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Abstract: It was recently reported that water soluble conducting polyaniline may be prepared using a new
template-guided enzymatic approach. To address the mechanistic role of the template in this reaction, various
macromolecular and surfactant templates were investigated. It was found that the template provides a necessary
type of “local” environment where the pH and charge density near the template molecule is different from that
of the bulk solution3C and®™™H NMR studies showed that this “local” environment serves as a type of nano-
reactor that is critical in anchoring, aligning, and reacting the aniline monomers and ultimately controls what
form of polyaniline (conducting or insulating) is obtained during reaction. Strong acid polyelectrolytes, such
as sulfonated polystyrene (SPS), are the most favorable because they provide a lower, local pH environment
that serves to both charge and preferentially align the aniline monomers through electrostatic and hydrophobic
interactions to promote the desired head-to-tail coupling. Interestingly, it was found that micelles formed from
aggregating, strong acid surfactant molecules such as sodium dodecylbenzenesulfonic acid (SDBS) also provide
suitable local template environments that lead to the formation of conducting polyaiiiéMR spectral

data showed that the aniline monomers in these micelle systems intercalate between the sulfonated styrene
headgroups of the micelles. However, if the reaction media was such that micelles were not formed or if the
distance between the sulfonated headgroups in the mixed micelle systems was too large, then the conducting
form of polyaniline could not be obtained. The information gained from this study strongly supports the existence
and importance of “local” template environments in guiding the enzymatic synthesis of polyaniline. A
fundamental understanding of these types of mechanisms should lead to the design and optimization of a
broad range of other interesting template-guided reactions.

Introduction Horseradish peroxidase (HRP) is able to catalyze the oxida-
tion of a wide range of compounds including aromatic amines
and phenols in the presence of hydrogen perokidemajor
limitation of the enzymatic oxidation of anilines and phenols

from aqueous solutions however has been that as soon as
in the degree of protonatichiTypically, polyaniline is synthe- o \ymer begins to form, it precipitates out, and only very low
size(_j either chemicalfyor electroche_mica_lﬁlin strong ac_id molecular weight polymers (oligomers) are produetio
media. The use of enzymes as biological catalysts in the gpyiate this and improve processability, a variety of modified
synthesis of polyanilines has also attracted great interest in recengnzymatic polymerization reactions have been investigated
years since enzymes can offer environmentally benign reactioninciuding solvent mixture&,modified monomers in agueous
conditions, a higher degree of control over the kinetics of the ggjytionsl® micelles!! reverse micelle¥ and reactions at the
reaction, and a higher yield of prodifct.

Among conducting polymers, polyaniline is remarkable for
its excellent environmental stabilityand ease with which its
properties may be tuned by changes in the oxidation 3tate
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HRP/H,0, a fact, the linear benzenoid-quinoid form of polyaniline, the
“@NHZ Py ‘@*NH% mechanistic role of how the template directs the chain growth
’ n of the conducting polyaniline has not been completely under-
Figure 1. Schematic representation of template-directed enzymatic stood. To gain insights into this mechanism, a series of different
synthesis of conducting polyaniline. (a) The resulting polyaniline is in -y acromolecular and surfactant templates were investigated. The
its doped state. detailed synthesis of polyaniline with each of these templates
and characterization usingC, *H NMR and UV—vis—near-

L . 3 I . :
air—water interfacé? Although these modifications have im IR spectroscopy is presented.

proved the molecular weight and processability, the ortho- and
para-di_rected coupling of the enzymatic reaction typically results Experimental Section

in a mixture of branched polymeric structures. In the case of ) ) ) )
polyanilines, the presence of these branched ortho- and para- Materials. Horseradish peroxidase (HRP) (EC 1.11.1.7) (200 unit
substituted structures severely limits the degree of conjugation mg) was purchased from Sigma Chemicals Co., St. Louis, MO, with

. . ; .~ RZ > 2.2. A stock solution of 10 mg/mL in pH 6.0, 0.1 M phosphate
and hence the electrical and optical properties of the resulting ) tar was prepared. Aniline (99.5%) and each of the templates: poly-

polymer. (sodium 4-styrenesulfonate)(SPS), 70 kDa, sodium salt; poly(dially-
Recently a new enzymatic approach, shown schematically dimethylammonium chloride) (PDAC), medium molecular weight;
in Figure 1, was developed to synthesize water-soluble conduct-poly(acrylic acid) (PAA), 6 kDa, sodium salt; poly (maleic acid co-
ing polyaniline in the presence of sulfonated polystyrene (SPS) olefin), (PMO), 12 kDa, sodium salt; poly(ethylene glycol) (PEG), 10
under mild, aqueous pH 4.3 buffered conditiéh$his approach kDa; sodium dodecylbenzenesulfonic acid (99%, SDBS); polyoxyeth-
is based on preferential electrostatic alignment of aniline ylene(10) isooctylphenyl ether (99%, Triton X-100) and benzenesulfonic

monomer onto an anionic template to minimize branching and acid sodium salt (99%, SBS) were obtained form Aldrich Chemicals

romote a linear polvaniline chain arowth. Since aniline has a Co. Inc., Milwaukee, WI, and used as received. Ribonucleic acid (RNA,
P poly 9 ’ type VI, from torula yeast) was obtained from Sigma Chemicals Co.,

PKa of 4.63° it is primarily positively charged at pH 43 St. Louis, MO. Deuterium oxide (99%,.D) and**Cg-aniline (99%)
Conversely, the sulfonate groups on the SPS are negativelyere purchased from Cambridge Isotope Laboratories, Inc., Cambridge,
charged (SPS is a strong polyelectrolyte that will totally MA. All other chemicals and solvents used were commercially
dissociate in almost the entire pH randg&)Therefore, it is available, of analytical grade or better and used as received.
believed that the aniline monomer interacts with the SPS  General Methods.The UV—vis—near-IR spectra were recorded on
electrostatically and preferentially complexes with the template a Perkin-Elmer Lambda-9 UV/vis/near-IR spectrophotometer. In each
prior to and during the reaction_ Th|s approach inherently measurement, the control was 0.1 M, pH 4.3 phOSphate buffer. The
minimizes the parasitic branching and promotes a more para-:j('\:/lS”g;gc't\r‘yn?etseﬁe?Liv}’ﬁg‘fréemcé’;?;doggrztiigj';e;r:nféggo\;v'\ggzas
directed, head-to-tail polymerization of aniline and produces a ! : )

water-soluble conducting polyaniline and SPS compfekhe follows: temperature 300 K, pulse width 443 (30 pulse), 32 kW

. f thi | i | | data points, 3.17 s acquisition timé s relaxation delay, and 16
properties of this polyaniline/SPS complex are comparable t0 4ngjents. The operating frequency on the ARX 500 instrument for

previously reported chemically synthesized polyantiaed self- performing®C NMR was 125 MHz. Typically 8 and 128 scans were
doped sulfonated polyanilirié:'8 used for collectingH and3® C NMR spectra, respectively.

It is known that the SPS in this approach serves three critical ~Polymerization using Polyelectrolyte TemplatesThe enzymatic
functions. One is to provide the necessary counterions for dopingPolymerization of aniline in the presence of each of the templates
of the synthesized polyaniline to the conducting form. The discussed here was carried out following the procedure described in
second is to maintain water solubility of the final PANI/SPS more detail in our previous work.Generally, the re_actlons were carried
complex for facile processing. These first two functions are well out at room temperature in a 30 mL, 0.1 M sodium phosphate buffer

derstood and t di d. The third function is t solution at pH 4.3 which contained a 1:1 molar ratio of aniline (6 mM)
understood and are not discussed. The third Tunction IS 1o Serve, template (6 mM, based on the monomer repeat unit). Template was

as a template that preferentially organizes the aniline monomers, e first to the buffered solution, followed by the addition of the
prior to polymerization and promotes the head to tail coupling. anjline under constant stirring and the adjustment of the pH to 4.3 with
Although it is known that the resulting polymer complex is in 1 M HCI. To the solution, 0.2 mL of HRP stock solution (10 mg/ml)
was then added. The reaction was initiated by the addition of a
(11) Liu, W.; Wang, J. D.; Ma, L.; Liu, X. H.; Sun, X. D.; Cheng, Y. stoichiometric amount of D, under vigorous stirring. To avoid the

H';(lLS)Ia)JhggnANMYi ﬁcﬁf'\f?ggigfge?gﬂ D.: Akkara, J. A.; Kaplan inhibition of HRP due to excessB,,% diluted HO, (0.02 M) was

D. L. Biotechnol. Bioengl993 41, 531. (b) Premachandran, R.; Banerjee, 2dded dropwise, incrementally, over 1.5 h. After the addition @1

S.; John, V. T.; McPherson, G. L.; Akkara, J. A.; Kaplan, D.Chem. the reaction was left stirring for at least 1 h, and then the final solution
Mater. 1997, 9, 1342. (c) Premachandran, R. S.; Banerjee, S.; Wu, X.-K.; was dialyzed (cutoff molecular weight of 2000) against pH 4.3
John, V. T.; McPherson, G. L.; Akkara, J. A.; Ayyagari, M.; Kaplan, D.  deionized water overnight to remove any unreacted monomer, oligomers
L.; Macromolecules 996 29, 6452. and phosphate salts.

K %3)5;’;?' ‘]Fi;ﬁli(g;ﬁ; JéAI-(:LiﬁgﬁnL;ilifigélé.ﬁ.;slé%plan, D. L. Marx, Polymerization using Micellar Templates. The aqueous micelle

(14) () Samuelson, L. A.; Anagnostopoulos, A.; Alva, K. S.; Kumar, Solutions were prepared by dissolving surfactants into 30 mL of a 0.1
J.; Tripathy, S. K.Macromolecules1998 31, 4376. (b) Liu, W.; Kumar, M, pH 4.3 phosphate buffer to a concentration over the CMC (critical
J.; Tripathy, S. K.; Senecal, K. J.; Samuelson, L.JAAm. Chem. Soc. micellar concentration) with continuous stirring. Typically the concen-
1999 121, 71. ) ) tration used was 10 mM, where the known CMC of SDBS is 1.6 mM.

(15) Lide, D. R. InHandbook of Chemistry and Physiésth ed.; CRC An equivalent molar amount of aniline was then added and stirred until

Preaz:) S:Sti’eﬁgé(?g' 'Blfi ﬁizzgfpvell. EEKfolt'z J.; Philipp, B. Seidel, C.; dissolved. The pH of the solution was adjusted to 4.31\itVi HCI.

Stscherbina, DPolyelectrolytes: Formation, Characterization and Ap- 10 this solution, 0.2 mL of HRP stock solution (10 mg/mL) was added,
plication; Hanser/Gardner Publications: Cincinnati. 1994. and the reaction was then initiated by the addition of dilute@4{0.02
(17) (a) Yue, J.; Epstein, A. J. Am. Chem. Sod.99Q 112, 2800. (b) M). After dropwise addition of a stoichiometric amount of®3 under

Yue, J.; Wang, Z. H.; Cromack, K. R.; Epstein, A. J.; MacDiarmid, A. G.  vigorous stirring for 1.5 h, the reaction was left to stir for at least one
J. Am. Chem. S0d991, 113 2665. (c) Wei, X.-L.; Wang, Y. Z.; Long, S. more hour
M.; Bobeczko, C.; Epstein, A. J. Am. Chem. S0d.996 118 2545. o . L

(18) (a) Chen, S.-A.; Hwang, G.-W. Am. Chem. S04994 116, 7939. Similar procedures were used for the enzymatic polymerization of

(b) Chen, S.-A.; Hwang, G.-WJ. Am. Chem. Sod 995 117, 10055. (c) aniline in non-micelle-forming SDBS solutions. This included reaction
Chen, S.-A.; Hwang, G.-WMacromolecules1996 29, 3950. media with the SDBS concentration under the CMC in pure aqueous
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buffer and over the CMC but in a 50% acetone/50% aqueous buffered
mixture. The enzymatic polymerization of aniline was also carried out +CH2_C”_CH_C“Z}

. . i ) ) X ) H(OCH,CH,)nOH
in mixed micelle systems using Triton X-100. The mixed micelle ( 2CHon

solutions were prepared by ultrasonically mixing SDBS and Triton CHz/N\ng COONa

X-100in a 0.1 M, pH 4.3 phosphate buffered solution. The molar ratios ) PEG

of SDBS to Triton X-100 were varied from 1:1 to 1:5 respectively and PDAC PAA

enzymatic polymerization was carried out using the same procedure.

In each case the SDBS and aniline were kept at the same concentration

(10 mM), and only the concentration of Triton X-100 was varied in

each system. B o COONa R
13C NMR pH Studies. *C-labeled aniline was used to obtain data «fo—g—o—Rﬂ— W

with a fewer number of fids (ns 128) and to minimize interference (I)Na n X Y

in the spectra from SPS. For these studies, solutions of 8 mM#Cef COONa

labeled aniline in 4 mL of pure D and 8 mg of*3C-labeled aniline R=A.G,T.C Re CHACHCH

with an equivalent molar amount of SPS in 4 mL of purgDDwere SO3Na 2(CHnCH

titrated to the desired pH with 1.0 M HCI and 1.0 M NaOH. The pH .

was monitored using an Orion 520A pH met&C NMR spectra of SpS RNA PMO

the labeled aniline in these solutions were measured at pHs rangingFigure 2. Molecular structures of the macromolecular templates

from 7 to 1. investigated.

IH NMR Studies of Aniline with Polyelectrolyte Template

Systems For these studies, .2.0 mg of qniline was dissglved in 1.0 mL The polyanilines formed using both a polycationic template,
of D20. The pH of the solution was adjusted to 4.3 using 1.0 MHCl.  ppac "and a neutral template, PEG, are very similar to that
To the NMR tube, 0.6 mL of the solution was added, ariéialMR which is obtained when there is no template present in the

spectrum of the aniline in this solution was measured. An SPS stock i di Th i | uti |
solution was then prepared by dissolving 44.1 mg of SPS in 1.0 mL of reaction medium. fhe resufing polymer solutions aré purple

D.O at pH 4.3. Incremental aliquots (1) of the SPS stock solution I color, show strong absorption at approximately 4600 nm

were then added to the aniline solution in the NMR tube %h8IMR with only a weak tail at 8061200 nm due to the polaron
spectra were measured after each addition. NaCl (15 mg) was transition band, and eventually precipitate. This absorption is
subsequently added to the solution when the molar ratio of aniline to attributed to the presence of primarily branched, low molecular
SPS was 1:1 (after 6 additions). When the NaCl was totally dissolved, weight polyaniline that is formed from the ortho- and para-
a final 'TH NMR spectrum was measured. Similar measurements were djrected enzymatic coupling of anilitéIn addition to PDAC
carried out using PAA as the template. and PEG, other cationic and neutral template polymers such as

*H NMR of Aniline with Micelle Template Systems. 'H NMR 1y vinyl alcohol) and poly(vinylamine) showed similar be-
spectra of aniline with SDBS micelle template systems were taken using havior (data not shown here)

procedures similar to that described previously for the polyelectrolyte . o . .
templates. Here, a 2.0 mg/mL aniline stock solution #OBolution Enzymatic polymerization in the presence of weak acid
was prepared at pH 4.3. An aliquot of 0.6 mL was withdrawn and Polyelectrolyte templates, such as PAA, shows slightly stronger
transferred to a NMR tube, and the NMR spectrum of just the aniline ~ absorption from 800 to 1200 nm in comparison. However, the
was first recorded. A stock SDBS micelle solution was prepared by major absorption is again observed from 400 to 600 nm and is
dissolving 37.31 mg of SDBS into 1.0 mL of,D at pH 4.3. indicative of a branched, low molecular weight form of
Incremental amounts (1) of the SDBS micelle stock solution were  polyaniline. Similar results were obtained with other weak acid
then added, antdH NMR were reco_r('ied'after each addition. Similar polyelectrolytes, such as poly(glutamic acid) and poly(aspartic
procedures were repeated with aniline in the presence of SBS. acid) (data not shown). Therefore, at pH 4.3 polycations, neutral
polymers and weak polyelectrolytes are not suitable templates
to produce a highly conducting form of polyaniline by HRP
Polyelectrolyte Template Systems. UM vis—near-IR Ab- catalysis.
sorption Studies on Different Template SystemsTo better When the polymerization is carried out in the presence of
understand the mechanistic role of the template in these strong acid polyelectrolytes such as SPS and RNA, however,
enzymatic reactions, a series of different polyelectrolyte tem- dark green solutions are formed which show strong polaron
plates were investigated. Polyelectrolytes were specifically absorption bands from 800 to 1200 nm and minimal absorption
chosen to investigate the effects of ionizabilityKgn ionic from 400 to 600 nm. These spectra confirm that the linear,
charge (anionic, cationic, or neutral) and surface charge densityconducting polyaniline is primarily formed when enzymatic
of the template in the reaction. The molecular structures of eachpolymerization is carried out in the presence of such strong acid
of the template polymers studied in this work are given in Figure polyelectrolyte templates. Similar results are also observed in
2. All reactions were carried out under identical conditions (0.1 other strong acid polyelectrolyte template systems such as poly-
M, pH 4.3 phosphate buffer with a 1:1 molar ratio of template (vinyl phosphate) and DNA?
to aniline) so that only the template was varied in each case.  This favoritism to strong acid polyelectrolyte templates may
Figure 3 shows the UVvis—near-IR absorption spectra of the pe explained when one considers both the mechanism of
resulting polyaniline complexes that were obtained with each polymerization of aniline and general polyelectrolyte behavior.
of the polyelectrolyte template systems. In the following The mechanism of the oxidative polymerization of aniline (both
discussion, the absorption band at approximately-8ZD0 nm chemical and electrochemical) has been extensively stddied.

(due to polaron transitidf) is compared as a signature of the  Although the detailed mechanism of polymerization remains
formation of conducting polyaniline.

Results and Discussion

(20) Nagarajan, R.; Kumar, J.;Tripathy, S. K.; Bruno, F.; Samuelson, L.
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D. B.; Huang, W. S.; MacDiarmid, A. GPhys. Re. Lett. 1987 59, 1464. (21) (a) Lux F.Polymer1994 35, 2915. (b) Genies, E. M.; Lapkowski,
(b) Ginder, J. M.; Epstein, A. Phys. Re. B 1990 41, 10674. (c) Wudl, M. J. Electroanal. Chem1987, 236, 189. (c) Wei, Y.; Tang, X.; Sun, Y.;
F.; Angus, R. O.; Lu, F. L.; Allemand, P. M.; Vachon, D. J.; Nowak, M.;  Focke, W. W. JPolym. Sci., Polym. Chem. E#989 27, 2835. (d) Wei,
Liu, Z. X.; Heeger, A. JJ. Am. Chem. S0d.987, 109, 3677. (d) Cao, Y.; Y.; Hariharan, R.; Patel, S. AMacromolecules199Q 23, 758. (e)
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Figure 3. UV—vis—near-IR spectra of the polyaniline produced with various template systems. The enzymatic polymerization was carried out at
pH 4.3 with 6 mM aniline. In each case, the molar ratio of aniline to template in the reaction medium is 1:1.

controversial due to the experimental difficulties in identifying was added to the reaction media first, followed by incremental
the reaction intermediates, it is generally accepted that highly addition of the HRP to minimize exposure of the enzyme to
acidic medium is necessary for the synthesis of conducting the low acid conditions. Despite these modifications, however,
polyaniline. This is strongly supported by the recent findings large amounts of HRP are still consumed, and poor solubility
of Gospodinova et af2 who demonstrated that the initial stage of the resulting polyaniline has severely limited this approach.
of formation ofN-phenyl-1,4-benzoquinonediimine occurred in  Thus, a medium is needed that can provide both a high enough
the whole pH range, whereas the linear chain growth of pH environment for efficient enzymatic free radical generation
polyaniline occurred solely in a strongly acidic medium. Other and yet low enough to protonate the aniline monomer and
studies have also confirmed that the resulting properties of the promote head-to-tail, radicatadical coupling, and radical-
polyaniline prepared either chemically or electrochemically are transfer steps for a conducting form of polyaniline. The presence
strongly dependent on the pH of the reaction médito date, of strong acid polyelectrolyte templates in the reaction media
both chemical and electrochemical polymerization of aniline can provide these conditions.
must be carried out in strong acid media to obtain the conducting Several theories have been postulated to account for the
form of polyaniline. distribution of ions in polyelectrolyte solutioA%The counterion
The enzymatic template polymerization of aniline is also pH- condensation theory, developed by Mannifigssumes that the
dependent. It was previously determined that conducting poly- effective polyelectrolyte charge density has a definite maximum.
aniline is not formed when the pH is over 6.0 in the case of the Higher charge densities are reduced to the maximum by
SPS template systet® It is known that in the enzymatic  counterions or “condensation” on the polyelectrolyte. Therefore,
polymerization of aniline, only the initiation step of generating acidic polyelectrolytes will electrostatically attract hydrogen ions
aniline radicals is enzyme dependéiithe following radicat- (while basic polyelectrolytes will repel them), and the pH at
radical coupling and radical transfer steps are controlled acidic polyelectrolyte surfaces will be lower than that of the
exclusively by radical and solvent chemistfyTherefore, one bulk agueous medium. The opposite situation prevails for basic
would expect that a low pH medium is also necessary for the polyelectrolytes where their surface pH will be higher than that
synthesis of conducting polyaniline by enzymatic catalysis once of the surrounding bulk solutiofl. Theoretical calculations by
the aniline radicals have been generated. Zemel #t lzve Lochhead et a8 have shown that, although the pH of the bulk
shown that the pH of the reaction media for enzymatic solution remains constant, the localized pH near the negatively
polymerization of aniline must be sufficiently acidic to cause charged surface is lowered and will vary for different bulk
protonation of the aniline monomer and yet high enough to solutions. The extent to which the pH is lowered depends on
preserve as much of the bioactivity of the enzyme as possible.the magnitude of the surface potential, which in turn is a function
They found that conducting polyaniline is most effectively of both monolayer (chemistry and geometry) and bulk solution
synthesized, enzymatically, at a pH of around 3.0 with acidifying properties. Since it is already established that a low pH
agents that have ap lower than that of the aniline monomer. environment is necessary for the linear chain growth of
However, these pH conditions are still low enough to quickly polyaniline, it is understandable that polycations and neutral
denature the enzyme and cause loss of activity. To circumventpolymers will not provide a sufficient acidic environment to
these problems, the aniline and a stoichiometric amount®@fH  facilitate the formation of conducting polyaniline. On the other

(22) (a) Gospodinova, N.: Terlemezyan. L Mokreva, P. Kossev, K. hand, Manning’s theory suggests that strong acid polyelectro-
Polymer1993 34, 2434. (b) Gospodinova, N.; Mokreva, P.; Terlemezyan, (26) (a) Manning G. SJ. Chem. Physl969 51, 924. (b) Manning, G.

L. Polymer1993 34, 1330. S. Annu. Re. Phys. Chem1972,23, 117. (c) Manning G. SAcc. Chem.
(23) (a) Gospodinova, N.; Mokreva, P.; TerlemezyarRalymer1994 Res.1979,12, 443. (d) Manning, G. SJ. Chem. Phys1988 89, 3722.

35, 3102. (b) Gospodinova, N.; Mokreva, P.; Terlemezyardlymer1993 (27) Fendler, J. HMembrane Mimetic Chemistry: Characterizations

34, 2438. (c) Cao, Y.; Dndreatta, A.; Heeger, A. J.; Smith,PBlymer and Applications of Micelles, Microemulsions, Monolayers, Bilayers,

1989, 30, 2305. Vesicles, HostGuest Systems, and Polyiorkghn Willey & Sons: New
(24) Ryu, K.; McEldoon, J. P.; Pokora, A. R.; Cyrus, W.; Dordick, J. S. York, 1982; pp 6, 206.

Biotech. Bioeng1993 42, 807. (28) Lochhead, M. J.; Letellier, S. R.; Vogel, ¥..Phys. Chem. B997,

(25) Zemel, H.; Quinn, J. F. U.S. Patent 5,420,237A, 1995. 101, 10821.
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lytes may provide a sulfficiently low, local pH environment for NH m o
protonation and head-to-tail coupling of the aniline. At the same :@o
time, the pH of the bulk solution will remain at a higher pH to i m HA)L UJL
prolong the activity of the enzyme. A P
The difference in template behavior between the strong acid 8
polyelectrolyte and the weaker acid polyelectrolytes in the
synthesis of conducting polyaniline may be further accounted . m A
for by different dissociation behavior. SPS is a strong acid \\ Q /j /7
polyelectrolyte that completely dissociates in aqueous solution 6 e © [ L4y
into polyions and counterions over the entire pH range. Weak \ \ n / / /
acid polyelectrolytes such as poly(acrylic acid), however, form . ) m A Ay ¥
a polyion-counterion system only in a limited pH range and \\ V ////
remain as undissociated polyacid in the acidic range. This I 4 o0 m A&
behavior is typical for weak polyelectrolytes and quite analogous o \\ 1 Z/v
to weak small molecular electrolytes. The dissociation behavior —E—m -
of polyacids is defined by the well-known Hendersdtiassel- Water{ - \M \V
balch equation similar to that of small molecutés. 2 7,72 T
—B0—m
PKapp= PH +log(1 — a)/a SPS {:Z:'p M v
—v—o0
But the resulting Bappin the case of polyacids, depends on 0 T T T
the degree of dissociatiom) and is only an apparent one. By 150 140 130 120 110
potentiometric titration thek,ppando can be determined. For Chemical Shift (ppm)

example, at pH 4.3, very few carboxylic groups € 0.1) are

dissociated? and the charge density of the PAA is much lower Figure 4. The pH dependence 6fC NMR chemical shift oftCe-
in solution than that obtained with SPS. Thus, the lower charge aniline(2 mg/mL) in pure ED, and SPS/ED solution. The molar ratio
density of the PAA attracts fewer hydrogen ions and does not g{r;ne'gn; tl"MSZSCI'Z r}all\:g gl‘f SPS/D solution. The solutions are
provide a sufficiently low pH, local environment to facilitate ’

growth of conducting polyaniline. . . .
To further illustrate the effects of dissociation constants of The chemical shift chgpges of the grtho, para, and Ipso carbons
for both the pure aniline and aniline/SPS systems are most

the templates in these enzymatic reactions, a comparison of PAAdramatic when the pH is close to thigof aniline (4.63). As

to poly(maleic acid co-olefin)(PMO) is carried out. In contrast . . 8 .
to t?]e)gAA, the PMO serves Z)i(S a su)itable template for enzymaticthe bulk pH decreases, the ipso parbon p_eak shifts upfield, while
polymerization of aniline to a conducting form. In this case a the.para and orthq carbons shift dpwnflgld. These results are
dark green solution is formed which exhibits strong polaron S|rr]n|larhto that prer\]':;glfl_sliy obser:ved n pyf”dfj@”.d Fl)y”ﬁ.?txal

: phosphate systenis.These changes of chemical shifts are
bands at 8081000 nm (Figure 3). Here, although both polymer explained by the alteration of the electron density on the

templates are functionalized with carboxylic groups, their romatic ring due to the protonation of the amine ardiibh
dissociation behaviors are quite different. It has previously been E)v(\)/erathce I—? t#eelaor e?ig t%:fraac?ior?of er;ona?e% an]ijlinee n
shown that the maleic acid moieties in the polymer exhibit a this case Fihé obserged chemical shifts rg resent an a eré e of
two-step dissociation behavior similar to that observed with th:a charg,ed and unc\k/1arged anlilines V\I/hich gre notdisting;/uish%ble
molecular maleic acié® The dissociation constants of these two in 13C NMR due to the rapid exchange on the NMR time scale.

carboxylic acids are . = 2.0 and s, = 6.261° The ) , ) : X
magnitude of this difference is sufficient to expect the weaker !t iS worth noting that the chemical shifts of ipso, para, and
ortho carbons of aniline show significant difference in the

carboxylic acid to remain essentially undissociated until the :
stronger acid is completely dissociated. Therefore, at pH 4.3, Presence of SPS template compared to that in a pure water
system at the same bulk pH around it§;pIln some cases the

approximately half of the carboxylic groups are dissociated in ) = ) ;
the PMO, unlike the PAA, and the requisite lower, local pH chemical shift difference is as much as 6 ppm. These differences

environment is provided. in fact reflect different protonation levels of aniline in these
13C NMR Titration. The local template environment was WO Systems. For example, at pH 5, the ipso carbon shows a
investigated using NMR titration of*C-labeled (all carbon ~ Peak at 143 ppm in the pure aniline system, while in the SPS
positions were labeled) aniline in the reaction media with and SYStém the peak shifts upfield to 137 ppm. This indicates that
without SPS template. The chemical shifts of the aniline More charged aniline species are formed when SPS is present
resonance peaks are plotted as a function of the pH of the bulkin the solution. Since the bulk solution pH is the same in both
solution and are shown in Figure 4. TRE NMR spectrum of systems, these differences show that the template is providing
aniline at pH 7 shows four triplets at 145, 130, 123, and 117 & lower, local pH environment that in turn promotes additional
ppm which are assigned as ipso, meta, para, and ortho carbond?rotonation of the aniline monomer. .
respectively® The splittings in thé3C NMR spectra are due When the pH of the bulk solution, however, varies too much
to 13C—13C J-couplings in the!*C-enriched aniline molecules. from the <, of the aniline, then the lower, local pH environment
The observed changes of chemical shift with the decrease ofof the template does not effect the level of protonation. This is
pH shown in Figure 4 reflect the protonation process of aniline. because the local pH environment is still strongly dependent

(29) (a) Marinsky, J. A.; Kodama, H.; Miyajima, D. Phys. Chem. B (31) Breitmaier, E.; Bauer, @harm. Unserer Zeil976 5, 97.
1998 102 6949. (b) Kitano, T.; Kawaguchi, S.; Ito, K.; Minakata, A. (32) Witherup, T. H.; Abbott, E. HJ. Org. Chem1975 40, 2229.
Macromolecules 987, 20, 1598. (33) Breitmaier, E.; Bauer, G'3C NMR Spectroscopy: A Working
(30) Nelson, G. L.; Levy, G. C.; Cargioli, J. 3. Am. Chem. Sod972 Manual with Exericisedranslated from German by Cassels, B. K.; Harwood

94, 3090. Academic Publishers: New York, 1984; Chapter 7.
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Figure 6. *H NMR chemical shift changes of aniline as a function of
the molar ratio of SPS to aniline . The changes of chemical shift are
relative to that in pure water.

at around 6 ppm is not shown), and the methyl protons from
| the SPS backbone, respectively. The signals of the SPS protons
I A S S P (. are very weak in comparison to those of the aniline monomer
78 76 74 7.2 7.0 2 and thus do not interfere with the characterization of the aniline
ppm protons. A plot to summarize the change of chemical shift for
Figure 5. 'H NMR of aniline (2 mg/mL) in RO solution with various each of the aniline protons with molar ratio of SPS to aniline is
molar ratios of aniline to SPS at pH 4.3. All the curves are plotted given in Figure 6. Each of the three proton peaks is observed
with an axis break from 6.8 to 2 ppm. (*) Peaks are assigned to SPS. tq shift upfield with increasing amounts of SPS. However, the
para and meta protons shift more dramatically than the ortho
on the bulk pH” and at pH 7.0 the local template environment, protons.
although lower, remains considerably higher than tKg qf These observed changes of tH¢ NMR spectra strongly
the aniline. The majority of the aniline remains neutral, and g,5501t intimate interaction of the aniline monomer with the
the NMR is identical to what is observed when SPS is not gpg template. Although electrostatic forces most likely dominate
present. Conversely, as the bulk pH is lower than 3.0, most of s interaction because of the nature of the charged species,
the aniline in the system becomes protonated, with or without qher intermolecular forces, such as van der Waals, hydrogen
the template, and the chemical shifts of the ipso, para, and orthoy o ging, and dipole-charge transfer are also likely to contribute.

carbqns show little diﬁerenge in the presence of SPS. In According to Anton and co-worke¥s some polyelectrolyte
addition, at very low pH the ipso and para carbon peaks are gq| tions form hydrophobic “pocket” regions that can act as
fomind to merge together with the meta carbon at 130 ppm.  oyisifiers to solubilize low molar mass hydrophobic molecules.
H NMR. At pH 4.3, in the presence of a strong acid Eyen though most of the aniline in this case is charged at pH
polyelectrolyte, a majority of the aniline monomers are proto- 4.3, the aromatic ring remains hydrophobic and may anchor
nated. It has been postulated that these positively chargedyig the hydrophobic regions in the SPS template. The larger
monomers act as counterions that comp_lex with the anionic -nemical shift of the para and meta protons over the ortho
polyelectrolyte template through electrostatic fort@sH NMR protons (Figure 6) suggests that these protons prefer to orient
spectroscopy was used to monitor this complexation processini the more shielded hydrophobic regions of the SPS template.
of aniline with t_he SPS template prior to polymerlzanon_. Figure similar shielding of the para and meta protons of aromatic
5 shows a series 3H NMR spectra for aqueous solutions of  gyecies due to location in the hydrophobic regions of micelle
pH 4.3 that contain varying molar ratios of aniline to SPS. The systems was reported previol®@and was also observed with
'H NMR spectrum of aniline in a pure water system shows three icejle systems in this work (following section). The chemical
peaks which are assigned as two triplets at 7.41 and 7.30 ppMghift change of the ortho proton is explained by the presence of
for the meta and para protons, respectively, and one doublet at, 5 ifonate groups on the SPS, as proposed by Macdonald et
7.21 ppm for the ortho proton. The resonance peak for the 37 The proximity of the electron density of the sulfonate group
protons of the amine group is not observed due to proton ghie|ds the protons of the quaternary nitrogen as well as the
exchange with water in the systéfhit was found that each of  eary ortho protons, leading to an upfield shift in the observed
these proton peaks shift upfield as the molar ratio of SPS in [a5onance.
the system increases. Eventyally, the resonance peak of the para Upon addition of NaCl to the 1:1 molar ratio of SPS to aniline
F;g;ogf;%mﬁfiglépms rrgezir\:\g ;hlthle Xlrgc])(,) n‘zgtgﬂjg;[e)g;ﬂ: ;T;::)lg;rsolution, the aniline protons become deshielded. Here the aniline
at about 7.4 and 1.3 ppm (labeled with asterisks), that are due (35) anton, P.; Koberle, P.; Laschewsky, Makromol. Chem1993

to the protons from the sulfonated styrene ring (another peak 194 1.

(36) Fendler, J. H.; Fendler, E. Gatalysis in Micellar and Macromo-
(34) Yamamoto, T.; Moon, D.-YMakromol. Chem., Rapid Commun. lecular SystemsAcademic Press: New York, 1975; pp55.

1993 14, 495. (37) Macdonald, P. M.; Tang, A., Jtangmuir1997 13, 2259.
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NH, a smaller percentage of negatively charged gréuasd this
level is not sufficient to electrostatically complex and protonate

0 0 - : ) .
the aniline monomers for optimal head-to-tail coupling

m m
P

Aqueous Micellar Systems

Polymerization. Aqueous micellar systems offer several
interesting variations to further probe the template mechanism
in these enzymatic reactions. The aggregation behavior of
surfactant molecules in aqueous medium to form micelles when
the concentration is over the critical micellar concentration
(CMC) is well understood’ The local environment created by
this micellar aggregation of strong acid surfactant molecules is
similar to that of strong acid polyanions. Each of these systems
can form electrical double layers in which counterions such as
H* may be condensed and can form hydrophobic pockets with
which the monomers may associ&td.he ability to specifically
control the formation and surface charge density of micelles
and their use as templates in the enzymatic polymerization of
anilines, can offer additional insight toward elucidating the role
of the template in these reactions.

i : : p— = NS In these studies the ionic surfactant, SDBS was compared to
80 78 76 74 72 70 3 2 1 0 a small, non-aggregating molecule, SBS. These molecules were
ppm specifically chosen because they have identical acidic groups
Figure 7. 'H NMR of aniline (2 mg/mL) in BO solution at pH 4.3 as that of the SPS and differ only in their ability to form aqueous
with various molar ratios of aniline to PAA. (*) Peaks are assigned to micelles. The mo'?CUIar ;tructures c_)f SDBS, _SBS_' an_d Triton
the backbone methyl protons of PAA. X-100 (used for mixed micellar studies) are given in Figure 8.
The synthetic procedure used for the enzymatic polymerization
proton peaks shift dramatically downfield, and the para hydrogen of aniline in the presence of these ionic templates is similar to
peak reemerges. At high concentrations of NaCl in the reaction that used for the macromolecular polyelectrolyte systems. Figure
media (0.4 M), the sodium ions compete with the charged aniline 9 shows the visible absorption spectra for the polyaniline formed
in the SPS local environment and the aniline is “squeezed” out in the presence of SPS (macromolecule), SDBS (above the
from the shielding hydrophobic environment. This behavior is CMC) and SBS (non-aggregating molecule). A comparison of
strong evidence that the complexation of aniline with the SPS these spectra shows that the polymer formed in the SDBS
template molecules is driven by electrostatic interaction. Careful micelle system strongly absorbs from 800 to 1200 nm and is
inspection of the anilinéH NMR spectra after the addition of  similar to that observed in the SPS system. The polyaniline
NaCl, however, reveals that the chemical shifts of the para andformed with the micellar system is also water-soluble and in
meta peaks remain slightly upfield shifted when compared to its doped state due to the presence of SDBS moledlilEsese
those in the pure water system, and the ortho hydrogens showtesults show that the micelles formed by the SDBS are also
a slight downfield shift. These results show that even in high syitable templates for the enzymatic synthesis of conducting
salt concgntration, the aniline monomers remain Ioosely COM- polyaniline. However, the spectrum of the polyaniline is
E)Iexed with the SPS molecules. This is further confirmed by gjgnificantly different when the reaction is carried out in the
3C NMR titration experiments of aniline/SPS with (0.4 M NaCl) presence of the non-aggregating molecule, SBS. In this case,

and without salt. In this case (data not shown) there was no the ahsorption peak is observed at much shorter wavelengths,
observable difference in the chemical shifts for the aniline oar 500 nm. and is again indicative of a more branched

carbons when salt was added to the reaction medium. Forjq ating form of polyaniliné® Since the concentration of

example, at pH 4.3, the chemical shifts of th_e ipso carbons in SOs~ groups is the same for the SDBS and SBS, the primary
gach case were observed at 1.?.’2'6 ppm. This Sh.OV\.’S that EVelitference in these systems is the formation of micelles with
in the presence of salt, the aniline carbons remain in a lower, the SDBS

local pH environment. Thus, even though the addition of salt
alters the hydrophobic environment, the local pH environment | i h o
remains preserved to promote the head-to-tail coupling of the investigated by carrying out the reaction in SDBS systems under
aniline monomers. conditions where micelle formation would be limited. Figures

As previously discussed, PAA is not a suitable template in 10aand _bshow the visible absorption spectra for the polyaniline
this enzymatic reaction for the synthesis of the conducting form formed with SDBS below the CMC (60M) and over the CMC
of polyaniline. To compare the interaction of monomer with but in the presence of 50% acetone, respectively. These
this template prior to reaction, similar proton NMR studies were conditions were chosen for the following reasons. First it is
carried out and are shown in Figure 7. In sharp contrast to the known that when the concentration of surfactant is lower than
SPS at pH 4.3, PAA as a weak acid polyelectrolyte does not its CMC, few or no micelles will be formed in the solutiéh.
exhibit any significant effects on the chemical shifts of the Since the addition of aniline monomer may lower the CMC of
aniline protons under similar conditions. This behavior is 38 Mukerioe, P Cardinal, J. R Desai N R Micslizas

i H H i ukerjee, i ardinal, J. . esal, . . icellization,

consistent with the Previous eXper!ment.al res.”'.ts that show the Solubilization and Microemulsionittal, K. L., Ed.; Plenum Press: New
need for a template that has a high dissociation constant. INyqrk 1977: pp 241.
this case the low dissociation of the PAA at pH 4.3 results in  (39) Cao, Y.; Smith, P.; Heeger, A. Synth. Met1992 48, 91.

The necessity of this local “micelle” environment was further
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400 600 800 1000 1200 Figure 10. UV—vis—near-IR spectra of polyaniline produced in (a)
Wavelength(nm) 0.1 M, pH 4.3 phosphate buffer with a SDBS concentration ofB0D

(under its CMC) (b) in 50% acetone/0.1 M, pH 4.3 buffer mixture with

a SDBS concentration of 10 mM (over its CMC). In each case, the
nUV—vi:s—near-IR spectrum of polyaniline produced under the same
SPS concentration (calculated by unit) is also shown for comparison.

Figure 9. UV—vis—near-IR spectra of polyaniline produced in 10 mM
SDBS, SPS, and SBS solution. In each case, the aniline concentratio
is 10 mM.

the SDBS? a very low concentration of SDBS (GM) was hydrophobic regions to form the template nano-reactor and
added to ensure minimal micelle formation. Similarly, it is promote the polyaniline linear chain growth in the doped form.
known that micelles may be collapsed by changing the polarity |t js expected that these conditions would not be disrupted by
of the solution, such as by the addition of acetéhEherefore,  gilution or by the addition of acetone to the reaction medium.
it was expected that under these conditions the SDBS moleculeSThese results all strongly support the importance of a local
would be dispersed in the reaction media with minimal enyironment that can provide a higher charge density, lower
aggregation. These poor micelle-forming conditions were pH and hydrophobic regions to promote the formation of
confirmed by light-scattering measurements. conducting polyaniline.

The resulting polyaniline spectra show that under these poor 14 NMR. Solubilization of organic molecules in micellar
micelle-forming conditions, the emeraldine salt form of poly- systems is known to be a dynamic process that involves both
aniline is not as readily obtained with the SDBS. Under these hydrophobic and electrostatic interactidﬁ@epending on the
conditions, the SDBS molecules behave similarly to the non- strycture and degree of hydrophobicity of the organic solutes,
aggregating SBS molecules. However, it is interesting to note they can be solubilized inside the hydrocarbon core of the
that if these same conditions are used for the SPS polyelectrolytemicelle, or in the so-called palisade layer (the Stern laffer).
(low concentration based on repeat unit and 50% acetone inThe sijte of incorporation of monomer into micellar systems has
the solution), the emeraldine salt form of polyaniline is still peen previously investigated using NMR spectroscSyere,
obtained. This behavior is clearly explained by SPS being a 14 NMR spectroscopy was used to study the interaction of the
macromolecular anionic template, where the sulfonate groups gniline monomer with the micelles. Figure 11 shows the
are covalently bonded along the polymer chain. Therefore, evennMR spectra of aniline as a function of the molar ratio of aniline
a small concentration SPS molecules in the reaction media iStg SDBS (above the CMC) in the reaction media. The major
adequate to provide the requisite local charged environment and

(42) (a) Palmer, B. J.; Liu, Langmuir1996 12, 746. (b) Palmer, B. J.;
(40) Mukerjee, P.; Mysels, K. IrCritical Micelle Concentrations of Liu, J. Langmuir1996 12, 6015. (c) Talsania, S. K.; Rodriguez-Guadarrama,

Aqueous Surfactant Systems, National Standards Reference Datg SeriesL. A.; Mohanty, K. K.; Rajagopalan, R.angmuir1998 14, 2684.

U.S. National Bureau of Standards, U.S. General Printing Office: Wash-  (43) (a) Jacobs, J. J.; Anderson, R. A.; Watson, T.JR.Pharm.

ington, DC, 1971; Vol. 36. Pharmacol.1971, 23, 148. (b) Tokiwa, F.; Aigami, KKolloid Z. Z. Polym
(41) Fisher, F. R.; Oakenfull, D. GChem. Soc. Re 1977, 6, 25. 1971, 246, 688.
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Figure 11. *H NMR spectra of aniline (2 mg/mL) in D at pH 4.3 Figure 13. 'H NMR of aniline (2 mg/mL) in RO with varied ratios

with various molar ratios of aniline to SDBS. (*) Peaks are assigned Of aniline to SBS at pH 4.3.

to SDBS. aromatic protons in micelles was also observed by Jacobs et

al43b with phenol and sodium dodecyl sulfate and by Das et

0.025 al*#with oleate and sodium alkylbenzenesulfontis believed
that this upfield shift of the aromatic protons with increasing
0.000 surfactant concentration is due to an increase in the hydrophobic
s \_ micellar environment. The greater upfield shift of the meta and
£ -0.025 T para protons than that of the ortho protons indicates that these
o AN \. protons are oriented such that they are more exposed to the
£ -0.050} N \_ hydrophobic hydrocarbon core of the micelle, while the ortho
(% \‘\ \. protons are more exposed to the micellar pseudo-phase. On the
= -0.075L . basis of a similar pronounced difference in the shielding of meta
Q \ and ortho protons in the process of micellization of alkylben-
g 0.100 '\‘ zenesulfonate, Goon et & suggest that the water boundary in
< i —a—0 o the alkylbenzenesulfonate micelle lies just between the ortho
(21) —e—p and meta protons of the phenyl ring. Therefore, we believe that
-0.125 - —a—m the positively charged anilines in our systems are intercalated
between the benzenesulfonate headgroups of the micelles with
-0.150 . L L L L . the NHs™ group directed toward the bulk solution. Thus the
-0.06 0.00 0.06 0.12 0.18 0.24 0.30 0.36

para and meta protons see a more hydrophobic environment
than the ortho protons and are more shielded to the magnetic
field. A similar intercalation of aromatic counterions between
the headgroups of micelles (with more or less penetration) was
also observed by Bijma et &2 in the micelles formed by
alkylpyridinium and by Kreke et &€ in the mixed micelles

features of théH NMR of aniline in the SDBS micellar systems ~ formed by cetyltrimethylammonium derivatives.

are quite similar to that previously observed with the Sps [N addition, the total merging of the para proton and ortho
template. Upon addition of SDBS into the reaction media the Proton peaks of aniline requires much less SDBS present in
resonance peaks of the aniline protons shift upfield gradually, the media (2:1, aniline to SDBS) than that was previously
and the para proton peak eventually merges with the ortho observed fgr the SPS system (1:1, aniline to SPS). This suggests
proton peak. The line widths of all the aniline proton resonances that the micelles formed by the SDBS are able to provide a
are found to increase due to the inhomogeneous nature of thesignificantly stronger hydrophobic environment for the aniline
medium caused by the presence of micelles. A plot of the changethan the SPS template.

of chemical shift as a function of the molar ratio of SDBS t0 ~ (44) Das, S.; Bhirud, R. G.; Nayyar, N.; Narayan, K. S.; Kumar, V. V.
aniline is given in Figure 12. Similar to what was previously J. Phys. Cheml992 96, 7454. '

observed with the SPS template, the upfield shifts of the meta Lar%?%lfi;rologné7pi;3D§5&77S': Clemett, C. J.; Tiddy, G. J. T.; Kumar, V. V.
and para protons are more pronounced than that observed for ~(46) (a) Bijma, K.; Engberts, J. B. F. Nangmuir 1997, 13, 4843. (b)

the ortho protons with increasing SDBS. This shielding of Kreke, P. J.; Magid, L. J.; Gee, J. Cangmuir1996 12, 699

MSDBS/NI

Figure 12. *H NMR chemical shift changes of aniline as a function
of the molar ratio of SDBS to aniline. The changes of chemical shift
are relative to that in pure water.

Aniline
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Figure 14. UV —vis—near-IR spectra of polyaniline produced in the mixed micelle solutions formed by SDBS and Triton X-100. The concentrations
of both SDBS and aniline in each solution are 10 mM. The molar ratios of SDBS to Triton X-100 are: (a) 1.0, (b) 1:1, (c) 1:2, (d) 1:3, (e) 1:4, and
(f) 1:5, and each mixed micelle system is schematically represented as insets with each spectrum.

IH NMR spectra of aniline in the system of the non- This new peak indicates that, as the charge density decreases
aggregating SBS is given in Figure 13. Three new peaks appearin the mixed micelles, the formation of undoped polyaniline
at 7.74, 7.53, and 7.48 ppm with the addition of SBS and are increases in the reaction media.
assigned to the meta, ortho, and para protons of the SBS When the molar ratio of SDBS to Triton X-100 in the reaction
molecules, respectively. THel NMR spectra of aniline in the  media reaches 1:4, the absorption peak that was observed at
presence of SBS are quite different from that observed with 800-1200 nm disappears, indicating that little or no formation
the SDBS system in that there is little observable shift in any of conducting polyaniline occurs with these higher amounts of
of the protons with increasing amounts of SBS in the media. nonionic surfactant mixed in the system. Although a great deal
This is strong evidence that there is little interaction between of theoretical and experimental studies have been carried out,
the aniline and SBS molecules, even when the ratio is as highregarding the molecular level organization of mixed surfactant
as 1:1. Again, this is believed to be due to the lack of a local systems many questions rem&inOther studies have shown
environment that can provide both hydrophobic regions for that micellization behavior of mixed surfactants may vary
monomer emulsification and a lower pH environment for the unpredictably under different conditioA%Therefore, the exact
preferred head-to-tail coupling. spacing between the sulfonate groups in these mixed micelles

Mixed Micellar Systems. The effect of charge density of  cannot be assessed. These results, however, are important in
the local environment (the distance between neighboring chargethat they show a direct dependence on the type of polyaniline
groups) on the enzymatic polymerization of aniline was that is formed with the amount of nonionic surfactant. This
investigated using mixed micellar systems. Micellar systems strong dependence on charge density again supports the neces-
provide a unique way to control the distance between negatively sity of the template to provide a minimal charge distribution or
charged groups by forming mixed micelles of varying ratios |ocal pH environment for the formation of conducting poly-
with a nonionic surfactant systethin the present work, Triton  aniline.

X-100 is used to form mixed micelles with the anionic surfactant  The macromolecular ionic templates are a more straightfor-

SDBS. Triton X-100 was chosen because it is a nonionic ward case in that their charge distribution does not change

surfactant that can serve as a spacer to control the surface charggignificantly, if one assumes minimal effects from the confor-

density and because it was previously established by us thatmational changes, because the ionic groups are covalently bound

conducting polyaniline could not be formed from pure Triton to the backbone. A series of SPS molecules with different

X-100 micelles. molecular weights and different spacing between the neighboring
The enzymatic polymerization of aniline was carried out syifonated styrenes will be studied to determine what the

under the same conditions but with various molar ratios of SDBS minimal chain length and charge density is to provide this

to Triton X-100 (11 to 1:5). Figure 14 gives a schematic requisite local environment. These studies are underway.

illustrating the approximate distribution of charge density in each

mixed micelle system and the corresponding-tiis absorption Conclusions

spectrum after polymerization. In each case, the concentration

of SDBS in the system is the same, and the amount of Triton ~ This paper discusses the mechanistic role of the template in

X-100 is varied. The UV-vis absorption shows that as the the enzymatic synthesis of polyaniline. BVis absorption}*C

amount of Triton X-100 in the system is increased, the NMR, andH NMR spectroscopies were used to characterize

characteristic polyaniline absorption peak observed at-8200 - - - - . .

A for the pure SDBS system becomes weaker and gradually, P40 R0 ) 025 & R Rl A K Vil S oo,

shifts to shorter wavelengths. A new peak is also observed atpas, J. C. van dé.angmuir1993 9, 1714. (c) Huang, H.; Verrall, R. E.;

580 nm that is due to the exciton transition of quinoid rifig. Slsfag%kgis,BB-Langmuir1997, 13, 4821. (d) Garamus, V. M.angmuir1997,
13, .
(47) Shiloach, A.; Blankschtein, .angmuir1998 14, 1618. (49) Huang, L.; Somasundaran, Rangmuir1996 12, 5790.
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and compare the reaction conditions using various polyelectro- The template also provides hydrophobic regions that serve to
lyte and micellar template systems. These studies have clearlysolubilize and orient the monomer molecules prior to reaction.
shown that there is a direct dependence on the template structur@hese studies should provide new insight toward the selection
and the type of polyaniline that is formed. The effective template of appropriate template systems for the synthesis of conducting
provides several key “local environmental” conditions to polyaniline and important fundamental information regarding
facilitate the reaction. The template provides a lower local pH the design and optimization of a broad range of other interesting
environment that increases the level of protonation of aniline template-guided reactions.
in the reaction medium. This increase in protonation promotes
both electrostatic interaction of the aniline monomer to the
template and head-to-tail coupling of the monomers during di
) e X . i
reaction. In addition, this allows one to carry out the reaction
at a higher bulk pH to prolong the bioactivity of the enzyme. JA9926156
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