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PREFACE 

Conducting polypprrole nanonia~erials are ~vidcl!- studicd due to tliei~. potc'nlial 

applications in electronic devices and cticriiical,'hio-se11sors. De\-clopiiie~it o I' 

molecular self-organimtion template approach Ibr synthesizing polypyrrcile and their 

copolymer nanomaterials is an cmerging important area of research. In this thesis. 

renewable resource based anipliipliilic anionic surfactants \\.crc designed and utili~.ed 

as templates for producing polypyt-l.olc ancl thcir copolynier nunoti~alcriiils like nanu- 

spheres, nano-fibers. nano-rods and nano-tubes. crc. F.l'li)rt has hecn put rcj unclersrand 

the mechanistic aspccts of thc nanoma~rzrial forn~alion and also tlicir StrucILtre- 

property relationships. I:urlher, colorimetric sensing of bioniolecules like \.itamill-(.' 

and cysteine were also achieved based on a custom designcd sell-doped poly~tniline 

nano-aggregates. 'l'he research work is compilcd illlo 111c follo~\.ing pans: 

(i) Developmen1 of amphiphilic anionic teniplatc based on rcne~vablc resoitI.cc 

cardanol for golyp!.rrole nanoma~erials. 

(ii) Development of polypyrrcsle-co-polYa1iiline rand0111 copolyrntx nanomaterials 

and their structure-propcrty relationships. 

(iii) Morphology cvolu~ion in copolymer nwnomatcrials I'roln idenrical ~ l l ~ l l i i ~ i ~ l  

constitiicnts 

(iv) Polyaniline nano-aggregates for colorimetric sensing of biomoltculcs like 

vitamin-C a id  cystcine. 

The thesis has becn divided into sis c11riplt.r~. ]-:isst ~liap~clr gilrcs ;i hricf 

introduction to polypyr-role and copo1y111c.r ~ianosrlr~crilrcs. diflkrenr synrl~cric 

methodologies. properties and their applications. 'Hie sccond chaprcr dcscril?es lhc 

development of unique amphiphilic anionic surl'aclant 4-[4-h!.tlrox~ -2  (.(%j-pcnta~le~- 

8-enyl) pheny lam]-benzene sulfonic acid. from cardanol and its i~~i l izat iol~ as 

molecular lemplate for polypynolc nanomatcrials. Dynamic l islit sca~lcring ( l>LS) arc 

employed as tools to trace thc factors which control the nlcchanisrn 01' polypyrrolc 

nanornaterials formation. I)I;S studies confiniicd ~har the surfactant esisrcd ill the 

form of spherical micelles ot'4.8 nm dianieler in water. 'The niictllar bcl~aviour of tlic 

reaction medium was precisely controlltd by varying thc composition 01' 

bpyrrole]/[surfiictant] raliv ranging from 3 10 100. Pol!.pyrrolc 1ianosplie1.e~ of 1 50-  

800 nm wcre sucecssfull y PI-ttpared \ria oxida.ti\!c pol y lnerizatiorl roilre. Elecrroli 



microscopic analysis (SEM and TEM) con-l'irmed the formation ol' uniri~rrn s i x  

polypyrrole nanospheres. The nanomaterials formation was unperturbed by [he 

variation of the oxidation agcnts such as ammonium persulphatc (APS) or ferric 

chloride (FeC13). WXRU analysis of the nanomaterials indicated that the anionic 

surfactant effectively penetrated into the polypyrrole chains to produce highly ordered 

polymer chains. Absorbance and FT-IR analysis also revealed the highly doped siale 

of the nanomaterials. The conductivity of the samples mas obtaincd in the range of 

0.01 to 0.1 S/cm by four-probe conductivily measurements. 

The third chapter deals with template sclcctivity in three structurall\- different 

anionic surfactants h a ~ i n g  ssa~iic polar  head hilt \ariati011 in [he h~.drc~plic~l?liic rail. 

They were utili7.ed for achiov ing size and bliapc contr-ol in pol! ;lrii l inc. pol! p! SI-ole. 

and their polyanilinc-co-polypq~.solc randon1 copol!-mcr ~ianolnulel-in1 \! nt hcsis. :\ l l 

anionic surfaclants prod~.~cc polypyrrt~le nanosphcrcs. Iio\vc\ el.. l h c ~  i ~ i t c ' i . ; l ~ ~ ~ ' i i  

differently with aniline to form cylindrical aggrugates. \ t  liicli c~c lus i \ c l !  t c~~ ip la te  I'oI. 

nanofibers of 180 nm in  cliametc~ \t.ith lengtli L I ~  LO .<-3 ptn. 1-lie iliiicli~e [cmplatc 

selectivity of surt'acianls to\j3ard ~lniline and p!-rrulc \\,as irsed lo lilnc Ilic 

nanostructurc of the pol\.aniIint.-co-pol!,l?> ~-roIt' rantlorn cty,ol!-nicrs. I~i~cl-es~ingl! . the 

morphologies of thc nanomaterials under\\.enI ~r;tnsfo~.~natiurl li-om nanofihur.; to  

nanospheres via short nano-rod intcrnmeciiates. Ll!.natiiic. ligll[ sc~irtel.in2 ti'cli~iiclirc ;IIIC~ 

electron microscopes nc re  used to  s t u d  the mechanistic aspcct.; 0 1 '   lie templritc- 

assisted copoly~ncrizalion process. F ~ L I I  probc conciuct i \  i1.ic5 o 1' tlic copol! 1nel.s 

showed a nonlinear trend ancl rhe conduct kit!. passes [hroiigli mi~ i i~n i~r l i  at h(l 80'j.;) 01. 

pyrrole in the t'eed. The unexpected trend in [he conducti\ itics 0 1 '  [lie copol? .~i~c~.s  \\.AS 

correlated to thc dii'l'erencc in  the solid state o s d c ~ . i n  01'1Iic copolj,mcr ~ i a n o r ~ i a ~ e r i ~ l s .  



The fourth chaptcr describes the cvolution of the diffcrcnt Qpes ol' 

nanomaterial morphologies such as nanofibcr, nanorod, nanosphcrc, and naiotubc in 

a single system wittioul chanzing their chemical coniposition or polq.me~.ization routc. 

Anionic surfactant was self-organized ~ i i t h  fixed con~position ol' aniline (95%) and 

pyrrole (5%) and thc resultant white cmulsion was diluted with water to induce 

cylindrical to vesicular aggregate transformation. The cheniical oxidation of (he 

cylindrical templates produced nanotibers and nanorods, whcrcas hollow spheres and 

nanotubes were produccd by vesicular teniplatcs. The size and shapc of thc tcnipla~e 

aggregates matched very well with that of the synthesized nanomaterials thereby 

providing direct cvidelice for thc template-assisled cvolution 01' [.he morpholo~!~. 

NMR, FT-1R and UV-visible spectroscopies wcrc utilized lo conlir~n thc structure and 

electronic properties of the nanomaterials. Wide angle X-ray diffraction and 

transmission elearon microscopy-clcctron diffraclion analysis rcvealed that the 

nanotubes possessed three-dimensional larncllar type solid state ordcring u itli high 

percent crystallinity up to 60 %. Variable lemperaturc four-probe conductivit> 

six 



measurements of all samples showed typical 1-Y plots. .l'hc conductivity of the 

nanofibers was found one order higher than that oj' nanorod, hollow sphere, and 

nanotubes at all temperatures. The present approach cnabled to establish the role of' 

various types of nano morphologies on properties of' nanomaterials such as 

conductivity and solid state ordering withoul change in their chemical col~iposition. 

In the fifth chapter, self doped pol yani l inc nano-aggregate was developed 

based on custom designed N-sul foproppl aniline monomer via chemical osidat ive 

polymerization. Poly-N-sulfopropy 1 aniline could be characterized by N M K, M A1 ,Ill, 

IR and W-Vis  owing to its solubilitj in water. Dcdoped sodium salt of polymer was 

used for the colorimetric sensing of vitamin-C and cysleine. Based on the Job's plot 

method, the stoichiometry of vitamin-C and cysteine with polymer was determined as 

3:2 and 4: 1 ,  respectively. Molar ratio ~ncthod and Hencsi-I-lildcbrand cquations were 

used to determine the association (or binding) constants: K - 2. I x 10' and 1 . 5 ~  10' M- I 

for vitamin-C and cysteinc, respectively. The polyniers possessed ~ypical a~nphiphilic 

structure and Zeta potential of the polymer nano-aggregates were found to show 

negative surface charges in the range of -10 to -30 V. The analytes are typical organic 

molecules and preferentially occupied Ihe hydrophobic cavi~y provided in the nano- 

aggregates for efficient calorimetric sensing in water at biological conditions. 

vil -C/ 
Cysteine 

.- 
.- - - - 

Nanoaggregate 
Ememldine base Leuco erneraldine 

The last chapter summarizes the outcomc of the rcscarch work in thc Ph. T) thcsis. 
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Chapter I /~~t~~odiit:/;orz 

1.1. lntroduction to nanomaterials 

Materials possessing sizes ranging from I - 100 nni are general I!- classifiec'l as 

nanomaterials [Mirkin, C. A et a1 20051. Nanomaterials are distinct from (he hulk 

materials and small molecules in terrns of their size dependant propol-ties [MJliit.esiclcs. 

G. M ef a1 1991; Goddard 111, W .  A. ei (11 2007; Rao, C'. N. K, er u/  2003; I-Iilck, Mi'. I .  

S. et a1 20051. Nature is a grcat source of'nanornarcrials like proteins. DNA arld RKA 

which is having size in the nanomctcr regime. Feynman cnvisagcd the changing 

magnitude of various physical phenomena if wc can able lo manipulate and an-angc 

individual atoms and molecules do\4,n to a snlaller needed scalc. [(Iioddard 1 1 1 .  W.  A .  

et a1 20071. Although Fey~iman statcmcnts popularized nanotecl~nolosy, however its 

rapid progress happened only after the arrival oS  sophislicaled instrumentation which 

can manipulate and view the material in nanoscale. For a clcar undcrsrandinp ol' size 

ranges, a comparison of various comrnonl: known objects was given in figirrc 1 .  I . 

Buck- Hemo- 1-1 I v I -CJ s f S C : ~ , = : J ~ ~ ~ ~ ; .  Fi7-Cf' b 30d Dlaretc?r 
minster globine I c011 cells of harr 

Figure 1 . I .  Length scale .for clu.c.v~[i~ing ncrnonl~teritrls [(iu'crptcd fi.om C;OL' . \ . I I IL/III~ ,  F I .  

et a1 20101. 

Nanomaterials posscss large surl'ace arca pcr unit volume \.\hiCh is ideal Ihr 

catalytic and sensor applications. Damage 011 biological systems likc Dh.4 ccr 2.3 11111 

and proteins of size 1-20 nni could be curcd by artitlcial nano coniponents having 

same size [Fahlman, B. D. et a1 20071. Nanomaterials are capablc of val-yi~ig the 

fundamental properties likc magnetization, oplical propcrtics (color), rnelting 

properties and hardness relative to the bulk rnatcrials wilhout change in cliemical 

composition [Fahlman. B. D et a1 20071. The physical plienomcna clf nanomaterials 



Chapter 1 Irztroduc-tion 

become pronounced in nano domain due to statistical mechanical cffccts, as we1 l as 

quantum mechanical effects [Nalwa, 1 I. S. et ul2000]. 'l'tiesc c f i c t s  do not come into 

play by going fiom macro to micro dimensions, but it becomes dominant onl!: kz11en 

the nanometer size range is reached. Currently nanoscience has gron7n up to a firll~ 

fledged fascinating interdisciplinal-y area of research because of the novel quantum 

and surface phenomena exhibited by Lhese new classes ol' malerials at thc nano-scale 

which enabled a wide range ol' applications in the lield of physics. chemistry. 

biology, material science and engineering. 

Nanornaterials are synthesized via two approaches, (a) top down and (b )  

bottom up approaches (see figure 1.2.) [Iiao, C. N. R. et ~ 1 2 0 0 4 ;  Xia, Y. el crf 1 9991. 

In top down approach larger sizc particle were mechanically fractionated to Porn 

'nanomaterials' with desired size, shape artd alignment via etching or grinding and 

deposition method. Etching are usually carried out using high energy ultraviolet light. 

x-rays or electron beams, whereas dcposition was done via i inportant mulhods 1 ike 

atomic layer deposition (AI,D) techniques and dip pen nanolithography IGocslnann. 

H. ef a1 20101. An atomic force rnicroscopc tips can be used as a nanoscale "\\-rile 

head" to deposit a chemical upon a surface in a desired pattern. In parallel to the top- 

down approaches which was devcloped by engineers, molecular chenlists developed 

bottom up approach Tor fabrication o desired nano-object via molecular self- 

assembly. This method is inexpensive and simple for producing nanomaterials. 

Molecular self-assembly seeks to use the concepts of supramolecular chen~islry, and 

molecular recognition in particular. to cause single-moleculc components to 

automatically arrange themselves into some useful conformation [\Vhitesides. C;. M. 

et ai 199 11. 

Bulk materials Nano materials Atoms or molecules 

Nanolithography 
Etching 

Figure 1.2. Schematic representation #/'top-down cmd bottom-lip n-1c.thoci.s. 









1.2.3. Self assembly by n- n interaction 

The n- n interactions are padial charge inleractions and play a role in lhe 

association of conjugated nioleci.~lcs. For examplc benzene and other condcnsed 

aromatic rings display a partial negative charge in the plane ol'the ring ~vi th in  the ir- 

system, and pa.rtial positive charge on the hydrogen atoms. C~onsequently. the parallel 

stacking of such rings is hindered by the repulsive interaction, results an edge-to-fdce 

arrangemen1 for successive rings [Seal, S. et al 2008; Ariga, K.  20061. liowe\,cr, in 

solution thc energy difference bctween the edge to face and face to Face arrangemenl 

appears to be negligible. By proper elcctrostatic compensation, the interaction may 

also be surniounted. It is also possible to program x- conjugated molecules such as 

oligo-(p-phenylenevinylene)~ to self-assemble into cylindrical aggregate in solution 

and in solid, which may bc of significant promise in supramolecular nano-size 

optoelectronic devices. Ajayaghosh and ~o-\vorkcrs fro111 our institute havc reported 

x-conjugated organogels from sell-assembled oligo-p-phenylenevinylenes see figure 

1.5. [Praveen, V .  K .  et a1 20081. I'he fiber likc mulphology o f  the O P V  xerogels are a 

result of multilayer larnellar assemblies of niolec~~lcs through n- n stacking, hydrogen 

bonding, van der waals interactions. 

- L - .- 7 
- cool 

, - 
- - A 

7 
i r n  hpnl 

Figure 1.5. Self-u.r.vemhl,v of oligophe/1~ylenvinyle/7e ,qclv .~~rl~i.un~olcculut. 

interaction. [~tdupted~fiorn Praveen, V. K. et a1 20081 



12.4. Self-assembly by van der waals forcc 

The noncovalent interactions bet\+ ern electricallq neutral molecules arc 

collectively known as van dcr w a l s  f'orecs that arise from electrostatic interactions 

among permanent andior induced dipolcs [Seal. S. c'1 a1 2008: I1amli.y. I .  M: al  

20071. These interactions arc generally much ~ w a k c r  than ~ l ic  chargc-charge 

interaction of ion pairs. Thcsc energies vary with <'. so thcy rapidly dccl-e;tsc with 

distance. Van der waals forces are of two twpes a)  Dipole induced dipolc inter;~ction: 

A permanent dipole also induces a dipole moment un a neiglibouring group and 

consequently forms an altracti\e interaction lhrce. Suck in~craction is gzncrall> n~ucli 

weaker than dipole-dipole inreraction. h) London dispcrsion force: .A1 an!; ins tan^. 

even non-polar rnoleci~lcs exhibi~ a dipole n-lonien~ resultins fro111 thc rapid 

fluctuation of their elcctron cloud densib. 'l'hc resulting transient dipole moment 

polarizes the clecrrons in a neighboilsing group. These forces arc \el-\. weal; attrdcti1.c 

force and only significant for contacling groups (ncnr  thcir \an drl. Waals corltacl 

distance). However. the 1,ondon dispersion force signilicanrly intluenccs the 

conformation of polymcrs and proteins due to the large number of i iwr atomic 

contacts. 

1.2.5. Self-assem bly by solvophubic and incom pati bilit\ effccts 

The solvophobic ct'fec~ is the intluenci: that causes euclusion nt' ~l lc '  

solvophobic segments of a molccule to rninirni7.c their conlacr \ \ - i ~ h  s o l ~ t n t  a!ld 

derives from the property ol' the solvent. 'l'hc lvrrna~io~l of' rniceller; by ainphiphilic 

molecule in water is a wcll-known esamplc [Harnlc!.. 1. W. 20071. T'tir ~~nt'a\icsurahlc 

fiee energy of hydration of the nonpolar segnicnl in soap causcs its ordcring and has 

tbe net effect of exclusion tiom the aqileous phase. By doing so i~ minimizes thc 

overall entropy loss of thc entire system. Thc free energ! cl.iangc. 10 rcrnove a -C'I 11- 

group from an aqucous solutioli is about 3 k.1 by thermodynamic nleasilrcmcnls. I'his 

is a relatively small quantity of frce energy: howevcr. considcril~g ~ h c  large number oI' 

contacts invol\-ed in a ~upranlole~ular assenibl~~. the cuni~~lilti\.c solvophobir: 

interaction is signiiicant. In Ihct. the hydrophobic forcc is a kcy driver in Itjlding 

proteins into native conformarions. 
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1.2.6. Metal-ion directed self-assembly 

Transition metal centers and their coordination clie~nist~y arc widely used as a 

strategy for sclf-assembly [I:ujitta, M. ct a1 1990; Piepenbrock, M. M. et (11 30 101. 

Through the directional bonding, they provide highly predictable comers or side units 

that result in  various gcomelric sliapcs such as triangles. squares. ~.ectanglcs. cubes. 

etc, and it is a widely used strategy 10 devclop novel Iunctional materials. C'onsidcring 

the many coordination cnvironnient. thc metal centers can adopt and a vast range of 

geometries available from coordinating ligands, a variety ol'co~nplcxes are accessihlc 

through metal-ion-directcd sell-assembly. The catalytic performance 0.1' thc 

encapsulated transition nictal coniplexes is significantly diffcrcnt lioin a non- 

encapsulated analoguc; they are morc active and highly selcctivc in nature. A classical 

example which lcads to a supramolecular metal coordinated polynlcr is shown in 

figure 1.6. A bisterdentatc bridging ligand was rcpvrted to bind to transition nlelal in 

an octahedral geometry with a I : 1  stoichiometrq as well as to lant.hanides with a 

higher coordination number with a stoichiometn; of 1.5: 1 IPiepenbrock. M, M .  cr trl 

20101. Intercstingly, this coordination polymer has shown gelation properties in 

solvents. 

Figure 1.6. Rc~presentntion of metc~llo.ru~~ramolc~c'i~icir polvmet-s ,fi)r~ncd .#i.om tlw 

ditopic ligund end-cupped monomer. witi7 tran.~itiot7 t i  [ U ~ L Z ~ I C ~  ./j'otn 

Piepenbrock, M, M. et a1 201 01. 

1.3. Amphiphilic surfactants in self-assembly 

Surfactants are the simplest class amphiphilic nlolecules which undergoes 

spontaneous self organisation in solution (see figure 1.7). In gcneral, surf'actants can 
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be classified into cationic surfactants, anionic surfactants, zwittcrionic and non-ionic 

surfactants [Hamley, 1. W. 2007; 1 luck W. '1'. S. el 01 2005J. The cationic. s~~r l ' a~ tan ts  

are molecules with positively charged head groups. These surraclan ts are usual ly 

made of long-chain amines and long-chain ammonium salts. Anionic surfactants arc 

molecules with negatively charged head groups. kxaniples include carbosylic acid 

salts and sulfonic acid salts (sulfonates). Zwitterinnic surlacLants are molcculcs with 

head groups containing both a positive group (ammonium) and a ncgativc group 

(carboxylic or sulfonatc). Non-ionic surfactants are molecules with neutral head 

groups, such as polyethylene oxides. SurSactants forms micelles in water above a 

particular conccntration called critical micelle concentration (CMC) and the sizc of 

the molecular micelles can vary fiom 5-20 nm depending on the length of surfactant. 

Surfactants above critical rnicellar conccntration organize in such a way that the polar 

head groups bccome oriented towards the water, while a1 the same time the 

hydrophobic tails cluster together. 'This can lead to various supcrstructurcs such as 

micelles, vesicles, multi layers and lyotropic liquid crqlstalline phases see figure 1.7. 

Spheric JI 

a,, x r,- 

Figure 1.7. Moleculur .selfas.semhly c?fsurfhctmt moleczrles [adupted fkom Shimthu, 

T. et a1 20051. 



A tlieoretical model predicting thc shape and strucfilrr relationship belcfecn 

the monomeric units and their aggregates was de\*eloped by Israelachvili bascd on 

statistical mecha~iics of phospholipids [lsraelachvili, J .  K. et crl 1976: I-luck \xi. " I .  S. (! I  

a1 20051. This model predicts this type of the aggregate lormcd on [he basis of' llic 

packing parameter (P). \vhicli relates the volume oC the molecule i V )  to ils length ( 1 )  

and to the mean cross-sectional (cffecti\ e) head group surlace area (a) b~ an aquation: 

Packing paramercr cltdi~cccl froln thc a b o ~ e  rc)rrnula can bc used fill. t l ic 

theoretical predictions 01' the shapc of mice1lc.s sho\\ri In table 1.2. For spherical 

amphiphiles, P < 0.33. c! lindrical n?icclles 0.33 < P < 0.5. spherical vesiclcs 0.5 -: P - 
1 and reverse micelleh P > I are lbrtned. The predictions of this riloclcl are in 

agreement with most 01' thc csptrimenral results h r  phospholipids. and small 

amphiphiles with con\.entiunal aliphatic chains as \yell for several morc 

complicated molecules such as diblock copolymers. 

Table 1.2. ,Yurf i~c/ f: /~~i  /1(1~.k;t7,q /~(/I.~II?ICJ/LJI.,/~)~. v ~ r j o i , . ~  s z ( t ; f i ~ ~ - t u r ~ /  ( , , ~ ~ L ~ ~ ~ L U L ~ . V  

Aggregate Packing Parameter ' Shape of surfactant 

Morphology (PI 
- 

<: 0.33 cone 
I - ,  

I ~runcatkd cone 
- -- -. 

Bilayers vesicles Truncaled conc 

- 1 - 1  - 1 1 Cylinder 1 
piGZGaemicel lcs  1" 1 l nvcrted cone -1 

Vesicles and micellzs arc representing two of thc impoflant classes of scll- 

assembled structures tha~ can be f'ornied by amphiphiles in dilutc or semi-dilute 

solution [Hamley. I .  I&', et a1 20071. Vesicles are hollow sphcrcs e~~closed  by a 

bilayers of the amphiphilcs and are commonly used to encapsulate labile liyclrophilic 

molecules within their interior. Micelles lend to occur in a rmgr  of morphologies. 

including spherical. ellipsoidal, and cylindrical structilres. Cylindrical niicellrs that 

are very long and tlexible arc rcferrecl to as -*wormlike micelles", and their Sonnation 
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is linked to the cmergencc of' viscoelasticity in the solution. Due to thcir. viscnelaslic 

properties, worrnlikc rnicelles have iound applications in many areas, such as in 

personal care products and in [lie oil-ficld indust~y. liaghavan and co-\vorkers havc 

reported the formation of unilamellar vcsicles frol-n aqueous sol~r~ions of the cationic 

surfactant, cely l trimcth>~lam~noniu~ii bromide (CTAB), when 5-methy l salicj:l ic acid 

(5mS) is added at slightly larger than equiriiolai. concentrations [Davics, T. S. er ul 

20061. When these vcsicles are heated above a critical temperature. the! tran5tol.m 

into long, flexible u!ornilike rnicclles see ligurc 1.8. 

excess 5mS molecules 

and tend to desorb 
upon heat~ng 

increase T 
or decrease [5mS] 

T - 
increase [5mS] 
or decrease T 

Unilamellar Vesicles \/rlcrml!ke hl~::e\ l~s 

Figure 1.8. Fol-mution of ~:esiclcs und 11:oi.tn like tniccilcs 1t.itl1 ~.idditi~tr' qf' 5 1 ~ 1 . 7  

[adapted,fiom Dcrvie.~. Z S. ct (11 2006]. 

The cationic surhclant cc~Itrin1e~Ii~-lammoriiurn bromidc (C'T'AH) i s  

exclusively used for the sccd-mediated, surf act an^-assistcd sold nanorod synthesis 

[Murphy, C. A .  el ~ i l  2002: Sniilli, I1.K. cl [)I 20081. 'l'his method relies on the initial 

preparation of -1.5 nni diamctcr gold nanoparticles Sornied b\ mixing aqucous 

solutions of CTAR, hydrogen letrachlor-oaurate (111) hydrate and sodium boroh dride. 

These gold nanoparticles are thcn added lo a growth solution of concen~raled C'I-AO. 

silver nitrate, hydrogen tetrachloroaurate (111) h~dratc.  and ascorbic acid. Ascot-bic 

acid is a weak reducing agent that induces hctcrogeneous gold d t ' p~s i~ ion  at ttle 

surface of the seed particle. Anisotropic nanorod groivth rcsults i iom I'acct-selective 

gold deposilion promoted by the silver ions, which adsorb lo (lie gold surt'aces. 1-lie 
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nanorod aspect ratio can be increased to a certain extent, up to 4.5, by incrcasing the 

silver concentration, and the absence of Ag- lrom the reactions lcads to only a very 

low yield of Au nanorods. CTAB coats the nanorod surface as a bilayer that prevents 

aggregation (see figure 1.9.). The purity of CTAB also determines the reproducible 

formation of the gold nanorods [Smith, D.K. er a1 20081 

Figure 1.9. Surfactant mediuted gold nanorod synthesis [adapted,fiom Stni~h. D. K. et 

al20081. 

1.4, Self-assembly in polymeric systems 

The self-assembly of aniphiphilic polymers in solution and melt were well 

studied mainly by using linear chain block copolymers, owing to their synthe~ic 

accessibility [Forster, S. et a1 20021. Block copolymers form a large number of super 

lattices with characteristic dimensions in the range of a few nanometers irp to several 

micrometers by self-organization. The interplay of supramolecular physics and 

chemistry opens up new approaches for the production of inorganic, organic, and 

biological struct~rres and to their integration into functional units. Block copolymers 

find numerous applications from the production of inorganic nanoparticles (metals, 

semiconductors, magnets) and mesoporous materials up to take-up/ release systems in 

chemo- and gene therapy, drug delivery etc [Forster, S. et a1 2002; fiuck W .  T. S. e/ 

a1 20051. For their self-assembly, solvents plays an important role in increasing the 

solvent affinity of a block copolymer, behaving as a selective solvent for a block. 

Major differenccs between surfactant niicelles and block copolynicrs micelles are ( 1 )  

the critical micellar concentration (cmc) of the latter is usually much lo~;er  and (2) 

block copolymer micelles are more stable and their exchange dynamics are 

substantiallq slower. This is a result of a number of' factors, such as the higher 

molecular weight, chain entanglement and the decreased mobility of the polymer 

chains in the core of the micelle. The self-assembled morphologies depend on a 
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[Skotheim, T. A. et a1 19981. Doping of these mu~erials results in rcarrangcments 01' 

polymer chains and induces ordered structure conductivity. procsssabi l ir! . I he clopin;! 

of polyacetylene with iodine was shown in the ligure 1 . 1  I 

Figure 1.1 1. D o p i t ~ ~  ~ f ' p o l v c t c ~ e ~ ~ l e ~ ~ e  \c.i~h iodi~~e. 

Trans polyacetylene has a high conduclivity as ha t  of metallic copper. but its 

poor environmental stability hampers practical applications. This has led lo the 

development of large number of' other conducting polynicrs such as polypytrolc 

(PPy), polythiophcne. pol>-p-phc.np1cnc.. pol) -p-p\1~17> letie\ in! Iznc ( l11)V). 

polyaniline (PANI).  Somc of the comnionly kriow1-1 conducling pol)mccrs ~ ~ i t h  its 

structure are sunimarized in figure 1 .12. Ya,jor conducting polyrncrr 12 it11 its 

conductivity7 dopants uscd. processability and cosl werc slivw~i in [able 1.3. Recentl! 

large amount of research work are pertained to co~i.jugated poI>niel-s to d e ~ z l o p  liglit 

emitting diodes. solar cells. conducting and semi corlduclirig circuits. lileci cfkcr 

transistors and so on. Coniugated polymer based technologics can pntcn~ iall! rcplace 

the existing technologics in tcrrns of their supcrior perfol-inancc. low cost and 

mechanical stability and so on. 

Table 1.3. C'onilucring  polymer.^, Doj~unr.~ zised. ~'onduc l i~fy .  l ~ r o ~ e . ~ . s a h j l i ~ ~ - ,  .s r~ ih i l i~ .  

and cosf of some common condzicting po1ymer.r. 

Polymer Dopants F c t T t a b i l i t y  I Processability 

(Slcm) I I A- I 
Polyacetylene ll. RT~. Li. Na 'I 10000 , t- I Poor I .iniited High I 

I I 
,000 ' ~ r L ~ i n l i , c d  

I -  
Polyphenylene [ AsF5. Li. Na 1 Iligh , 

I -. 1 
Polyaniline I NCI. R-SOIH I 200 I Good Good Pi  I I .ow 





polyaniline nanofiber using renewable resource cardanol derived surfacrant for thc 

synthesis of polyaniline nanofibers via cmulsion route scc figure 1.13. [2Anilku~iias, 1'. 

et a1 20061. Detail investigation reveals that nanotibers werc formed due to the 

oxidation of self assembled anilinc + surfactant cylindrical template. The nanotiber 

fonnation was facile for widc range of [anilinc]i [surfactantl concentration which was 

rarely reported in literature fol- synthesis of polyaniline nanofibers. lnlerfacial 

polymerisation was also carried out using the same anionic surfactant - osidant in 

aqueous layer and anilinc in organic layer resulted formation of nanospheres 

fhilkumar, P. et ul 20081. Thc formation of the spherical aggregates betwccn 

mhctant and oxidant ammonium persulfatc and subsequent monomer intake at the 

interface created the polyan i 1 ine nanosphcres. 

Emulsion route Interfacial route Dilation route 

Figure 1 .I  3. Synthesis of' Pol'uniline n~no,s/rzcc:tures usir~g ~iffcrent t~~ethods o j  

polymerisation route [Adup fed, fiom '~nilkzrmar, P. e f  crl20 101. 

In general, the sound knowledge of thc polyaniline structure and chcmical 

properties, with reasonably good solubility and processability, tllennal and 

environmental stability and fdcilc nanomaterial formation makcs this polymcr front 

runner in conducting polyrncr nanan~aterials. Similar to polyanil ine, polypyrrole is 

another interesting conducting polymer with good conductivity and thennal stability. 

However polypyrrole has a major drawback in solubity and processabil ity. In addition 

to that the nanomaterial formation was not undcrstood properly unlike polyanilinc. 

Hence, here we find a uniquc opportunity to address some of the basic understanding 

of the polypyrrole nanomaterial formation by surfactant sel1'assenibly approach. 
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situ between cationic surfactant and ammonium persulfatc as oxidising agcnt [Wu, A.  

et a1 20051. Thc diameter 01' as-prepared pnlypyrrolc nano wircs was in t11e ranyc ot' 

20-65 nrn, and the Icngth was up to scvcral ~nicrornctcrs see l i g ~ ~ r c  1.17. In gencral, 

anionic surfactanls like DRSA ancl SDS produce polyp>'rrolc nanospherus [lle Ar111ill. 

C. et a1 1993; llaung. K. ei ul 20051. Sinco [he oxidative polymerization 0 1 '  

corresponding monomers produces cationic interniediatcs, the anionic assen~blics 

acted as an excellent template owing to  the ~nutual  electrostatic at11.active force. The 

helical superstructures of PPy could be preparcd via thc clec~rochctnical 

polymerization using anionic synthetic lipid assemblies I l  latano, T. c/  irl 2004 1. A 

bulk synthesis of PPy llanofiber (diameter: 60-90 nm) was pcrfi)nned using nanofiber 

seeds as a template [Zhang, X. er ul20051. V2Us nanofibcr (diameler .-I 5 nm), which 

was chemically treated with pyrrole monomer, was used as a reactive seed template, 

and pre-polymerization reaction on the surface ol' fibrillar templatc provicled thc 

evolution of bulk fibrillar morphology i\ith subsecl~rent addition of' the oxidizing 

agent. 

) 1) CTABI HCI 

N 
I 2) APSIHCI 

- 
I 

Pyrrole Polypyrrole Nanofibers 

@re 1.17. ,~yntl~e.ris c!f'poI~pjr~-ole r.rant?fihcr.v u.vin~ CTAB us . s ~ I I : ~ ~ ~ c . I N Y ~ / :  APS r1.Y 

oxidising agent [udupred from Zhung. X ct UI 2 OO5j 





hard template method Sor preparing pol!-nicr natlonia~el-ials. I<ecttnt I!. Jang el c r l .  

produced PPy nariot~~bc with highly unil'orm surtiicc and contl-ollcd wall thickness h~ 

one-step Vapour dcposition pol>mt.risat ion (VIIP) tccl~niqi~c ~tsirlp I\A(:) nirti~l~t.nnt. 

see figure 1.19. Thc terilplale medratcd \ apour phasc pol? nlcr i~a~ion pt.o\ rclz\ I.acile 

and effective method to Fdbricatc Iiighl? uni  lbnn tubular- \val Is and \vith cor~trol \\all 

thickness [d~ang, J.  ct trl 200.11. One ol.thc ma,ivrchallcngcs in this t jpe o l ' s~ t l i e s i s  i s  

to retain lhe purity ancl s~abilil! o-f tlic nanomarerial a1it.l- the I-emo\.al 01' the. h;-lt-d 

template. 

Figure I .19. / 'ol~~7~.r/ .ole t i ~ ~ o i l ~ h t c  .VJ-~HI/~CI .C;IC'CJ  ~.i.~i/?g A.4 (1 1.icr \.~l/)ozo- ~lccl?r).~i/;o~r 

technique [u~it~ptcd, fi-orn ' ' . / ~ r ? ~ .  ,/ c~ rrl 2004J. 

1,7.4. Electrochemical synthesis 

Electrochemical ~i~ctliod is c\.idcl~ acccp~ccl I'or  lie s! tlrhesis ol' poll. p j  ~ ~ o l c  

nanonlaterial in prcscricc of teniplate like ~l~icelles. licluid ct-!-stals. lipids, starch. 

heparin, porous material and also wi~liout any tcrnplatc Ig.lans. .l. cr/ ul 2(106: Qu. I ;  st 

a1 20031. Various lypes of rnorphologics lihc nnnolibers. tirbirles. spheres. nano ho\f Is 

or containers wcrc prodi~ced 17y this I .OLI~C.  'I'hc influcnco o f  c.\peril.lien[aI pal.alilt.tet- 

like working eleclrodc, co~iccntt-ation and shape of' tetiiplate. r-tlonomcr conccnl~.aliori, 

current density, and poljn~erisatiorl time plays impr,l-cant rolc in dctet'mining the 

morphology and propcrtics of the nanomatcrial. One ol' [he advantage 01 '  

electrochemical routc i s  dcposition ot'the nanoniaterial can be dons ves? easily io rht. 

sensor electrode. 
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1.7.5. Dispersion route 

There are three categories ol^ dispersion polymerization in ordcr to fabricate 

the conducting polymer colloids. 'l'hc tirst approach. uti l izcs stcrically stabilized 

polymer like polystyrene sulfonic acid (PSS) and polyvinyl alcohol (PVA)  Ibr 

conducting polymer nanoparlicle [Qi, 2.  c?t a1 20061. In this case, thc Inonomcr and 

oxidant are dissolved in a stcrically stabilized polymer rnediunl and conducting 

polymer nanoparticlcs are formed as polymerization proceeds. Processabilitl: and 

solubility was found to be very good for the conducting polymcr synthcsizcd via this 

method, however the conductivity loscs diic to prescncc of stcric stabilizer. Thc other 

approach involves in-situ polymerization of monomer is performed in the presence 01' 

silica nanoparticles and the conducting polymer is adsorbed onto the silica 

nanoparticles as seed [McCarthy, (3. P. et a1 1997; Maeda, S. cf crl 19951 The particle 

size and morphology of silica-conducting polymcr can bc readily varicd by adjusting 

size of silica, conccntration of silica and monomer. and type of oxidant and monomer. 

Third category involves the use soitle metal colloidal particle as a slabilizer mediulii 

for the polypyrrole. Fujii er a1 reported the onc pot synthesis of polypyrrolc coated 

silver core shell material using the oxidation polypyrrolc with silvcr nitrate scc figurc 

1.20 .) 

Polymeric or inorganic 0 stabilizer 
N 

Oxidant 

F i r e  1.20. Polypyrrole ,vphe,-icul core-.rhell nano tnui~.t-iul viu hj: di.spo-sion t.ozlie. 

.[adaptedfrom Fujii, S. et ul20071 



1.7.6. Other routcs 

Other important routes lor the production 01' polyp! rrolc \\-ill1 special pilrl3i~sc 

like making thin films. i~iipro\:t.ment oi'soluhilit! nncl conducti\.ir>. .II-L. a:, f~~l l t .nv\  
- .  a) Interfacial route: Iliin pol!p!.t.rolc tilm coulcl t . ~  prcl?;~~.~.! b! chetiiical 

polymerization a1 the intcrl'rlct: 01' cliloro~orm solution ol' pyrsolc and aclueous .strlulic!~i 

of ammonium pcrst~l k~lc* [ I  . L I .  1.. r r l  10'181. 'J'I1c1.c. a!-i. sc\ ern1 cr~nclirion> l i j r .  tllc 

solven~s to be L I S C ~  11)s i ~ ~ t c ~ . f i i ~ i ; ~ l  pi?[]r111trizi1tio1l of  pyl.l.olt'. 'I hc* os ic la~~i  iuid 

monomer shoulcl bc solul>lc. in dilfi.rt.111 ,ol\~cnrs 1 ; ~ -  rhc rc:!ctio:i I r j  crccur onl! ;I( thC 

interface. To prevcnt I-'I'!. li.orn clcpvsirins :ts po\\.der 01. Iloa!itlg 011 :hc ailircOiis 

surface. the uppel la! CI. ~ ( l l \ . t ' i ~ t  ~11i)~rld h3i.e I O \ V C I -  C I C I I S ~ ~ ~  111811 I'P!.. 'l7lc cond~tcti\.it!~ 

and other solid statc properties i r f '  tlic polyp!.rrolc material s! nt!lesi/cd \.ia inrc~.l'nci~~l 

route are poor in comparison io tl1e ~ l i i ' ~ ~ l i c a l  a110 c \ I c ~ ~ r o ~ l i c ~ i l i ~ ~ ~ l  rntrhod. 1 . 1 1 ~  l i l ~ ~ i s  

of polypyrrolc Ibrmed at thc inreril~cc of t l ~ c  org;unic atl11eol15 Ii\!~r \\crc' i~* ;~~ i i l l>  

undergoes ovcr oxidarion Juc 10 tlie insoli~bilit!. n~n~cr ia l s  in citliel. clrgn~iic o r  i~cl~leous 

solution. 

b) Plasma route: I'lasni;~ po ly~nc~- iz :~~ in~ i  Ilas bcen rccrrgriizcd a\ r111 illlportanr I-lr-c>ccsi 

to obtain thin lilms ol' collducri\~c ~?olynctr. \vhich arc. I;,rtncd b! ~.e;tcticri~~ in gu\ 

phase without an>- chemical o s i d i ~ n r ~  [.lohn. I?. L. el (11 20(.)2 1 I ' l ~ e  ~ l l c ' r i l i ~ i ~ l  si~.t~cti:rc 

of plasma-polymerized pol!,p>rrole is dil'rcrznt li-om that obtained by cc~n\~cnlioi~al  

cheniical or elcctroc!lrniic.aI pol! mcrimlio~i PI-occ.\ses bcc;~ilse c j t '  I ' I . ; \ ~ I I I C ! : ~  Lv-liiiitioll. 

trapped radicals. and a lii$ic'r c I c ~ I . ~ ~  c)I' br;inct~il~g LII ILI  crrlqi 1i1iliir)q. 

C) Copolymerization: IL:vcn thougli pol>pynolc mtly he tlscd in illail!. i~pplic:itii)n 

fields. its poor processahili~!.. ~nccliiinical. ancl l-rll>-sical propcnizs ha\c hct.11 ir I:~rgc 

obstacle. To inlpl.o\e the p!-ocessibility. mcchanic;~l ancl otl~ci. pl.opeltic*s. \ ~ ; ~ r i o l i ~  

kinds of PQ: copol!-nirrs ha\e been pol!mcrizcil \virl~ 111a11! orhr=r cc~nciucting ;111cl 

convt.ntional poI>111ers [Siliilllons. M . R .  ' 1 1  1~981. -1'0 i~ilpro\.r' tllcb pr.oci's~it~iiit). ~ t '  

PPy. the sterioall! sr:rhilizccl colloidal 1 ' 1 ' ~  pat1ic1c.s I ~ a \ c  hcc.11 i > n t h ~ ~ i / ~ c l  11si1lg 3 

tailor-made rcacrik c copolyrncr. Elcctroactive ralidvrn c o p o l y ~ n e ~  \\ a\  / > I . O ~ I I L ' C ~  b! 

the electrochemical copol!,mt'ri~atiun 01' p!rrolc and anilitlc ill aot.tonirsilc~ and 

supporting t l~ct rolyts  1Sa1.i. Il. ci (11 1998: F ~ ~ i l l b i ~ .  F. PI (11 IY)'): "1.i. X. (; ('I (11 

2001: Stcjskal. .I. C ~ I  (11 2004: 1.ini. V ,  \!.. I .. C ~ I  ( 1 1  2t)f.J I : Iii111. .I, U;. i i i  300-3: Cl10. C . .  

H P I  a1 2003: VChou. (.'. c~ ( 1 1  30081. I t  \\:IS r.~lso ~cpr j~ .~et i  rhar rherc \\.:IS a clea~.  

dependency ut' polq-mcri7.arion ralc: and yield. solubilirj-. abil i~y ro limn films. 





Chapter 1 Introduction 

the nanojunction conducrance a3 3 result 0 1 '  gll~cose oxirla~ior~ ind~icrd changc it1 tlic 

polymer rcdox slatc sec 1igi11-c 1.2 I .  [I-o~.zani. 1.i.S. cJ/ (11 20041. I . ' L I ~ I ~ C I ~ I ~ O I . C .  ill1 

amperometric etlzynic clttctrcxk \vas prcparttd bnsecl o n  Ille co-inimohi l i;liltiirn I? t' C'h 1 

and glucose oxidasc uithin an clectro pol! ~lierizcd PI'\, lilm I Kros. A ,  c.1 ( 1 1  2002 ;  

Gao, M .  et a/ 2003: Lb ang. J. (11  20051. Such a s i~~ iu l t aneo~~s  irico~.po~.ali(:)rl il I '  (.'KT 

and glucose osidasc iniparled biocatal!-tic and ~Ic~lro~a1;1I;\.tic proper1ic.s ibnlo 

amperometric scnsor. This rescarch was lilr-thsr crtcndcd to ~ h c  ii~l~l-ica~ion 0 1 '  1'1'). 

nano-wire biosensor ti,r labcl-free bin-afti~?i~y scnsing ) Raniu~iathan. K. cr al 2005 1. 
The one-step incorporalion 01' ti~nclional biological niolcctlles inlo I'P> nano\\ i1.c~ 

during its electropolymcri~i~tio~~ was a critical advantage of a IIOLCI  f8tx-ication 

method over the 0 4 . 1 '  ant1 silicon nann\vire hic~sensors [tiat rcquircd post-s>.nthcric 

modification and positioning. 

Chemical Sensor Bio Sensor 

Figure I .21. Schetr-ltilic r.v~~rc..vc1iltt~tioi? c!J' c + l ? t ~ i ~ ~ i c w l  t rrlrl hio.vct~.\or I > ~ c . c c ~ l i  r>,r 

conduct ing~~ol~mc~~.  / oc iq~ /e t i  fkotlr /WLI. X. ct (11 2008: C;rrimtrri% X. K.  el (11 .?007/ 

1.8.2. Electrochron~ic device 

Electrochroniism can bc clefincd as a rcvcrsil~lc color changc in a nlaict-i:ll 

induced by an electric tield. Early srudics ol' clccrruchrc~mis~i~ Ibcuscd o n  inorgarlic 

(e.g., W 0 3 )  co~npolilids and orpnic molecules (c.g.. hypyridi l iulns). I lo\ve\;el., reccn t 

researches have fairl). focused on conduciing polyucrs such as PP!.. I'ANI, and PI' 

[Argun, A. A. el (71 200.71. C'onducting polymers Ilacc advantages over {hi. orhcr 

electrochromic matcl-ials. includi~ig ease 0 1 '  processing. list s~zitcllillg L ~ I ~ I c .  I i i~l i  





Chapter I I r t ~ r o ~ / ~ ! ~ ~ / i o ~ i  

Figure 1.23. .Ynup.sl~nts .vhort.i~lg I ~ I L .  nrec.,llo)lic-ol iri.rlrnfion irr 1)0(17?l~1-role ~ r r t l c t u o r  

[adaptedfrom r-c:fer~17c.c Oto-o, Z 1.'. el ul 200-?] 

1.9. Aim of the thesis 

Based on thc dclail revieu discussed in lhis c,llaptci., i~ i s  c\ idcn~ tl.lar 

p~lypyrrolc nanosrructurcs arc produced using tlilTcrcnt kinds sofr as u-ell as h;ti.ii 

template method. Ho~icvcr.  thcrc is a largc discrepanc~ in !he s~~ntlicsis 0 1 '  nano- 

structured pnlypyrrole i t  controllable morpllologics. silts and pi-opcr 

understanding of formation mechanisms. 111 gcnctxl. s>ntl~ctic app~.onclics dc\ c.lol)t.cl 

for PPy and PAN1 wcrc li)l~nd not suilable for [he sy~ithcsis ol' pol)-l, t-role-co- 

polyaniline nanomaterials. I)c\:clopmenr o f  col>olymci nanostructurus is unexplored 

dw to limitation of csisting molecular templates to stabilise bc-tli atiiline and p!.n-ole 

for new nanostnicture Sormation. In h i s  thesis, new 111olccular anlphiplii le basctl on 

renewable resource starting niatcrial \uc.rc dcsigned 10 nddrcss a b w c  issues. l'llc idea 

of interconnecting both rene\anble resources and condi~ct ing na~~o~nalerials is  \-el-> 

new and have trcnicndous oppor~u~~it ics  li)r lundamcn~al and i\pl?litcl rcscarch. 

Renewable resource ralv tiiatcrial based on cardanol. ~ . l ~ i c l i  is an industrial ~vaslc and 

pollutant f ~ o m  cashcw nut  indus~r>.. u=as i~til i~erl  as rio\el arnpl~il>hilic (lopants li,r 

conducting polypyrrole and polypyrrole-polyani line nano~-na~erinls. Actdilio~~al I!. 

colorimetric sensing appt.oacli 0 1 '  pol>-aniline \+as i~ndevelopcd tcchniquc duc t c ~  ils 

bolubility and mismatch o f  rcdox potential for svme of  thc bicimcslcculcs. A LLatcr 

soluble self-doped pol\ia~iiline sulfonic acid colorimetric sunsing apl~roach \+as 

developed Tor vitamin-C and cyslcinc using redos chcmislr! pol! aiiilii~r. 
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protocols [De Armitt, C'. cr trl 1903; (ln~astova, M. cJt a1 2003; Sre.jskal. .I. c.1 (I/ 2003; 

Shen, Y er a1 1998; Lcc, J .  Y ct (11 1995; Ha~lng, K. Ei c.r/ 3005; Wie. % ci cd 2 0 0 :  

Liq  J .  et ul 2001; Slien. Y. e/ al 1997; C'assig~lol. C. c't (41 19981. Pol) p\,rrole 

nanotubes, nanofi bers, and nanospheres \yere synthesized using an ionic su~.factants 

such as bis-(2-ethj lhexq I)sulfi)succinate (.40*1 ), sodium dodecj~lsul fate (S 11s). 

dodecyIbenzenesulfo~iic acid (DBSA), a7oben7cnesulfo~iic ac~cl ( ABS 4), and Y- 

naphthalenesulfonic acid ( N S A )  [Olna\to\a, M .  et L I I  2003, Shcn. Y c2/ (11 1098. 

Omastova, M ,  et a/ 2003; l.ce, . I .  Y er ell 1995; Haung. K.  Et u/  2005: M ic. Z c ~ r  trl 

2005; Shen, Y. el al 1 0971 . 

Figure 2.1. Po!vj?vrrole rnorphol~~q: tinder- di/krent si.irfi~c/unt.s cmd oxicli:in,q ugc!rtts 

a) nanosphere.~ hj nun ow ire^ c7j no rnorpholo ,~~  d) ncrr.ros/,hcl.e.r;. 

Most 0Ftc11. the synlhesis of polyyprolc nanunlaLc~.iaIs using anionic 

surfactants was found very sensiti~e to the pq:rroIc/su~.lhctant ratio and good qualip 01' 

nanomaterials was produced for only a few selective compositions [ I  Iaunp, K.  ct ~rl  

2005; Lee. J .  Y et ul 1995; Shcn, Y. ci ell 19971 see figure 2. I .  lWie reason Ibr the 

inhomogeneity in the nanornalerials Ihrmatiorl was associared to  he poor micelles 

formation of the anionic surfactants ~ v i t h  pyrrolc in water. Ul~lil ic in lhc case 01' 

cationic suri'actanls. un l'ortunatcl>, thc mcchanism of' the anionic surfaclant-mediated 
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polypyrrole synthesis was not investigated in detail. which is a very crucial I'actor for 

reproducible nanornaterials synthesis ['%hang. X. er crl 2006; Carswell. A.D e/ (11 

20031. It is very important to stabilize the micellcs in water and understand thcir 

polymerization mechanism for precise control of polypyrrole nanoma~erial forn~ation. 

Therefore, design and de\:elopmenl of new amphiphilic anionic surfactant is wry 

much in need for the synthesis of polypyrrole nanomaterials ~vith good solubility. 

morphology, high solid-state ordering. and precise control over thc structure-property 

relationships. 

In this thesis. a renewable rcso~lrce strategy has been developed Sor conduciing 

polymer nanomaterials research. The building blocks used for nanochemistry are 

synthesized mainly from petroleum-based products. Howevcr, plant resources have 

distinct advantages for the guneralion of new building blocks of nanotnatcrials. 

because (a) they arc obtainable from renewable resources and (b)  hey arc cheap and 

abundant in nature [Vemula. P. K. e /  trl 2008; John. Ci. et (11 20011. Additionally. the 

idea of interconnecting both renewable resources and conducting nanomaterials is 

very new and have tremendous oppoflunities for fundamental and applied rcscarch. 

This study is an effort to combine the principles of gi-een chemists>- and 

nanochemistq by making use of renewable plant-dcrived resources as thc starting 

materials for the synthesis of conducting polymer nanornaterials. Kcncwable resource 

raw material cardanol. which i s  an industrial waste and pollutant tkoni c a s h e ~  nut 

(Anacardiurn occidelrl7tulej processing industry [Santos. M.  L. El al 200 I 1. was utilized 

for the synthesis of new amphiphilic sulfonic acid. which tcmplate for polypyrrole 

nanomaterials. Cashew nut shell liquid (CNSL) is a natural source for unsaturatcd 

long-chain cardanol, obtained from thermal decarboxylatioll of anacardic acid. ttlc 

main component o f  CNSL. Cardanol consists of four types mrro-alkyl phenols with 

alkyl chains differing in their degree OS unsaturadon like 8-ene. 8. 11- dicnes. 8. 1 1 .  

1Ctrienes and saturated side chain (see figure 2.2.). .l'l-ie amount and types ol' thcse 

components vary depending up on the spccics of the plant (Vemula. P. K.  el ~ 1 2 0 0 8 :  

Santos. M. L. El crr! 20011 This renewable matcrial has widc applications in the tbrnl 

of adhesives. composites. llame retardants. surfacc coatings? paints and varnishes 1 C. 

K. S. Pillai et a1 1990.: Menon, A. R. R et al 19951 

The hydroxyl group of cardanol is rcactiw and readily available Tor runher 

functionaliwlion leading to some new cardanol based molecular and polymeric 



.nateriaIs. For exan-tplc, c;il-danyl acrylate was s~ntl~esizcd by rhc reacrion of c;~~~clariol 

~ 4 t h  acployl chloride. c\;hich prodilced a lincar pol!-mer upon soli~tion pol! n ~ c r i ~ a r  ion 

in lolucnc 11si11g radical ini{ia(ol. \.lol~n. (;. (4 t r i  1089; .lolin. 6. clr (11 IOO.?] (see ligi11.c 

2.3.). Up011 renloval 0 1  solvent and crrposul-e t o  ei lhcr i ~ i r  or I.IV I igllt. ~ h c .  p o l y m ~ ~ .  

uodenvcn~ cross-linking 10 p~-odl~cc an insoluble tralispiircnl li l in. 

2) Vaccum Dstillat ton 

R R 
Cardanol 

Cardanol Cardanol acrylate Polycardanol acrylate 

Figure 2.3. S\./71hc.(i.\ (?f'l'o(r cut.c/ru?j-1 ~/o:\:i~c~cr.,l;~or>~ c.~trt.clc~llol. 

S.K Asha a11d co-~\:orkel-s tla\/e introduced h>droge~\ bondins i~~.clh;~ni: gl-oup 

as a spacer hctwce~i  11g11-ophohic cardanol i l n i ~  arltl p o l  acr> liuc u n i ~  to induct: sclt- 

assembly propenits (scc ligure 2.4.) .  l'hese poly lners \.vcre u ~ ~ d e ~ - s o ~ l c  scl l' assc~ll hl). 

in different organic so!vcrits inco pores, spheres, \.esiclcs. ~ubcs  elc. John.  C; el (11  

reported thc synthesis o f  cardany l gI! colipids bc auacl~ing gli~copgrinosc to cardar~ol 

(see figure 2.5.) .  Sel K-'-nssc~ribly p~.opcrlics ol' glycol ipids lrave heen cxretisivelq' 



investigated in hoi aqueous solution to generale nanosrr~~cti~res. such :IS t~elical and 

twisted fibers and n a n o t ~ ~ b e h  I Yui ,  I I .  ttr 111 2005; John. C;. rt ti1 20021. 

F i r e  2.4. C~n-d~-k7noi-b~rsc~~;I .sic./! choitr c/rc,tl7r1ne t ) lcr I1~i~,~?: lnt~/,~ /.Aci(q?tc-rd f ion l  

Rekhu, N er a1 20091. 

II I i, Dispersed in hot water 

/ I followed by slow cooling 

Figure 2.5. CIII.LJ~I~IO/ hu.~t!~l ,q(vcolj/~i~I.~ [ ~ ~ ~ l ( i ~ ) t e ~ / , / r o t  1~.io117,/11. P. K. (1'1 2OOv. 





wider pyrrole: surfactant composition [~sirlg arn~noni~.tln ~~cr.si~lfare (APS? a~- ld  ti.~-ric 

doride(FeC13). Addi~ionall!.. an ttffor~ liar hccrl made 10 iind O L I I  tlic' ~rolc' r)l'dilulic)~l 

on tbe polynierisation for conrrol I ins s i ~ e  of pol! 1,) 1.1.ole 11a1iosp1~e1~c.s r-;~n?i llg tl.0111 

0.5 pm to 50 nm. D . n a n ~ i c  Iigllr scaI[c~.ing. c\lcc[~.oll microscap> allcl ~>nl.~iclc bi7c 

measurements are used 10 pl.opo\e rlle mccliarlism 01' tiwliiation oI' pol! p! l.l.vle 

wmaterial fonilation. I'hc suheniaric ~ .cp~-e~cr~tr r t ic~~is  of I l l c  nbo\.c al)pro:icll ;I IY 

shown in Fizure 2.6. 

Figure 2.6. ,Y~.i~~l.~c..ri.s o ~ ~ / ~ o / \ ~ ) I ~ I . I . o / ( J  . . 17~rno.sl1/7rct.c.\ \ - i t [  e~t.lr~/.vio/l ).ol//cr. 

The polypj,rrolc ~~onc~sphcrcs  \\.ere cllar.actcr.i~cd b! !5 l;:M, TLhl. l.i V - \  isil-rlc. 

DLS, particle size anal!.zer, and \i.idc-anglc X-1.a~ clift't-actions. ctc. In a nut shell. \ \ c  

have successfully utili~cd ampliiphilic anionic wl.fiictant li)l. rhC size co~it~~ollecl 

synthesis of polypyrrnle nanosplicrcs and to cstnblist~ llic ~neclla~lisln 01' Korrnation. 

2.2. Experimental procedures 

2.2.1. Materials: Pyrrolt., a r n n ~ o n i u l ~  pcrsulfate (APS),  sl~lliirlilic acid and ferric 

chloride hesaliydrare \4erc pirrcliascd 1.1-on1 sigma nldrich. C:ashc\\. nut slicll licluid 

(CNSL) used in this stucl). 21s olxai riecl ti-om Vi,ja~,al;~lishrlr i cashc\\ conlpan!-. ill 

Kollam districl of Kcrala. India. C:at.danol \ i as  puritictl b! doilble-\~;icuirni di>tilla[1o11 

at 3-4 nim of Hg. and tlic traction distillccl at 220-935 C '  \ \ a s  collected. 

2.2.2. General procedures:  N\.ll< spcctra of tlic colnpounds uc rc  I-ecoriled using a 

500-MHz Rrucker UMK spcctropholotnetcr ill 4,-CIMSO conlaining tctr-nmctli! Isilane 

(TMS) as llic illtcrnal s~a~idar-d.  Inli-ared spectl.a ot'ttle pol>mcrs \.vcrc l.ecol.decl  sing a 

Perkin-Elmer precisel!- spccIr.um onc F-1.-I R sl~cctroriicrel- in ~ l l c  ransc 01' 4000-400 
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I Surfactant- l 

l,U 

Figu rc 2.9. '.'c-NMR yf'cal-c/unol n,?d .cu~fi,c.tcmt- l 

2.3.2. Micellar behavio~rr of the surfactant 

Surfactant-1 is solublc in ~ : a l e r  and forms foam like soluticjn with gradual 

increase of concentration. In order to find out thc cxistence of niicellar behaviour. the 

surfactant was subjected to dynamic light scattering (DLS) studies in watcr a1 ( I  x lo-' 

M) see figure 2.10 [I3ucholz, '1'. e1 U I  2008; Zhang, X .  c/ crl 20061. DLS analysis 

revealed that Inore than 99.4 o f  the azoben7,ene surFdctant molecule in water exists 

in the form of the micelles and their averagc diameters were obtained as 4.29 nm. In 

emulsion polymerization route, the shape and dimensions of the nano-materials arc 

highly depended on their niicellar stale. The theore~ical size of lhe surfactant molccule 

was calculated using AM I calculations and found that the cnd-lo-end distance of t h e  

polar head lo hydrophobic tail was obtained as 24.4 or 2.44 nm (scc figure 2.10.). 

The diameter of the tightly packed spherical micelles is always ccli~al LO the double the 

length of surfactant molccule. The theoretical diameter of the n~icellc is equal to 2 s 

2.44 nm = 4.88 nm, which is almost matching with that of the values obtained 

experimentally by DLS. In order lo get rnore insight in lo the dopa111 packing factor, 

we have utilized energy minimized AM 1 structure (scc figure 2.1 I .). The molecule 

has a bend sliripc with a head group radius of 1.36 nm, tail length of 2.01 nm with 

overall molecular length of 2.44 nm. It appears as a cone shapc with large ticad and a 

long hydrophobic tail. The P, for the new amphiphilic dopant rnoleculc was calculatcd 



equation ( 1 )  of chap~cl- 1 nhraincd as 0.33. \+Iiich predicls thc .;hapc of the 

:s as spl~crical one [ I \~ . ae l ad~v i l i ,  J. N.  c*t r r l  19761. 

Figure 2.10. DL.? hi.~to,qrc~t)? i?f't/1~7 . V I I ~ ~ ~ J L - ~ L ~ I I ~  CI\IC/ c7~7c,r*gs  t)~i~~ir?~ist*ti  .vfrrt~*rrlrc). 

25 - r- I />, ..r(--J 
L. I I 

15- 

I 
P -.(.91uII lo: 

I ,\ 
( Micelles 5 

Figure 2. I 1 . ~bfolcc~t~l~u. gc>ontc1tn. crnr.1' r/rc~or~~tic.c,/ pi ic 'kir?,~,f~i~!or.  

-A % d Aqqreq.les 

1 i 0 .J I I ~  10 , . . . .  IW . .., . 
1 imo 













nano-materials (,-- 150 nnl t-ange) \ihicli ; ~ c c n ~ ~ n t  I'cw t l ~  ~ C I O I .  ~.csolutio~i 01' ST'h.1 

images for series-a s a ~ ~ l j ~ l c .  (<tnall ' ; I > I I C I . C S )  irl lj, ~r~11.c-2. I 5 .  

Figure 2.16. .?L:\! ~ I C , / U I . L ) . , -  o/-  ~ ( . ) I I ~ \ . ~ - I . O / C  . . I I ~ ~ I I O I ) ~ ~ L ~ C ~ I ~ I ~ I [ . \  ~ I X ~ ~ I Y Y /  l [ . v ; t / g  i r ~ , C ' i  ; ( 1 , ~  

oxidiring ugenr: P-5b f ( i ) ,  P-lOrr ih).  P-2% / ( , I ,  P-50h / I / ) .  P- 75h /c) ,  c l t l r /  P- 100h I f j .  

I'hc samples \vorc suhjcctcd for- rsans~nission electrol~ 1ilicro5c~)pic ( TT,LI ) 

analysis 10 get bctlcr rnul-pholog~ 0 1 '  11icsc t~a i~c~-~ .~~a tc r i a l s .  I I:hl itli:igc:, o f  t'-50a unrl 

P-100b arc slioun in liplrrc. 2.17. TEM-images oI'11ie ,aliiples clear-I! i11~1icatc that tlic 

entire materials 1iai.c uniIi>nn wlid nanc~-sl~llcr.cc (110 hnllon .iplicrcs 01. lihrrs) and  

their diamcters are in t t ~ c  ~.;itigc of' 1 5 0  11n1 ;111~1 800 nm lbr P-51)il and P-IOOh. 

respectivel),. ' I  ho cnlnpariso~l 0 1 '  [he 1-1.M ; ~ n d  SI-"\-I i m a p  01' llicsu :;amples rt.\-ealy 

hat the nano-sphcres diameter5 :Ire alnlosl cornpal-nblc in  hot11 tcchnicl~res. 



Chapter 2 Aniotlic Tct?7pI(it~' /or / 'Pj.  :2'~~~7on~(1tct-i~il~ ----------- 

Figure 2.17. TEiM /~ic/ztt.e.\ (?/ pollpj.rrol~~ t7~1nonttr/cr.i[ld.s. 

'Thus, speciali). designed rcncuablc resource ainpliiphilic moleculc is 

efficient anionic surfactant for polypy-role nanosyhercs. and for thc Iirst time, \vc 

have shown that the size and nature 0 1 '  the nano- materials can bc f ine- t~~ncd fi)r a 

wide composition range of pyrrole: dopant in the I'ecd. Tho~lgh ~l icrc  is a d i f l r c n c c  in 

the sizes of the nano-spheres producc b l  oxidizing agcnts, inturcstinfl> both routcs 

produced only nano-spheres and no tl.aces of' libcrs ivel-c hirnd in thc c n ~ i r e  rnater-ials. 

It indicates lhat the ~nechanism of the nano-spheres formation is ~nainl j -  cori~rollcd b! 

the surfactant-pyrrole coniplexcs in watcr rathcr illan the typcs of  thc oxidizing agents 

employed. I t  is quite oppositc to thc obsel-\,ations I-cported hj: W u  el t r l .  and Zhans eJt 

al. in the cationic surfac~ant rnediatcd pulq.pyn.olc synthesis [7llang, X. et ul 2006; 

Wu, A. et ul 2005J. I hcy Sound [hat FeC.'13 oxidation of C"T'Al3-pyrrolc c o ~ n p l e l  

produced sphercs whereas wire-l i kc netivork ~norpliology was o b l a i ~ ~ e d  for 11 I5 

oxidation IZhang, X.  er (11 ,0061 (see figure 2.1). Intcrosti~iglj . in thc present s!stcrn 

neither changes in the amount 01' pyrrale: surr~ictant ratio (li)r \vide range of I : 1 :5 t o  

I: Ill00 in thc I'ecd) or oxidi7ing agent disturbs the morpholog\ 01' the nano- 

materials. 11 is very surprising to notice that nano-spheres ivc1.e pl.oduced w e n  at v e q  

hw concentration of the siafactant, which is alrnosr 1 :'I 00 lower than  that of p ~ . n o l c  

in the feed. Furlher, the polyp\irrole nann-spheres P-50a. P-7521 and P-100a wcre 

dispersed in  w t c r  and subjected to par~iclc size anal1,sis. Thc riann-particle si7cs and 

their distribution are plotted and shown in t7g~11.e 2.18. Y-50a has t \+o distributions 

with average diameter of the nano-spheres c-cntei.od at 100 nln and 1.6 p M .  P-75a has 

also showed a broad dis~r ibu~ions  cenrcl-cd a1 450 nni, but thc average parliclc s i ~ e  is 





2.3.5. Polypy rt-ole nanosl.)he~-es via dilution Route 

A dili~ec r.ourc polyriierizatiori \%as carried out bj.  \;arying the concenlrations 01' 

both surfactan1 and p!-t.role lo prodi~ce ~ o I ! . ~ . I . I . Q I ~ J  ~i;lnosphc~.cs. Yanu-sphere ( -  170 

nm) formation \\ere a l~~iosr  in\:arianr for [p~-l-rc'rltt] Isurl'actant] 100. I3ased on rhis 

experience, rllc co~npvsitiori 01' [ p j  r r o I c ~ / [ ~ ~ ~ t ~ t j c ~ ; ~ r i ~ . ~  M . ~ S  fixed as 100 for the dilution 

route. Initial cunccnll-alio~i of p!.rroIc and surfiictant \\-as l iscd as 9.6s 10.' and 9.6 

XIO'" M respcc~i\;el>- and rlicn lijr dilutc pol\z~ne~.i~atian. tlic concentration:, of rhe 

surractanr (9.6 x 10.' to 5 . 8 ~  10.'' M)  and p!rrolc ( 9 . 6 ~  1 0 '  to 5 . 8 ~  10.' M) \vcrc varicd 

by adding rerli~ired amouril 01' \\:aler i i o~n  15 lo 250 ml. to the pre-fol-nled e~nulsion 

(see table 2.2.). Upon dilulion. Illat ihick !,ellow emulsion turned lurbid and then 

became a clear yellou solution withoirt any phase scparatiori (scc iigi~re 2.19.). .llic 

emulsion and dilutc pol!.rncrization satnples \\-ere fwnd stable fbr more lhan 2 d q . 5  

under ambienl conditions. These soli~tions \+.ere stirred for 45 ~~i inutcs  iri sonicato~. 

and then oxidized by adding aqileous solution of'a~nmonii~ni pcrsulpha~c in icc colcl 

condition undel  sorlicaticrn !'or 1 11. Tlie pol~,meriratio~i \\,as con1i11ui.d Ibr tc 11 arid thc 

resulting nano- ~natcriul \\.as filre~wi and pi~rilicd hc \,vasliing \+:it11 ivatcr ant1 

methanol until  [lie filtrate became colorless. I L  \ \as dried under \ aciri1m 1\)1. 24 h (0.05 

mm of t-lg) at 5 0  C' irl 3 \:acuuni o\,en prior to !\lr-~ticr anaI!.sis. The 1 ~ > 1 !  mer5 arc 

denoted as P-I ,  P-2, P-3, 1'-4, P-5, P-6, 8-7, and P-8 (scc lablc 2.3).  

Figure 2.19. Dill~tio)? (?f 111t. rlrick etjiztI~ioti~/).ot)l 1 Otnl. to 2jO tuL. 

















Chapter 2 Anionic Template for P P I ~  N~rnot7iureri~ils 

Figure 2.27. 12/lech~tt1i.m1 qf'.sizc conlrol in poI\:pyi.role na17o.spher.e.r 

2.3.8. Properties of  Polypyrrole Nanomaterials 

The thern~al analysis ol' the polypyrrole ~ a ~ n p l c s  Mvas carried oul by 

lhermogra\ ilnetric analysis (TGA) Lvas shoun i n  figure 2.28 Poll mcr samples doped 

by the neu azobenzenc sulfonic acid u ere thertnallq stable up lo 280' C, sirn~lar to 

camphor sulfonic acid dopcd samples I~LI, X. G Et a /  20041. 
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Figure 2.28. TGA of polyr)y~.~*olc nnnospizcr.es 

The pol!~pyrrolc nano-materials were li-eel) suspended in watcr by stirring 

under ultrasonic at room tempcralurc. Polypyrrole nano-materials prcpared using APS 

as oxidant Iverc round to be morc dispersible in water whereas the samples preparcd 

using FeCI; four~d insoluble and less dispersible in water. IN-visible spectra of the 



samples P-3a 10 P-100a and P-Sb to P-100b \\cl.e sho\,i.n in ligurc 2.29. l'lic 

absorption spectra of azobenzencsulfonic acid surfrictant slio\vcd strong transition a1 

360 and a shouldel- a1 450 rir1.1 corrcsponding ta thc ir-xVancl 11-n* transitions oft i-ans 

and cis azobcnzcne isomers lanilkurnar el t-rl 20071. The UV-\jisihlu spectra ol' 

plypyrrole llano-materials sho~vcd three distinci bands ai 400 nrn, 475 n n i  and a frce 

rail above 1000 nni in the Nl l i  region [Menon,V. P. 1996: Cabala. K. 1002( .  7"hchc 

three transitic~ns were corresponding to the transitions li-om \:alencc bond lo poiari~n, 

anti-bipolarons and bipolarons of the oxidized form of polypyrrolc. Thc incl-casc ill 

the intensity o f  the low encr-sy transition in the NIR for samples P-25a to P-100a 

revealed that these nano-materials were highly doped cornpared 10 that of the P-3a to 

P-1 Oa. 

400 600 800 1000 

Wavelength (nm) 

Figure 2,29. Ahso1;rztion .\y,ec./l.u o/. potipyt-t.ole 17~it1osl111c.1~e.v ,svnri~c~.vi,-etl rising l(o 

APS (bj FeC'l,:. 



Chupter 2 :Anionic. 'li~nlplarcl fitr. Pi'!. .\Crr~nn~tr~~'r.iCcls 

Dilute polymeri~i~tion samplcs (PI  - P8) have absorpticsn barids a[ 475 nrn and 

1000 nm and i r  \-\as siniilar to P-100a. 'I'he peaks obtaincd art. in accordance c\.irh the 

doped polypy~~ole peaks reported in lircl-aiurc. Absorption psopenies ol' lhc dilurc 

polypyrrole nanosphertts (PI -P7)  did not product yroli)und cl~ariges M itli ~iilution 01. 

pynole-surfi~e~an~ complex. 

Table 2.3. Sire) q/ /he ~llri/omate~.itrl.\. c)lec.~t.ic.trl c.ot?dirc,ri\.i!\. 11ti1.1 I I  ,\*I?/) L ~ I I ~ I  

- - 
WXRD data d- - 

20 7 d-sparing 
values --- - ( e 4 L  1 - 

1 ; :  : ;  I - i  ;I;; -- ('oral-likc -- 4.4.; - - 

The conductivity 01' thc polypyrrolc nanostructurcs \\.ere dctcriiiincd by four 

probe conductivity nleasi1tc111cnt using uomprcsscd pellets at soon1 tcm1Tcrarul.s (SCC 

table 2.3.) 'l'ht conduc~i\.it!. \nliies !?>I. ~ h c  samplcs 1'-5a t o  P-100a \\.crc vbt:~incd i l l  

the range of 1x10-' S/cm. whereas P-3a and P-la showcd conducti\;ity one ~ r d e r  

lower compared to other samples ('1.i .  X. Ci.rr lrl 2004: O~iiastova. M .  c~ trl 2003.1. 

Tbe low condi~c~ivity ol'sa~iiples 1'-3a and P-4a I-cflccr on ~hcir  \.'\'-\is spcc~ra t11at 

these sarnples h.ave weak pcaks corresponding lo ~ h c  bipolc?i.o~i transitions con~parccl 

top-lOa to P-100a (ligurc 2.29.). .Aclditionall>.. the 1i10rpl101ogy OF thc P-3a to P-5a 

were also liigl~ly porous (scc figure-2.9). ivhich ma! also :~ccountablc for their lo\\. 

conductivity. Thc polymers P-5b to P-100b prepared i~si ~ i g  l7eCIi sl~owcd 1ni1cI1 

higher conductivily (up to [he raligc of 1 x 10") cornpal-ccl lo APS sel-its. -l.lii. 



conductivity of tlie polymers syl~thcsiseii via dilution (PI-PII) haire sho\~;n 

conductivity i n  h he range 10.' S!CITI which is in accordance with conduclivit): \..slues 

reported for polypyrrolc. Li cr 111 reported the conducti\ ity 01' I IC'1 doped polypyrrolc 

copolymer micro-spheres (using i4PS as oxidant) in the range of I I Y '  S/crn. ~h ic l -1  is 

one order higher than that of pol!.p>.rrnle nano-spheres ( 1  50-210 n n ~ )  ohtailled i l l  ~ h c  

present system fbr the saliie oxidizing agent (see serics-a. in  tablc 2.3.) .  

The solid-state properties of polypyrrolc nano-spheres \I-cre studied for finel!- 

powdered samples using \vide angle X-ray dilli.aclion analysis ( UXRl) ) .  Polypyr-role 

is a highly rigid polylner because of their linrar srrucrure nncl less I-lcxibli. chain 

folding to induce crystalline domain. 111 the presence of ol.ganic surfactants. thc 

surfactant-polyrncs undcrgues \:arious interactions. which tcnd to o s g a ~ ~ i z r  the 

polymer chains in thrce-dirnensic~n,?1 highl! ordt31.ed f'asl~ions. I'he W X R D  pilttcnls of 

polypyrrole nano-spheres were sho\vn in Iipur-c 2.30. ' 1  he WXKD parterns sho\i-cd 

two characlcristic peaks in the regions at 20 = 20- 36 (tl-spacing -1.12 to j.32 A i  atlcl 

20= below 10 (cl-spacing 1 I .i to 14.2 !\) [Jayakannan. Ivl. CI trl 20051. Decl-casing 

the amount of s~~r.Fac~ant drastically affect the nature o f  the peaks iri the MXKII-plols. 

m i l e  moving fiom P-Sa 10 Y-100a. the peak at 20 = 30 sho\\.t.d shift t o w ~ r d s  higllcr 

angle (from 28 = 20.04 t o  26.37) whereas the peak at 28 = I0 shoived a opposi~e  

trend. i.  e.. towards lotvcr anglc (from 28 = 9.1 10 6.3). I 'he pcaks ccntesed at 20 -- 

20.04 (d spacing = 4.4.3 ,A) and 26.37 ( d  spacing - 3.37.h) arc assiyicd 10 sci~(teritl$r 

horn pyrrole-cuunler ion or inter-counter ion interaclions and p!,r.role-p!.~-role inks- 

planar distance [Miernet, M!. pr ul 1984: Song. \{. K. rr trl 20041. The shili lion1 4.13 

A to 3.37 A in the highcr angle rcgjon may be due to [he dil 'fkre~~cc in the doping 

level and related to the pyrrole-pyrrole and pyrrole-countes ion..;. Ihc lo\s.cr anylc 

peak (d-spacing = 14.2 .b) is particular v e n  intcresring because both [he intensin- as  

well as inter planner distance (d-spacing values) increases whilc moving lYom P-25s 

ta P-tOOa. It indicates t h a ~  llle decreasc in the a ~ ~ ~ o i i n t  of s~~r l ' ac tan~  in 1l1e !>cd 

increase thc inter-planar distance in the nano-materials and p~.nduct. tiighl!, nrdcred 

polypyrrole nano-sp11e1.t~. Surprisingly. the FcC'I; series sanlples did not slio\h- any 

significant peak ill the low angle region. I r  suggcsts that  he san~ples  P-25b to P-1OOh 

poorly ordered and it ma!- be rhe reason for the Io\v solubility 01' these samples 

cornparcd to that ol' the P-25a to 1'-100a in hater. 111 thc P-3a to P-lOOa. thc 

penetration ol' the surhctant molecule increase thc inks-planner distance. and 



therefore, the solvenl molecules easily cnter inlo  lie lattices lo dissol~.e (he poly~iel. 

chain in water. 
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Figure 2.30. IVXRD o/ 'po/~~)~w~r-r , Ic  t~iitiomurt~ri~il .cy17//7c~.c.izL.d )[.ring A PS. 
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Figure 2.3 1 . W R  D of  polypyr-role t~ilnomcireriul .~\~n/hc.rizc~l viti drll~rion aoule. 
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2.4. Conclusion 

In conclusion. \\o havc dc\:eloped a rene\vable Iae.sotlrce smpliiphilic 

mbenzcnc sill li~nic acid and utilizcd as an aniotiic s ~ ~ r l ~ ~ ~ c t a n ~  for synlliesis o l '  

polypynolr naliosphttrcs. P!.rrole: surfactant ratio in rhc kcd Lvas \,aried ho~n 1 : 1 !3 to 

1:11100 (using surfactant up [a 100 limes lower than thar of pyrrolc) ro s~:stema~ically 

control the aggregation of pyrrole + surlkctant micelles Ibr Ii~nilig the properties of 

polypyrrole nano-niarcriirls. Further. a dilution route has been atlopled to synrhesi7~ 

polypprrole nanospherits nirh size ranging froni 600 nni rcl 60 nnl. 'l'hc present 

approach has 111a11> aci\,a~l~iigcs: ( i ) a new renowable rcsourcc anionic surfactilnt \vas 

synthesized atid uli li7.cd as structure Jirccting agcnr for tuning tlie propertics of 

polypyrrole nano-tnatorials. ( i i )  the critical micellar conccntration (CMC) ol'the new 

renewable surt'ac~ant was dztcn~iined ,horn surface tension and specilic conductance 

measurements - as 4 %  IO- '  M. ( i i i )  thc sizc ol'the ~riicclles \vas fi~und to be 4.3 nm. 

determined froti\ ~hc' 1)I..S ~neasurenlents and it  u.as in 2ood agreeme111 wid1 thc 

theoretically ciilci~lntrd micclle size. (iv) the surfac~anr micellcs has rhc ieridenc!. to 

undergo self-organi;/atic,n nith pyrrole to Ibm~ spherical aggrcgalcs. which remplarc 

for the polypyrrulr: nanosphcres. (v) the size of tlie poly pyrrolc nanosghercs were 

systematically con1rolli.d h u m  600 50 nm by tlilurion polynicrization rcchniclucs. 

(iv) DLS analysis on tcmplnrc.. particle size ri~easusenicnrs on nauosphercs. SIiM and 

TEM werc ilsecl propose [he mechanism of formation, (1.) \/c~.y goori corsclation 

between thc llano-materials particle sisc with tha~  of the polynierization ren~plates 

were obtained li)r enit~lsio~i!dilution routc. (v)  largc spherical aggregate \wr2 t'oi-nied 

higher concenrration. which on dilution (lowcr concentration) chanpc\ to small 

spherical aggrcga1c.s at lo\\.c.r p~-rrole -surfactant concentration. ( \ . i )  The solid starc 

proprnies rzvcals polyp>-rrnlz syntliesizcd b!. nanoliiaterials arc highl! ordered i n  

comparison to r l w  FcCI,; samples. (v i  i )  'I'hc formation of the poly pyrrnle nanosphores 

are not affectcd b\. tlic cstcrnal stimuli like ultsa sonication. ~iiagnetic stirring and 

without s~irring. \i.liich cc~nlirms rlie sell' organisa~ion proccss. In a nut shell. a 

renewable ~ ~ S O L I I - C C  amphi phi lic surFactan t was dcvcloped for thc synr hesis of the 

polypyrrolc nanosphercs and thc mechanism of rhc' nanospl~cre forniation was 

properly understood by the s~udies carried on the polynicrisaticrn templates i n  dilution 

route. which resulted in tllr control 01' polypy rrolc rianospheres sizc ranging form 600 

urn to 60 nm.  
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In chaptcr-2. thc same anionic surfactant was utili7,e,rl to produe.e polypqtiolc 

mospheres, irrespcciiv-e o f  the con~yosition and concenrration. I t  is vet rare in 

h t u r e  that the samc amphiphilic anionic surlactant coi~ld sulcctively acl as 

krnplate for arornalic monomcrs like aniline and p_vrrole to producc exclusively onc 

particular nanomaterial morphology (sce ligurc 3.2.). The]-cforc, the C L I S ~ O I ~ ~  desigl~ccl 

renewable resource sur~dctanl provides righl choice 10 understand cffcct 01' monomer 

competition (pyrrole versus anilinc) in copol\i'mer nano-materials fonnalion. [)clail 

investigation on role ol' su~.factanls playud on conducii\ . i ty,  n~orphology and solid 

$ate properties and thcir interdependent relations are \;cry irnponant aspecls to be 

discussed. 

Thc renewable resource surfat.tant-l was ~~til ized lbr thc copol>mcr 

mornaterial synthesis and m n ~ p h o l o ~ y  was lransforincd rroln nanolibers to nanorods 

lonanospheres. 'l'he pi-csenl approach is an atternpt to address the following in~por~ant 

aspects: ( i )  understand Il~e role of Ihe sclcctive l e m p l a ~ i n ~  abilit). ol' surfdctanl 

micelles with pyrrole and anilinc, (ii) sludy the mechariism ul' rhc 111orphologioa1 

transformation arld ( i i i )  unclerstand 111e cond~.ictivi~y and solid statc propertics of' the 

uanomaterials. The conductivity 0-1' the copol>lners produced fiorn surl'actant- I lias 

shown a non-lincar trend, and loss was o(. [fie order nt' 10'-10' Slcm with respect to 

bomopolymcrs, pa r t i cu l i~~ l~  at 70-80 Oio feeds of pyrrole. Two neb anionic sul-factants 

were spthesizcd to invcstiga~e thc non-linear behaviclur of conductivities in detail. 

All he anionic surfictalits possess same azo head group \% i ~ h  I~ydropliilic si~lfonic. 















63. Results and discussion 

33.1.Synthesis of polypyrrole-polyaniline copolymers nanomaterials 

Surfactant-1 fom~s  unique anionic amphiphilic micelles in water which acts as 

assembled templates for polyanil ine nanofibcrs and polypy rrolc nanospheres via 

emulsion Polymerization. Selcctivc ten~plating of the surl'actant micelles could be 

fmther extended to produce copol y rncr nanon~aterials. Poly py rrolc-co-polyani Iinc 

copolymers were prepared by vaqing the amount of pyrrole and aniline from 0 to 100 

%(in moles) in the feed. Coricentration of pyrrole and anilinc were varied from 4.8 x 

IP to 9.6 X I  0.' M and 7 . 3 ~  10.' to 3 .h x 10.' M ~-esp~ctivel). wllcress surfaclanl 

Wncentration remains constan1 ( 9 . 6 ~  10." M) scz table. 3.3. 'I'hc emulsion mixturcs 

were oxidized by Al'S 111 obtain thc polyanilinz. polypyrrolc and polypyn.ole-co- 

plyaniline copol y mers (scc Iigure 3.3 .). l'hc copolymers itre dcno~cd as PX-Co-Y, 

where Y= mole fraction of pyrrolc in the Seed [Y- 6. 1-3. 36. 57. 75. 81. 0 2  and 961 

(see table 3.2). Tho ratio of [aniline +- pyrrolel/(dopant] was rnaintaincd as - 75 ror 

the copolymer series. 

Table 3.2. C'r)ncc.n~rilrion q/' rotrcllints used ,fbr .\ynlhr.ti.~ untl ,C,X rlrrio of' /he 

rrrmomalcriul.~. 

- -.-.- - - -- 
1 0 n c . o f  " Ll p r r e ~  

Conc. of 
aniline 1 Z K 2 n t  v2iob 1 



















!ull o f  spl~ereb .ind m,!~ched ~ t i t l i  i t s  hon~opol!~n~er P-l ( i n  chapter-'). 11 clc.arl> 

:;[dent [hat thc heeding n.a\ nor prcdorninant procesj in the anicinic surl'aclant 

Figure 3.1 1 .  Seeding P~olj~it1t~i:ariun P A M  und Po iising nnnomrrrerials. 
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Figure 3.1 2. ,\4~chrn7isnr c?f'c~opult~ni~,- ritr/7on1~lier.r~11\. 
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hpter  3 Polj~yrrole-C'o-l'olyuniline :irnomarerials. 

Based on the above studies. [.he following mechanism has been proposed for 

the morphology transformation of [he copolymer nanornaterials (see figure 3.12.). 

Amphiphilic azobenzene sulphonic acid forms micclles of' size 4.3 nrn in watcr. 

hrfactant micellcs in prcsence of aniline (aromatic primary aminc) self-asscmble as 

aggregated cylindrical micel les which produce nanofibers (PANI). Aniline monomer 

efectivelj~ neu~ralizes polar head of the surfactant (screens the negative charge 0 1 '  

surfactant micelles) in addition to their inclusion to Ihe aromatic core of the micelles. 

hog cylindrical micelles are fornied due to  he aggregation of the spherical surfactant 

micelles in a c.ylindrica1 manner. With the introduction ofco-monomer pyrrole in fced 

(5 mole %), long range order cylindrical aggregates were truncated into short and thin 

cylindrical aggregates. The transformation from Long cylindrical to small cylindrical 

micelle was clearly visible in the templatc morphology and ptI change. With increase 

in pyrrole content greater than 30 %. the all the cylindrical template has truncated 

completely into spherically aggregated micelles. Thus, in the present investigation. 

morphology of the nanomaterial was preciously controllcd by adjusting the 

composition of aniline and pyrrole in presence ol'arnphiphilic anionic surfactant. 

33.5. Role of anionic structure on copolymer morphology 

Surfactant- 1 forms stable erniilsion \tit11 monomers like anilinc and py ]-role to 

produce nanoiibers and nanosphercs respectively via oxidative Polymcri~ation. Here. 

mthe addition to surfactant-l, two more structurallq differen1 surfactants here used 

to understand the role surfactants played on stability of emulsion. morphology and 

d i d  state properties. Diazotization reaction of phenol and cardanol have bccn carried 

out with sulphanilic acid for the synthesis of two water soluble amphiphilic dopant 

cum surfactants. 4-[4-hydroxy phenylazol-benzencsulphonic acid (surfactanl-3) and 

6[4-hydroxy-2((L)-pe11tadec-8-enyI) phenylazol-benzenesulphonic acid (surhctant- 

I) shown in figure 3.13. Further. surfactant 2 was synthesized via nucleophilic 

substitution reaction of surfactant-1 nith dodecyl bromide to produce double-tailed 

adactant 4-[4-dodecyloxy -I>((/.)-pentadec-8-eny I )  pheny lazol-benzcnesulphonic 

ticid surfactant-3. C'ardanol is natural phenol with unsaturated side chain. an industrial 

bye product from cashen nut processing industry. Surfactant 2 and surhctant 3 have 

mnique built-in amphiphilic design in nhich thc hydrophilic sulphonic acid behaves as 

apolar head and the long alkyl chain as a hydrophobic tail, whereas the surfactant-3 









Chapter 3 Polypyrrole- C'o- Polyaniline Nunomatet.ic~l.s 

Similarly, the polypynole peaks at 17 14, 1550, 1 1  95, 1040, 965 and 923 cm-' were 

increasing with thc amount ofpyrrolc in thc fccd (mow upwards). ' 1  INMK spcctra of 

copolymers synthesized using surlhclant-2 is sh0u.n in ligure 3.16. PAN 1-2 has 

shown two aromatic prolons at 7.45 and 7.40 ppm and copolymer P2-Co-57 showed 

a peak at 7.29 pprn corresponding to P-protons in pprrole in addition to the 

polyaniline protons confirming the formation of  copolymer nanornatcrials IZhou. C. 

el a1 2008; h ~ i ,  X .  G.  er a1 200 1 ; 'Li, X. (i. ef ul 2001 ; " ~ i ,  X. (;. et 01 20041. N M  R 

spectra for P2-Co-75 showcd increase of intensity of pyrrolc protons indicating 

higher pyrrole contenl in copolymers. The N M R  spectra of' PANI-3 and copolymers 

were not recorded due to lhe poor solubility ol'samples in d6-L>MS0. 

Wavenum ber (cm") 

Figure 3.15. FT-IR .spectra ?/'the copniymer nunomaterials prepared by slrr/ircr~1n/-2. 











Chapter 3 l'oI~~~~rrolc-C~o-l'oIyc~nili,?c ; I~~~nr j ,~~c, fc~,~ iuI .~ 

Thc conductivit~. 01' copolymers was delennined by lour prohe conciucti\-it> 

method and is plotted a ~ a i n s t  the mnl pcrccntagc arnount of p!:rrolc ill fccd. 

Conduclivip of the copoly nlcl- na~)onlatct.ials of' ljrst scrics have showed n non-linear 

bend, the cond~.~ctivily passed through niinimum at 60-80 (%) ol' p) mole in the lied 

(see figure 3.22.). The conductivit\ of' the c o p o l ~  mer units were lijund morc than 1 00- 

1000 limes lowcr that) that oftheir rcspectivc ho~nopolymers. 

Pyrrole feed (mol %) 

Recently, Stcjskal cl cri.  and [.in1 cr u/ scparatcly rcportcd such non-l incar loss 

in the conductivity in polypy rrole-co-polyaniline (not nano-materials) [Stejsskal, J .  el 

d 2004; Lim, V.  W.  I ,  el a1 30011 'l'his i~nusual trend can be explained as suggested 

by Stejskal and I .im; ( i )  aniline rich copolymers - at least four aniline units arc 

necessary for ~nalerials to be conducting, but \vith increase with [he percentage 01' 

plrrole in the fced, most of'the polyaniline chain became shoned and lhe conduc t iv i~ ,  

deteriorates [MacDiarniid, A.  C;. ef crl 19991 and ( i i )  pyrrole rich copolymers -- at low 

aniline concentration, thc anilinc has thc tcndcncy to form hctcrodiads n i lh  pqrrole 

mther than to li-)nn aniline blocks (due lo low concentration) and brcali thc 

eonjugation 01' pol;pyrroli.. I-lic 1oil:er cunduct ivity values ror [he aniline rich polymer 









In order to qi~arlti h- rhc amount of c p  slallinitg in thc copnlynicr of both scrics. 

the amorphous and c r j  stall ine peaks u cre deconvolutcd cu~nputationally and 

percentage c q  s\allinit> has  calculated li-om the arca 01' c l .~  stallilie'cr! stal line - 

amorphous and plotted versus n~cslc Ikcd of' p) nole (see ligure 3.24.). In borh cascs. 

the homopol!~nicr have shown cr.ystal linity upproximatcly ol' 10 ?4. l 'he c~.r\.stallinit>- 

ofthe lirst series clecreascs u.il.li increase in pyn-ole c o n t c n ~  reachcs a lninimurn ar 

equal fecdj and then increases. I iou e\ ur in thc second seriec the percent cr) stal Iinit? 

ofthe sarnplcs \vas remains thc sarne range without an! large loss ill rhc c~~s ta l l in i t> .  

bterestingly, thc trcnd ohsen;ed in percentage ccstal l ini I- (ligurc 3.24) and 

conductivit?; (figure 3.32) Ibllows samc patterrl, hcncc thc conducrivity changes ol'the 

copol\:mcr nanomaterials would havc strongly intluuncccl by ~ h c  solid statc packing of 

Pyrrole feed (molO/~) 

In short. the prescnl irl\:cs~igations on the copol~.nicr nanclrnatcriul synthesi~ed 

oring threc anionic amphiphilic nlicclles revealcd morphology tr.unsli~rn~ation liorn 

fiber to rod to sphercs ~ v i t h  monomer composi~ion. I ntorestingl>-. thc morpliolog 

kinsformation occurred rsactl! at similar compositio~~. \vliich providcs vcr? good 



Random Copolymers 

ci\mpariu,n st~ldics 01' the nanuma~ci-ials in cr>nducti\- i I\ and solid slate orderiris. 111 

lirst series of copolv~ncrs (sirlgls rail). 170111 cc~nductivity ancl pcrccllragc c1.J sral linil! 

passes t l~ouph a tlon-linear loss. (:)I) thc ohel-  Ilanrl col>ol!mel-s of cjotrl)lc ~ 2 1 i l  

sur fac~an~ Oa\:c slio\\ n alrnos~ lil~car stcad!. clir-lngcl; in contlucti\it!. nrld crycral I in if!,. 

Thc morpholo:) ~ransfol-malion 01 '  rllc nanomalerials hcing similar, .;c)lid stale 

propcnies 0 1 '  tlic co(x,l!.liler~ s ~ ~ ~ l t \ i ~ ' ; i s c ~ I  11sitlg t\\.o S I I ~ L I C L L I ~ ~ ~ ~ ~  (jitt'vl'cnl S L I ~ ~ : I C ~ ; I I ~ I S  

uert scllcniaricall! ilio\,\.li ill l i y ~ r c  j .25.  Higlicr thc c~?.>l;il I i r l i l )  (soiici ~ i i i l t '  

packins). provicled 1ligllc1- thc condi lc~i \ . i t  and \ice \eri;l. Sincc. cleciron rnollili[! 

direutl! tontrihu~cs i r j  11le bulk condi~cti\ i ~ >  of thc' nano-  nin~crials. and llit.~,cfi~~.c. 

enhanced solid sratc ol.dcl.c.tl cr!>~nllinc domain:, arc k n o \ \ n  io t'illl;~~lcc' ihc-il. 

tonduc~i\  ily cornpai.ed 10 ame)rphous domains. 



U, Conclusion 

111 conclusion. ivc ha\ e c t~ \ -~ lo l? t i i  ~Ilrcc: e ; ~ r ~ ~ ~ t u ~ ~ : i l l y  Ji t'ft'l-tl~l arnpl~iphilic 

:&actant malrculcs ro tine lunc size. shapi.. and pri~pc~.lits of pol!.p>rn~lc-co- 

plyaniline nano-n~atcrinls. "hc ilmpol-ran! fcatui-c.s i)i' tlic prc"sttnl approach art. a h  

fo~ows tilllai+:ing: ( i) a rcncwable rcsourcc s ~ ~ r l c ~ n n t -  I \$:.as 11cri\ccl I 'Tu I I~  L ' ; I I , ~ : ~ I I o ~  

bv diazotization 1.eaction with sullinilic acid and c ~ ~ i p l i j ~ t i i  fiw >!.ntht.si.; 01' ~.niliiotn 

~ p o l y n ~ i . ~ ~  nanon.la~t.ri~11~ ( i i )  n~~~rp l i r~ lop!  01' [hi. copul>.nlc.r \\-cI.c shr) \ i \ \  :i 

tansfomlation li-otll t ib~l - - to- l~oi l - tc~-~~~I i r rc~c ,  \\-hjch \vil, cor~firlned h! electron 

microscopic anal~sis  iSIiM and 'l"l.iM 1. ( i i i  ) rlic rnt.chanis111 of' rl:~nornatc~~id Ibrmar i on 

%%established h? 13I.S. pl I mil Sl'bI sttidies on emulsion lcmplatts in rtdcfitir?r~ to 

seeding and con~rol cz j~cr i lnen~s  ( i ~ .  ) rhi. conduct ivits 01' ~ h c  :.c.ol~i!l!-~~irr s!:t~tlic.sist.cf 
7 .  

using single t a i l  su1.1hctanr tl;~vc' shr~\ \ -n  :t no11-linciil. loss ( l o - -  I ( . ) '  l;l,.cr~l 1. ~ > ~ i l . l i ~ l l l i ~ r l > .  

60-80 ','o feccl (01' p y i ~ ~ ? l ~ t  i t 1  ,t'cccl i j i t l l  S C S ~ C C I  t o  l ~ o ~ ~ ~ r > p ~ ~ l ! ~ ~ i ~ e r  ( \  1 1 1 e ~  

fiufactanls onc fro111 phcnol b!. ctiazolii..atiot~ rt.iicrit)n cvit l l  suli'linilic acid :nlil llic 

her s!nrhcsi~t.d fro111 s1.11-lhclant- 1 bh. 11~1clropIlili~ ~ ; ~ l b s t i t \ i ~ i o ~ i  I . L ' ; I L ' ~ ~ ~ I . I  \\ I (11 c~o~~L'c!.] 

hmidc ( ~ i )  all tlie surl'actants 11ai.e samc rtzo Ilead group i.vit11 sr11fi)nic acid pillar 

bead. whilt rhc\- s~ructur.uI 1). di fI2r by lllc hydi-ophobic tai I .  ( \ i i ! ct>pol>-~~lcr.s 

synthesised using 11i.n suriictanls L.VCIT S~IO\VII  a similar n lo~-pho log~  l l . a ~ l s h ! r ~ ~ ~ a r i o ~ ~ ~  

mabling a goid co~~-lparisi)n stucti~s on contlucli~-it!- a1.d o11icr propertiox ( i i i i )  I I I C  

mnducti\ity ot'rllc. copolyn1tl.r synthcsi7c.d ti-urn doi~l~lc. tail surfilctan~ rtlmail~s n lnrc  

or less oi' thc orcler of' 10' ' S:lcll~, [is) \he ~lnirsual c o ~ l i l u c t i v i ~  loss L)I' tlic c'ol>c~l! i ~ l t ' l -  

were corrrlatcd tu pclor sol id  tat^ 1x1ckilig o h ~ i ~ i ~ l e ~ i  fr0111 l 4 ' X  K I) 111e~1s~1rc111ctlt.5 i i 1 l ~ 1  

(x) the plot of' c~?-sral liriir and ccjnci~~crivi r? r-rf tllc copol: nler 1la1lr,1ll;itt1-i;1Ii \-CI.SL~S 

. - I  -.. mole feed of py r r~ l t .  reveals 111ur l illcar ccwiductivir: i -- 10 5;crn :) of ilie CICIII~JIC t ~ i ~  I 

copolymer srl-ics no~ l ld  I~a\.t. srrongly influcnccd by the slict st~itc paclii~~g. 111 a nur 

4x11. for thc first rimc. a s>s~ctnaric anal!sis n-erc- cal-l.icd our h i ~ ~ t i l  (111 rcncwablc: 

resource a11io11ic S L I ~ . ~ . ; I C I ~ I I ~ [ S  l i ~ r  i l ~ \ ~ ~ l i ~ p ~ ~ ~ ~ t ~ t  of rii11clo111 c o ~ ~ o l y ~ ~ i c r  r ~ i ~ ~ ~ ~ : ~ - i i l i ~ ! e r i i ~ I s  

and to establish ~hc" s~ruc~iirt.-l~ropcr~g. rclatio~is of'thc copc?lymcts. 
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Chapter 4 E\wl rriiou of .;Mz~ltiplc~ ~2~unosfrti~~11tr~~.s 
- 

even at large dilution (at I00 ml.). T'J rrole coniposilion was lisecl as 5 molc in thc 

feed becausc 01' I\.{-o reasons: ( i )  Llic morphology ttansfornlalion l\,as predominant a[ 

lower composition of p>rrolc in the fccd and ( i i )  a1 higher incorporalion of pyrrolc. 

the copoly~ncrs ucrc fbu~id  insol ublc M hich rcstricL thcir slructural characterization 

by N M R .  The emulsions were rounc-1 \el?. stable for more than a u.cck al ainbient 

conditions. I'olj.merizatio~~ mixtures were oxidi7cd b~ adding aqucous solution of 

ammonium persulphate in ice cold condition and kceping the laeaction misture 

without any disturbance for overnigh[. 'l'hc resultant dark grcen matcrial ivas tiltered, 

washed with water and metlia~iol until the liltratc becalnc colorless. 11 was dried undcr 

vacuum ovcn Tor 24 h (0.05 nlm of Hg) at 50 'C' prior to fiirther anal>sis. The 

 polymers are rcpresentcd by P-Co-5. P-20. P-50 and 1'-100. l'he number in P-Co-5 

represent 5 mol !/, p>.rrole fwd. which is 31-nthcsi~ed in I O  ml water and \vhile thc 

others P-20, P-50 and P-100 represcnt Ihe amount of water (mL) added Ihr the 

dilution. Polyanilinc nanofiber (PANI)  was synlhesizcd by polymeri7i11g the thick 

emulsion of ani line 12 i th  dopant (no p~ r ro l e  n1ononic.r) undcr identical conciitions. 

m954,9 F=,- Dilution of q~=--mu 2 ~ 1  7,  XI . - 10 .I - 
w Thick Emulsion - all L> 

- 5 I 

I 

L__j 
A 

Figure 4.2. Dilution u f ' t l ~ e  thick emulsion tcmpl(r/c. 

Table 4.1. Conc'~'ntrutio~7 of thc reuclunfs onoi umount o f  wutet- used,fi)i. .~~:nihc.vi.l-. 

h e n f a 1  ana1y.si.r qf'nunomutc.riul.v. 

SIN ratioc -1 
0.43 

i 
0.4 1 
0.40 
0.40 
0.35 

PAN1 
P-Co-5 
P-20 
P-50 
P-loo 

Conc. of 
S a m p l e b n i l i n e  (M) 

7 . 3 ~ 1 0 - '  
7 . 0 ~  10" 
4 . 2 ~  10' I 

I .9x 10" 

Conc. of 
pyrrole 

( M ) 

4 . 8 ~  10.' 
2 . 9 ~  10.' 
1.3~10-' 

I .OX I 0-I i 6 . 9 ~  lo-: 

Conc. of 
surfactant 

( M ) 
i 9.6~10.'  

9 . 6 ~  10.' 
5.8x10-' 
2 . 6 x 1 0 - ~  

Amount or 
water 
(m L ) ~  

10 
10 
20 
50 

1 . 4 ~  lo-' l oo  



Chapter 4 Evoli~tiu~ of M7~I/iple 14~~~no.s/rzrctllre.~ 

43.2. Structural characterization of copolymer nanomaterials 

T'he slructures ol'thc copolynier nanornaterials werc characterized by 'H-NMK 

and FT-IR spectra. ' Ihc UMR spectra of'clopant, PAN1 and P-Co-5 were recorded in 

4- DMSO and were shown in thc figure 4.3. 'I'he dopant showed pcaks at 7.78, 7.60. 

6.77, 6.71 ppm corresponding to the different types of aromatic protons. PAN1 

contains two scts ol' arcmatic prolons at 7.45 and 7.40 l,prii [Mu, S. cr UI 3008: Cr~to,  

H. et a1 20021. Copolymer P-Co-5 showed a peak at 7.29 ppm corresponding to P- 
protons in pyrrolc ["Li, X.  ( j .  ci lit 2001; 'l.i, X. G. et ol 3001: 'Li, X. C;. el trl 2004: 

"l, X. G. el 01 20041 I.lie comparison of the integral intensilies of polyaniline K-ith P- 
pmtons of pyrrolc revealed 16 mole ?h incorporation ol' pyrrolo in Ihe copolymer. A 

similar composition delerniination jbr the other dilute polylnerization samples P-20 

and P-50 confirmed the pyrrole content in the range of  1 6- 18 lh. 1'-100 was fhund 

msoluble in d6-DMSO and 1101 possiblc to record its NMK spectrum. The high 

mcorporation ol'pyrrole in the copolymer was correlated to the high reactivit! ratio of 

pyrole (rPY =2.16) over anilinc (rAh =O. 13) in oxidative polymcrization ~ O L I ~ C  I l . i r i ~ ,  V .  

W, L. et (11 200 1 1. N M  R spectra analysis conlirmcd the incorporation of - - - I  6- 1 X Oio 

pyrrole in the copolymer irrespective 01' the various levels of dilution in the 

polymerization mixture. 

Figure 4.3. '11 \ \ !R , S ~ Y  I,.(! ( I /  + U , ~ ~ ~ ~ L ~ I ~ I ~ I I .  P.4,\1 timi f-C70-.i ~ J I  ~l~,-Ll , \ ! .<( 1 



F'I - ] I <  spcctr'ii 01'1111 copolqmtt~.~ \\csrc also rccoldcd bj.  nuking t h i n  pellei \\!itti 

i;Br powder (sec -figul-c 4.4.). I'lic pol!-aniline sr'~riiple PAN1 has two peaks at I 5 8 0  

md 1390 cm- '  \.villi respect ro stretcli ing \li bration of l~enzenoid and quinoid i 17 

yol!:aniline chains, respeclively [Zhe~lg W. c/  (11  1997; "(I)maslova. 1\11. 6.i ~ i l  20031. 
1 h e e  additional peaks ucrc assigncd at 1300, 1 148 and 82() cm- to C-N stretching ol' 

secondary iaminc group, 0 . S-(3 s~retching ol'the s~.~ll?ho~iic acid dopant, and C-1-1 oul- 

ol' planc stretcl~i~lg in  t l~c  I ,4-dis~ll?stilu~ecl benzene ring resptctivcly ["Onlastova, M . 

tl! iii 2004: "%hang, X .  t:r ril 70061. C'opol>nic~.s formation i:, indicatecl b) in-planc 

deformation of (N-I I or C-I I )  at 1037 cm-' which increases t l~c  i~itcnsity from P A N  I to 

P-Co-5. P-20. P-SO, arid P-100 res1,ectilely. The pcaks at 1 580. I 490. 1 3(!0 and 1 148 

cm" showed a decreasing intcnsit) trcnd with dilurion. 

600 800 1000 1200 1400 1600 1800 

Wavenumber (cm") 

Figure 4.4. IR specrrcr r?f7tl?e copnbmer na,iwmateriuls. 

4.3.3. Morphology of Nanomaterials 

Thc morphology o f  thc nano-materials was recorded using JEOl, JSM-5600 

LV scanning electron microscope (SEM) and images are shown in figure 4.5. The 

morphology of PAN1 showed a mat of thick and long nanofibers of length upto 4-6 

pm and ~ i d t h  of about 200 nm. 'l'he morphology o f  P-Co-5 and P-20 were drastically 

changed lo short nano-rods. Interestingly, at large dilution samples (P-50 and P-100) 



Itre found as Iiollou ~natcrials. The b i ~ e s  o f  thc nanornaterial5 of  P-Co-5 10 P-100 

btre ver! small and govd piclurcs \I c1.c not able LO obtain fr-o~n S EM. 

Figure 4.5. SEM irnnge qf'copo1l)mer 17nnomnreriul.r 

The I ' E M  image of the PAN1 containcd cxclusively nanofibers of 4-6 1in1 

length with 200 nm widths which was matching very well with that of its SEM imagc 

(set figure 4.6.). P-Co-5 arid P-20 samples devoid of any long nanol?bers, but showcd 

the prcsence of short nano-rods of 0.5-0.7 pm length with 80- I 20 nln diameter. In P- 

50, a large number of' hollow sphcrcs of 1 pm in diameter wcrc -found which was 

almosl matching with sizc and shape of its SEM image. The uiall thickness of thc 

hollow sphere was obtained as -80 nm. Interestingly, the largely diluted sample P-100 

sho\ced cxclusively nano-tubes. The averagc wall thickness and the inncr porc 

diameter 01' the nanotubes were obtained as -30 nm and - 60 nm, rcspectively. The 

nanotubes wcre very short and thcir length was varied from 1.2 pm to I .8 pm. The 

nanotubcs were furthcr found lo be highly crystalline and the electron diffraction 

pauern sliowcd bright spots with pcriodicitj corresponding to highly ordered layer - 





Chapter 4 Evolution cf Multiple tVu,7o.~tr~~'/rtre.s 

4.3.4. Mechanism of copolymer nanomaterials 

[n order to study tlic mechanism of lhc evolution 01' nanoniaterial 

transformation, the polymerization ~~i i s turcs  (cmulsions) were subjected to dynamic 

tight scattcring (Dl . S ,  in solution) and e1cct1-on microscopic analysis, l 'he orangc or 

brown color emulsions showcd in the vials (in figure 4.7.) are corresponding to the 

polymerization nlixtures consisting of monorners + surf'actant before the chemical 

oxidation by an~monium persulfale. The sizc of surfaclant - aniline complex was 

obtained in the range of 3-5 pm ["anilkurnat-, P. e/ ~ 1 2 0 0 8 1 .  DLS plots of the P-Co-5 

and P-20 samples showcd mono-model distribution with averagc micellar aggregates 

of- 500 nm. The DLS plots of P-50 and P-100 showed bi-model distributions, with 

size in the micrometer range. DLS analysis clearly evident [hat the monomers + 

dopant existed as sub-micrometer sizc aggregates in the polymerization mixturcs. 

Size qm) 

Figure 4.7. DLS histn~~"nms c?f'l/7e c~mzil.rion tcmnplates. 



'I'he polymeri7a~ion niistures were \:el-): stable (for morc Ihan a week) which 

enablcd us to IMCC the shape o f  the ~cniplatc aggregates hy SEM  show^^ in 1igi11.c 4.S. 

The pol!:rnel,izatic?n tiiis~~rrcs \\.ere drop caste oti SEM stud and subiec~ed to slo\\ 

evaporation. SE.M iniagt: of' rht: anilinc + dopant ~zrnpla~e showed long fiber like 

c!:lindrical hpe-aggregates \! liich (e~npla\' I.i,r pol? aniline nanulibcrs. SEM imagcs ol' 

copal~.rncr templaies ol' 1'-Co-5 and P-20 wcrc fbund short c~lindricnl -flake likc 

agregates cvhel-eas [he largely dilutcd pol~ri~erization mixtures P-50 and P- 100 

showed hollow-spherical aggregates. 'T'hc hollow spherical ~norphology is typical 

exaniplc Ibt. the fi~rlnation ol'splicrical \!csic~llar templare aggreFales. The short Ilakc- 

like ~emplatcs in P-C:o-5 arid P-20 produced sho1-1 nano-rotls. lntercstingl!i, in largcly 

dilule cascs P-50 ancl P-100, I-lic 3D spl.)el-ical vesicular aggregalcs ren~platc. t i~r hollo~\ 

spheres ant1 nano-t~~bcs. I'lius. thc electron microscopic s r~~d ie s  cunfir~ncd thc 

evolurion of nanotiber-to nanorod-to-liollo\~ sphere-to-nanotube is thc resultanr o f  tlie 

changc in the shape of  the polymerization telnplatcs ti-om c~liridrical-to- vesicular 

aegregatcs during tlic dilution proccss. 

Bascd o n  tlie above studies, 1.11~ li>llowirig mcclianism lias been proposcd Ihr 

the e\olution ol' nanc7malcrials morpllolog!! (see figure 4.0.) .  Arnpl~iphilic a7,obenzciic 

sulphonic acicl .forms micelles of size 4.3 nm in watcr. Surfac~ant ~nicellcs in  pl.csencc 

of aniline se,lS-assemble as aggregated c~.lindl-ical micellcs \,vhicli pl.oduce nano-nbers 

(PANI). Aniline monomer el'l'ectivelq. ncutralizcs polar head of Ihc dopant in  addition 

to their inclusion to the arornatic corc 01' [he micelles. In  presencc 01' tlic co-monomel- 



pyrrole in kc!d ( 5  ~ n o l z  "; I ) .  long range order c!.lildrical .ilgsl.egatcs Lvcre ir-unca\ed into 

short and ~ l i i r i  c>lind~.ical risgregates. O n  subsequent dilution. the cylindrical 

assemblies is-ere completely rransforl~~ed to vcsici~lar aggregates \\hicli account lior thc 

morphological cvolu~ion 01' nanorc~d-Lo-hollo~i splicre-10- nanotube:.. The \ . a r i r ~ ~ ~ s  t!,pcs 

of inleractions of monomers (95 anilinc -t 5 "'o p!-rrolz) \\it11 d u p a n ~  during tht 

riilution can be cxplainetl as I i i l l o ~ ~ :  ( i )  a~ .on~at ic  c~niline intc1.ac.r \ \ i ~ h  the clopan1 

micelles in \t.atc.~. to pn)duce c! li~~dricill  aggregates. ( i i )  (he s~ih>cyucnt clilt~tion 0 1 '  

cylindrical aggregates \lit11 r~dditic~n 0 1 '  c\-ater ( I0 ml .  11101-c) (lid not change the sliapc. 

ol'the aggrr2att.s and ( i i i )  with excess ciilutivl~ (more [tian 50 m l .  o i  \\alel. ). ~ h c ~  

qlindrical a g g r c p ~ e s  ~ranst'ol.nicd illlo .~17tie1.ic'aI c i t l  asyregates. I ~ I ~ L ,  

fmsfomia~ion of c) lindrical 10 ~csici11;ir ~ ~ ~ S C ~ L I C C S  had hcvn r>hszl.\-ccl b!, r)a\.ics (,I 

of. in  cel~ltrinicth!~la~~~io~iii~~~~ bromide s;~~rfacrant using nronuriu ~ i i ~ I ~ c . i ~ l t ' s  like 5 -  

methylsalicylicacicl as trat~sli~rmation agtlrit [L>a\:iss. ' 1 . .  S. t 2 i  (11 7Or)h]. Rc.c.cii~l!.. 

Anilkumar el (11. -frotn otrr rcsctirc ti g ro i~p  illso rcpo~tcd sucli a c!- l indrical LO l - c > i ~ . i ~ l a ~ -  

transformation in n ncu. amplliphilic 3-( 7-ilociec> I-8-cn! Iphcr1!.los> ) t3i1tane sulphoriic 

acid surfactat11 in disl~el.sio11 route' (~i -a~e~. ; to l  ~1elieja11i l ilic cornplcs i I ' r in i  l l i ~ ~ m a ~ , .  P. (.I 

oi 2009(. It  silpporLs the effccl of dilution on the trausl;,rrni-ltion 01' c>lindric:~; 

aggregates into vesicular agyregarcs in the present system. 111 order lo conlirm rhc 

ahve hypothesis. th? a\*cragct s i ~ e s  of' the syntiiesi7ed nanoma~crinls \-\:ere colnparcci 

rvith that ul' the poll merization rr~~ipliites based on rhcil SEM ijnd 1'1'1.1 ir1.1agt.s. The 

average diameter of  a vcsicul~ir tcmplatc ;~ggri',gtc \ \as dctcnninccl l't.0111 SE\4 i l i i a ~ ~ ~  

lser figure 4.5.)  as 1.3 : 0.3 klni. The a\.rragc diatnctei- of llc1110~\. spheres l i )~ .  P-50 

mple w r c  obtainecl as 0.92 = 0.7 ILJII anti I .OO -- 0.1 pm hascd on Slln.1 (scc ligi~ri. 

4.5.) and 'l.CJj1 (see figure 4.6.). respccti\.el~-. The dirui~etzr 01' \,csicular tcmplatc \ \ a>  

almost identical to thai of the s ~ \ . ' n t h e s i ~ d  liollo\x-sphere ~vhicb dit.ccl,l! c\ idenoc l.or. 

the mechanism. 'l'he a\:crnge Icngtli and cliamctrr oi ' the n:inotubcs \\ere oblaincd ii.5 

1.6 pm and 170 llni. rcspecri\,cl>, \vith a high aspect ralio of - 14 (Icng~li!\\:iclrli]. If Iht. 

Iran~fom~atinri of' 1101 lncz. sphcre lo nanot.ubc morphology \\ ould Iln\,t occi~r~.ecl. I-lit.11 

onc viould exptct the circuml'ercnce o f  liollo\c. sphere (2;rr) .~hoirI~l be a1 11i0st t.q i~al  to 

2x1.. u!herc L is ~ I i e  i ~ . n g ~ l i  oftlic ~[.the (ncglectil~g st11;111 ci)ntrib~~lion 1-i-on1 hotti edgcb). 

TlGs can bc Il~rthcl- easily undersroocl by imagining rlic sqilcc7ing of illled spherical 

balloon into a long c,lindrical onc. The a \ -uagc  circumfere~icc 01' Ihe Ilol.lo\\- sphere 



(!at, r - 0.5 ~ I U .  11.onl .1.IJ3!1 iiilagc) \ \as ci\lculatcd as 3. 14 cim \+ hich \ \as matching 

aell ~vit t l  Ihai oI'[tlc I \ +  ici' 1.11~ It'~ig(.l~ o1'1lit' ~ ~ ; i ~ i o ~ i ~ h e s  = 3.20 11111 (3L. I.,=, I .O 11111 fro111 

TEM iniagc). I Icncc. i~ p~-o\ cd tl~at thc' I I ; ~ I I C > I ~ I ~ C S  i11.c ~ l c > t l i i ~ l ~  I J L I ~  ~ h c  sc1uee1.t.d \,el-sion 

of the I i~~110~\ spheres. 11 colilil-11it.d r h i ~ r  111c 1101 Ion cpl~crch and nanotuhcs c1.c 

produced b I tic olicniica l oxici~ilion o [ '  h e  \ ehicular ayglAega1es forn~crl b> t l ~ c  dopanr 

imonorntrs in t l ~ c  dili~tc pol! 11icri7ation. 

Nanofibers J I / LAPS J bps 
W- Dopclnr 
r -+ Anrline 
* -t Pyrrole 

f 

Nsnotubes Hollow spheres Nonomd s 

Figure 4.9. Plcrlr.~ihie ,Mcchcmi.vn of ellolttrion uf'~~unor~~~~tc~riuIs l .~  
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43.5. Properties oi'copolynier nanomatcrials 

Thermal stabilil? of the nano- materials \+ere dctcrrnincd by TC;A and 

lhermograms are psovidcd in figure 4.10. 'l'hc copol!,rncr- narlo-ma~erials had Iiisli 

Lherrnal stabilily, and only 10 '!io ~ e i g t i t  I O S C  was obser\:ed al Iernpon~tu~.~ lower tl~an 

280 T, This indicntcd lhar Ihe azo hcnzcncsulphonic acid doped nano-rnatcrials \+ere 

thermally stable as seportcd fbr. othcr tlopant s ~ ~ c l i  as camphorsulphonic acid [L..iu. I .. 

al200iJ.  

Temparature (OC) 

Figure 4.1 0. TGA of the copolymer nanomateria1.s. 

The atiiphipl~ilic natirrc and long alkq I tail of' the rcnc\\:ablc t.csoill-ce surl 'ac~ani 

enhanced the solubility of the nano- materials in watcr. '17he copolymer nano-materials 

were frcel! dispersed ill wales by stirring ~ ~ n d c r  ullrasonic al 1-oo1i1 tcmpcraturc. The 

D'-visiblc specIra 0.F PAN l ancl copolymers were ~.ecot.dcd in their doped slak and 

dedoped stales wcrc sl~c>\+ti in figure 4. I I . Polyanilirle slio\\.eti ihrci: tsansitions at 350 

om. 430 nrn, and a broad peak al 850 nm with rcspccl to K- K * transilion. polaron ro 

conducting band. \:alcncc brrnd IO polason hand r.cspcct i\eli\ [Cabals, K.  cJf ti1 3002: 

Xia Y er ul 19951. Tlie I lV-visiblc spectra 01' 1.1.le P-Co-5, 1'-20, 1'-50 ar~d P-100 

showed similar bands to that of PANI. Polaron band of PAN l was liigtily dclocalired 





Co-5. P-50 ancl P-100 \vcre comprcrsed iriro pclle~ arltl subject to I-V ~ ~ i e a s u r e ~ n ~ n t s .  

A.II thc samples sho\\,ecl a lineal- I-V plots (scc ligurc 4.13. and ligurc 4.14.) and 
h rallo~.ed the ol>ln's belia~.iour ~ ' ' l . . c ~ n ~ ,  Y .  er trl 2003; I ,ong. Y .  c>t r / l  200:; '1-0119, Y .  cf 

a/ 7,0041. As cspccted \\ it11 irlcreasc i l l  thc ~t.niperar~lre, ~ h c  resistance decr.cases. The 

electrical sesistancc ol'tlie materials \\,as oblaincd li-om slope of the I-V plots 30 'C' 

and their conduct i~ i t i~s  LZCSC reported in rablc 3.3 

Figure 4.12. Plio~ogt*aph o f  Keithley /;(?zli- Probe sef up. 

Current (@) 
Figure 4.13. I -  V plots o f P A  N l  ut Lz'lffrenf tempcruttlrrs. 





dfonic acid derivatives [%niIkumar, P. et ul 2006; banilkurnar, P. cr! ul 2007: 
1. tinilkumar, P. el a1 20071. ?'he conductivities of nanorod, hollow sphere and nanotubes 

were found one ordcr lower than that of' PAN1 nanofibers. In order to investigate the 

effect of tempcraturc on the conduclivity ol' the nanomaterials, thcy were subjected lo 

variable temperature I-V measirrements from 30 to 100 'C. The conductivity of' the 

'samples was determined from I-V plots and nanofiber has much higher conductivity 

h other nano-forms (see iigure 4.16a). 

2 4 6 8 10 12 14 16 18 20 

Current ($4) 

Figure 4.15. 1- V pfor.7 c?f' cc~pol~?met- rrurtomut~riu1,v. 

All the nanomaterials were synthesized using [monomcrs]i[dopant 1 = I UO ( 100 

times lower amount of dopant with rcspcct to monomers), one may argue that these 

trend may be due to the diffcrcncc in the doping level in rhe nanomaterials rather than 

be difference in their morphology. In ordcr to rulc out the difference in Ihe doping 

bel, all the sample pellets were dipped in 1 M HCI -for 12 h for cornplctc doping. 'I'hc 

'pellets werc washed with water, methanol, dricd in vacuum oven and again subjected 

to variable tempcraturc conductivity measurements (see figure 4.16h). After I-iC'I 

doping the conductivity o f  nanofiber, nanorods and hollow spheres did not change 

much whereas the nanotubes showed a slight increase in values. This detailed analysis 
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revealed the diiTerrnce i n  the conductii)ity oi'thc samples arose from the difference in 

Uie morphology of the nanon~alrrials and not due to thc any other artifact such as 

incomplete doping, etc, 

Temparature ("c) 
Fiure 4.16. Temperuficre dependant conducfivities of lhc nirnumairriuir (4 aciuui lh) 

HCl Peatmen[. 

To study the cleclronic transport behavior of the ma~crial, thc resistance (In I<) 

dthe material was plotted avcr the tempcraturc (T-I")  in the range of 298- 373K (see 

b e  4.17.). In ihc insulating regime, the low-tempcraturc resistivity p(7) of. thc 

mnducting polymer fo l lo~rd  the exponential temperature dependence of variable 



range hopping (VItI I) I ?  ,ol~g. Y .  er cri 2003;  on^, Y .  et a/ 2003; 'Long, Y. c~ ~ri  

1003; Mativetsky, J. M. c?t a/ 20021 

7 P ('I') I,,, exp(T,jT)"', . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .- 

where Lhe esponunt n.1 = I:'? lhr onc din~cnsional ( I D )  hopping process. Gj is 

he Mott cliaractcrislic teniperaturc and can be oblained from the slope ol' InR vs T-'" 

plat, The p l o ~ s  sho\.vcd a linear  rend and fi>llo\vec-l VRH n~odol. 'l'hc To values for 

nanofiber. nanol-ods, hollow splicl-c and nanotubes were obtained as 1.77 x 1 0 ~ .  I . 5 5 ~  

, 7 5  10' m~d 1.8. 10' K respectivt.ly. 'I'hcsc values were in accordance with 

wrlier reports for mctallic conduct ivi~ of polyaniline [Yl.ong, Y.  et u1 2003. 

Mati\letsk\., J. M. er cr/ 20021 

Figure 4.1 7. Re.ri.vtcmce vo-sutl; tt.rnper.cxtro.c p l o ~  lj)r nl~nornc~ft~i~ir.rl.r. 

- 

- 

- 

- 

The comparison of the L>ur probc studies, mol-phology, solid stale orclering and 

%crystallinity of the samplcs rcvealed thal thc conductivity of'11ie nanomaterials were 

pedominatcly control led by the niorphology . Since the cornposi tion 01' the all the 

nano-forms in thc presenl invcstigation almost idontical. one can conclude that thc 

plyaniline nanoiibers arc bcttet- conducting materials than other nanostructures. The 

empty voids occupicd in l l ~ e  middlc portion ol' the hollow sphere (also in nanolubc) 

~ ~ u l d  restrict the conductivity ol'the eleclrons via hopping process. Though, thc linear 
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and thin geonictr 0 1 '  nancstubeh h ~ o ~ ~ r c d  [lie compaclncss in the solid state to 

hulling layer li)l ils poor cond~iclici~>,. In a nut shcll. in the prescnl invcsti~a~ion. \\ e 

multiple nanustl-ucturcs \vithcrut altering their clicmical composition. which enabled 11s 

bc~rrelate their conduc~ivi~ics such as libers. rods. hollo\v spheres and nanoti1he.s in :I 

single system. 

Table 1.3. R'ick li)~,qlo .\'-I.L!\. cii/fru~*fiot? und ~'0)7dll~'ti\-i!l: W I ~ ~ C ~ . C I I I " ~ ~ T C ! I I / S  ( ? / ' c ' o Y ~ / ~ : I ~ ( J / . . \  

andPANI, 

- 7 + - - - - - - - r l  
7 3 x 4 . 0 . 3 . >  1 5 l/o I 1 . 2 ~  ICY- 

'wide ongh ,X-I.(I , I:  ~ . l i ~ ; / ~ ~ ~ ~ ~ r i o t ~  ( I J I ~ ~ J , . ,  !.s ',(.~rt,i,!(I our u 1  30 '( '. '' C ' t ; t . . ~ / o / / i t ~ i t ~ ~  O/.//?C . s ~ t t ~ ~ p I e . v  I)I~:CI.\II I .~JC/ LO 

l'hc polyincr nanomatcrials \vcrc sub,ieclrJ t o  \VXI<D analysis LO srildy [llc 

solid state ordering propel-ties see tigurc 4.18. WXI-tD ol' po l~ani l i~ l r  sliou.ecl ~ h r a c  

peaks, two at higher al-lglc at 70 = 25 and 19.5 and onc at l o ~ . c r  angles at 28 = 6.75. 

Tbelower anglc peak arose Kroln the Ions rangc ordering of poly;~nilint. cllains \, ia [hc 

doping oftlic surfactat11 molecules 1.layakannun. h4. ct 01 300i: Dul'nur. H. ~ 1  [ . I /  3001: 

laska. J. el trl 2002: "Jana. ' I .  c.r (11 20001. I'he highcr arlglz peaks Lvcri. assigned to lhc 

aromatic chain-chair1 intcracrion in the polymers. P-Co-5, P-20 and P-50 showed 

lower angle peaks at 20 = 7.6 d ~ l e  to the long range ordering fl-om the lamellar 

mgenient of  dopant n \ o l c ~ t ~ l ~ s  betu.ec.11 thc pol!.~iic'r chains [Song. M. K. r 1  trl 2001: 

Weme~. It'. L ~ I  crl 1084 ( Inrcrestiugl! in P-100, the lower angle pcaks wtrrc hig111) 
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Figure 4.1 8. W i " D  unulysis nf'rhr coprdjn~crs. 

he samplcs wcrc de~el.mincd li.onl ttic WXI<I) patterns by co~iiparing the arcs 01' 

hllo\t an~ol.l~hot.~s domain i s  ith sharp c r~s la l l  inc peaks (scc table 4.3). The W X R D  

patterns \i;erc deconvoulatecl coniputationally ro calculate \he inicsral intensities 01' 

amorphous arirl cl; stnlline domclil.ls. I'hc pcrcent crystalliniry o f  the samplcs PANI, 

P-Co-5, P-20 and P-50 wcrc illmost idcl.ltica1 in thc rangc o f  1 3-33 '.+I. Tile samplc P- 

100 s h w e d  a shar-11 lo\\, anglc pcnk w i l h  corn pleti. \.anisl~ing o I' the arnol.pho~.ls doniai~i 

[?O= 15-30). \\ hich re.wmblcd (lie typical 11aturc of' liighl! crq slal l inc sample. 'l'lic 

percent cr?-stalliniry 01' P-100 the sample \\:as o b t s i ~ ~ e d  as Inore rhan 60  ";o. I ' hc  higlil!. 

qsralline ~iatul-e of P-100 was fi~rtlier confirmed h\ the electron dil'li-action pallcrn 

from the I IR-T'LM 01' the natic~tiibtfs (scc f i p ~ ~ r t :  4.6). The elcctrori clilli-acliori paltcl.lis 

ihowcd bright spors \.vith regular pcriodic.ity corresponding 10 lamclla-r solid stale 

ordering [?ang? .I.; 20021. 'I'hc reason for the high I >  cr-ystril l ine nanotubcs may bc 

rurrela~ed 10 thc slow kinetics of copolymerization of Inonomcrs ar largely diluted 

polymerization snmplcs (see ligurc 3-18.). 



4.4, Conclusion 

In conclusion- we havc clc\:clopecl unirluc sclf-assc~nbled molcculal- tcmpl;i~lc 

#roach for tracing  he morpholoyicnl e\.olu~ion of conducting polymtrs c s c l u s i \ ~ c l ~  

b p~lyaniline-eel-pol! p!;rrolc nu~lamaterials. l 'hc imponan1 outcomcs r j f  tllc prcstnt 

Fhapter arc as fi)llo\vs: ( i ) renewable rcsoilrce a~uphiphi l ic azobc.nzt .~~cs~~lIi)nic acid 

dOpnt was ulilizcd ro .;~ud! the fi~rniarion 01' mo~-pliolog!: such as narloli bcl-. llanorod. 

hUow-sphcrc. and nanotuhc ill a singlc' sl.srrm \\ ithour cl~unge in ~ h c  ccl~nposirir,~~ 0 1 '  

k u  chemical constituents. ( i i  i rhc dopa111 micttllcs in \\.ater scl 1-organized \\.i th 

d i n e  to producc thick e m ~ ~ l s i o n  consisting of c~lindrical  ilggrc~atcs. \ \hich template‘ 

~clusively for rhc p o l ~ a n i  I inc ~ ~ a n o f i  bcrs. ( i i i  ) the sell'-organizatiol~ 01' dopant miccllcs 

~ l b  anilinc ~,>-rl.c)lc j r j5  7 5 mole [Kr. r c s p c ~ t i v ~ l ~ )  [>ri)dltce ~1li1l.1 c!.lindl-ical 

megates and upon chemical osidation thesc aggregatc's psoduoc short nanorods. ( i \  ) 

k- dilutio~i o f  111c cmiilsioti tc111p1ntc.s \\.ill1 known cluan~it!. 0 1 '  watts resultecl [hi. 

Pansformalion of c!-linclrical to \.esicular ~1ggrcg;ttc.s \\-ithout pliasc scpararion. \ \h ic l~  

Lmplate for hul low sphercs and nano-liibcs. ( v )  lhc ri~cchanis~ic ~tspccts ol' [hi. rlilutc 

plymcri7arion I-OUIC :..vns stiidicd hy dynamic light scattering ~ v h i c l ~  s11ppor.1 rhe 

hation of rnicro~nctes s i ~ e d  c>lindrical and \:csicular aggrcgarcs. ( \ . i )  rhc hhapc 01' 

& templates such as c>-I indric;il and \ .cs ic~~lar  aggscga~es \wrc con lir~llt'd b!- S1jJ.l 

md HR-Tt:bl. (vii) rhc sizc anci shapc of ~hc'  template aggscgatcs matchcci \el.!- \\.i.l! 

Rith that of thc rcsul ta~~t  nanomaterials and confirmed the tcmplrtrc-assistd 

polymerization mechanism. (1.i i i  ) thc structure and c ' l ec~ro~~ic  propc~-tics of' I he 

Iwomaterials \\.ere C O I ~ ~ ? K I I I L ' ~  h ~ .  Sh:fI<. I:-l-IK and absorl~tiot~ spcctroscr)p>-. rsii 

URD anal!.sis rt.\.ciiltci rhl-11 thc nanotubcs prociuccd ar largc dilution cnnditiol~ \\-as 

h d  to possess morc than 60 '5 01' cr!.shllinit\.- compared to 1.1iat c j  t' th t  nanniibcrh. 

mrods and hollo\v sphcrcs. ( x )  clectron cfi l'li-action I'rvni the 1 I IC-?IIM rc\.calcd [lit. 

her like ordcrilig in rhc t~anonrbcs, (xi ) thc vr~riablc rcnlperatirrt. tij111. prt~hc. 

Faaducti~ity mcnsurcments I-c\--calcd I hat 1l1c samplc-s she\\--cd r).pical I -V plots and 

b) the conducti\-it! of thc. nanotibcrs \lcrc ii)ii~ld higher at all thc tcnipcratures 

tompared to tliiit of' all othcr nano-lhrn~s such as nanorod. hollo~i.  sphere ~ t n d  

motubes. ' l be  prescnt in\ cs~igution cnablcd us lo rslablish 111e correlation bctwccn 

h morpholog\. 01' the conduc~ing polymcr ~iilnomaterials iv i l l l  t l iu i~.  sol id starc 

ordering and conducri\-ill- \\ ithout disturbing eithcr thc compositions of the rcaolants 

@polymerization procedures. 
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polymers which hampcr.cd t.heir co111~I~tl:  struc~ural characterization. N n n o s ~ r ~ ~ c t u i . ~ ~  

of polyanilincs sucli as ~lanofibers, nanosphcres arid gels \.yere also ~.cported to 

disperse thc llano-ob.jccts ill waler or orsanic sol\.cnts so tl~ar lilms could be prepascd 

h sensor application JMcQuaclc, I). T. ct (11 2000: I..i, D.  et a 1  20001. r~l~ougli  thc 

nanostructirscs sliowed improved proccssabilit>. making ~~~eclianicaII_v si.able 

plranilinc t i l ~ i ~ s  cvilhuut losing rhc mol-phulcrg> 01. co~.rducti\ii\y is still far li-om ~ h c  

realib. Earlies, \vc have reportcd tiyd~.ox! .;ubstitutecl polyan i linc nanosplici.cs tl~nt 

effectiiely trace the intcsactio~~ n i t h  ascorbic acid h ?  partly on \he el'kcts 01'1)) clsogen 

bonding and doping cffec~s (scc tlgi~t-c 5.2. ). 

. -  ~ 

Water 

Figure 5.2. Hjt/ru.yjl .vith,criirlrclc/ /)o/ytrnilir~i> 11l/no.vpli7ert?~v , fiw I / L J I L ~ C * I ~ ~ T )  of '  ~ ' i i o ~ t l i ~  1-C. 

/kiop/cdli.on~ "Ani lk~c~l ia t . .  P. cl (11 20081 

Chcniicnl or biological sensing \-ia colorimctrio naked eye dctcction is  an 

inexpensive teclinicluc ancl also ilc;cfi~l li)s on-linc rimnito~'il~g in vitro anil in ~ . i v o  

studies 1Lou. X .  ct 1r1 2010: h,liller. S .  cr a1 2010; U'ei. Y .  er c d  19941. I'oll,aniline 

exists in three n~rqor forrns: (i) gl-ccn color enieraldinc salt. (ii) hluc color emesaldinc 

base and (iii) colorless leucocmcrldine basc t'onn (complctcl~ reduced statcs '\-irh 

absorbance in the [.!\/-region less than 330 nm) in solution [Moon. I>-K. el ril 1993; 

Kurreck, 1-1. err L ~ I  19841. The changc ol'rhe color from blue to colourlcss is particularlq 

inreresting for sensing applicalions sincc it  matches \i:ith dclcclion capabilities 01' [he 

human-eyc. 'l'he c h a n g  ~7.f the c o l o ~  from blue (clncraldine hasc) t o  colourless fosm 

(leucnerneraldinc base) is not a straighl ti,~-~iat.d process bccai.~se i t  accornpanicd b? 

bolh prolonation as \i!ell as elcctson tl-nnsfl-. 'I'his concepl is no t  cxplored mainly duc 

to two important reasons: ( i )  lack 01' complctc solubility of pol>aniline materials in 

water and ( i i )  ~-nisrnatching of the rcdox potential o f  analyles with polyaniline 

backbone. Thercforc, developing nen appsoac hcs li)r making functionalizecl and 

water soluble polyaniline derivatives and cxplose Ihem fix colorimetric sensing via 
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the dedoped forn~. 'I-lie disappcal-anec ol' Ihc Y - I  1 protons (at 7.  I 5-7.95 pp~n)  ant1 r tic 

appearance 01' the iluinoid-ring protons in PSPANa directly provided cvidetit Ibr 

mpletely dedopctl stt.uciurc. "(:-l\'hlli spocll-a 01. tho monomer. PSPA and 

PSPANa in II2O showed peaks ~ . i t h  rcspcct lo their number ol'aroniaric and aliphatic 

carbon afoms (see figure 5.6.). ' l 'he nlonolncr showed four aromatic carbon atoms at 

134.5, 130.4, 129.9. 122.3 and threc aliphatic carbons at 50.2, 47.7 and 20.9 ppin will1 

respect to its structure. PSPA slio~vcd ~\r:o ararna~ic carbons in the bcnzenoid- ring 

appeared at I30 and 124 ppm (corresponding g and 1-1 carbon) and rhrcc aliphatic 

carbons (53 ,  48 and 22 ppni). Thc dedopetl polynicr (PSPANa) showed aromatic 

proion in 130 and 1 15 ppin and aliphatic prolons in 49 and 22 ppm. 

Figure 5.4. Synthesis qfrhe rnonomer. duped polymer and dedupedpolymer. 
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F'r-IR spectra o f  thc monomer. PSPA and PSPANa were recorded on KRr 

pellct and spectra were shown in figure 5.7. The two strong vibrations in the monomer 

at 1504 and 1472 cm-' werc assigned to symmetric (C=C) and anti-symmetric (C-C) 

stretching vibration [Nabid. M. R. et al 2005; Yuan (;-L. e! a\ 2003). The pcaks at 

1599 and 1498 in thc polymers were assigned to stretching vibration of C=C (quinoid') 

and C=C (benzenoid), respectively. The peaks at 1350, 1250 and 1041 cni" cverc 

assigned to C-N, O=S=O and C-H vibrations, respectively (Anilkurnar el al). The 

inhercnt viscosity o f  the polymer was obtained as 0.18 dL/g in watcr at 30 'C which 

indicates the formation of moderate molecular weight polyanilines ~'Anilkurnar, P. ct 

all 2008. 

. .  . , .  . . .  P 

Monomer 

, . . _  
4 , .  
I I I 
, I  I 

- : - * C=C Q 
, .. . , .  . 
I .  . .  , , .  . , .  . 
. e  # 

PSPANa 
.. a . . 

Wavenumber (cm-') 

Figure 5.7. FT-IR specrru ofthe monomer (SPA), PSPA and PSPA-Na. 

The doped polymer was subjected to MALDI-1'OF analysis using a-cyano-4- 

hydroxy-cinnamic acid -I- trifbloroacetic acid (TFA) matrix (see figure 5.8.). The mass 

spectrum showed pcaks at regular interval of 21 3 amu corresponding to the repeating 

units (P)n = (CgHI,NOiS),,. Two major peaks were observed at (P)n and (I')n+- 1 14 

corresponding to polymer and polymer -+ TFA. A lcss intense peak at (P)n+l8 also 

observed with respected to polymer + 1 1 2 0 .  Interestingly all these three pcaks 

appeared cxactly at a mass difrerence 213 arnu, which was matching with the 
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repeating unit and indicated that the polymer contain 10-12 repeating unit in the 

polymer chains. 

Figure 5.8. MAI,L)I- TOFF' specfrurn uf the PSPA. 

5.3.2 Solid state properties of the self doped polymer 

The morphology of thc PSPA was analyzed by JOEI. JSM -5600 LV scanning 

electron microscope (SEM) and high resolution transmission electron rnicroscopc 

(EM). 'I'lie SIiM imagc 01' PSPA shoued flake like structures see figure 5.9. 'TE,M 

image of the polymer also confirmed the existcnce of the flakc-like morpl~olog. The 

tendency for the formation of' tlake-like morphology in rl~e pl-esencc system is 

attributed to  the self-dopcd structure of the polymers. l'he presonces of sulfonic acid 

groups in the polymer chains induce strong inter-chain interactions for the forniation 

of  two dimensional Ilakc-like growth rather than 1 D fibrous moi-phology. 

PSPANa 

-. - -  

- 

Figure 5.9. SEIM and TEM qfPSPA. 
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The WXRD of the monomer (SPA) and PSPA recorded by using powder 

method were shown in figure 5.10. Polymers samples were shown sharp peaks at 28= 

4.1 degrees (d-SPAcing = 21.4 A") with respect to highly ordered polymer structure. 

The PSPA showed sharp peaks at 28 values iiom 17 to 30 with respect inter chain 

interaction and aromatic n- 7~ interaction [%nilkumar, P. et a1 20061. WXRD analysis 

indicates that the PSPA is highly crystalline polymeric material resulting via 

electrostatic and hydrogen bonding interaction. The thcmal transitions of the samples 

carried out using differential scanning colorimeter (DSC) were shown in figure 5.1 1. 

The monomer showed melting transition at 241 OC (AH = 30.7 Jlg) and crystallized at 

166 O C  (AH = 27.1 Jlg), respectively. Polymer PSPA showed endothermic melting 

and exothermic cooling peak at 139 'C (AH = 1.1 1 Jlg) and 136 OC (AH = 1.08 J/g). 

Though, the cnlhalpy changc is relatively small in the polymer compared to the 

monomer, thc self doped polymer possessed tendency for melting or crystallization 

unlike the normal polyaniline samplcs. l 'he dedoped polymer PSPANa did not show 

any thermal transition in heating or cooling cycles indicating its amorphous nature of 

the matcrial in solid state. 

5 40 15 20 25 30 35 40 

28 (Degrees) 

- 

- 

- 

Figure 5.1 0. WXRD analysis qf monomer (SPA) und PSPA . 
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PSPANa ; - : Cool - -- 

Heat - 

Temperature (OC) 

Figure 5.1 1 .  DSC thernzogratns ofSPA irnd PSPA. 

The thennal stability of PSPA and PSPANa were recorded by thenno 

gravimetric analyzer under nitrogen flow and it rcvealed that the polymers were stable 

up to 370 "C (see tigi11.c 5.1 2.). 

.- -- - 
,--- - 

-\ 

- 
- 

- - - PSPA 
- -- PSPANa 
- 
- 

I I I r 1 
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Figure 5.12. TGA analysis of'fhc SPA,  PSPA und PSPANa. 



I-V plots for the polymers werc ~neasurcd i~sing four probe conductivity nicter 

and the polymers showcd a linear increase i n  voltagc ~ i l h  increase in cun-ent and 

follo\vcd typical of ohmic bcliaviour (sce figure 5. I;.). Thc conductivity ol' tlic doped 

and dedopcd polymer samples were obtained as I x  10.' and 6 x  S/cm 

respectively, which arc matching with that of the values reported lor N-sul>stitutcd 

self-dopcd polyanilinc san~plcs [Wei, Y. et al 1994; Moon. D-K. et al 19931 

Voltage (mV) 

Figure 5.13. /- Vplors qf'rhc PSPA. 

5.3.3. Absorption properties and colorimetric sensing 

l'he polymcrs both in doped and dedopcd fbrms possessed good solubilily in 

water and their absorption spectra for wider concentrations (from lo-' to lo-'; M )  were 

recorded. scc figi~re 5.14. Absorbance spectra o P  PSPA showed three niaxirna at 305. 

420 and 1040 nm corresponding to rc- rc*. polaron-sc*, rr-bipolaron clcctronic 

h-ansi~ions, rcspec1ivcly. The sample PSPANa showed 1wo pcaks at 300 and 640 n m  

corresponding to IT- n* and cxciton quinoid transitions, respectively [Chen, S-A. et al 

1995; Nabid, M.  R et al 2005; Yuan G -  1,. ct al 20031. The concentration dependent 

absorption spectra ol' PSPA and PSPANa did not show any change in peak position 

except tlic reduction in their intensities. This clearly support that the cleclronic 

structures of thc sell'-doped (or dcdoped) structures were very stable in water 

irrespective ol'thcil- concentration. 



400 6fKl 1#10 1000 

Wavelength (nm) 

Figure 5.14. Concenfrulion dependent crbsorption specIra ofthe PSPA and PSPANa 

at 30 "C. 

The polymer possessed in-built sulfonic acid group in thc chain backbone, and 

therefore, the role of pH on the electronic transitions arc very important to be 

analy~ed. For this purpose, thc concentration of PSPA was fixed as 1 ~ 1 0 - 3  M (pH = 

3.2) and different concentration of base NaOH or Na2C03 wcre added to vary the pH 

from 3.2 to 12. 'l'he absorbance spectra (see figure 5.15) showed that upon increasing 

the pH, the color of the polj~mer solutions transformed liom the green to deep blue. 

This confirmed the change in the structure from emeraldine salt to emeraldine base 

with increase in the pH of the solution. 'The spectra showed major changes in the four 

different positions 305, 420, 640 and 1040 nm with respect to variation in the pH. On 
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increasing h e  pH from 3.2 to 12.0, the golaron (a1 420 nm) and bipolaron ( 1  040 mi) 

vanishes and a IICM pcak at 640 nm correspondins to quinoid-ring cvas appeared. '['he 

change in the absorbance: AA = A,-A, where A ,  and A are corresponding to the 

absorbancc at initial and at particular pH (at 420, 640 and 1040 nm) was plotted 

against the pH of the solution (showed as in-set i n  Lhc ligure 5.1 5.). All the threc AA 

plots showed sharp transition at pH = 8.6 - 9.6 with respccied to their transformation 

in electronic structures from emcraldine base to salt. The pH dependent absorbance 

studies revcaled that the newly synthesi~ed water soluble N-subsritutcd polyanil inc 

provide very sharp change in the color which is very attractive for thc colorimetric 

sensing applications. 

400 600 800 1000 

Wavelength (nm) 

Figure 5.1 5. Absorption specrra of' /he PSPA with increase in pH. The photogruphs 

ure s11olz.inp /he color- ehunge,~ in /he .solttrion wi fh  increase in pH. 



In ordcr lo trace the sensing ability of PSPANa, i t  was treated with various 

acids (dopanls) and bion~olccules (see figurc 5.16). As cspectcd, typical dopants likc 

ca~nphorsulli~nic acid (CSA) and HCI, showed color changc li.on~ blue t o  green with 

respect to  he transfhrmatio~l o f  crneraldinc base 10 salt. Thc biomolecules like fdic 

acid (vi lan~in RC)), glycine and lysinc did no1 show an!: c l i a ~ i g e  duc to weak 

protonation ability 01 '  thcir carboxylic fi~nctional groups. Intcres~ingly, vitamin-C 

(ascorbic acid) and cysteir~c showed a sharp and i~nespccted change of  color from the 

blue to colorless. 

Figure 5.16. Cblor-imetric. sensing uf tile viruniir7-C ~ 1 x 1  Cjatrinc. raiug PSPAIVa in 

solu/ion. 

Furthcr, a control experinlent on PANI-EB (unsubstituted polyanilincj has 

been carried out b ~ ;  adding vilamin-C and c~steinc lo provide more insight to t l~c  

phenomena. PAhIl-1-2 (blue color) produced li-om PAN1 (green color) b! 

dedoping with bases like NaOH or sodium carbonate (sec figure 5.17). PANI-EB 

(blue) changes to grcenish eineraldinc salt alier the addition of vitamin-C, on ~ h c  other 

hand color was unchanged alicr c!.steine addition. This clearly suggcs~s rhat the 

unusual color changc l?om deep bluc to colorless by the self-dopcd polynlcr stl.ucture 

(PSPANa) was i~nique to the self-doped N-alkyl polyaniline and not for other 

emeraldine bases. 



Furthcr, selectivity of cysteine compared to other amino acids for more than 

17 numbers wcrc sho~vn in ligurc 5.1 8. Thc s t~~d ic s  showed that the self-doped 

polymer possessed high selectivity only for vitamin-C and cysteine and 1101 for other 

biomolecules. 

1 1 

PSPANa Proline Leucine Threonine Tryptophan Histidine 

I 
ysteine Alanine Methionine lsolel . 

sine ' Tyro Serine Arginine Aspagine Valine henyl 
anine 

-+- -A@ 'k -+ dIr, J% w 

Figure 5.18. C'olorimelric sensing qf the Gareine zissing PSPANa in solution. 

Colorimetric detection of vitamin-C and cysteine by PSPANa wcre 

investigated by both lob's plot and molar ratio method. Job's plots for vitan~in-C and 

cysteinc are showed in figure 5.19. It is in~portanr to mention that sharp color changc 

was noticed I'or vitamin-C in the sodium salts of polymers of' NaOH and Na2C03, 

however, the sensing for cysteinc \::as round pro~nising for polymcr solutions obtained 

from Na2C03 compared to NaOW. Ilpon adding vilamin-C (also cysteine), the color 

chanec + was accompanied by disappearance of the peak at 640 nnl (quinoid-ring) with 

increase in the absorbance at 300-320 nm. The spectral change at 640 nm was plotted 

against the mole Iiactions of thc constituents and shown in figure 5.19 inset. The 
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stoichiometry of vitamin-C and cysteine with polymer was found as 3:2 and 4:1, 

respectively. 
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Figure 5.1 9. Job '.Y Plot method for determining fhe s/oichiometry qf ' polymer + 

analyte complex via UV- Visible spectra 

In order to determine thc binding constant, molar ratio method was executed . 
by varying concentration o r  the analyte (from 1 x 1 o4 M to 2 x I o-) M of vitamin-C and 

cysteine) with fixed polymer concentration (3x lom4 M) (see figure 5.20.). The 

association constants were calculated using Benensi-Hildebrand equation: 

I /AA = I / ~ R ~ ) K A E R ~ [ S ~ ]  + 1 1 [ R ' ] K A C ~ ~ ,  

Where, AA, [R'] IS'] and are change in absorption, total receptor concentration, 

total substrate concentration and molar absorptivities of RS (AERS = ERS-ER-ES) [Atood, 
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J. L. 19961. Thc plot of' liAA versus 1 / [vitamin-C] showed straight line plots which 

suggest that the polymer + analyte followed the Benensi-liildebrand behaviour. The 

binding constant (K) were calcc~lated from the intcrceptlslope of the plots as 2.1 x 10" 

and 1 . 5 ~  10'  for vitamin-C and cy steine, respectively. The binding constant values 

for vitamin-C and cysteine in the present case are comparable with that of other 

sensing substrate molecules like fluorescence [Zou, W. et a1 20061. 

a <  u n10. i 
L c y 6 *  I 
g an! 'b4 - 

2 am PC n1-.9dd J 
5wrr' 1 . H  1 . e  

Wavelengh (nm) 
Figure 5.20. Mole ratio mclhod.for determining the stuhilip cons/ant for polynzei' t 

unalyte complex via UV- Visible spectra. 

To study the colorimetric sensing ability in solid state form (for practical 

applications), a simple technique was constructed (see t'igure 5.21). Thin layer of 

surgical grade cotton was rollcd over plastic stick and dipped into the PSPANa 

solution to make uniform blue coating. The bluc color stick was stable for more than 

two days without color bleaching. Half-portion of blue stick was dipped to analyte 

solution of vitamin-C, cysteine, MCI and CSA. The blue color immediately changed 
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into colorless for vitamin-C and cystcine. On the other hand green color Bias appeared 

with respect to cnieraldinc salt fb17natio11 for hydrochloric acid and camphor. sulfonic 

acid solution. "I'lic detailed calorimetric studies in  solulion as well as in the solid 

support (on cotton) revealed that the present watcl- solublc polyani line possessed 

unique blue to colorless sensing ability for biomolecules like vitamin-C and cysteine 

in solulion as well as solid state. 

Undipprd 
Vi t-C Cystcine sensor strip H CI CSA 

Figu re 5.2 1 . S~.n.~ir?g ucr ion o(cl,?u!~~tes in solid srrpport el/ cr)tton roil. 

5.3.4. Mechanism of colorimetric sensing 

The mechanism for the scnsinz of vitamin-C and cyqteinc is sixfen in ligurc 

5.22. 'The chcmical structures of N-alk~latcd pol>.anilincs arc dill'crenl tiom thc 

normal polyaniline [Kirn, E. et a1 1995; I,indfors, T. ct aI 2002; Rergeron, J et r ~ l  

19001. The sell'-doped polyaniline exists as in the cmeraldinc salt ( I )  consisting o f  

cation-radicals of p-phcnylcnediamine. Addition of bast, results in the forniation o f  

dedoped cmcraldinc basc ( 1 1 )  consisting of di-cations nf p-phcn? lcnediimine. Tlie di- 

cations were stabilized h! sullbnatc anions attached in the acljaccnt polymer chains 

~ i a  electrostatic self-asscrnhly [Chen, S .  A. et a1 1994; Cataldo. F. et al 20021. 

Viraniin-C' (ascorbic acid) is a dibasic acid Tor proton rranslcr to bascs and also good 

reclucins a p t  via donating electrons. In water, il undergocc dissociation to produce 

d e h ~  droascorbicacid and gives away 2c' and 21 1'. Cystcine is another iniportant 





sulhnic acids in the alkyl side chain which further disassociate thc elccrrostatic 

interaction belueen SO:- and C'h-N' cations. (ii) translkr of the two electrons from 

analyte to the di-cations o f  p-pl~en~lsnc.diiminc units in rile polgnter and convert thc 

polynier chain inlo ccllnplctely reduced lilrrn. (i.c leuooernernldi~ic base). ;\s a net 

resulr of tlic prolorl couplcd clctctron transkr froni ~'itaniin-C' (also c!.srcinc) 10 

PSP.ANa (blue color): the color o i  the polynier soli~rion c1ialigt.s from blue ro 

colorless. Since the kinetics is vc.~?: fast (obscr~cd i n  thc range 01' k, = 4.. 1 Oh s" ). i t  

accompanies ~Iic color change insianraneousl~ for colorimclric dctection bl- nakcct 2l.c 

[Young. E.K. et 31 20091. 'l'hc higher stoichionle~ry (4:1. in molcs) ot' cysleine could 

be explained frorn thc mode ol'chen~ical reaction i l  unilcrgocs during scnsin2.proc~'ss. 

Tti-o cq-stcine rnolcculcs are oxidized to film1 one cysrine n\olcculc 10 gi\:c 21 1 '  n~id 

2e.. O n  the other hand. in the case or \:irnrnin-C'. each n~r,leculs undergoes nsidaiion 

10 deli!.droascorbic acid (L>I~lA:I) and 11-1' and 2e' '[his f~lrtiicr rcllccts in I I W  hiyl~ 

detecting abilit) 01' vitamin-C' ancl hisher associatio~l cc)rislanL compared ro rllal 0 1 '  

c!.s~oine. 

'1 '0  understand lllc clecrron transl'cr proccss. the osidation and rcdtrc~iol? 

potential 01' PSPANa and its coniplcxes with vilamin-C and cysrcine u c r e  dc~e~-~iii~ic.tl 

b!- c)-clic unltamlnern in water using glassy carbon working clsctroclc (set. fig~~rc' 

5.2-3.). 1;or all samples arc C.V. wi\s ~CCOI-CI~CI in thc range 0 1 ' - 8  1.2 \i' lil - 1.3 V ar rhc 

scan l-atc of 50 mVis and the basts (NaOH and Na2C'03 in water) act as c.lcctrolytcs. 

Thc cl-clic \:oltamniogram 01' PSPANa stio\\~cd anodic oxidation pcaks at  0.46 niV i n  

tlic anodic swccp and a rtkcrsible redi~crion peak ar -0.31 V ill lllc ncgari\c cathodic 

region [Flcras. .I. Y .  ctt a1 2007; Krislinamoorthy. K. ct al 3001 1. I.lndcl. the same 

s\veeping ci)nilitio~l. rlie oxidation potential (st' \,itamin-C' ant1 c\ swine alo~)c \i.erc 

found as 0.1 1 V ant1 0.64 V. rcspccti\.el)-. l'hc: cyclic vi~ltarnrnogrunls of ~ l ic  \ iranliri- 

C' ' PSY AYa and cysteine -I PSPANa cnmplescs showed coiiiplc'te cd is~~pptrarancc. o I' 

the ca~liodic peak at -0.2 1 V. The disappearance 01' the catllodic pcak at -0.21 C' upon 

the addition of ane~lytcs (vitamin-(' and cystcinc) revealed the i-lccrron transfer from 

the anal~.te 10 the polymcr backhcrne and supports the ~nechanis~n proposed in iigurc 

23 I t  confirlncd that the warcr solublc self-doped polyanilins is very unique and 

si'licienr sensor rnii~crisls I'or detcctiny bio~iiolccules l i  kc vitaniin-C' and cystttine via 

proton coupled e lcc t ro~~ transtkr proccss in \c.aler 
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PSPANa l I 

Figure 5.23. Cyclic voltammograms of PSPANa, PSPANa+ Vit-C and PSPA 

tcysteine. 

5.3.5. DLS and Zeta poetial studies on the polymer solution 

It  is very surprising to notice that in the present case, the E'T process was 

efficient between the conducting polymers with analytes (vitamin-c or cysteine) 

which are not chemically interconnected together. Therefore, it is very important to 

trace the molecular interactions between vitamin-C (and cysteine) with PSPANa to 

understand the ET process. In order to trace the molecular interactions, the polymer 

solutions in doped (PSPA) and dedoped (PSPANa) forms were subjected to dynamic 

light scattering (DLS) coupled with zeta potential measurements. DLS histograms of 
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PSPA, PSPANa, PSPANa 1 vitamin-C and at PSPANa + cysteine are shown in 

figure 5.24. 

Size (nm) 

Figure 5.24. DLS I7i.stogr<tnt.v of PSPA. PSPANa. P.TPAA Ii't-C' cmd SPA+- L~~:vrciiie 

ar 4 x I 0-' iM. 

'['he poly~nsr samples in doped and dcdoped fbrm sho\+.ed ~~n i fo rn i  distribution 

of aggregates with average sizes of 8 and 10 nm, respectively. I t  suggest5 that lhe sclf- 

doped 11-alk? l sul l'onated polymer sel f-assembled lo produce polymcr-ic nano-micollar 

aggregates. - n ~ c  polymers possessed typical amphiphilic structure in \+.hich the 

aromatic backbone and al kyl sulfbnic acid pnups act as hydrophobic and hydrophilic 

parts. The polymcrs produce miccllar aggregates via core-shell architecture in which 
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the hydrophilic sulfonic acid part are kept outside facing the aqueous environment and 

the polyaniline backbone provides hydrophobic core. The schematic model for the 

polymer nano-aggregates is shown in figure 5.25. Upon dedoping the PSPA with 

sodium hydroxide, the outer sulfonic acid groups converted into sodium sulfonate and 

the polyaniline backbone became quinoid, however, the hydrophilicity of the core and 

outer shell were retained. Therefore, during chemical doping/dedoping process, the 

polymer chains were retained in the nano-aggregate forms without affecting the 

hydrophilickydrophobic nature of the aggregates. 

Figure 5.25. Schematic representation of the colorimetric sensing. 

Zeta potential measurement is very important tool for understanding the 

solution dynamic of charged particles or aggregates like the doped and dedoped 

polymers in the presence case. Electrically charged species tend to move under the 

influence of an electric filed and the electrical potential at the surface of the sphere of 

radius 'a' and carrying charge q is: 6 = q / 4ma, where and E are zeta potential and 

permittivity of the medium in which they are immersed [Evert, D. H. et a1 19881. The 

effect of concentration on the size of the micellar aggregates and their zeta potential 

are shown in figure 5.26. The size of the nano-aggregates in PSPANa was less 
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influenced by concentration varial.io11 and (he values were Iound in [he range of 10 * 2 

and 8.0 r 2 nm for both doped and dedoped structures, respectively. The aggregate 

Polymer [MI 

4 - 
-12 - 
-14 - 

Figure 5.26. Size and Zeiupotcntials of /he PSPANa. PSPANa~Vifutnin --C and 

PSPANa 
81.-. @--o-O l 

. I I I I I 

,.-a 

sizes of the PSPANa + vi~amin-C and PSPANa + cyst.eine cornplexcs were found 

much higher than that of their homopolymer aggregates. The addition of'analytes into 

.? -20 - 
CI 

5 -22- 
w -m 

i' 2 -26-0 

the polymer solution increase the sizes of aggregates li-om 1 0 t o  20 and 30 nm for 

a 
N -28- 

vitamin-C or cj.stejne, respectively. The analytes are Lypical organic nlolecules and 

'I 

prelerentially occ~lpied the hydrophobic cavity provided in the nano- aggregates and 

I I I I I 

these phenomena attributed Lo the increase in the size of the aggregates. The Dl-S 

analysis was also done Sol. stored polymel- solution over period of a one week; the 

poly~ner did not phase separate and the resulls were almost reproducible. Zcla 

potential of '  the polymer nano-aggregates possessed negative charges, however, their 
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magnitude v a q  with the Fpes ol' the structures. All the three plots in the zeta polcntial 

versus concentration showed a non-linear rrend with a break points at 4 . 0 ~  M. 

which is very close to the critical micellar conccn~ration (C'MC) of these nmo- 

aggrcgales. Sincr: polymer chains possessed long range chain inieractions. unlike i n  

the case of srnall molecule surf'acta.nts, it  rllay conrain critical association well below 

the CMC. Nc\:el.theless. the detailed DLS and zcta potential studies conlirniud that l l~e  

additions of vitamin-(.' or cysleilie did no t  clcslabilize t.he polynler nano-aggregale and 

[he aggregates arc slablc for widcr ccsncentration range li)r ~ l l e  dctectio1.1 process. 

Thus. electron and proton transfcr efficient occurred betwcen the analytc and 

polyaniline backbone for colorimetric sensing of viramin-C and cystcine in nano 

aggregate see. 

5.4. Conclusion 

I n  conclusion a watcr soluble sell'-doped polyanilinc was s~.nthtssiz.ccl and 

successfully i~lilized as substrate fi)r drttction 01' biomolccules like vitan~in-C and 

cysreinc via electron transfer process. l h e  impor~anr outco1nc.s of rlic Prc'stnL 

invcs~igation arc as rollo\vs: ( i )  ?I-propylsulk~nic acid aniline rnonoliler \\.as 

synthesized \?ia ring opening of sultone which was further polj.nierizcd \.ia clicnlical 

oxidative roure to produce complelely water solublc pol!aniline. ( i i )  rlic structure of' 

the p o l ~ m t r s  in doped and dedoped Ibrrns were shnractel.izcd b>. hod1 ' H  ancl "C'- 
N M R  and the molecular weights were determined b> viscosity and MALI)I-1'OF 

techniqutss. ( i i i )  pH dependent absorbance studies rcvealcd that thc newly sj-nthesized 

water soluble K-substituted polyaniline providc very sharp color change which is very 

attraclive for the coloiinietric scnsing applications. ( i v )  various dopants like 

camphorsulfonic acid (also HCI) showed expected color change from blue to green 

wilh respect to the transfonnation oremeratdine base to its salt. (v i )  the unusual color 

change from dcep blue to colorlcss by YSPANa was uriiqus 10 the sellldoped N-al k y l  

polyaniline structure and provides new opportunity lix sensing 01' biomolecules like 

vitamin-C and cysteine by sirhplc colorimctric lrchniqucs. (\.ii) Sob's plots ('or 

vitamin-C' and qsteinc esrablishcd the stoichiometric cornpnsilion of \:itamin-C and 

cystcine with polymer as 3:2 and 4 : l .  respectively. (viii) the binding constants were 

detcrrnined by n~olal- ratio method using Bcnensi-Hildebrand plots; K =  2.l.u10' and 

1.5~10' ~ - ' w e r c  obtained for vitanlin-C and cysteine. respectively. (ix) the vitamin-(: 
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undergo dissociation to producc 3 H i  and 2e' which were donated to suli'onate anions 

and di-cations of p-phenylenediimine backbone via proton coupled with electron 

transfer process, (x) cysteine undergoes self-oxidation to produce cystine with 

disulfide linkage and give away 2e- and 2H- which were donated to polyaniline as in 

the case of Vitamin-C. (xi) cyclic voltammetry studies confirmed the electron transfer 

from the analyte to polymer wit11 disappearance of the cathodic peak at -0.21 V in the 

pslylners upon the addition of analytes (vitaniin-C and cysteine) and (xii) dynamic 

light scattering with zeta potential measurements confirmed the existence of 8-1 0 nm 

aggregatcs of polymer self-asscmbly in water. The analytes are typical organic 

molecules and preferentially occupied in the hydrophobic cavity provided in the nano- 

aggregates in which the erficienr protons coupled electron transfer occurred between 

the analytc and polyaniline backbone for colorimetric sensing process. In a nut shell, 

&;I' process is successfully exploited between the N-substituted polyaniline and 

analytes for the detection of biomolccules like vitamin-c and cysteine. 
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Chuprer 6 Summary and C.'onclusions 

'l'he thesis enti tled "Self-organization .4pproach for Conducting Polypyrrole 

and Their CopolJ;mer Nanomaferials" describes the self-organization approach 

developed for polypyrrole and polypyrrole-co-polyaniline nanostructures. Polypyrrole 

nanospheres were synthesised exclusively by emulsion route and size was controlled 

by dilution route. Kole of oxidising agcnts like APS and FeCI3 on morphology of 

polypyrrole nanospheres were also investigated. A composition dependant emulsion 

copolymerisatjon route was carried out to produce morphology transfom~ation from 

fiber to rods to spheres. Dilution of the fixed composition ol' the copolymer cmulsion 

was utilised to produce evolution 01' nanomatcrials from nanorods to hollow spheres 

to nanotubes via oxidative polymerization. '[he I-V measurements shows that 

electrical resistance follows the order nanofiber < nanorods < hollow spheres < 

nanotubes were in accordance with the expected with transport for one dimensional 

nanomaterial. The nanoniaterial werc characterised by spectroscopic techniques and 

mechanism of nanoniaterial fomlation were also discussed. A colorinielric techniquc 

was dcvcloped for bionlolecules like cysteinc and vitari~in-C' utilising the elcctron 

transfer (ET) mechanism of the self-doped polyaniline nano-aggregates. 

An amphiphilic anionic surfactant 4-[4-hydroxy-2 ((Z)-pentadec-8-cnyl) 

pheny lazol-benzene su l In ic  acid, was developed from cardanol and utilized as 

molecular template for polypyrrole nanomaterials. DLS studies confirmed that the 

surfactant existed in [he lonli of' spherical rnicelles of 4.8 nrn diameter in water. The 

mice1 lar behaviour of the reac.tion inedium was precisely controlled by varying the 

conlposition of [pyrrole]/[surfactant] ratio ranging from 3 to 100. Polypyrrole 

nanospheres of' 150-800 nrn were successfully prepared via oxidative polymerization 

route. 'The nanosphcrc formation was unperturbed by the variation of the oxidation 

agents such as an~monium persulphate (APS) or ferric chloride (IZeCl3). A dilution 

route polymerisation was c.arried out on fixed pyrrole: surfaclant (1  : 111 00) ratio by 

varjing the concentration. The size of the polypyrrole nanospheres were 

systematically controlled from 600 nm to 60 nm diameter. The mechanism of the 

polypyrrole nanomaterial formation was proposed on the basis I)l,S and electron 

microscopic studies on the template and nanomaterials. 1,argcr size spherically 

aggregated micelles of pyrrole surfactant complex produced at higher concentration 

was diluted to produce smaller size aggregate micelles at lower concentration. 



Surfactant n~icclles were selective to~vards aniline a i d  pyrrale to produc,e 

cylindrical and spherical niicellrs rcspecti\.ely. Three st~-ucrurally different anioliic 

sl~rfi~cti~~lts  \ \ w e  dt.\.eloped ha\:ing same polar hcud but dil'ference in llie 

hydrc>pl1ophic tail ant1 ~ltilizcd l i j r  r~cllit\-ing sir.c r~uri shapc control in pol?-anil ine. 

pol!.py~-~'ole. and t l l t i r  p c ~ l ~ : ~ ~ ~ i l i ~ ~ ~ - ~ o - ~ ~ o l ! ~ ~ p ~ - r r c ) l c  ~.antlom cupc?l>,~ner nanomi~tcrial. 

All anionic s1.1rf;ictanls I ~ ~ O C ~ L I C C Y  11o(p> nolc na~losphcrcs, Ilo\vc\.cr. t l i q  inreractetl 

differently \vi \h  anilinc. t o  pl.od\lcc for ~~nnvfihcrh ol' 180 rlni in diamctcr \virh Icnylh 

lip tc) 3 5 11111. ln~ercxi i r~~l!~.  thc ~~ lo rp l~o log ics  of t l ~ c  copol! 111~1 .  i - ) : ~ ~ i o ~ i ~ ~ i ~ e ~ . i a l s  

undi.r\\ cnt tranx t'or~iii~tio~i fron-1 n a n o t i b e ~ . ~  to nnnospherc~ \ ia shorr tlano-socl 

inre~.rlicdiatcs. D!-namic light scnncl-ins ~ecllniquc. and electron n1icrol;copc.; \\crc L,CJ 

to stud!; l l ~ c  ~~~ec l i an i s t i c  aspects 01 '  th t  ~crnplatc-assisieil copoI!.-mcrizarion p~.occs.;. 

Four probe conducti\ i t  i t s  01' tlic c'trooI~.nier~ sIi~~\,i.ed a 11011lincar tl.cnd n~id thc 

conducri\it~- passes tIi1.c~ugli niinimun) a \  60 XUQ:,, 0-1' p~.rroIc in the f ~ r j i l .  Tiic 

un<sl>ccttcl ~ r c n d  in rhc c ~ ~ i c I ~ ~ c t i \ ~ i ~ i c ~ ~  ol' the C O ~ C ) \ ! I I I C I . ~  \\.;IS C O I . I . C I ; ~ I C ~  to t t ~  

ditkrencc in the solid srats ol.dtring ot'rhc copolynlcr nanorn~~terials. 

A n  effort has been put to understand the evolution 01' the diflbrcnr types ol' 

nanonia[erial morptiologics such as nanolibcr. nanornd. ~lanospherc. and nanoti~he in 

a singlc s~ stcm \x.irhoi~r changing ~ h ~ i r  clien~ical composition or polyrneri7~tion I -ou~e.  

Anionic surfactant cvas self-organi7c.d x i th  t ixcd conlposi~ion ol' a~~i l iu i :  (c)5',,~) and 

p!.rrolc (5?/o)  and the rcsultant white emulsion cvas dilutcd \{-it11 water 10 incji~ce 

cylindrical r o  vesicular aggrcgatc ~ransi 'ur~i~ation.  The chcmical oxitlation 0 1 '  tlie 

cylindrical templates produced nanotibers and nantrrods, wl?ereas hollow spheres and 

nanori~brs \+ere produced L>!- \"esicular ~eniplatcs. The size and sliapc of the lemplatc 

aggregates ~iialchcd \,cry well with that 01' the synthcsizcd nariomatrrials thersb? 

pro\-iding direct e\:idence for tlir template-assisted c\,olution of' the morpha log~ .  

NMII. F-1'-TR and LV-visible spectrc)scopics were utilized lo coutitm the structure and 

elcctronic properlies of' ~ h c  nanortiaterials. Wide angle X-ray diffraction and 

transmission elccrrcin microscop\ and elcclrun diffraction analysis revcalcd that tlle 

nanotubcs possessed ~hrce-dimensional lamellar type solid siate ordering w i t h  high 

percent cvstallinity up to 60 9'0. Variable tc~npcra~ure  four-probe conduclivii~. 

mcasi1remelirs 01' all samples showed ?pica1 I-G; plots. Thc conduc~ivity 01' the 

nanofibers M a s  Sound one ordcr higlier than that of nanorod. hollow sphere, and 
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nanobbcs at all temperatures. 'l'he present approach enabled to establish the role of 

\larious Qpes of nano-niorphologies on propcrties of nanomaterials such as 

conductivity and solid state ordering without change in their chernical composition. 

Self doped polyaniline n:as developed based on custoln designed N-  

sulfopropyl aniline monomer via chernical oxidati\:e pol!lnierization. Self-doped 

polymer is completely soluble in water whch  allowed its stn~ctural characterization 

by ' 1 J and "C NMR spectra. Dedoped sodium salt o r  polymer (PSPAVa) was used for 

the colorimetric sensing of vitaniin-C and cysteine. Based on the .lob's plot mcthod. 

the stuichiometry ol'vitamin-C and cysteine with polymer was deterniined as 3:2 and 

4:1, respectively. Molar ratio method and Hcnesi-Hildebrand equations were used lo 

determine the association constants: K= 2.1 x10' and 1 . 5 ~  1 O M - '  for vitarnin-C and 

cysteine. respectivcl y.  The polymers possessed typical aniphiphilic structure and zeta 

potential of the polymer nano-aggrcgates were found to show negative sc~rfacc 

charges in the range of - 1  0 to -30 V.  The anaylres are typical organic molecules and 

prefcsenlially occupied the hydrophobic cavity provided in the nano- aggregates l'or 

efficient cal.orimeti-ic sensing in water at biological conditions. 
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