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ABSTRACT

Optically active polyaniline salts have been regdgitepared via enantio-selective doping the eménalthase form
of polyaniline in DMF by variety of chiral dopantga suspension method. The induction of helicitfager by
dextro chiral agents than their corresponding laeseantiomer because of the lesser energy requireriten
structural deformation in dextro. CD spectra confirthe incorporation of chiral anion in PANI and toily
induction in visible region. XRD data show that RAN)-HCSA and PANI-Dibenzoyl-D-Tr have orthorhombi
symmetry with space group pbcn while the Le-Baibfiithe powder XRD pattern of PANI-(+)-Tr and PA(M)-
Mnd confirmed triclinic symmetry with space grouplPThe powder X-ray diffraction patterns reveahttANI is
amorphous in nature while chiral acid doped PANIshr@markable crystallinity. SEM micrographs revélae
fibrous morphology of PANI before doping and stragling between the fibers of PANI after dopinghwéhiral
acids.
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INTRODUCTION

In the field of advanced materials, conducting podys have been widely investigated to explore thairsual
properties for a variety of applications [1-6]. Quated polymers [7-10)ith external (physical, chemical, and
electrical) stimuli exhibit a drastic change inith&ructure, shape, and morphology resulting enteewer class of
materials referred as conducting helical materiliese helical materigl$1-17]have been developed over the past
two decades, not only to mimic biological procedsassalso for their attractive applications as gnaarintelligent
materials in analytical and biomedical fields asllvés in nanotechnology [18]. However, there ardydew
examples of such responsive conjugated polymers that exhibit a change in rolgpgy or conformation in
response to chiral stimuli. In fact, chirality icatical factor in the living systems. The livimgganisms consists a
variety of optically active small molecules and mzewolecules, which play an important role in thentenance of
life. Therefore, a pair of enantiomers, in partizutchiral drugs, often shows quite different bidbad) activities.
Hence, the detection and assignment of the chiratimolecular and supramolecular levels have thcbecome
significantly important. Thus, researchers arergdted in synthesis and development of chiral cotidg polymers
mainly because of their tunable organic natureatbgchment of functional groups to polymer backbaral their
ability to form tailor made materials, membranesyicro-and nano-fibers. Helical polymers have mpotential
applications in circularly polarized electrolumineace devices, chirality modified electrodes, steselective
analysis for the selective transport of enantiofi€;20], electrochemical switches, surface-modifeectrodes,
chiral chromatography, separation technology, sensthiral selectivity and molecular recognitioleatrodes for
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enantioselective recognition or capable of perfagrbio-electro-synthesis, and electrode mateériakrganic field-
effect transistors [21,221c.

The chirality is induced to the conjugated polymeain chain with a significant amplification resalji in the
generation of either an excess right- or left-hahldelical conformation, producing an induced ciacudichroism
(ICD) in the absorption regions of the polymer Hamke [23]. In 1985 Baughman et al. proposed thitityecould
be induced in them-n~ absorption band of conjugated conducting polymeither by the presence of
enantiomerically pure substituents or the incorponaof a chiral anion dopant onto the polymer ch§4].
Moreover, chiral anion incorporation is the besthmod for helicity induction as enantiomerically pwsubstituents
are not easily available and the ease of reactioroi good. Further, chiral anion incorporation barvaried from
relatively small species to large biological andthkgtic polymers for successful generation of ladljolymeric
materials. An incorporation of chiral dopant anismot feasible for all conjugated systems suclpagpyrrole,
polythiophene because of the presence of S- ansitdl-within the polymer ring causes an electromid ateric
hindrances. It is quite possible in polyaniline (flAbecause chiral dopant anion attacks at N- iftiiee and amine
sites) present in the polymer chain. Hence, clpioffaniline and its derivatives have been syntteesizsually either
by co-dissolving PANI or a chiral acid (HA) in aramon solvent [25]. The optical activity may ariserfi the
formation of PANI-(+)-HA product in which the chirdopant anion induces a predominantly one-handsidah
packing of essentially planar PANI chains into aaltsuperstructure as reported earlier [26-30F Thiral dopants
selected to generate optically active PANI salsusth be bidental in nature because it facilitates attachment of
dopant to the polymer backbone at two sites,amine and imine simultaneously.

On perusal of the literature we found that the aes®ers have been working on the generation o€iheln PANI
chains but none of them explained the kineticsadithty and the structural/conformational changéeranduction
of helicity till to date. Keeping this view in mindve mainly focus on the factors (type of dopaetsgantiomeric
effect, crystallinity, visual changes with resperiexperimental results) associated with inductidhelicity in the
PANI chain and the reason behind the differenagpitical activity induction and doping level obtaihiey the use of
dextro and laevo agents. This paper also preseatiattors associated with the random use of esraptic HCSA
among chiral agents being used worldwide.

MATERIALS AND METHODS

Chiral dopants such as D(-)-Tartaric acid, L(+){@&c acid, Dibenzoyl-D-tartaric acid anhydrous,-)R(

Camphorsulphonic acid and S(+)-Camphorsulphonid @4CSA) were purchased from Himedia Laboratories P
Ltd while S(+)-Mandelic acid and R(-)-Mandelic acikere procured from Sigma Aldrich Chemicals Pvid.Lt
Bangalore, India. Aniline and HCI were supplied ®®H Chemicals India, while ammonium persulphate $SAP
was purchased from Merck India. DimethylformamiB&AF) was procured from Qualigen Indiéaniline monomer

was distilled under reduced pressure and storéolhatemperature prior to its use. Other chemicadsenused as
received without further purification. Double diltd and demineralized water from Millipore was diskeroughout

the studies.

Synthesis of Polyaniline

Aniline was polymerized to PANI by chemical polyrnzation method with the aid of ultrasonic wavesngsi
ultrasonicator at 37+3 kHz frequency. A solution faéshly distilled aniline (0.2M) was prepared iM IHCI
solution. This solution was cooled at 0-5°C andegnimolar aqueous solution of APS (0.2M) was aditep wise
(2.5pl in one lot) under sonication for 30 min kiegpthe temperature below 5°C. A dark green préaipiso
obtained was filtrated and then washed by 1M HGltg&mm several times followed by deionised watéexvas finally
dried, and powdered. The final product was deddpetl:1 aqueous ammonia solution for getting eméaraltase
(EB) form of PANI.

Doping of Emeraldine Base

Doping of PANI emeraldine base with all chiral a&ctd generate the optically active PANI salts waasied out in-
situ with the aid of ultrasonic waves. PANI emenaédbase (1mg) was added to 10 ml of DMF solveuwt thuien
subjected to sonication at 37+3 kHz frequency forndin. Then, different chiral dopants like D(-)-Taic acid,
L(+)-Tartaric acid, and Dibenzoyl-D-tartaric acidnhydrous with concentration 0.5 mol/dmand R(-)
camphorsulphonic acid, S(+)-camphorsulphonic ac®(;+)-Mandelic acid and R(-)-Mandelic acid with
concentration 0.05 mol/dimvere added into the emeraldine base solution segam@nd kept each sample for 30
min below 5°C under ultrasonic waves. After filtegithese solutions through a 5.5%10m filter, the UV-Visible
and Circular Dichroism spectra of deep green smiutif polyaniline salts were immediately recordEshally, the
filtered solutions were kept at room temperaturectimplete precipitation for further studies.
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Characterization

UV-Visible spectra of doped solutions were recordmihg a double beam UV-Vis spectrophotometer (Mode
UV5704SS) ECIL, India over the range of 250-900 rfTIR spectra of all the samples were recorded in
transmission mode with KBr pressed pellets usirfgeekin—Elmer (Model No.2000, UK) spectrometer. Gliac
Dichroism spectra of the solutions were recordedchita-scan circular dichromator. XRD scans for PAN
emeraldine base and chiral acids doped PANI wererded using a Rigaku miniflex diffractometer enyahg
CuK,, radiation at a scan rate of 1°/min and step si@2 flom ® range 5-68 Scanning electron micrographs were
obtained with a Hitachi scanning electron microgc@llodel S-3700N) at an acceleration voltage ok¥0 All
samples were plasma coated with a thin layer ofl golprovide electrical conduction and to reduce shrface
charging.

RESULTS AND DISCUSSION

The doping of emeraldine base form of PANI withfeliént chiral agents induces the helicity in theNPAFig. 1

shows the structures of all the chiral acids baisgd in the present study. Fig. 2 presents a scliemthe

interaction of emeraldine base form of polyanilimiéh a chiral acid in organic solvent, viz, DM§ince, the chiral
dopants selected to generate optically active Pgdils are enantiomeric and bidental in nature, fhejitate the
attachment of dopant to the polymer backbone. Himlcdopant anion used in this scheme is (+)-HCS&Aimilar

interaction is also believed with other chiral detsa The optically active PANI samples have beearatterized by
UV-Visible, FTIR, CD, SEM and XRD techniques fortaiéed investigations.
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R-(-)- Camphursulphonic acid S-(+)- Camphursulphonic acid

Dibenzoyl-D-Tartaric acid

Fig. 1. Chemical structure of different chiral acids used for doping of PANI
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Fig. 2. Scheme for Doping of PANI emeraldine baseith (+)-HCSA in DMF

UV-Visible spectroscopy

UV-Visible spectra (Fig. 3) of emeraldine base fafPANI in DMF show the characteristic excitatioand at 617
nm and ar-7* band at 355 nm. With the addition of chiral dofsato the solution, a color change from blue taegre
exhibits structural/conformational changes in PAddmples which is evident from the shift in absamtbands
recorded in the spectra. In case of PANI(+)-HCS#saption bands have been observed at 344, 41B&hadm
showing arn-n* band and two polaron bands with “compact coilhfmmation. Similarly, other chiral acids doped
PANI also show the transitions corresponding to gach coil conformation and these data values haenb
presented in Table-1. The characteristic band ghifiV-Visible spectra shows the level of dopingisl observed
that the dextro enantiomer dopant is more effictban laevo enantiomer dopant hence the bandsneltan UV-
Visible spectra are different which is clearly sdsnobserving a red shiff.he position and intensity of the UV-
Visible absorption bands of chiral acid doped PASlIrelated to the conformation and conjugation tengf
polymer. The localized polaron band in the rang@aff-850 nm is considered as the characteristitiseofcompact
coil” conformation for the PANI chains which is fiodi in agreement with the literature reported eaf8g].

The band gap, i.e., the difference between congludiand and valence band energy of the differemalchcid
doped PANI has been calculated by using the Taetasionship [32]

k(hv - Ep)""]
hv

Where,a is the absorption coefficient and i the energy band, n = 1 (for PANI and its derixed) is a constant
and tu is the incident photon energy. The band gap) (& obtained plottingo(hu)? vs (fv) and extrapolating a
tangent on the X-axis.

=
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Fig. 3. UV-Visible spectra of chiral acid doped PANin DMF

Table 1.Amafor UV-Visible and CD spectra with band gap of chial acid doped PANI

S. No Chiral Dopant WavelengthAm, (nm) (UV) | Band Gap (eV)| WavelengthA ., (hm) (CD)
1 L(+)-Tartaric acid 328, 432, 632, 864 0.84, 2.39 260,387,457,777
2 D(-)-Tartaric acid 280, 440, 608, 915 1.47, 2.52 260,381,760
3 S(+)-Mandelic acid 275, 382, 579 0.93, 2.4§ 288,821,672
4 R(-)-Mandelic acid 336, 438, 630 1.62, 2.86 2133,390,446,508
5 S(+)-Camphorsulphonic acid 347, 424, 859 0.912 2. 295,448,750,798
6 R(-)-Camphorsulphonic acid 270, 339, 614 1.6832. 295,445,752,798
7 Dibenzoyl-D-tartaric acid anhydroys 321, 440, 70 1.79,241 265,335,397,446,601,741
8 PANI (EB) 296, 355, 617 1.59,3.05, 5.03 N/A

It is noticed that the band gap of right handedn&oener is lower than its corresponding left hanéedntiomer.
The induction of helicity and change in color frdstue to green in PANI by dextro chiral agent istéasas
compared to laevo chiral agent. It resulted withetithat dextro dopants change the color faster & agent as
color change in polyaniline is also an indicatocbfinge in doping level. It may be predicted thatdrientation of
amine and imine in the polymer is almost in theilsinplane as of dextro agent’s polar sites. Thhs, attack of
dextro agents is easy, faster and more efficieritewthe probability of attack of laevo is less amhce the degree
of incorporation of laevo agent at the attacking $h polymer is poor. So, the concentration ofvta@gents
attacked at the polymer backbone and doping levalso less. The visual observation is clearly destrating that
the band gap of dextro enantiomer is lower thair teeresponding laevo enantiomer. It seems thiatesforces like
Van der Waal's forces/hydrogen bonding do existrduinduction of helicity due to which dextro confuation
binding on PANI chain requires little effort andihg in the same plane of attack, it needs lessggnétere, dextro
conformation has lesser band gap so the struatiefakrmation is faster and it can easily bind on R#ENI chain.
So, there is an extension of conjugated path |ggiirthe lesser band gap as compared to the lasamiemef33].

It is clearly seen from the Table 1 that there @oatinuous decrease in band gap of PANI afterrdppiith chiral

acids. Therefore, we can conclude that the chicel doped PANI salt is more conducting in compariso the
PANI emeraldine base.

FT-IR Spectra

Fig. 4 shows the FT-IR spectra of PANI and dopedNPésing chiral acids. The characteristic peaksodrgerved at
3392, 2922 and 1302 chwhich attribute due to the —NH stretching, C-Hesthing on aromatic ring and C-N
stretching while peaks at 1498 and 1590'@how the presence of benzenoid and quinoid sirestuespectively.
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Fig. 4. FTIR spectra of (a) PANI-EB (b) PANI-(+)-Mnd (c) PANI-(+)-Tr (d) PANI-(+)-CSA (e) PANI-Dibenzoyl-D-Tr

The characteristic peak at 1165 tis due to an aromatic amine stretching. The pe&8atcnt attributes due to
the out of plane hydrogen deformation of aromatigs in PANI unit sequences. The characteristikped (+)-
HCSA appear at 1397 and 669 tmhich are found to be in close agreement with the deported in literature
[34]. It is observed that the FT-IR spectra for RAN)Tr and PANI-(+)Mnd are found to be similar.

Circular Dichroism (CD) Spectra

The most sensitive method for studying the chiggdtibehavior of chiral molecules is circular didsm
spectroscopy, which measures the difference in metéinction coefficients when passing left andhtidpanded
circularly polarized light through a sample of tmmpound £¢ = ¢, - €g). Most of the time enantiomeric molecules
exhibit mirror image CD spectra of opposite sigheTgeneration of optical activity is due to an diuselective
interaction of emeraldine base with chiral acidsosiMsignificantly distinctive CD bands observed @ifferent
chiral acid doped PANI salts are tabulated in Tabl@he CD bands are found to be correlated with\iaible
absorption bands. The mirror imaged CD spectruchofl doped PANI indicates that protonation/dopafidEB is
enantioselective, with one or other helical scréwaymer chain being adopted, depending on whighdhof the
chiral anion is incorporated. It is also reportedhe literature that the CD signals are obseruettié range of 200-
300 nm because of the attack of dopants and theuitsg on the PANI main chain. These dopants dosimw any
band in visible region, hence the bands obtainedisible region are due to the compactness anthgailf polymer
backbone [35]. The intensity of dopant incorpomatand coiling is much different due to an inducti@ince
induction of helicity is dependent upon number lufal ions attacking at amine or imine site of PANS the plane
of dextro ion is fit for attack at amine and imisite of PANI than laevo, the degree of rotation &naf doping is
more in case of dextro. In situ generated PANIHESA solutions give characteristic bands at ca. #8445 nm.
The band at 295 nm is attributed due to the (+)-MQ@&orporated in the polymer, whereas the 448 ramdbis
attributed due to the optical activity inducedhe {polymer backbone.
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Fig. 6. CD spectra of (a) (+)-HCSA and (b) (-)-HCSAcid doped PANI in DMF
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Fig. 8. CD spectra of (a) (+)-O’O-Dibenzoyl-Tr aciddoped PANI in DMF

Fig. 5 to Fig. 8 shows that the extent of heliégiydependent on the number of chiral anions inaatmmn. The
chirality of main chain is also visible from theras obtained between 300 to 700 nm as there is syriom
difference in the induction. All these results wegported under inert atmosphere and thereforeaagehin degree
of rotation is only because of the incorporationdopant ions and induction of helicity in the pobmbackbone.
The incorporation of CSA anion is faster and bettan other anions so most commonly used acid t® idg(15)-
(+)- or (1IR)-(-)-10-camphorsulfonic acid (HCSA), leading to theicglly active solutions of PANI-HCSA salts
from which chiral polymer films can be readily cast
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Powder X-ray Diffraction

The powder X-ray diffraction patterns of emeraldoase form of PANI and chiral acids doped PANI skesiwvere
recorded. Fig. 9 shows the XRD pattern of emeraldiase form of PANI, PANI-(+)-HCSA and PANI-Diberyto
D-Tr. PANI-(+)-HCSA and PANI-Dibenzoyl-D-Tr whichdve orthorhombic symmetry with space grqigen[36,
37]. The broad diffused peak at approximately heficates that the morphology of PANI is amorphotmlevthe
powder X-ray patterns of PANI-(+)-HCSA and PANI-@itzoyl-D-Tr show a remarkable crystallinity. The-Bail

fit [38] of the powder X-ray diffraction pattern dhe PANI-(+)-Tr (a = 14.9107 A, b= 6.7752 A, c=1958
A, 0=90.16", B=12557",y=94.44°) and PANI-(+)-Mnd & = 14.2062 A, b=6.2980 A, ¢=19.6985
A, a=89.92°, B=124.99°, y= 95.01°) is shown in Fig. 10 and Fig. 11, respectively whadnfirmed the triclinic
symmetry with space group-1.

Crystallinity index of the polymeric samples wesdctilated by employing a formula given by Manjunetfal [39].
The resolution of the peak R, for X-ray diffractispectrum with heights;tand B and minima mis given as below

R = (2m4) / (hy + hy) (2)

In case of polymers, where there are more thanpeaks as seen in chiral acid doped PANI, all thekpeand
minima between them are measured by using theAfsifpequation.

R=(my+2Zm; ... +my_4)/ (hy +hy oo +hyd (2)

where m, m, are the heights of minima between two peaks anthbrare the heights of peaks from the base line.
The crystalline peaks of PANIs (undoped and dopeé)visible in the figures. Hence, for calculatthg percentage
of crystallinity, appreciably sharp peaks of emdirs# base form of PANI sample at different thetduea are
considered. Eqg. (2) can be reduced for three piealstich cases as given in equation (3).

R =(n11—2m;)/(h1— h] —h_] :I (3)
Then, (1-R) gives the lateral order or the indexftallinity. The percentage of crystallinity @meraldine base
form of PANI has been estimated by using equati®)ni{ has been found that pure emeraldine bagabdfl is 16%

while the crystallinity of chiral acid doped PANS relatively high. The crystallinity % data of ddiracid doped

PANI is presented in Table 2 which indicates that ¢rystallinity of chiral PANI powder sample mayriespond to
100%. Thus, we can easily prepare crystalline PByNthiral acid doping only.

Thebroadness of the Bragg reflections clearly indisdhe low crystallite size of the product. The tailige size of
the highly crystalline sample was calculated bygsscherer’s equation [40] as given below.

Ly = (k+)/(p cosB) )

where k is a constant and its value was considase@.9 for our calculationg,is the wavelength of the radiation
used (1.54056 A°R is the half maximum breadth in radians, @rid the Bragg's angle.

Table 2. Crystallinity percentage of chiral acid dped PANI

S. No. Chiral Dopant Crystallinity (R) %
1 D(-) / L(#)-Tartaric acid 96
2 R(-) / S(+)-Mandelic acid 43
3 R(-) / S(+)-Camphorsulphonic acid 34
4 Dibenzoyl-D-tartaric acid anhydrous 25

The X-ray diffractograms show that PANI doped widfy) / L(+)-Tartaric acid and R(-) / S(+)-Mandelazid are
highly crystalline while others are highly amorpBo&o, the crystal size calculated for D(-) / L{graric acid is
54 nm and for R(-) / S(+)-Mandelic acid is 60 nmilehhe initially synthesized PANI nanofiber wasifa to be of
134 nm length. This result indicates that ther@nsost one third of reduction in fiber length aftieping with chiral

acids. This result is found in good agreement with UV-Visible and CD spectral data, which showat tthere is
an induction of optical activity/helicity in the P after doping with chiral acids. Due to this ledly, the structure
changes from extended to compact one and finadlyethgth of fiber decreases. But it is not truégéhafter doping
structure becomes compact and hence the overgiihaf fiber remains same but the crystallite sieereases. It
seems that the straight chain of polymer is comedeinto a coiled or spring like structure. The %cofstallinity of

PANI doped with different chiral acids have beeifcakted which indicates that as the steric hindeadue to
moieties (R) attached on main chain increasesinthaction in helicity and crystallinity increasdshappens only
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because; the more bulky group on chiral acid hasertendencies to induce helicity/optical activitthe polymer
structure changes from extended to compact coil.
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Fig. 9. Powder X-ray diffraction pattern of (a) PANI-EB (b) (+)-HCSA doped PANI(c) O’O-Dibenzoyl-D-Tr acid doped PANI
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Fig. 10. Le-Bail fit of the powder X-ray diffraction pattern of (+)- Tr acid doped PANI

The compact structure is more closely packed amgén¢hey are more crystalline. On the other hamel ctystal
symmetry for emeraldine base form of PANI is orttmmbic and the space group pbcn which is found in
agreement with literature value [41]. But after ghgpwith chiral acids, the crystal symmetry chandemm
orthorhombic to triclinic system and the space griompbcnto P-1. The change in crystal symmetry reveals that
initially synthesized fiber is symmetrical whiletedf doping with chiral acids, it becomes less symnice or
asymmetrical. It shows that the asymmetry is duthéinduction of helicity in the fibers of PANIARI has G
schonflies point group while doped PANI hag.OChiral crystal point groups 222 is present inrahacid doped
PANI, which shows that it is optically active whil® such group is found in PANI. So, the initigdupé of attack of
PANI and dextro dopants are believed to be sintiemce there is faster induction and more attack Wwétter
helicity. It reveals that an intrinsic crystal stture of dextro dopant is more favorable for attiagkat PANI. Hence,
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the relative concentration of dextro dopant is nforeattacking at PANI than laevo dopant. Theseltesare found
in agreement with the UV-Visible and CD spectraiagdavhich further indicates that there is an inducbf optical
activity/helicity after doping with the chiral ag@dThus, it can be inferred that the helical PAN&asymmetrical and
found more crystalline than undoped PANI.
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Fig. 11. Le-Bail fit of the powder X-ray diffraction pattern of (+)-Mnd acid doped PANI

Scanning Electron Micrograph

In order to establish the nanofibrillar and helioature of PANI-EB and PANI doped with DibenzoyliD-acid, the
morphological behavior has been studied by using &€hnique as a key tool. The SEM micrographsAi{iPand
PANI-Dibenzoyl-D-Tr are reported in the present kvas shown in Fig. 12. SEM micrographs show thatRANI
is fibrous while there is a strong coiling betwabe two fibers of PANI after doping with chiral dapts. It is
believed that the secondary forces are playingyartee here for the induction of helicity. A twisti between the
two fibers is ruled out because it should havegmem the bundle’s form or long chain mingling.

On the basis of these facts, it is postulated tthatoptical activity in chiral acid doped PANI madds arises from
individual PANI chain preferentially adopting a ehanded helical screw depending on the hydrogerdibgn
between the PANI chains and the enantiomeric dogaions.
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Fig. 12. SEM micrographs of (a) PANI and (b) PANI-Dbenzoyl-D-Tr salt
CONCLUSION

On the basis of the band gap calculated from tleetspscopic data, it is concluded that the optycatitive PANI
salts have higher conductivity than the PANI endira base. It is also seen that the induction bibeis faster in
dextro chiral agents than their corresponding la@rantiomer because of less energy requirement for
structural/conformational changes. The visuallyestsed faster induction of helicity in dextro sampée also
confirmed by their band gap data. It is also s&en the optically active PANI salts are more crijista than PANI
emeraldine base and the symmetry changes fromrbdhtbic to triclinic with space groupbcnto P-1. A chiral
crystal point group 222 is present in chiral acigpeld PANI. The SEM micrograph of PANI-Dibenzoyl-D-dhows
that there is a strong coiling between the tworld PANI after doping with chiral dopant.

From all these results it is inferred that theiahiplane of attack of PANI and dextro dopants laetieved to be
similar. The hydrogen bonding and electrostatierattion between two polar sites of chiral dopamid polymer is
playing an important role for induction and twistiim the polymer chains. Further, chemical striefrdopant and
spatial arrangement of atoms within a dopant isrtagr molecular property for control of inductiomthe polymer
backbone which is clear established by the usextid and laevo dopants in the present study.
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