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ABSTRACT

N-substituted carboxyl polyaniline (NPAN) is regdjprepared through chemical oxidative polymerizatiof
N-phenylglycine in hydrochloric acid solution. Tedues such as Fourier transform infrared spectogsg
'H-NMR spectrometry, UV-vis spectrophotometry, asrdyXdiffraction are employed to characterize theisture

of the prepared NPAN. THel-NMR spectra indicate that the ratio of the aroimairotons to methylene protons in
pristine NPAN chains is 4:1, which suggests thdy an—~CHCOONH, group remains after both monomers react.
Elemental analysis experiments demonstrate thatb#nezene rings in the polymer backbone transfes the
quinone units through a process of decarboxylatioring the polymerization. The solubility of NPANnmost polar
solvents is outstanding in comparison with thapofyaniline, and NPAN exhibits solvatochromic pndigs in
different solvents. Moreover, the conductivity &AW changes in the range of 4.7 x1®om* to 1.49 x 10*
Sem* as the acidic medium in the reaction system isngkd. The minimal temperature of the derivative
thermogravimetry curve is shifted to a substantifiigher temperature by approximately 186 °C in¢hse of pure
NPAN. The thermogravimetric analyses reveal thae (NPAN exhibits better thermal stability than @oiiline.
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INTRODUCTION

Polyaniline (PANI) is unique among the family ofnjfogated polymers because of its good environmestiadility,
unique electrical and optical properties, and ésynthesis. It has been extensively studied for potential imse
numerous applications, including electrochromic ides>, electrocatalysfs light-emitting device’s battery
electrode¥ biosensors™ and corrosion inhibitof$™% These applications involve reversible modulatibrough
redox or protonation procedures due to the presehakernating single and double bonds intherbital system of
aromatic amine conducting polym&rs’. However, the practical use of PANI is inhibiteg tvo major drawbacks:
it has low solubility in most organic solvents ahdegrades before melting, which results in poarcpssabilit§
due to the stiffness of its highly conjugated bamid and the strong hydrogen-bonding interactiortsvesn
adjacent chaifd Therefore, various procedures have been adaptémgrove its processability, especially its
solubility. For example, one approach has beenntmduce a macromolecular organic acid, such asaddd
benzene sulfonic acid, camphor sulfonic acid, petioluene sulfonic acid, to weaken the hydrogen-lmmnd
interactions between polymer chdfh<Consequently, such modified polymers exhibit dresblubility in cresol or
toluene and almost the same conductivity as nonifiaddPANI. In addition, chemical modification idsa an
effective method for improving the solubility of RA On the basis of its molecular structure, thaetve sites can
be substituted in the structure of PANI chains:dhtto- andpara-positions of the phenyl ring and the nitrogen of
the secondary aromatic amine. Notably, these aiesapable of incorporating certain groups, sscsufonic acid,
alkyl, alkoxy, or halogen groups, at thetho- andpara-positions of the benzene riig® as well as at the nitrogen
of the secondary aromatic amifi€’. The modified PANI with a large and/or better graattached to the benzene
ring exhibits remarkably improved solubility in ammtional organic solvents and even in aqueoustisalu
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However, the conductivity of the modified PANI deases, presumably due to damage of sthmnjugated
backbone structure.

An important route to improving the solubility amtocessability of PANI is the grafting of PANI witbther
polymer$’?® However, this processing method is still a chmgke in commercial applications because of the
difficulty in controlling the obtained structure caibecause of the very low conductivity and puritythe resulting
copolymers.

Here we demonstrate a facile, effective procedardtfe chemical synthesis of N-substituted carbgolyaniline
(NPAN) through studying the molar ratio between theidant and monomer. The obtained polymer was
characterized by infrared spectroscopy (IR), UV-sisectrophotometry’H-NMR spectrometry, and X-ray
diffraction (XRD). The thermal stability and degedidn behaviors of NPAN were studied by thermogratric
analysis (TGA).

EXPERIMENTAL SECTION

2.1 Materials
N-Phenylglycine (NAN; 97%) was purchased from Sigidrich. All other reagents were analytical reaggrade
and were used as received.

2.2 Chemical synthesis of NPAN

The doped NPAN was prepared by chemical oxidatolgrperization using (Ng),S,0Og as an oxidant in an acidic
medium. A typical preparation procedure is as faio4.535 g (0.03 mol) of NAN was dissolved in 100 of a
mixed solution of acetonitrile and deionized wdigv 1:1). Ammonium persulfate (6.84 g, 0.03 moBsndissolved
in 30 mL of 6 M dopant acid solution. Afterwardbgetoxidant solution was slowly dripped into the maer
solution with gentle magnetic stirring. The reswdtiproduct (ES) was a dark-green powder that wéaired after
24 h of reaction; the precipitate was subsequeifitbred and washed with 95% ethanol several times! the
filtrate became colorless. The obtained product didsd at 60°C for 24 h. The emeraldine base (EB), the
pristine NPAN, was prepared via a conventional imethf deprotonation with excess 0.1 M ;MbH solution.

2.3 Electrochemical synthesis of NPAN

Glassy carbon electrodes (GCEs; diameter = 3 mmg warefully polished with a 0.0bm alumina slurry on a
polishing cloth and were ultrasonically washedtimaeol as well as water for approximately 5 minhedithe GCE
was activated in 0.1 M 430, using cyclic voltammetry in the potential range-6£3 V to +1.5 V. We prepared the
NPAN film in 0.2 M HCIQ, solution that contained 20 mM NAN by sweeping plo¢ential between —-0.5 V and 1.2
V vs. Ag/AgCl for 15 cycles at a scan rate of 50 @V The NPAN-modified electrode was washed with dizied
water to remove physically adsorbed monomer.

2.4 Characterization

The IR spectra were recorded with a PerkinElImetfE$pectrometer from 4000 ¢hto 400 cm® using KBr pellets.
UV-vis spectra of the polymers M-methyl-2-pyrrolidone (NMP) were obtained on a RPerElmer Lambda 35
UV-visible spectrometer in the range from 200 nrB@6 nm at a scanning rate of 480mmm . Wide-angle X-ray
diffraction of the microparticles was performed iwi Bruker Axs D8 Advance X-ray diffractometer (@any)
equipped with a Cu & radiation source operated at 40 kV and 40 mA;stiee width was 0.02°H-NMR spectra
were obtained on a Bruker-400 (Germany). The catidtyc measurements of NPAN were performed on prdss
pellets (10 mm diameter and approximately 2 mmkitess) with an RTS-8 four-probe conductivity sedtipoom
temperature. Electrochemical impedance studies werglucted on a model CHI660C electrochemical siati
(Chenhua, Shanghai). A conventional three-electmggem was used, with a GCE (diameter = 3 mm)has t
working electrode, a length of platinum wire as éhiliary electrode, and a Ag/AgCI (3 M KCI) elemde as the
reference electrode. For the evaluation of polysadubility, polymer powder (2 mg) was added to 1 aflsolvent
and was thoroughly dispersed after being shakenmittently for 2 h at ambient temperature.

RESULTS AND DISCUSSION

3.1 Structure characterization of NPAN

The different IR vibration spectra of HCI-NPAN (&B—-NPAN (b), and HCI-PANI (c) are shown in Fig.ahd the
different absorption bands and their correspondingcture are listed in Tablé®1As shown in Fig. 1(a), in the
spectrum of the HCI-doped NPAN powder sample, tfead peaks at approximately 3400 Crare the stretching
vibrations of N—H. The small absorption peak at@2@i" in the spectrum of HCI-NPAN (Fig. 1a) is assighe@
stretching vibration of a carboxyl group O-H, wreethis absorption peak disappears in the spectitim
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EB-NPAN (Fig. 1b), which may be due to the reactidn-COOH with the ammonia water to form a carbaxyl
acid ammonium salt. The typical absorption bandd@i—PANI (Fig. 1c) assigned to N=Q=N stretchinpnations

at 1589 crt* and to N-B—N stretching vibrations at 1498 tmshifted to higher frequencies after the PANI was
modified with N-substituted —C}£OOH. This result is attributed to the electronhditawing effect of the
carboxylic group, and it shows that the introductaf the carboxyl group on the polymer moleculaainhdirectly
affects the structure of the conjugated polymere Bhsorption peaks at approximately 1300 and 1240 are
assigned to N—H bending and C-N stretching vibatigespectively. The absorption peak from 700"dm 900
cmt is assigned to §(C—H) absorption peak, and it is very useful fogceirning the substituted structure of the
aromatic ring.

Table 1 Main IR vibrational frequencies (cm™) and the corresponding assigned modes of sampleB-ENPAN, HCI-NPAN, and HCI-PANI

EB—NPAN HCI-NPAN HCI-PANI Stretching mode
3396 3444 3449 N—H stretching
1650 1659 — C=0 stretching
1595 1589 1568 N=Q=N stretching
1487 1498 1487 N—-B-N stretching
1302 1304 1299 N-H bending
1240 1241 1242 C—N stretching
1166 1154
1107 1110 1111 B—NH-B or®Q=NH"-B
824 818 798 Out-of-plane C—H bending

(*Q denotes quinoid units of PANI; B denotes benzemoits of PANI)

Table 2 Elemental content of different monomers an@&B-polymers oxidized by different molar ratios ofoxidant

Elemental content (%)

Sample C m N
Aniline  77.38 757 15.04
NAN 63.56 9.26 6.00

NPAN-1 68.62 13.15 11.59
NPAN-2 71.32 877 13.22
NPAN-3 71.22 7.68 12.53
(NAN denotes N-phenylglycine; NPAN-1, NPAN-2, aRAN¢3 denote oxidant/monomer molar ratios of 018&nd 1.25, respectively, during
the polymerization reaction.)

Table 3 Conductivities of polymers doped with diffeent acids

Sample HCl-doped HNOs-doped HCIO,-doped
P PANI NPAN PANI NPAN PANI NPAN
Conductivity (S-cm) 135 4.7 x 10° 35x10" 1.49x 10 457 x10° 1.93 x 10°

Table 4 Solubility of different polymers in commonsolvents

Solubility®® and solution cold?
Sample NMP DMSO CHCN THF CHCl, HO
6.709 (659 (5.8f7 (4.209 (4.1 (@0f
HCI-PANI  MS,db MS, dg IS, SS,lg  SS,lg IS
HCI-NPAN S, db S, dg PS,lg MS,g SS,dg PS, dg
EB—NPAN S, db S, db MS, b S, db SS,p  MS,b
[a] IS: insoluble; MS: mainly soluble; PS: partiglsoluble; S: soluble; SS: slightly soluble. [b]: diark blue; b: blue; dg: dark green; Ig: light
green. [c] Polarity index of the solvents.

In addition, the spectrum of the HBIPAN sample shows an absorption peak attributeti¢cstretching vibration
absorption of a carboxylic C=0 at 1659 ¢mwhich indicates that a carboxyl group has beeerted into the
modified PANI molecular chains. By comparison, oalyweak shoulder peak is observed at the samédodatthe
spectrum of the EB—-NPAN (i.e., the neat NPAN), wahétemonstrates the possibility of a reaction of ¢agboxyl
group with ammonia to form a carboxylate, consisteith the results of the previous analysis. Theaaption peak
at 1111 crrt for HCI-PANI is consistent with the vibration alpgtion of B-NH—-B and Q=NH-B, whereas a new
peak at 1154 crh which is attributed to the vibration absorptidrBs-NH'(CH,COOH)-B, can be observed after a
—CH,COOH group was introduced onto the imine nitrogemobably due to the induction effect of the cardoxy
group. However, the band at 1110 tfar Q=NH'-B remains unchanged, indicating that the quintidcture can
be formed during the polymerization process.

The different polymers were dissolved in N-methyirplidone, and their UV—vis spectra are shown g 2. The
absorption spectrum of HCI-PANI shows two distiabsorption bands located at 328 and 630 nm. Theefioband
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corresponds to thett* transition of the aromatic structure, whereas dbsorption at 630 nm is assigned as an
n-t* characteristic transition absorption of the C=bht in the quinone segméht® Different absorption peaks of
band gaps can reflect the degree of electron détatan between adjacent benzene rifig€ompared with the
absorption peak corresponding to therneharacteristic transition absorption of C=N, thlksorption peaks of
HCI-NPAN and EB-NPAN were blue shifted by 11 and 8, respectively. These blue shifts indicate that
degree of charge delocalization of polymerizatiecrdases with the introduction of the carboxyl grdue to the
decrease in the amount of quinoid units in the @iy chains with the introduction of the carboxybgp onto the
PANI backbon&32 In fact, the formation of the quinoid structusecaused by the elimination of the hydrogen ion
at the imine nitrogen during the polymerizationgess of the acidic-doped polyaniline. In contrtsg, quinoid unit
structure can be formed by the deviation of th&agyl group in the N-substituted carboxyl polymatian process,
and elimination of the carboxyl group is more diffit than elimination of a hydrogen cation in pogmbackbone
chains.

a«HCI doping NPAN
b«EB-NPAN
C«HCI doping PANI

T(%)

3449
1 N 1 N 1 N 1
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Fig. 1 FTIR spectra of HCI doped NPAN (a), EBNPAN (b), and HCI-doped PANI (c)
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Fig. 2 UV-vis spectra of HCI-NPAN (a), EB-NPAN (b)and HCI-PANI (c) dissolved in NMP
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Fig. 5 Wide-angle X-ray diffraction patterns of different polymers
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Fig. 6 Electrochemical impedance spectra of HPANI (a), EB—PANI (b), H=NPAN (c), and EB-NPAN (d) in an aqueous solution
containing 0.5 M KCl and 2.0 mM Kj[Fe(CN)g]/K 4[Fe(CN)g]
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Fig.7. TGA curves and DTG curves (inset) of PANI ad NPAN as a function of temperature

To further investigate the structure of pristineANP(EB—NPAN), we employedH-NMR to analyze the protons of
the phenyl ring and the methylene of the polymershown in Fig. 3, thtH-NMR spectrum of EB—-NPAN exhibits
a broad absorption peak from 6.3 ppm to 7.7 pprgeawhich is associated with the aromatic protdie band in
the region from 2.8 ppm to 3.2 ppm is assignech&ogrotons of methylene and is split into two pegassibly
because of the electrophilic carboxyl group onghlymer molecular chains. However, the absorptieakp which

is attributed to the carboxyl proton, is not obseindue to the formation of an ammonium salt by résction
between NHOH and —COOH during the de-doping process. The mitithe aromatic protons to the methylene
proton is 4:1 based on the peak are#HifNMR spectra, which indicates that only a -CI®O group remains after
the reaction of both monomers. Th&NMR result is consistent with the IR and UV—viestra.

To further confirm the case of decarboxylation dgrithe polymerization process, elemental analydeth®
monomer and the polymers were performed. As showiable 2, a significant decrease in the C and iNezds was
found in the EB—-NPAN polymers compared to thosaniine; however, they were greater than those ANNT his

result implies that the benzene rings on the pohfnaekbone will transfer to the quinone units viecarboxylation
during polymerization, which is similar to a dehgdenation process in the classical PANI reactiemuaneously,
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the decarboxylation reaction is affected by theanohtio between the monomer and oxidant. An irszrea the
oxidant-to-monomer molar ratio from 0.85 to 1 tetmlsesult in an increase in the carbon contertts8quently, the
carbon content remains unchanged as oxidant-to-meneolar ratio is increased further. This resutigests that
the chain growth is accompanied by the decarbawrylataction, which might be due to the partialasion of

the B—N-B structure into the Q=N-B structure via thecarboxylation reaction. The IR spectra, UV—uaisd

conductivity measurements for the polymer confitme formation of the quinoid structure. On the badighe

change in carbon content during the polymerizaficocess, a possible polymerization mechanism isemted in
Fig. 4.

The crystal structure and composition of EB—-PANGHPANI, EB-NPAN, and HCI-NPAN powder samples were
also investigated by powder XRD measurements. Eoltbst of our knowledge, a matrix of polymer chains
generally includes both amorphous and crystallim@ains; more highly ordered systems can exhibittaltic-like
conductivity state. As shown in Fig. 5, a broadeatfon peak centered at 2 19.2° is observed in the XRD pattern
of the pure PANI, whereas three additional shaffpadition peaks are observed @t=214.4°, 20.7°, and 25.3° in the
case of HCI-PANI. These results reveal that theernd is greater in HCI-PANI powders than in pu/NP
powders. This fact indicates that the structuréhefPANI chains will tend to organize the polymbainis in highly
ordered arrays when the PANI is doped with HCltHe case of NPAN, the XRD pattern of the N-subtidu
EB-NPAN shows a diffraction peak centered @t=218.2°, which is a somewhat smaller angle tha di the
corresponding peak in the XRD pattern of EB—PANie Bmaller angle of this peak indicates that theubistituted
EB-NPAN has greater interplanar crystal spacingmting to the Bragg equation2d Sind = nA . Whered is the
interplanar spacing is the Bragg angle) is the wave of incident light. This crystal sudastructure favors the
diffusion of solvent molecules into the polymer emilar chains, which results in improved soluhilldowever,
one broad and three sharp diffractive peaksbat 20.5°, 17.8°, 23.5°, and 26°, respectively, @lbserved in the
XRD pattern of NPAN doped with HCI. The three shdiffraction peaks imply that the doped NPAN extsbocal
crystallization and that the ordered arrays ambegoblymer molecular chains exhibit short-rangeeotd

3.2 Electrical properties of NPAN

The electrical conductivitiess] of the PANI and NPAN doped with HCI, HNOand HCIQ were measured using
an RTS-8 four-probe conductivity measurement systarmpellets pressed from powder; the average caivities
are presented in Table 3. The conductivities of PAdped with HCI, HNQ, and HCIQ are 1.35, 3.5 x I8 and
4.57 x 10° S-cm*, respectively. The electrical conductivities tenddecrease with increasing size of the anion of
the acid dopant. However, the conductivities ofuddstituted polyaniline doped with HCI, HNCand HCIQ are 4.7
x 103 1.49 x 10", and 1.93 x 13 S-cm?, respectively. The change in the conductivitiegriater than that in the
case of the traditional polyaniline in HCI mediuifhis result indicates that the conductivity of Nastituted
polyaniline depends on the oxidative propertieshef acidic media because the decarboxylation igreas an
oxidative acidic medium. These results are consisteith an increase in the amount of oxidant durthg
polymerization process.

The conductivity of polymers is also reflected lie lectrochemical impedance spectra (EIS) of pehfitms. EIS
allows the redox reaction resistance, the equitaleries resistance, and the maximum power de(Rity) of a
supercapacitor to be investigated. The EIS datavshe frequency response of the electrode/eledtddystem,
which is represented as a plot of the imaginarymament (Z) of the impedance against the real componefit*(Z
Fig. 6 shows the electrochemical impedance spettES—PANI (Fig. 6a), EB—PANI (Fig. 6b), ES-NPANdF6c),
and EB-NPAN (Fig. 6d) on modified GCEs irsHe(CN)}/K4Fe(CN) solution. The interfacial electron-transfer
resistanceR) of ES—PANI (Fig. 6a) and EB—PANI (Fig. 6b) arai®d 94Q, respectively, whereas that of the GCE
modified by ES—-NPAN (Fig. 6¢) is 30Q; these results indicate that the film conductiafyNPAN is lower than that
of PANI as a consequence of the addition of carbgrgups to the nitrogen atom decreasing the degfre¢ectron
delocalization. However, thB, of the GCE modified with EB—-NPAN (Fig. 6d) drancatily increases to 410Q.
The electrochemical impedance spectra show a lamgmmicircular arc, which indicates that the EB—NP/Nsh
hinders the charge transfer. This result can babestto the poor conductivity of the RB—NPAN filim neutral
solution and to the lower diffusivity of ions duethe negative charge of —-@EOO, which may be formed during
the de-doping process. Consequently, electrosigiglsion occurs between the electrode surfacetansolution.

3.3 Solubility and solvatochromism of NPAN

The solubility of NPAN in various solvents with fiifent polarity indexes is listed in Table 4. Treedbped NPAN

is soluble in all polar solvents, including NMP, 3@, THF, and CHGJ and is highly soluble in acetonitrile and
water, whereas the 'Hloped NPAN exhibits low solubility in the most polsolvents, except NMP and DMSO.
However, H-doped PANI is mainly soluble in polar solventstsas NMP and DMSO and is only partly soluble in
most other polar solvents. These results suggasthb solubility is primarily controlled by the feoular structure.
The carboxyl group is likely responsible for thgrsficant variation in the solubility because tméréduction of a
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carboxyl group on the nitrogen atom increases fibtance between molecular chains. In addition, rthvege of
solvents in which de-doped NPAN is soluble is iased; it is even soluble in water. This improveldisitity is due
to the presence of a carboxylate group, which oam turing the de-doping process.

The color of NPAN in a solution depends on the sptwsed. As shown Table 3, compared with tradaliGANI,
the colors of NPAN solutions are the same as tlobgbe traditional PANI solutions: blue and greenrNMP and
DMSO, respectively. The UV-visible maximum absaptivavelength of the polymer solutions increaseadity
when the solvent is changed from NMP or DMSO to THRis result implies that the polymers exhibit
solvatochromic properties because the polymer shaiay have different conformations, and therefdfierdnt
conjugation lengths, in different solvefits

3.4 Thermal stability of NPAN

Thermogravimetric analyses of PANI and NPAN wereéfgrened in the temperature range from 25 °C to 800
their thermograms are presented in Fig. 7. Foisttmaple of pure PANI, a slight mass loss begingpptaimately
50 °C and continues until 105 °C. The mass lossanesnsteady up to 350 °C, and then a rapid massolo84.1%
occurs until 625 °C. The initial mass loss is doehe loss of water molecules, whereas the nexs riogs can be
attributed to the loss of oligomer, and the subsaturamatic mass loss occurs due to the degradafighe
polymer chain. Nevertheless, in the case of NPAN first step is similar to that of PANI between&and 105 °C
for the expulsion of water molecules, and the dogie€l) forms PANI chains. The second step show@&maweight
loss between 260 °C and 340 °C, which is consistéhtthe decarboxylation of carboxylic acids onymoeer chains.
A rapid mass loss of 94.1% occurs between 350 720 °C due to rapid degradation of the polymeiirch An
interesting phenomenon is observed in the derigatiermogravimetry (DTG) curve (inset) of the PAMihich
corresponds to the second-step weight loss in @& durve. It reveals the presence of two minimaeathan one
minimum. The first minimum is attributed to the dosf low-molecular-weight polymer, whereas the seco
minimum is the result of the degradation of highlecalar-weight polymer. However, the degradaticendr of
NPAN shows a three-step weight-loss process duketdntroduction of carboxyl groups onto the polyrabains.
Notably, the temperature of PANI at the minimuntted DTG curve is 533 °C; however, the minimum terapge
in the case of NPAN is shifted to a substantialghbr temperature by approximately 186 °C. This Ti@dicates
better thermal stability of pure NPAN compared wifiat of PANI. The better thermal stability of n&#AN can be
explained by the dominance of the benzenoid stractlternatively, the inferior thermal stability pure PANI is
due to the presence of a quinoid ring in its stree.

CONCLUSION

NPAN has been prepared by the oxidative polymeadmatf NAN using ammonium peroxydisulfate as andaxit
in acetonitrile solution. Structural analysis iraties that the quinoid unit structure is formed lgy ¢limination of
the carboxyl group during N-substituted carboxylypterization. The decarboxylation reaction is aféecby the
monomer-to-oxidant molar ratio. The amount of dboaylation increases with an increase in polymexirchength
until only a —-CHCOONH, group remains after the reaction of both monorfalswed by the de-doping procedure.
The conductivity of the polymer, which depends be txidizability of the acid, changes only slighithythe range
from 10%S/cm to 10" S/cm. The de-doped NPAN is soluble in all poldveots, including NMP, DMSO, THF, and
CHCl,, and is mainly soluble in acetonitrile and watenereas the solubility of the'Hloped NPAN is low in the
most polar solvents, except NMP and DMSO. The cofddPAN in a solution depends on the solvent usddch
indicates that the polymer exhibits solvatochromioperties because the polymer chains may haveréift
conformations in different solvents and therefoifetent conjugation lengths. Consequently, intrctibn of a
carboxyl group on the nitrogen atom of a polymer nat only enhance the solubility of the polymerditering its
chain structure but also increase its thermal ktabi
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