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Abstract: A novel strategy for the enzymatic synthesis of a water-soluble, conducting polyaniline (PANI)/
sulfonated polystyrene (SPS) complex is presented. The enzyme horseradish peroxidase (HRP) is used to
polymerize aniline in the presence of a polyanionic template, sulfonated polystyrene. The synthesis is simple,
and the conditions are mild in that the polymerization may be carried out in a 4.3 pH buffered aqueous solution,
with a stoichiometric amount of hydrogen peroxide and a catalytic amount of enzymevikille absorption,

FTIR, GPC, elemental analysis, and conductivity measurements all confirm that the electroactive form of
PANI, similar to that which is traditionally chemically synthesized, is formed and complexed to the SPS. The
reversible redox activity of the polyaniline displays a unique hysteresis loop with pH change. Cyclic voltammetry
studies show only one set of redox peaks over the potential rang®.@fto 1.2V, which suggests that the
PANI/SPS complex is oxidatively more stable. The conductivity of the complex is found to increase with the
molar ratio of PANI to SPS. Conductivities of 0.005 S/cm are obtained with the pure complex and may be
increased to 0.15 S/cm after additional doping by exposure to HCI vapor. This enzymatic approach offers
unsurpassed ease of synthesis, processability, stability (electrical and chemical), and environmental compatibility.

Introduction

In recent years there has been a tremendous interest in th
use of conducting polymers in electronics applications because

of their wide range of electrical, electrochemical, and optical
properties as well as their good stabillty?. In particular,
polyaniline (PANI) has been investigated for such applications
as organic lightweight batteriésmicroelectronic$, optical
displays® antistatic coatings, and electromagnetic shielding
materials’ PANI is commonly synthesized by oxidizing aniline
monomer either electrochemically or chemic&f/The final

PANI can be doped either by protonation with a protonic acid

o by charge-transfer with an oxidation agéhtand the

electronic and optical properties may be controlled reversibly
by varying the doping leveit?. 12

For practical applications, a conducting polymer must be cost-
effective to synthesize and purify, have good chemical and
electrical stability, and be able to be easily processed from either
solution or the melt3 PANI, although one of the most promising
conducting polymers from the standpoint of application, has
nevertheless found only limited commercial application due to

electroactive polymer can exist in various oxidation states, which harsh or limited chemical synthetic procedures and poor

are characterized by the ratio of amine to imine nitrogen aféms.
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treatment of the polymer with fuming sulfuric acid, and self- Scheme 1

doped method¥1%Although these methods have demonstrated NH,  NH,
improved solubility and processability, they remain limited in :’j ‘
the harsh synthetic conditions and involved separation and O O
purification techniques.

Horseradish peroxidase is able to catalyze the oxidation of a O
wide range of compounds including aromatic amines and O A .

phenols in the presence of hydrogen peroxide to generate
corresponding free radicals. In general, the catalytic cycle can
be schematically written as follovw#8:

HRP+ H,0, — HRP | {'@”:@:NO&_QE}‘

HRP I+ RH—R* + HRP Il B

HRP Il + RH— R* + HRP
Scheme 2

Here the native enzyme (HRP) receives 2 oxidizing equiv
from hydrogen peroxide to form an intermediate HRP |. HRP
| in turn oxidizes the substrate (RH) by carrying out two
sequential one electron-reduction steps through a partially
oxidized intermediate HRP Il to return back to its original native SOy Na*
form and repeat the process again. The substrate in this case
(RH) is either a phenol or aromatic amine monomer. R* is the different types of PANIs, as shown in Schem#&¥< The first
radical species formed of either phenol or aromatic amine. Thesejs that of ortho- and para-substituted carboarbon and
free radicals then undergo coupling to produce the dimer, and carbon-nitrogen bond structures and the second is that of a
successive oxidation and coupling reactions eventually result benzenoie-quinoid (head-to-tail reaction), which is the desired
in the formation of polymef! Recently, the use of enzymes as  structure formed in the traditional chemical polymerization of
chemical catalysts in the synthesis of polyphenols and poly- aniline. The presence of these highly branched ortho- and para-
anilines has attracted great inter&The enzymatic approach  substituted PANIs severely limits the degree of conjugation and
is environmentally benign, can offer a higher degree of control hence the electrical and optical properties of the resulting
over the kinetics of the reaction, and has the potential of polymers. Therefore, although dramatic improvements have been
producing product in high yield. made regarding the molecular weight, organization, and pro-

A major drawback of enzymatic polymerization, however, cessing of these polymers, the bulk electrical and optical
has been that, as soon as polymer begins to form in agueousproperties of enzymatically synthesized polymers are still not
solutions, it precipitates out and only very low molecular weight sufficient for commercial applications.

polymers (oligomers) are formé&8To address this and improve In the present work, a unique enzymatic approach has been
processability, a variety of modified enzymatic polymerizations developed which addresses and resolves current limitations of
have been investigated including solvent mixti#esiodified both enzymatic and chemical polymerization of aniline. This

monomers in aqueous solutioftanicellesz® reverse micelled’ process inherently minimizes the parasitic branching and
and polymerizations at the aiwater interfacé? It was found, promotes a more para-directed, head-to-tail polymerization of

however, that, although these polymers are of higher molecular aniline. This process is also simple (one-step), is environmentally
weight, they are typically a mixture of at least two structurally benign, and results in a water soluble, high molecular weight
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availability, high degree of sulfonation, and lovKp (ben- crystals and from precipitated PANI/SPS using KBr pellets. The
zenesulfonic group has &pgof 0.70)3° Thus it was expected  electrochemical characterization of the PANI/SPS was carried out on
that a pH of 4.34.5 would be sufficient to provide the an EG&G potentiostat/galvanostat model 263. Cyclic voltammograms
necessary cationic and anionic charges necessary for preferentidf’ere recorded by using a three-electrode cell with a Pt wire as a counter

; : ; _ electrode, a Ag/AgCI electrode as the reference electrode, and a
F:cﬁ;?enl:rma;:gpement and salt formation with the SPS polyelec platinum foil (1 x 1 cn?) with a cast film of the PANI/SPS complex

) L . L as the working electrode. An electrochemically grown polyaniline film
This paper will discuss the enzymatic polymerization of \yas also prepared according to the method of Wei &tarid used for
aniline in the presence of the anionic polyelectrolyte, SPS. The comparison. All cyclic voltammograms were carried out at room
reaction was carried out in mild, aqueous, pH 4.3 buffered temperature in a 1.0 M HCI electrolyte solution and scanned between
solution. The final product is a water-soluble, electroactive, and —0.2 V and 1.2 V at 100 mV/min. The conductivity of the PANI/SPS
conducting PANI/SPS complex. All characterization of this complex was measured using the four-probe meftiodth a Keithley
enzymatically prepared PANI is consistent with polyaniline that 619 electrometer/multimeter. The samples were prepared by casting
is traditionally prepared via either chemical or electrochemical (€ PANI/SPS complex solution on a glass plate and drying first in air
procedures. Detailed synthesis and characterization of this2"d then under dynamic vacuum at 80 for 1 day to remove any
simple, inexpensive, and environmentally benign synthesis of residual moisture. The thickness of each film was measured on a Dektak

. : 1. In some cases the PANI/SPS complex films were additionally doped
a stable and processable conducting polymer is presented. by & 4-h exposure to HCI vapor.

. . Molecular weight distribution of PANI/SPS complex was measured
Experimental Section using gel permeation chromatography (GPC) with a Waters LC module
Materials. Horseradish peroxidase (EC 1.11.1.7) (200 U s/mg) was | (Milford, MA) with two linear ultrahydrogel columns connected in
purchased from Sigma Chemical Co., St. Louis, MO, with R2.2. series. A UV detector set at 2_18 nm was used to detect the polymer.
A stock solution of 10 mg/ml in pH 6.0, 0.1 M phosphate buffer was Be€fore the measurement, LiBr was added to each sample to a
prepared. The activity of HRP was determined according to the Sigma concentration of 1%. The sample solutions were filtered through 0.2

method using pyrogallol as a substrate by monitoring the increase of #M Millipore filters, and 0.15uL of solution was loaded into the
absorbance at 420 nm in the first 20 s. Aniline (purity 99.5%) and Ccolumn. Phosphate buffer, pH 7.0, 0.1 M, was used as eluent, and a
poly (sodium 4-styrenesulfonate) (MW of 70 000 and 1 000 000) were flow rate of 0.6 mL/min was maintained in each measurement.
obtained from Aldrich Chemical Co. Inc., Milwaukee, WI, and used ) .

as received. All other chemicals and solvents used were also com-Results and Discussion

mercially available, of analytical grade or better, and used as received. Role of Template.To determine the role of the SPS template
Polymerization. The enzymatic polymerization of aniline was during the enzymatic polymerization, a series of control

typically carried out at room temperature in a 30 mL, 0.1 M sodium ! i . tiqated. Th | izati ied
phosphate buffer solution of pH 4.3 which contained a 1:1 molar ratio experiments were invesligated. 1he polymerization was carrie

of SPS (70 000) to aniline, (6 mM) SPS (based on the monomer repeat®Ut in an 85% dioxane/15% water mixture with no SPS, an
unit) and 6 mM aniline. SPS was added first to the buffered solution, @queous pH 4.3 buffered solution with no SPS, and an aqueous
followed by addition of the aniline with constant stirring. To the PH 4.3 buffered solution with 1 mM SPS. The dioxane solution
solution, 0.2 mL of HRP stock solution (10 mg/ml) was then added. was chosen here since this is a commonly used solvent system
The reaction was initiated by the addition of a stoichiometric amount for enzymatic polymerization to obtain higher molecular weight
of H20, under vigorous stirring. To avoid the inhibition of HRP due  polymers?4a To each solution, aniline and HRP were added
to excess KD, diluted HO, (0.02 M) was added dropwise,  tg the concentrations of 1 mM and B20/mL, respectively, prior
incrementally, over 1.5 h. After the addition of@, the reactionwas 4 jnitiation. The polymerizations were then initiated with the
left stirring for at least 1 h, and then the final solution was dialyzed addition of HO», and the progress of the reactions was moni-
(cutoff molecular weight of 2000) against pH 4.3 deionized water 2 < . .
Jored spectroscopically. In the case of the two solutions which

overnight to remove any unreacted monomer, oligomers, and phosphate . . . -
salts. The unreacted aniline concentration in the dialysis solution was did not contain SPS an immediate purple-colored solution was

determined by measuring the absorbance at 25lenm{51pt in 1.0 formed, whereas the solution which contained SPS immediately
M HCI. On the basis of the concentration of unreacted aniline, the became a dark green color. As the reactions continued, the aque-
percentage yield of PANI was calculated to be over 90%. ous solutions without SPS became darker and eventually a

Each of the SPS/PANI samples used for the conductivity measure- brown precipitate was formed. The SPS solution, however, con-
ments were synthesized similarly except that a 3:1 ratio of aniline to tinued to become darker green with no observed precipitation.
SPS (24 mM aniline, 8 mM SPS) was used. To cc_;ntrol the r_atio of  The absorption spectra of the three solutions prior to
PAer dt(;rs':nsénr;h,\j iorg;())le;,'\;heA?tm:)ttjgtoeria:_(idned n tne S(r’rl]“tl'ons precipitation were measured and are given in Figure 1. The
varied from ¢ 0 £7 mil. Alter the reaction, each sample Was o 1igng which contained no SPS showed an absorption band
dialyzed against pH 4.3 deionized water overnight. By measuring the . L .

at approximately 460 nm, indicating the presence of multiple

unreacted monomer in the dialysis solution, the molar ratio of produced . -
PANI to SPS was calculated. branched structures in the polyn#&tin contrast, the polyaniline

Precipitated PANI/SPS complex was prepared by polymerizing a formed in the presence of SPS exhibits a significantly different
30 mL solution, which contained an excess of aniline monomer (6.0 absorption spectrum. In this case, three absorption bands are
mM SPS and 24.0 mM aniline). 4, was slowly added until dark ~ observed which are consistent with the emeraldine salt form of
green precipitates formed from the solution. The precipitate was then PANI.32 One is due to ar—sx* transition of the benzenoid ring
collected with a Buchner funnel, washed thoroughly with distilled water at 325 nm, and two absorption peaks at 414 and 843 nm are
to remove any residual enzyme, phosphate salts, and unreacted monogue to polaron band transitioAsThese peaks indicate that a
mer, and then vacuum-dried for 24 h for further characterization studies. conducting form of the PANI, which is spectroscopically similar

PANI/SPS Complex Characterization.The UV—vis spectrawere g that presently obtained through either chemical or electro-
recorded on a Perkin-Elmer Lambda-9 UV/y|s/near-|nfrared spectro- chemical methods, may now be synthesized enzymati-
photometer. FTIR measurements were carried out on a Perkin-Elmer

1760X FTIR spectrometer. For comparison, FTIR spectra were  (32) (a) Stafstrom, S.; Bredas, J. L.; Epstein, A. J.; Woo, H. S.; Tanner,

measured from both cast films of the PANI/SPS solution on AgCl D. B.; Huang, W. S.; MacDiarmid, A. @®hys. Re. Lett. 1987, 59, 1464.

(b) Ginder, J. M.; Epstein, A. Phys. Re. B 199Q 41, 10674. (c) Wudl,
(31) Robinson, J. W. InHandbook of SpectroscopyCRC Press: F.; Angus, R. O.; Lu, F. L.; Allemand, P. M.; Vachon, D. J.; Nowak, M.;

Cleveland, OH, 1974; Vol. Il, pp 4344. Liu, Z. X.; Heeger, A. JJ. Am. Chem. S0d.987, 109, 3677.
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Figure 1. UV—vis spectra of the polymer obtained by the polymer-
ization of 1 mM aniline in {--) phosphate buffer, (- - -)mixture of 85%
dioxane and 15% buffer and-j1 mM SPS buffer solution at pH 4.3.

cally. These results also demonstrate that the role of the template
is critical to this process. The SPS in this case promotes a less
parasitic and more para-directed polymerization, provides the . . :
necessary counterions for doping, and maintains the water 400 600 800 1000 1200

solubility of the polyaniline. Wavelength(nm)

A number of control experiments were also carried out to Figure 2. UV—vis spectra of the complex obtained by polymerization
confirm that enzymatic catalysis is responsible for the polym- of a 1 mManiline and 1 mM SPS system with pH ranging from pH
erization. Here only hydrogen peroxide, that is, no enzyme, was 4.0-8.0.
added to the monomer solution, and it was found that no polym-
erization of aniline occured. Also, to rule out catalysis by'Fe
from denatured HRP, Feg€Was used as the catalyst. It was

found that under the same conditions, the observed percen i inch f ial ali
conversions were insignificant in comparison to what is observed 2!""€T€Nce I charge seems to promote a preferential alignment

with the enzyme. These control experiments are strong evidenceand salt formation of the monomer with the SI.D.S’ which results
that the polymerization of aniline is due to HRP catalysis. in the electrically conducting form of polyaniline. When the
Effect of pH. The pH at which the enzymatic polymerization pH is raised above 4.65, this interaction is weakened due to the

is carried out is very important in determining what type of loss of tpoiltlvely ch&rgesdpz;nllmtla anld a dﬁ?fﬁé‘se 'rf' the ptr)?totn
polyaniline is ultimately formed (electroactive or insulating). concentration near the mojecules which 1S untavorable 1o

- : : .. doping of the formed polymer. Even at a pH 4.5, a weak
40t s e e o QST pl 1 obseed 1 570 .Ul ' e 1 e
low pH (<5.50), the polymer shows strong absorption bands at eXC'tOQZ transition of a qum0|d fing in the u.nd.oped form of
800-1060 nm and 418420 nm which are again due to polaron PANI.== It IS also posslble that as the pH is |ncr.eased, the
transitions®? The intensity of the polaron bands at 860060 monomer .a“gnmem W't.h the SP5 is less f[har) op_tlmal for the
nm decreases with increasing pH and disappears when the p ead-to-tail coupling. Since HRP polymerization is known to
of the reactant solution is greater than 6.0. At pH 5.5, a new e both ortho- and para-directed, the ortho coupling may become

peak emerges at 440 nm, which is again assigned to themore dominate under these conditions and result in a more
formation of branched po’IyméP.a A bipolaron transition highly branched, insulating form of polyaniline as is typically

absorption band is also observed at approximately 737 nm atobserved with enzymatic polymerization of aniline. NMR studies
pHs 4.5-6.5 which is believed to be due to the presence of a are currently underway to establish the detailed mechanism of
fully oxidized PANI intermediat@?10b this polymerization. .

These results show that the enzymatic template polymeriza- This necessity fo[r a Ioca_ll environment is further supported
tion of aniline is strongly pH dependent. A lower pH (4.0 by prellmlnary studies de5|gned to look at .the effect of Iength
4.5) is required to produce the conductiné polyaniline Whéreas or size of the template or matrix for the reaction. In these studies,
a-pH of 6.0 or higher results in a more branched i,nsulating polymerization was carried out using SPS of both 70 000 and

. . . . 1 000 000 molecular weight. Comparison of the reactions using
form of polyaniline. This behavior may be explained by the . .
aniline molecules being bound to the polyelectrolyte primarily either molecular weight SPS however showed no observable

through electrostatic attractive forces (although other short-rangegl'jffﬁ(r:?enrieéi;—: ItSo Slﬁgg%ﬁﬁgaﬁeg?sg t::)ecsa? gsx@gs;;a;f
forces also contribute) which are both dynamic and pH P y

dependent. In this local environment, the monomers remain Svlﬁgmﬁfég f:;gg:)nng:;g 22322?2;?{/\}% g]rr?gl(l) Eiig:lzvgi\;irﬁ
mobile enough to interact with any enzyme, from the bulk

solulon, hal comes i close enaugh proximiy Lo the camplex %5 S04, berzenesuoni 204 (555), 1l furd vt e
and be converted to free radicals for subsequent polymerization. g poly Y )

The pH of the solution is critical in controlling the alignment results show that the requisite “local” environment is provided
by macromolecules such as SPS, but not by small, nonaggre-

(33) Cao, Y.; Smith, P.; Heeger, A. Synth. Met1989 32, 263. gating molecules such as SBS. Therefore, it seems that there is

of the aniline molecules in this molecular environment. At pH
4.0 most of the aniline monomer is positively chargel(pf
t4.6) and the SPS is negatively charge&{mf 0.7). This
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Figure 4. Effect of SPS and aniline concentration on the polymeri-
zation. UV-vis spectra of PANI synthesized in (a) varied concentration
of aniline in pH 4.3, 30 mM SPS solution and (b) varied concentration

of SPS in pH 4.3, 13 mM aniline solution.

a critical, limiting template molecular weight or size at which
the electrically active form of polyaniline may be obtained using
this approach. This limiting matrix size and the specific mech-

J. Am. Chem. Soc., Vol. 121, No. 1,76999

mM SPS and various aniline concentrations. It is observed that,
as the concentration of aniline increases, the polaron band at
about 800 nm becomes broader and shifts to longer wavelengths,
well into the infrared region. Since the absorption of the polaron
band is strongly dependent on the molecular weight and
protonation level of the PANT this indicates a difference in
molecular weight of the polymer with concentration of aniline.

It is believed that an increase in aniline concentration leads to
more monomer aligning along the SPS template, which in turn
is favorable to longer chain growth of the PANI. The effect of
SPS concentration with 13 mM aniline was also studied, and
the results are shown in Figure 4b. In contrast with the above
results, as the concentration of SPS was increased, the polaron
band absorption between 800 and 1200 nm becomes sharper
with a distinct peak at 850 nm. In this case the increase of SPS
molecules in the solution resulted in a dilution of aniline
monomer on each SPS molecule. As a result, shorter PANI
chains are formed. Thus, these data suggest that a higher molar
ratio of aniline to SPS is favorable to longer chain growth and
that shorter chain segments will form when the molar ratio of
aniline to SPS is lower than that of 1:1.

The solubility of the PANI/SPS complex is very dependent
on the composition of PANI and SPS in the solution. Since the
solubility of the complex is due to the anionic charges on the
SPS template, it is essential that enough of these charges remain
to keep the complex in solution. Therefore, it was expected that
if a sufficient number of charged sites on the SPS were
neutralized by the PANI, precipitation of the complex would
occur. This phenomenon of precipitation or “salting out” was
observed when the ratio of aniline to SPS was brought up to
4:1. It was interesting to note that precipitation occurred at a
specific point during the polymerization, whereby “snow-like”
dark green precipitates formed, leaving behind a completely
colorless supernatant. If more®, was added after precipita-
tion, the supernatant turned purple and in time precipitated,
indicating that no SPS template was left for the aniline to
template to. Since the PANI emeraldine salt is known to contain
roughly 50% cationic charges along the backbone, it is possible
that two PANI chains may be intertwined with a single SPS
chain. This type of complex conformation has been previously
shown for the chemical template polymerization of anififie.
Elemental analysis on the collected precipitate supports this type
of complexation since the molar ratio of N/S was found to be
approximately 2.3. Furthermore, as shown in Figure 5, the

anisms of these reactions, however, are not clearly establishedymount of HO, needed to form the PANI/SPS precipitate

and are currently under investigation.

linearly increases with SPS concentration, suggesting a constant

The activity of the enzyme, HRP, is also pH dependent. The composition of PANI and SPS in the complex. Unlike the

optimal pH for the catalytic activity of HRP is about pH 6.0.

powder obtained by the evaporation of the complex solution,

This activity decreases as the pH is lowered. Figure 3 shows ayhjch can be easily redissolved in aqueous buffer, the precipi-
dependence of the activity of HRP, at room temperature, in 6 tates formed during the reaction cannot be redissolved in

mM SPS solutions with the pH ranging from 4.0 to 4.5.
Maximum reactivity at pH 6.0 was also measured for com-
parison. As shown, HRP maintains roughly 80% of its ac-
tivity after 4.5 h in pH 6.0 phosphate buffer. However, as the
pH is lowered, the activity of HRP quickly drops. For exam-
ple at pH 4.0, only 20% of the original activity remains after
20 min, dropping to near zero activity at longer times. The
enzyme activity significantly improves as the pH of the solution
is increased. At a pH of 4.3 the enzyme activity is sufficient to

provide both adequate activity of the enzyme and electrostatic

interaction to form the emeraldine salt of polyaniline.
Effect of Aniline and SPS Concentration.The concentration

and ratio of aniline and SPS in the solution also affects the type

of polymer formed in the reaction. Figure 4a shows the

aqueous solution, even in extreme low or high pH. This again
supports the idea that neutralization of the SPS by a high content
of PANI has occurred and recharging of the complex is not
possible. These results also demonstrate true complexation in
that the PANI/SPS behaves as one system rather than two
separate species.

Characterization

GPC. The gel permeation chromatographs (GPC) of the
complex solution were studied at different stages of the
polymerization process. To eliminate the aggregation of mol-

(34) (a) Liu, J.-M.; Yang, S. CJ. Chem. Soc., Chem. Commud®891,
1259. (b) Sun, L. F.; Liu, H. B.; Clark, R.; Yang, S. Synth. Met1997,

absorption spectra of PANI/SPS complex synthesized with 30 84, 67. (c) Yang, S. M.; Chen, W. M.; You, K. Synth. Met1997, 84, 77.
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form the complex precipitate. The molar ratio of aniline to SPS in each
polymerization reaction is 4:1. 3.0

Wavelength(nm)

SPS 2.5}

2.0

1.5

1.0

/ \ f 0.5
—/\/\~9 0.0

Retention Time(min)

Absorbance

600 800 1000 1200
Wavelength(nm)

) ) Figure 7. UV—vis spectra change of PANI/SPS complex during

Figure 6. Gel permeation chromatographs of water-soluble PANI/ jiration by 1 N NaOH anl 1 N HCI. The pH ranged from (a) 3.5 to 11

SPS complexes which were obtained at different stages of the jng (b) 11 to 3.5. The pH was monitored by a pH meter during the
polymerization: (a) 20, (b) 40, (c) 60, (d) 80, (e) 100, (f)120, (9)140 ijtration.
min.

400

which has been attributed to aggregattdlhe peaks at the
ecules, 1%(W/V) LiBr was added to each sample before the retention time of 14.6 min become larger and continue to shift
measurements. The results are shown in Figure 6. Given theto shorter retention times while the peak at 16.3 min decreases.
complex nature of the PANI/SPS system, it is not possible to It is believed that these observed changes are due to chain
determine the molecular weight of the PANI alone, but trends growth of polyaniline during the reaction, which results in the
in the chromatographs may be used to project complex formation conversion of some lower molecular weight complexes to ones
and extent of polymerization. It is important to note that only of higher molecular weight. Moreover, the chain growth of the
one peak emerges as the reaction progresses and that this peaRANI is not homogeneous on each SPS molecule. PANI with
which has a shorter retention time than SPS, shifts to shorterhigh molecular weight is initially formed as reflected by the
retention times. This is evidence that a complex is formed and peak at about 14.6 min. The fact that there is little deviation
that higher molecular weight species are formed with further from the high molecular weight species indicates that the
polymerization. A number of authors have previously reported molecular weight of the complex is template dependent as
that the GPC curve of PANI base in NMMN-mnethyl-2- proposed by Yang et &f.
pyrrolidone) exhibits a bimodal distribution with a major peak Redox Reversibility. To determine the reversible redox
at low molecular weight and a minor peak at very high behavior of the PANI/SPS complex, the absorption spectra of
molecular weight® In this case, in the initial stage of the a complex prepared at pH 4.3 was studied with varying pH.
reaction, no typical bimodal distribution is observed in the Figure 7a gives the shift in absorption spectra of the complex
elution pattern for the PANI/SPS complex. The observed peak, with increasing pH from 3.5 to 11 by titrating witL N NaOH.
with a retention time at 16.3 min is mainly due to SPS. As the At pH 3.5, the PANI in the complex is in the doped state as
reaction continues, a new peak at about 14.6 min emerges as aeflected by the presence of the polaron band transition at about
shoulder of the main peak. However, this two-peak pattern is 420 and 823 nm, as well as the-z* transition of the ben-
quite different from that reported previously for pure PANI zenoid rings at 318320 nm. As the pH of the complex is
increased, the polaron bands at 420 and 823 nm gradually

(35) (a) MacDiarmid, A. G.; Asturias, G. E.; Kershner, D. L.; Manohar,

S.K.; Ray, A.; Scherr, E. M.; Sun, Y.; Tang, Rolym. Prepr(Am. Chem. disappear, and a strong absorption due to exciton transition of
Soc., Di. Polym. Chen).1989 30(1), 147. (b) Wei, Y.; Hsuceh, K.; Tang,  the quinoid rings at 566600 nm begins to emerge. At the same
X; Sun, Y. Polym. Prepr (Am. Chem. Soc., bi Polym. Chen).1989 {ime pands at 257 and 320 nm, which are duenter*

30(1), 226. (c) Angelopoulos, M.; Liao, Y.-H.; Furman, B.; Graham, T. e . . .
Macromoleculed.996 29, 3046. (d) Zheng, W.: Angelopoulos, M.; Epstein, ~ transitions of the .benze.n0|d rnngs in the. SPS and PANI
A. J.; MacDiarmid, A. G.Macromolecules1997, 30, 2953. molecules’! respectively, increase with a pH increase. At a pH
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Figure 8. Variation of absorbances at 823 and 567 nm with the change P
of pH values. Curves with solid symbol®)and @) were for forward 5
titration from pH 3.5 to 11, and curves with hollow symba3) @nd
(O) were for backward titration from pH 11 to 3.5. a4t

of 11, a blue solution of PANI/SPS complex is formed,
indicating that the PANI has been fully dedoped to the 3r
emeraldine base form. The dedoped PANI can be redoped by
titrating with 1 N HCI. A reversible color change is observed, < 2|
and the spectra are given in Figure 7b. This pH induced redox £
reversibility confirms the presence of the electroactive form of
polyaniline in the PANI/SPS complex. Furthermore, isobestic
points at 353 and 457 nm can be observed clearly. However,O 0
the isobestic point at approximately 710 nm observed previously
in a sulfonic acid ring-substituted PANI systéPacis not clearly 1t
seen in the present case.
The absorbances at 823 nm and at 567 nm for the above oL
system are plotted against pH in Figure 8. In the case of titration
with 1 N NaOH, the absorbance remains nearly constant from 3 ) | ! i A L 1 L
pH 3.5-6, indicating that the free proton in the solution is 200 O 200 400 600 800 1000 1200
neutralized first. This is confirmed by the increase of the Potential(mV vs. Ag/AgCl)
absorbance at 257 nm at initial titration which is due to the
neutralization of the free proton in the vicinity of O. The
oxidation of PANI in the complex starts at about pH 6.0, and
most of the PANIs are still in their doped states even at pH
7.5. In contrast, the chemically synthesized PANI is usually
dedoped at pH 4% This retention of the doped state at higher
pH is due to the high concentration of protons in the vicinity
of the PANI backbone provided by the SPS moleciiféd he
decrease of the 823 nm band and the increase of the 567 n
band signify the transformation of the benzenoid into quinoid
rings. At pH 9.5, PANI in the complex is fully dedoped, and
the absorbance is constant with the continuous increase of pH.
It is interesting to note that the absorbance at 824 and 567 nm
present a hysteresis loop during the titration from pH-3.5

and back from pH 113.5. The origin of the hysteresis loop Cyclic Voltammetry. The electrochemical nature of the

anq the disappearance of the '.SObeStI.C point at 717 nm 'SBANI in the PANI/SPS complex was determined by using cyclic
believed to be due to the strong interaction between the PANI . .
voltammetry. Figure 10 shows the cyclic voltammograms (CV)

and SPS molecules, which causes a pronounced delay in theofacast film of the complex compared to an electrochemicall
redox proces& P P y

. grown PANI. The electrochemically grown PANI film was
FTIR. F|gur.e 9 shows the .FTIR spectra Of. a PANISPS deposited by cycling the potential betwee.2—1.2 V vs Ag/
complex solution and the precipitate in the region from 2000 AgCl. Three sets of redox peaks are observed withEheat
to 400 cn7l. It is clear that these spectra can be superimposed g%t P £

with the only difference being that the infrared spectra from a 0.17,0.51, and 0.67 V, which are similar to previous repts.
cast solution exhibits sharper peaks. The bands at 1584 and 1484 (36) (a) Furukawa, Y.; Ueda, F.; Uyodo, Y.; Harada, I.; Nakajima, T.;
cm~! are due to quinone and benzine ring deformatfoand Kawagoe, TMacromoleculed988 21, 1297. (b) Tadokoro, H.; Seki, S.;
the band at 1310 cm is assigned to EN stretching of a N'“g’?'-TB“”- ghgm-JSOC-XJpB@%gS 28'8558-_\/\/ ESnih. Met198
secondary aromatic amifé.The C-H out-of-plane bending 24’(23)1. ang. J. S.; Jing. X. B.; Wang, B. C.; Wang, FSgnth. Met1358

located at 830 cmt in both spectra is due to a para-substitution (38) Chen, S.-A.; Hwang, G.-\WPolymer1997, 38, 333.

1F

urrent

Figure 10. Cyclic voltammograms of (- - -) electrochemically deposited
PANI film and (—) a solution cast film of PANI/SP$hi1 M HCI with
a scan rate of 100 mV/s.

pattern, indicating that a head-to-tail coupling of aniline occurs

during the polymerizatioA’” No bands due to other substitution

patterns (meta, ortho) are clearly observed. These FTIR spectra

are in good agreement with spectra obtained from chemically
rrEynthesized PANI. A closer inspection of the relative intensities
at 1584 and 1484 cm shows that much of the PANI is in the
doped state for both the solution cast film and the precipitate.
In addition, the presence of asymmetric and symmetrkOS
stretching bands at 1034 and 1008 ¢énfor both samples
confirms the presence of SPS in the compgié8
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Figure 11. Plot Of |Og(C0ndUCt|V|ty) as a function of the mOlar ratio Comp|ete|y doped state. The sulfonic counterion groups on the
of P_ANI t_o SPS in the complex®) before and M) after additional SPS have an effective diameter of approximately 118%8n
doping with HCl vapor. comparison with a sulfonated PANI in which the $Ogroups
The peak at 0.51 V disappears when cycling the potential are covalently bonded to the aromatic rifgfsthe present case
between—0.2—0.8 V during the preparation. Typically, two sets has counterions that form an intermolecular electrostatic com-
of redox peaks are observed with electrochemically grown and Plex. This complex may not provide for optimal complexation
chemically prepared PANE The PANI/SPS complex, however,  Of the counterions because of steric restrictions. The undoped
displays only one set of redox peaksEab = 0.43 V over the percentage of PANI in this case is believed to be very low since
full potential window from—0.2 to 1.2 V. Similar results were ~ relatively high conductivities were observed in the film even
observed by Chan and co-workers for polgminobenzylphos- ~ Pefore additional doping. o

phonic acid) which showed only one redox peaEgs = 0.39 The temperature dependence of the conductivity for the
V.40 This peak was assigned as the first redox wave in the parentcOmplex is shown in Figure 12. The conductivity increases with
PANI. The absence of the second redox process, as in our caselémperature from 20 to 14% and then decreases from 145 to

is believed to be due to the exceptional resistance of the PANI 170 °C. The conductivity drop above 14% is attributed to
to oxidation to the pernigraniline state. thermal dedoping. The temperature of thermal dedoping of the

Conductivity. To determine the effect of SPS on the Complexis lower than that observed for sulfonated PANIs which

conductivity of the complex, a series of samples with varying Occurs at 190C *%¢and is 20°C higher than that reported for
molar ratios of PANI/SPS were synthesized and cast as bulk @ blend of sulfonated PANI with poly (vinyl alcohol) (occurred
films for conductivity measurements. In each case, the conduc-at 110°C)3#8
tivity of the pure complex was measured, and then the same
film was exposed to HCI vapor for additional doping. A plot
of conductivity versus molar ratio of PANI/SPS for each sample A unique, biological route for the synthesis of water soluble,
before and after exposure to HCI is given in Figure 11. As conducting polyaniline is presented. This approach is particularly
shown and as expected, the conductivity increases with theattractive in that it is simple (one step), uses very mild conditions
concentration of PANI in the complex. As the molar ratio of (pH 4.3), and requires minimal separation and purification. This
PANI/SPS increases from 0.6 to 2.2, the conductivity increases approach is also significant in that it demonstrates a new way
almost 4 orders of magnitude and reaches a maximum conduc+o optimize enzymatic polymerizations. By controlling the
tivity of 5.3 x 1073 S/cm. After exposure to HCI vapor, the electrostatic charges of the monomer and a suitable template,
conductivity of each of the samples increases anoth@rdrders problematic parasitic branching of the polymer is obviated and
of magnitude and reaches a maximum conductivity of 0.15 S/cm a head-to-tail coupling of the aniline prevails. Variation of the
for the highest PANI containing complex. The observed concentration ratio of the aniline and template also allows for
conductivity of PANI/SPS complex is somewhat lower than that control over the resultant conductivity of the complex. These
obtained with pure chemically synthesized PANH-0 S/cm§?22 results suggest new possibilities in the manipulation of biological
but higher than that of polymer formed from soiesubstituted materials as potential matrixes, which may lead to the develop-
anilines (103—-10"7 S/cm)}” and is comparable to sulfonated ment of novel biological sensors, biomimics, and possibly new
PANI (0.1 S/cm)'8> This lower conductivity may be attributed ~ ways to probe complex biological templates. Last, this approach
to the presence of the insulating SPS component. is general in that various comonomers and templates may be
The observed increase in conductivity upon exposure to HCI interchanged to produce important electroactive polymers.
vapor indicates that the PANI in the complex is not in the

Conclusion
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