfate (APS), sulfanilic acid,
hydrochloric acid, and sodium hydroxide were purchased locally
and purified. Cardanol was purified by double vacuum distillation
at 3-4 mm of Hg and the fraction distilled at 22@35 °C was
collected®® The dopant molecule was synthesized by following the
reported procedures and purified by silica gel column chromatog-  The amphiphilic dopant molecule, 4-[4-hydroxy-Z){pen-
raphy?3:34 tadec-8-enyl)phenylazo]benzenesulfonic acid (dophnsee

Measurements.For SEM measurements, polymer samples were Figyre 1) was synthesized from renewable resource cardanol
subjected for thin gold coating using JEOL JFC-1200 fine coater. 4 reported earlié®34 The dopantl has unique built-in

The probing side was inserted into JEOL JSM-5600 LV scanning amphiphilic design consisting of hydrophilic sulfonic acid as

electron microscope for taking photographs. Transmission electron . o
microscope images were recorded using a Hitachi H-600 instrumentPClar héad and long alkyl chain as hydrophobic tail and forms

at 75 kV. For TEM measurements, the water suspension of Micelles in water at ambient conditions. The polyaniline

nanomaterials were prepared under ultrasonic and deposited orl@nomaterials were prepared by two different polymerization
Formvar coated copper grid. Wide-angle X-ray diffractions of the approaches namely, interfacial polymerization and emulsion
finely powdered polymer samples were recorded by Philips polymerization method. Interfacial polymerization is performed

Analytical diffractometer using Cu K-alpha emission. For dynamic in an agueous/organic two phase system with aniline dissolved
light scattering (DLS) measurements, we used a Nano ZS Malvernin dichloromethane as solvent and ammonium peroxydisulfate
instrument employig a 4 mW He-Ne laser { = 632.8 nm) and dopant were dissolved in an aqueous solution. The polyaniline
equipped with a thermo stated sample chamber. Particle S'Zesamples were prepared by varying the aniline/dopant ratio in

distributions of nanospheres were measured using laser light - .
' ' A the feed as 100, 300, and 450 (in moles), respectively. The
scattering method using Malvern Zeta Sizer instruments. Infrared polymer were denoted #-1-X (P-1-100, P-1-300, and P-I-

spectra of the polymers were recorded using a Perkin-Elmer, . . .
spectrum one FTIR spectrophotometer in the range 4@00 crm™. 450, wherel and X refer to the interfacial route and ratio of

For conductivity measurements, the polymer samples were pressedniline/dopant in the feed, respectively. Ammonium per sulfate
into a 10 mm diameter disk and analyzed using a four probe and dopant-1 were dissolved in water and immediately trans-
conductivity instrument by applying a constant current. The ferred to a vial containing aniline in dichloromethane. It is

Results and Discussion
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Table 1. Composition of Aniline/dopant, Conductivity, Dimensions and WXRD Data of Polyaniline Nanomaterials
peaks in WXRD

aniline/dopart  yield® SN o®
samplé (mol) (%) (%) (S/em) diameté(nm) peak at 2 (deg) d-spacing (A)
P-1-100 100 34 33.3 2.6< 102 sphere 400 nm2.1um 6.1,6.4,18.3,20.2,25.6  14.46, 13.61, 4.83, 4.39, 3.46
P-1-300 300 36 313 5102 sphere 306400 nm 6.1,6.4,18.2,20.1,25.3  14.59,13.65, 4.87,4.42,3.51
P-1-450 450 41 324 1.6<102 spheret fiber 50-120 nm 6.4, 20.1, 25.4 13.66, 4.41, 3.49
P-E-100 100 71 31.6 7.5 10° fiber 150-200 nm 6.4,20.1,25.6 13.7,4.4,35
P-E-300 300 75 29.9 9.5 10% fiber 180-250 nm 6.5,18.5,25.6 13.54, 4.78, 3.47
P-E-450 450 81 29.7 3. 10°% fiber 175-225 nm 6.5,18.4,25.9 13.54,4.81, 3.43

aThe symbols “I” and “E” refer to the fact that the samples were prepared via interfacial and emulsion polymerization® fBugesoncentration of
aniline is fixed at 3.6 M?, and the amount of dopant is varied in wate€alculated for isolated product Determined from elemental analystsMeasured
using four probe conductivity set up at 3G. f Average diameter is calculated based on SEM imag#gide-angle X-ray diffraction measurements were
carried out at 30C.

Interfacial Polymerization route

Amphiphilic Azo-benzene |
Sulfonicacid dopant (1) . L
APS = (NH,),S,04 Emulsion Polymerization route

Figure 1. Synthesis of polyaniline nanomaterials using a renewable resource amphiphilic azobenzenesulfonic acid as a dopant.

observed (with in 2 min) that upon adding APS solution, the vacuum for 24 h (0.05 mm of Hg) at 6TC prior to further
aqueous dopant layer slowly transform from clear yellow to analysis. The yield, composition and elemental analysis data
turbid (see vials in Figure 1). After an induction period of 10 (SN ratio) of the polyaniline nanomaterials are summarized in
min, the polymerization started and green layer of polyaniline Table 1. The emulsion route samples were obtained in a good
emeraldine appears at the interface (see vials in Supportingyield of about 70% whereas the interfacial route were in 40%
Information). As the reaction proceeds, the green layer becameyield, which is relatively much higher than that reported for
thick and after 15 h the entire aqueous layer turned to a dark other sulfonic acid dopants (for example camphorsulfonic acid,
solid. The aqueous layer was separated carefully, centrifuged8% yield)2° The doping of the polyaniline nanomaterials was
and washed well with water and methanol to remove all confirmed by FT-IR spectroscopy (see Supporting Information),
oligomers, excess dopant and inorganic impurities. The polya- elemental analysisS(N ratio), UV—vis spectroscopy, and four-
niline sample$>-E-X (P-E-100, P-E-300andP-E-450,where probe conductivity (see Table 1).

E for emulsion route an& for the aniline/dopant ratio in the The morphologies of the polyaniline samples were recorded
feed) were prepared by emulsion polymerization technique. The using a JEOL JSM-5600 LV scanning electron microscope, and
polyaniline samplesP-E-100, P-E-300and P-E-450 were SEM images of the polyaniline nanomaterials are given in

prepared by varying the aniline/dopant ratio in the feed as 100, Figures 2 and 3. The SEM images of interfacial samples showed
300, and 450 (the same as that of interfacial route), respectively.an interesting observation that the morphology of the materials
We have chosen the aniline/dopant ratio as 100 to 450 for the changing from microspheres to nanospheres plus fibers with
present investigation based on our previous studies that thethe decreasing the amount of dopant in the feed (from aniline/
dopant-aniline complex formed stable micelles in water at this dopant= 100 to 450 in moles)?-I-100 consists of both micro-
composition rang¥ (see vials in Supporting Information). The and nanospheres where&s|-300 predominately has only
dopantl is freely soluble in water and its complex with aniline nanospheres of 400 nm diameter. The sampkel-450 has
form stable emulsion, which acts as self-assisted template fornanospheres (400 nm) and also thin nanofibers®50 nm
polyaniline nanomaterials (see vial in figure-1). Typically the diameter. The SEM images of the emulsion route samples were
polymerization was carried out by dissolving aniline and dopant completely different from that of the interfacial route. All three

in water and subsequently stirring under ultrasonic at ambient samples P-E-10Q P-E-30Q and P-E-450 have shown long
conditions for 30 min. The resultant milky emulsion was polyaniline nanofibers of average diametere#00 nm with a
oxidized by adding ammonium perdisulfate (1.1 M solution) in length up to &M (see Figure 3). SEM technique is inadequate
water and stirred at-05 °C under ultrasound for 1 h. The green to distinguish whether the nanomaterials are hollow or rigid
solution was kept at 5C without disturbing in the refrigerator ~ and also poor resolution for150 nm size (see Figure 28.

for 15 h. The green polymer was filtered and purified by Therefore, the polyaniline nanomaterial samples were subjected
washing with water and methanol until the filtrate become to TEM analysis and the TEM images Bfl-300, P-1-450, and
colorless. BothP-1-X and P-E-X samples were dried under P-E-300are given in Figure 4. TEM image &-1-300 appeared
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Figure 3. SEM images of polyaniline nanomaterials: @)E-10Q
(b) P-E-30Q and (c)P-E-45Q

interestingly, for the first time we observed the formation of
nanospheres. This suggests that the mechanism of formation of
nanomaterials in interfacial route for the amphiphilic azobenzene
dopant is different compared to other dopants reported so far.
Additionally, the formations of different morphologies in the

Figure 2. SEM images of polyaniline nanomaterials: RJ-100, (b)
P-1-300, and (c)P-I-450.

as a cluster of solid nanospheres with diameter 300 nr-In interfacial and emulsion routes (spheres and fibers) also indicate
450the presence mixtures of thin nanofibers with nanospheresthat the same dopant molecule follows different mechanistic
were clearly visible. The sampR-E-300contains only nanofi- pathways in both polymerization routes.

bers with~5 uM length and 200 nm in diameter, and there are ~ The dynamic light scattering (DLS) technique is an efficient
no traces of nanospheres or nanotubes. The charged conductingol that may be used to study the micellar behavior of aniline
nanomaterials have very strong affinities to each other and with dopant molecules in waté#:3” DLS measurements were
cluster together during the sample preparation (for TEM carried out for dopant alone and also two types of complexes:
analysis) via solvent evaporation method. This leads to the TEM (i) aniline + dopant and (ii) APSF dopant to trace factors which
images of the nanospheres that look like a meso-structure, andnfluence the morphology of the nanomaterials in the interfacial
a similar observation was also reported by other researéhers. and emulsion routes. DLS data for the dopant alone and above
It is clear from the morphological analysis by SEM and TEM two complexes are given in Figure 5. DLS data for the dopant
that the polyaniline nanomaterials prepared by interfacial methodin water (1 x 10-3 M~1, concentration of dopant fd?-30Q

are predominantly nanospheres and the emulsion method yieldsTable 1) indicate that more than 99.4% of the azobenzene-
only nanofibers. In general, polyaniline nanofibers are com- sulfonic acid molecule exists in the form of the micelles in water
monly reported for interfacial route (for HCl and CS#&)2! and their average diameters were obtained as 4.29 nm. The
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produced which are stable and dispersed in the aqueous phase
for more than 24 h. The addition of aniline to dopant produces
pale yellow thick emulsion and DLS data of the resultant
emulsion showed predominately aggregates in mdBwith

small amount in 2.32M. The emulsion was stable up to more
than 10 days at room temperature and no precipitate or isolation
of layers were noticed. The above DLS experiments clearly
indicate that amphiphilic molecule has tendency to form stable
aggregates with both APS and aniline in water under the
polymerization conditions.

In the present investigation, two kinds of aggregations are
possible in the interfacial polymerization: (i) formation of pre-
aggregated templates in the aqueous layer between -APS
amphiphilic dopant and (ii) the anilingé: amphiphilic dopant
micellar templates at the interface. An independent control
experiment was carried out by taking aniline in the organic layer
and dopant in aqueous layer (without APS) to check the
formation of turbid emulsion at the interface. Surprisingly, the
diffusion of aniline to aqueous layer did not produce any turbid
layer at the interface for more than 24 h (see Supporting
Information). It ruled out the possibility of aniling- dopant
complex templating the interfacial polymerization. Therefore,
it can be assumed that the ARSdopant pre-aggregates in the
aqueous phase control the shape and size of the polyaniline
nanomaterials. On the basis of the DLS measurements and
control experiment, the mechanism for the selective aggregation
of dopant in both interfacial and emulsion route is described in
Figure 6. The individual micelles in complexation with aniline
or ammonium persulfate produce large micrometer size ag-
gregated micelles which behave as templates for the nanoma-
terial synthesis. The amphiphilic azobenzenesulfonic acid exists
in the form of 4.3 nm micelles in water and undergoes
aggregation in the presence of APS and aniline in water to
produce larger aggregates of 2 to// in range. In the
interfacial route, the diffusion of aniline from the organic phase
get absorbed at the surfaces of the AfPSlopant spherical
aggregates and subsequently get oxidized to produce polyaniline
nanospheres. On the other hand, in the emulsion route, the
Figure 4. TEM images of polyaniline materials: (&}1-300, (b) P-I- aniline + dopant complex exists in the form of cylindrical
450 and (c)P-E-300 micelles and addition of APS subsequently oxidizes the matrix

theoretical geometry of the dopant molecule was calculated to form polyaniline nanofibers. The SEM pictures (Figures 2
using AM1 calculations (see Figure 5) and found that the end- and 3) indicate that the morphology of the materials in the
to-end distance of the polar head to hydrophobic tail was interfacial route was more sensitive to the aniline/dopant ratio
obtained as 24.4 A (or 2.44 nm). The diameter of the tightly in feed compared to emulsion route. The samples100 and
packed spherical micelle is expected to be equal to the doubleP-1-300 were predominantly spheres, however, the decreasing
length of the end-to-end distance of the molecule. It was the amount of dopant changes the morphology from spheres to
calculated as % 2.44 nm= 4.88 nm, which is almost matching ~ fibers inP-1-450. To confirm the above morphological changes,
with that of the value obtained experimentally by DLS. It the particle size distribution of polyaniline spheres were
confirms that the new renewable resource based azobenzenedetermined by static light scattering technique and shown in
sulfonic acid derivatives are good surfactants and form stable Figure 7.P-1-100 showed broad distributions with three peak
spherical micelles in water (more than 99%). DLS measurementsmaxima at 200, 400, and 1300 nm. It indicates that that the
were also performed for solution containing APSlopant and sample contains a mixture of nano and micro spheres, which is
aniline + dopant and the data are shown in Figure 5. Upon further evident from its SEM images (Figure 2#&):-1-300
adding APS to the dopant micelles in water, the solution slowly showed two types of distributions with predominantly particles
becames turbid. DLS data of the turbid solution indicate the in 400 nm with a small amount in 130 nm sizes. It suggests
presence of two types of distribution with aggregates in 2.13 that majority of the polyaniline spheres i®-1-300 have a
and 5.2%M range (see Figure 5). The turbid solution was stable diameter of 400 nm and this value is in good agreement with
for more than 24 h at room temperature and slowly red solid that of SEM and TEM analysis (Figure 2b and Figure 4a). The
start to precipitate from the solution after 1 day. The ti¥s sampleP-1-450did not pass the particle size measurement which
spectrum of the isolated red precipitate is almost identical to may be due to the presence of fibrous properties of the sample
that of the original azobenzene chromophores (see Supportingas evident from the SEM and TEM images (see Figure 2c and
Information), which ruled out the possibility of any oxidation 4b). The particle size distribution in Figure 7 is a result of the
between APS and dopant. It confirms that upon adding APS to variation in the template formation of dopant with APS in the
dopant in water larger aggregates of 2 uM in size were interfacial route in water. The broad tri-model particle distribu-
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Figure 5. DLS measurements of dopant, dopananiline and dopant- APS complexes. The theoretical geometry of the dopant was calculated
using AM1 model.
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SO,H
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Spherical
micelle

APS

4
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filled with Aniline Nanofibers

Figure 6. Possible mechanism for the formation of polyaniline nanomaterials based on a single molecular dopant approach via interfacial (top) and
emulsion (bottom) routes.

tion in P-I-100 indicates the existence of AP$ dopant The polyaniline nanomaterials were freely suspendable in
spherical aggregates in various sizes in the aqueous layer. Thavater and other organic solvents by simple mixing under
dilution of dopant amount in aqueous layer results in the ultrasonic stirring at room temperature. YVis spectra of
formation of homogeneous aggregates, which produces moredopant and nanomaterial samples are recorded in water are
uniform nanospheres iR-1-300. Further dilution of dopant in shown in Figure 8. The absorbance spectrum of dofdrds

the APS+ dopant mixture in the aqueous layer; disturb the three characteristic peaks at 245, 360, and 460 nm corresponding
aggregate formation and results in the formation of fiber plus to z—a* (cis), #—x*(trans), and r-z* (cis), respectively?* It
spheres ifP-1-450. These intermediate states are only stable in is clear from the figure that the absorption spectra of polyaniline
the aqueous medium and the isolation and characterization ofnanomaterials are free from quinoid ring (at 650 nm), which
size and the shape of the aggregates were very difficult. confirm the efficient doping of dopant. The peak at 450 and
However, the tracing of the intermediate aggregates by tech-broad peak (or tail) above 800 nm are corresponding to polaron
niques such as cryo-TEM may be very useful, which will be or bipolaron r-7* transitions of the polyaniline, respectivel§.
addressed in elsewhere. Nevertheless, in the present investigafhe near-IR region of absorption spectra of polyaniline nano-
tion, the DLS data adequately support the existence of the spheres and nanofibers were completely different (above 850
various possible aggregates (as shown in Figure 6) and thenm). MacDiarmid and co-workers studied the secondary doping
morphologies of the resultant polyaniline nanomaterials (SEM of simple polyaniline-CSA-doped materials (not nanomaterials)
and TEM images) further support the mechanistic pathways. by m-cresol solvent?#° They reported that the more coil-like
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Figure 7. Particle size distribution of nanospheres prepared via Figure 9. UV-—vis spectra of polyaniline nanomaterials in various

interfacial route.

1.0+

Spheres

solvents at 30C.

mainly driven by the selective solubility of the polymer chains
specifically in one of the solvent medium at the interface for

driving the equilibrium to form of higher molecular weight
chains. In the present interfacial polymerization route, the
resultant hydrophilic (also charged) polyaniline emeraldine salt
has more affinity toward water rather than the organic phase.
The higher water affinity of the charged chains drive the
polymerization equilibrium for the formation of higher molecular
weight chains by dissolving itself in the aqueous phase and
create more active site at the interface for further growth. In
general, polymer chains have more tendencies for expanded
conformation in solvents compared to their solid state. Therefore,
during the polymerization, the soluble polymer chains adopt
expanded confirmation in the aqueous layer, which act as a

Absorbance (a.u.)

- I‘Z_E_égg nucleating site for subsequent growth of expanded polyaniline

4444444 P-E-450 nanospheres. On the other hand, in the emulsion route, such a

-~ Dopant-1 solvent-driven uni-directional growth is not possible, and
400 600 800 1000 therefore, the nanofibers were obtained in a more coiled-like

conformation compared to that of the interfacial route.

The presence of hydrophobic tail in the amphiphilic dopant
increases the solubility of both polyaniline nanospheres and
fibers in common organic solvents. The materials can be easily
confirmation in polyaniline chains have a peak characteristic suspended in chloroform;butanol, chlorobenzene, xylene, and
at 800 nm whereas expanded chain conformation showed a frean-cresol, etc, which is rarely reported for polyaniline nanoma-
carrier tail commencing at 950.000 nm in the near IR-region.  terials. To study the effect of solvents on the expanded chain
Recently, Li et al. reported the observation of expanded chain to coil-like conformation, the UVvis spectra of thd>-1-300
conformation in polyaniline nanofibers during the course of (spheres) an-E-300(fibers) were recorded in various solvents
interfacial polymerization using U¥vis spectroscopy for HCI and shown in Figure 9. It is clear from the spectra that optical
dopant in xylene/water bilayer systefninterestingly, in the density of the bipolar transition is affected by the organic
present case, the absorbance spectra of the nanospheres (neblvents, however, the conformations of the polymer nanoma-
nanofibers) showed a free carrier tail above 950 nm indicating terials are retained and less influenced by the solvent in which
the delocalization of electrons in the polaron band for the they were suspended. The absorption of polaron peaks at the
expanded conformation of polyaniline chains. On the other hand, lower wavelength region~400 nm) was blue-shifted for
the polyaniline nanofibers produce by the same amphiphilic samples recorded in organic solvents compared to that of water
dopant via emulsion route showed a peak characteristic at 830(exceptm-cresol). The optical density of the absorption band
nm corresponding to the more coiled-like conformation. It is corresponding to the delocalized bi-polaron of polyaniline
important to note that the presence of spheres plus fibers innanofibers and spheres (above 950 nm) were more susceptible
P-1-450 (see Figures 2 and 4) partially disturb the expanded in organic solvents, however the chain conformations were not
conformation of the polymer chains, which is further reflected affected. It confirms that the conformations of the polymer
on the absorbance spectra. The samptdsl00 and P-1-300 chains in the nanomaterials are predominately controlled during
(see Figures 2 and 4) predominantly have only nanospheres andhe chemical polymerization techniques and not affected by the
their absorbance spectra confirmed that they are in expandedsolvents in which they were dispersed. This observation is just
polymer chain confirmation. The interfacial polymerization is opposite to MacDiarmid and co-worké?sreport of drastic

Wavelength (nm)

Figure 8. UV—vis spectra of dopant and polyaniline nanomaterials
in water at 30°C.
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1.8 patterns of nanofiber®¢E-100, P-E-300andP-E-450 showed
154 Spheres three distinct peaks at2= 6.4, 20.1, and 25%(d-spacing=
] 13.6, 4.4, and 3.5 A, respectively). The two peaks at 20.1 and
1.2 25.5 are generally observed in doped polyaniline, but the peak
094 J ] at 20 = 6.4° is only observed for highly ordered samples in
. N which the polyaniline chain distance increased by effective
m O-G‘J 6 8 P-1300 interdigitations of dopant moleculés:43 The increase in the
T 034 peak intensity at 2 = 6.4° revealed the enhancement of solid
8 - state ordering of nanofibers by reducing the amount of dopant
O 00~ P40 prico in the feed, which is in accordance with our earlier regdt.
> 154 The WXRD patterns of nanospheres were different from that
) 1.2_' : of nanofibers. In the case f1-100 andP-1-300, a new intense
qc, ] peak at & = 6.05 (d-spacing 14.3 A) is observed in addition
T 0.9 to a peak at @ = 6.4° (d-spacing 13.6 A, as observed in fibers).
- 1 The presence of a new intense peak@t26.05 is indicating
0'6'_ that the polymer chains in nanospheres possess more expanded
0.3 chain conformation for increased solid state ordering compared
1 to that of the nanofibers. The lower angle peak &t26.05
0.0 is more intense for uniformly distributed nanosphePes300
5 10 15 20 25 30 35 40 compared to broadly distributed samfd-100 (see Figure 7).
P-1-450 has mixture of nanosphereis fibers, and therefore,
260 the expanded conformation of polymer chains were disturbed,
Figure 10. WXRD plots of polyaniline nanomaterials at 3C. which accounts for the vanishing of the low angle peakét 2

= 6.05". The X-ray diffraction data supports the expanded chain

conformational changes in simple polyaniline emeraldine system conformation in polyaniline nanospheres compared to that of
(not polyaniline nanomaterials) due to the presenaa-cfesol the polyaniline nanofibers.
or chloroform. Since the conformation of polymer chains in )
polyaniline nanomaterials (both nanospheres and fibers) areConclusion
almost unaltered by the various solvent, it can be assumed that We have shown that the shape, size and conformation from
once the polymer chains are confined to a particular topology expanded chain to coil-like form of polyaniline nanomaterials
at the nanometer level, they are less influenced by the externalcan be controlled by selectively templating a new renewable
stimuli such as the solvent nature and its polarity. In the presentresource based amphiphilic azobenzenesulfonic acid dopant in
case, a single molecular dopant approach was utilized to controlinterfacial and emulsion polymerization routes. The amphiphilic
the conformation of polyaniline chains in nanodomains via molecule is efficient structure directing dopant for polyaniline
selectively self-organization in the interfacial and emulsion nanomaterials and the approach demonstrated here have many
routes. Therefore, it may be assumed that the pre-templatingunique features and advantages: (i) the amphiphilic azobenze-
behavior of the dopant complex and also the types of the nesulfonic acid molecule exist in the form-ef4.3 nm spherical
polymerization routes determine the conformation of polyaniline micelles in water for templating polyaniline nanomaterials. (ii)
nanomaterials. More detailed studies on solvent and temperatureThe dopant micelles form spherical aggregates with APS in the
dependent photophysical experiments to investigate the con-aqueous layer and the diffusion of aniline (in the interfacial
formation of the polyaniline nanomaterials are currently in layer) into these spherical aggregates get oxidized to produce
progress (these will be published latter). The four probe polyaniline spheres of 260400 nm. (iiij) The complexation of
conductivity of nanospheréx1-100, P-1-300, andP-I-450 were amphiphilic micelles with aniline produces stable milky cylin-
obtained in the range of1072 S/cm, which is one ordered drical shaped aggregated micelles (in the emulsion routes),
higher than that of nanofibef-E-100, P-E-300andP-E-450 which upon oxidation by APS produces nanofibers of 200 nm
(~1073S/cm) (see Table 1). The conductivity of the polyaniline diameter with length of 38 uM. (iv) both interfacial and
nanomaterials matched with that of the reported valiés6 emulsion routes were investigated for a wide range of composi-
It suggest that the expanded confirmation of polyaniline chains tion of aniline/dopant ranging from 100 to 450 (in moles). (v)
in spheres increase the delocalization of charge carriers (evidenDLS and particle size analyzer were utilized to trace the
by UV—vis spectra; see Figure 8) and produced conductivity mechanistic aspects of the polyaniline nanomaterials formation.
one order higher than that of nanofibers. Since the degree of(vi) The absorbance spectra indicate the formation of “expanded
doping @N ratio see Table 1) in both fibers and spheres are conformation” of polyaniline chains in the nanospheres produced
comparable, we can conclude that the more expanded confirma~ia interfacial route. The nanofibers produced via emulsion route
tion chains increase the electrical conductivity of the polyaniline were much less ordered and the polyaniline chain found in the
nanomaterials. form of more coiled-like conformation. (vii) WXRD data

To further confirm the conformational changes in the polya- confirmed the presence of expanded conformation in nano-
niline chains (nanofibers and spheres) and also to study the solidspheres and a new peak is observedfat26.05 (d-spacing
state behavior of the dopant molecule with polyaniline nano- 14.3 A), which is absent in the nanofibers. The polyaniline
materials, finely powdered samples were subjected to wide- nanomaterials are freely soluble in water and various organic
angle X-ray diffraction analysis at 3TC. In the presence of  solvents which are added advantages to process them for
functional dopants, the doparpolymer undergoes various applications in opto-electronics and also to study the polyaniline
interactions, which tend to organize the polymer chains in three- aggregation properties by spectroscopic techniques. In the
dimensional highly ordered fashions. WXRD spectra for present investigation, we have used a new renewable resource
interfacial and emulsion route samples are given in Figure 10 based amphiphilic azobenzenesulfonic acid as a dopant to
and @ andd-spacing values are given in Table 1. The WXRD control the shape, size, solid state ordering, conductivity, and
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