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Abstract: A two-dimensional conducting polyaniline (PAN) monolayer has been formed on an electrically
insulating monolayer. The approach is based on the electrochemical polymerization of surface-confined
anilinium ions that were electrostatically attached to a negatively charged self-assembled monolayer of
w-mercaptodecanesulfonate (MDS), HS(i50;~, on a gold surface. The formation and characterization

of the two-dimensional film and the MDS monolayer have been examined by cyclic voltammetry, Fourier
transform IR spectroscopy, X-ray photoelectron spectroscopy, wettability, and scanning electrochemical
microscope. The formation of a capacitor-like assembly, in which electron transfer was blocked between
PAN and the gold surface, was accomplished by electrochemically incorporating hexadecangghiot@C

the MDS monolayer. The PAN monolayer exhibits properties similar to those of a thin polymer film.

Introduction from the electropolymerization oN-(3-sulfhydrylpropyl)-
) . ) bisthiophenepyrrole on Pt and Au electrodes showed remarkable
The discovery of electrically conducting polymers made of ' achanical stability. These and other stuglidsiso showed

organic monomers has encouraged the development of newihat the SAM (even in cases where it does not participate in
materials envisioned to eventually replace metals and semicon-yp electropolymerization process) has a pronounced effect on
ductors in solid-state devices. However, despite the tremendouspe morphology and density of the bulk-deposited polymer. For
efforts in this area, conducting polymers have been introduced example, Uchida and co-workérsicely demonstrated that
in only a few applications such as synthetic membranes, ,,ypyrrole film is preferentially deposited on hydrophobic
nonlinear optical elements, and sensor§he obstacles that monolayers. Moreover, the fact that the thickness and the
prevent their wide application stem from the relatively poor erminal group of the SAM can be used for controlling the rate
adhesion of polymeric films onto metal surfaces, the lack of f electron transfer across the monolayer has been recognized
fine control on the film thickness, and the need to develop a5 an attractive approach for the selective deposition of
mgthods for thg!r micro- and .ngnopatternlng. 'These I!m|t the conducting polymers and surface micropatterfifighccord-
thickness, stal_)lllty, and machining of po_lymer films, which are ingly, two-dimensional (2-D) patterns of polypyrrole were
usually deposited upon electropolymerization. formed by Whitesides and colleagtfésyho used the micro-

An elegant approach that has been demonstrated as a meansontact printing technique, in which a long-chai@lkanethiol
of increasing the adhesion of the metpblymer interface  prevented the deposition of the polymer onto the areas covered
involves the electropolymerization of the monomers on a self- by the thiol. On the other hand, Sayre and Collard showed
assembled monolayer (SAM) containing an electropolymerizable thatn-alkanethiols retard the deposition of polypyrrole, whereas
unit>=* Thus, for example, Wrighton and co-workéfsrmed  positively charged monolayers efficiently block aniline elec-
a stable thick polypyrrole film on an-Si surface modified with  trochemical oxidatiof2 The latter effect has been exploited
N-(3-trimethoxysilylpropyl)pyrrole. On the other hand, Rubin- by those author® also using the microcontact printing tech-
steinet af studied the electropolymerization of aniline and the nique, as well as by Rozsnyal and Wrighf§nd who used
properties of the resulting polyaniline on a 4-aminothiophenol photopatterning for the selective deposition of polyaniline.
monolayer. Kowalik et af2reported that the polymer resulting Recently, Willicut and McCarléyand Collard et al.adopted
another approach to accomplish the formation of a monomo-
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lymerization of a self-assembled monomer layer. Both groups are questionable. In fact, this concept has already been tested
studied the formation of pyrrole-substituted alkanethiols on gold by the LB technique. Several studies have focused on the
surfaces. However, whereas Collard et al. claimed that the polymerization of LB filmst3 Thin polymeric LB films of
monolayer ofw-(N-pyrrolyl)alkanethiol could not be electropo-  polypyrrole, polythiophene, polyaniline (PAN), and polydi-
lymerized, presumably because of the requirement of an anti- acetylene have been prepared by various metkodis the two
orientation of the pyrrole rings that is not obtained in the major methods, a “bulk” chemically made, insoluble polymer
monolayer, Willicut and McCarley provided evidence for the was spread on pure water and transferred onto a solid
formation of a 2-D polypyrrole film. substraté3>-di or a hydrophobic monomer film was either
Ringsdorf and colleagué&’, and more recently Crooks and chemically polymerized in the liquidair interface or electro-
co-workersto-¢ as well as Mowery and Evat¥" developed polymerized after it was transferred onto the conducting
a strategy for the formation and patterning of polymeric SAMs substraté32¢ Although the first approach results in nonho-
through the 2-D photopolymerization of diacetylenic-containing mogeneous films, the latter requires the monomer to be
monolayers. Their results indicated that the incorporation of a functionalized (to increase its hydrophobicity), which reduces
polymeric backbone within the monolayer structure significantly the conductivity of the polymer.
increased the stability of the film. Proceeding along this avenue, We report here on the formation and characterization of a

Garnier and colleagu&$and lately Baerle and co-worket®®  2-D PAN monolayer on a gold surface. The film was formed
assembled an organized monolayer consisting of oligomeric upon electropolymerization of anilinium ions that had been
units that were oriented normally toward the surface. electrostatically attached onto a mixed SAM @fmercapto-

Monolayers consisting of conducting polymer units can be decanesulfonic acid (MDS) and hexadecanethigf(CThe G
formed also through the adsorption of polymers. For example, Was crucial for blocking the pinholes in the MDS monolayer
Gao and Siow reported the reversible chemical doping mono- and was électrochemically incorporated in the monolayer (see
layers of poly(3-octylthiophenéfa A somewhat different ~ Pelow). Various surface technigues, such as cyclic voltamme-
approach for the formation of 2-D conducting polymers was try(CV), external reflectlor_1_IR, X-ray photoelectron spectros-
demonstrated by Rubner and co-workdrs! and otherge™ copy (XPS), and wettability measurements, were used for
and has been successfully applied to assembling multilayer thinStudying this system. I particular, we used scanning electro-
films of electroactive polymers. This concept, which is not chemical microscopy (SECM) to verify the formation of this
limited to a single monolayer, is based on the spontaneousCcapacitor device, in which the conducting PAN is electrically
adsorption of alternate monolayers of ionically charged conduct- iSolated from the gold substrate.
ing polymers driven by electrostatic interactions.

The 2-D conducting polymers present very interesting systems
with many possible applications, depending primarily on the

conducting properties of the monolayer. Hence, the electrical ; X

L . 7 electrode cell. All potentials are quoted vs Ag/AgCl. Fourier transform
CondUCt!V'ty of such thin film is of major importance. The 2-D IR (FTIR) spectra were obtained with a dry-air-purged Nicolet 740
conducting polymers could benefit from the advantages of syectrometer (Nicolet) at a resolution of 2 chwith mercury-
SAMs. For example, the conductivity of a 2-D conducting cadmium-telluride and indiur-antimony detectors. Usually 1024
organized layer might be anisotropic as a result of a preferred scans were collected of the sample vs a reference. The latter was either
orientation of the monomer. Nevertheless, the conducting a per-deuterated 10-decanethiol or a bare gold surface that was treated

properties of such monolayers, which will not be pinhole-free, in piranha solution [a solution of sulfuric acid (Merck, Ultrapure, 96%)
and hydrogen peroxide (Merck, 30%) in a 3:1 rati@@aution:

Experimental Section

Instrumentation. Electrochemical measurements were conducted
with a BAS100B electrochemical analyzer using a conventional three-
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Electrodeposited Conducting Polyaniline Monolayer

has been previously describ¥dA homemade potentiostat was applied
to control the potential of the microelectrode.

J. Am. Chem. Soc., Vol. 120, No. 41, 19P#6

Monolayers ofw-mercaptoalkanesulfonic acid, sodium salt, were

In cases where the assembled by immersing for at leé&sh the gold substrates in HCJO

potential of the gold substrate had to be controlled as well, we used a (0.1 M) containing 1 mM of the thiol and then rinsing with water and

bipotentiostat (EI-400, Ensman Instrumentation). Ultramicroelectrodes drying under nitrogen.

of 25-um-diameter platinum wire were constructed by conventional
methodst> The microelectrodes were polished with 0,05 alumina
prior to each experiment. Only in the case whirl'-dimethyl-4,4-
bipyridinium (MV2%) was used, a mercury film had been electroplated
onto the Pt microelectrode at1.0 V vs Ag/AgClI from a solution of
0.1 mM Hg(NQ), and 10 mM HNQ.'¢ A three-electrode Teflon cell

Mixed monolayers of MDS ands Qvere
formed by applying 0.8 V vs AgQRE for 40 min to a gold substrate
covered with an MDS monolayer in an ethanolic solution e2ImM
Cisand 0.1 M LIiCIQ, or 0.1 M TBANG:.

Preconcentration of aniline was carried out by immersing a modified
electrode in 0.01 M aniline solution (in 0.1 M phthalate buffer, pH
2.5) for 10 min. Then the electrode was carefully rinsed with water

was used with a Pt counter electrode and an Ag/AgCl reference and immersed in an aniline-free solution of 0.1 M phthalate buffer (pH

electrode.

Chemicals. All chemicals were purchased from Aldrichn-
Hexadecanethiol (Aldrich, 95%) and aniline (Mallinckrodt, AR) were
distilled under reduced pressure. Tris-9,10-phenanthroline iron(ll)
dichloride, Fe(phenLl,, was prepared as previously describéd.
Solutions of aniline in phthalate buffer (0.1 M, pH 2.5) were prepared
daily.

3.0) and 0.5 M NgS0O,. Aniline was electropolymerized by scanning
the potential betweer-0.2 and 1.1 V vs Ag/AgCl at 50 mV 8.
Samples for IR measurements were prepared by extracting aniline from
0.1 M NaHSQ (pH 2.0), whereas electropolymerization was carried
out in 0.1 M HSQO, and 0.5 M NaSQ,. The final potential was 0.2

V. The following redox couples was examined by CV with MDS and
MDS/PAN-modified electrodes: Fe(CN) in 0.1 M NaSO, and in

MDS, sodium salt, was synthesized from 1,10-dibromodecane in a 0.1 M ammonium buffer (pH 8.3); Ru(NkP in 0.1 M acetate buffer

modified two-step procedufé. A mixture of 30 mL (0.132 mol) of
1,10-dibromodecane, 100 mL of ethanol, and 40 mL of water boiling
in 250-mL flask fitted with a reflux condenser, magnetic stirrer, and a
separatory funnel. A solution made of 5.04 g (0.04 mol) of dry sodium
sulfite in 40 mL of water was added through the separatory funnel to
the well-stirred boiling mixture over a period of 2 h. The solution
was refluxed fo 4 h after all the sulfite solution was added. The lower

(pH 4.0) and in 0.1 M ammonium buffer (pH 8.3); MVin 0.1 M
NaSQ;; Fe(pheng™ in 0.1 M HCl and 0.1 M acetate buffer (pH 4.0);
I7in 0.1 M H,;SOy; and FE" in 0.1 M HCI. The area of the electrode
surface was determined by chronocoulometry with a RujiH
solution.

Two sorts of SECM experiments were performed: typical feedback
current-distance measurement, in which the current of an ultramicro-

phase (unreacted 1,10-dibromodecane) was removed while still warmg|ectrode was recorded while approaching the substrate, and tip

(to avoid solidification of the unreacted 1,10-dibromodecane), and the gypstrate CV, where the current at the tip was measured (at a fixed
upper aqueous phase was washed three times with petroleum etheryqsition above the substrate) while the potential of the substrate was
Then, the aqueous phase was concentrated by rotary evaporation at S§eing changed. The current of the microelectrode and the distance
C to~50 mL, and the solid residue obtained was twice recrystallized om the substrate were normalized by dividing them by the steady-

from hot water and dried. Microanalysis of 10-bromosulfonic acid,
sodium salt (GH20BrNaGsS), gave the following results (found/
calculated): C, 37.4/37.2; H, 6.2/6.2; Br, 22.5/24.8. The thiol group
was introduced after nucleophilic substitution with thiourea. Specif-
ically, a mixture of 0.872 g (0.0027 mol) of the bromo compound,
0.205 g (0.0027 mol) of thiourea, 25 mL of water, and 25 mL of 95%
ethanol was refluxed with continuous stirring at 95 for 3 h. 10&

state current far from the substrate and by the microelectrode radius,
respectively. The solutions used in the SECM experiments were either
Fe(pheng" in 0.1 M HCI or MV2* in 0.01 M H,SO.

Results and Discussion

The essence of this work was to form a monolayer of

Thiouronium decanesulfonate Separated as a White, CI’ySta”ine Sol|d,p0|yan|“ne by electropolymenZlng a monolayer Of electrostatl_

which we isolated and twice washed with water. Microanalysis of the
thiouronium salt (GH2.N.03S;) gave these results (found/calcu-
lated): C, 44.4/44.6; H, 8.4/8.1; N, 9.3/9.5. We then added 5 mL of
a 10% NaOH solution to 0.379 g of 1®thiouronium decanesulfonate
and refluxed the mixture for 2 h. Crystals were obtained by cooling
overnight. After acidifying the solution (to pH 6) with dilute sulfuric
acid (0.7 mL of concentrated acid to 5 mL of water), the residue was
isolated upon cooling, followed by double recrystallization from a water:
ethanol solution. Microanalysis of the final product, i.e., MDS, sodium
salt (GoH2:NaGsS;) gave (found/calculated): C, 43.6/43.5; H, 7.7/7.6;
and no nitrogen.

Per-deuterated 10-decanethiolyo0>:SH, was synthesized from
deuterated 10-bromodecangg®;:Br (Cambridge, 98%), with thiourea
followed by base hydrolysis.

Procedures. Gold film substrates (1000 A of Au) were prepared
by thermal evaporation (X 106 Torr) of gold (99.99%) on AG 45
glass slides (1.5¢< 1 cm; Berliner Glass, Berlin, Germany) that had
been previously coated with a layer of chromiur®20 A thick. Before

evaporation, the slides were cleaned in ethanol and piranha solution

(Caution), rinsed with Millipore HO, and dried in an oven. Freshly

prepared gold samples were kept in an inert atmosphere. The gold
samples were flame-annealed in a hydrogen flame prior to modification

with the thiols.

(14) Shohat, I.; Mandler, DJ. Electrochem. S0d.994 141, 995-999.

(15) (a) Fleischmann, M.; Pons, D.; Rolison, D.; Schmidt, P. P.
UltramicroelectrodesDatatech Systems: Morganton, NI989 (b) Wight-
man, R. M.; Deakin, M. R.; Wipf, D. O.; Kovach, PProc. Electrochem.
S0c.1987 87—93.

(16) Huizenga, D. L.; Kester, D. Rl. Electroanal. Chem1984 164,
229-236.

(17) Mandler, D.; Bard, A. JLangmuir199Q 6, 1489-1494.

(18) The synthesis of MDS, sodium salt, is based on modification of
the procedure by Marvel, C. S.; Sparberg, MOBg. Synth1943 2, 558—
559.

cally bound anilinium ions. Although aniline is protonated at
pH < 4.5, the electropolymerization of aniline is better carried
out at relatively low pH, e.g., in 0.1 M sulfuric acid. Therefore,
the first step was to form a monolayer that is negatively charged
even at low pH to prevent depletion of the bound aniline prior
to electropolymerizationw-Mercaptoalkanesulfonic acid mono-
layers are ideal candidates since the sulfonic acid group is
dissociated at very low pH. The only commercially available
thiol of this homologous family is the 2-mercaptoethanesulfonic
acid, which was used by Fawcett and colleagias an example

of a highly charged monolayer. Our decision to synthesize a
medium-length thiol, i.e., MDS, was a compromise between
two opposite requirements; Although longer thiols would form
more-organized monolayers, shorter thiols would not block
electron transfer efficiently (which would be required to
electropolymerize the monomer) across the layer.

Figure 1A shows the CV of an MDS-modified gold electrode
after preconcentrating anilinium ions. The CV was carried out
in an anilinium-free solution. A clear anodic wave was observed
at 0.8 V during the first sweep. Whereas this anodic wave was
detected only in the first cycle, a reduction pe&k.(= 0.34
V) followed by a new oxidation waveEf = 0.41 V) appear
during the back-scanning. These waves do not change upon
continuously electrocycling the electrode in this potential
window. Control experiments showed that no peaks were
observed with either an MDS-modified electrode when the
preconcentration step was precluded, or after a preconcentration

(19) Calvente, J. J.; Kdeava Z.; Sanchez, M. D.; Andreu, R.; Fawcett,
W. R. Langmuir1996 12, 5696-5703.
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Figure 1. Cyclic voltammetry of (A) an MDS-modified gold electrode
recorded in a solution of 0.1 M phthalate buffer (pH 3.0) plus 0.5 M
Na&SO, after preconcentrating anilinium ions and (B) a bare gold
electrode recorded in a solution of 0.1 M phthalate buffer (pH 3.0)
and 0.5 M NaSQO, containing 0.01 M anilinium ions. Scan rate 50
mV-s.

-200
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would be likely to form upon extraction by the negatively
charged groups. A more accurate determination of the ratio
between the MDS and aniline monomers was derived from XPS
measurements, discussed later.

Further evidence for the formation of PAN is obtained from
a close inspection of the oxidatiemeduction waves that
correspond to the dopirgundoping process. Compared with
other conducting polymers, PAN exhibits special electrochemi-
cal characteristics because its conductivity is proton-dependent.
Therefore, the oxidationreduction waves that are due to
partially charging the polymer and transforming it from its
insulating to conducting state are affected by the electrolyte and
pH of the medium. The redox behavior of electrochemically
deposited polyaniline has been the subject of numerous sfiidies.
We find that the oxidationreduction waves of the PAN
monolayer are, indeed, sensitive to the electrolyte and in
particular to the pH of the medium. For example, Figure 2A
shows the CV of the film in 0.1 M HCI, which is in complete
agreement with the literatuf€225> The linear dependence of
the peak currents on scan rate is indicative of a surface-confined
process of the film (Figure 2B). Note that the PAN monolayer
loses its electroactivity at pH 4, as has been reported for
PAN films on bare electrode8ab.25d;

We have examined and optimized the various parameters that
affect the extraction of anilinium ions by the charged monolayer,
e.g., pH and time of extraction. We found that the best
conditions for extracting aniline with a 2-mercaptoethane-
sulfonate and an MDS-modified electrode are at pH-25.
Obviously, this is a pH range in which aniline is well protonated
and, at the same time, the sulfonate groups are deprotonated.
The effect of the preconcentration time on the amount of aniline
extracted shows time-saturation behavior, which reaches an

step using a bare gold electrode. Figure 1B shows the CV of asymptotic value of 0.26= 0.04 nmol cm2 of aniline within
a bare gold electrode recorded in the same solution as Figure1g min.

1A but with added 0.01 M aniline. In extensive studies of the
electrochemical polymerization of aniline at gold electro¥fes,

The extraction of aniline and the formation of a PAN
monolayer have been examined by additional surface techniques.

the anodic wave at-0.8 V has been associated with the Figure 3 shows the reflectierabsorption IR of a PAN

irreversible oxidation of anilinium ions, whereas the reversible

peaks at~0.3 V are related to doping and undoping the

polymeric film (see below). The close resemblance of Figures
1A and 1B strongly suggests that the voltammograms describe

monolayer electropolymerized onto an MDS monolayer and of
a much thicker film of PAN electrodeposited on a bare gold

electrode under the same conditions. The spectrum of MDS is
also shown, which clearly indicates that all the bands in this

similar electrochemical processes. Because the electrooxidation, v enumber range are due to PAN. The potential applied by
in Figure 1A was carried out in an aniline-free solution, the ¢ eng of electropolymerization assured that the polyaniline

anilinium ions, which are electrostatically attached by the

negatively charged monolayer, conceivable electropolymerize ¢ the MDS at 2806-3000 ¢

was in its emeraldine form. Given the-®& stretching bands
m, the assignment of PAN is

on the electrode surface. The charge associated with thebased on the €C and C=N vibrations at lower wavenumbers

oxidation process equals 6.4&, which corresponds (assuming
a one-electron proce®} to 0.26 & 0.04 nmol cm? (64 A?

i.e., 1206-1700 cntt. Clearly, the PAN monolayer reveals
IR bands similar to those of PAN on gold, a spectrum that has

molecule™!). Recently, we showed that MDS molecules on gold peen studied extensive®§. In general, the IR spectrum of PAN
adopt a disorganized structure because of the bulkiness and

charge of the sulfonate functional grousThis results in a
low surface coverage of MDS SAMI(= 0.25-0.40), which
we determined, using Amatore’s modélfrom the change of

(24) Widrig, C. A.; Alves, C. A.; Porter, M. DJ. Am. Chem. So4991
113 2805-2810.

(25) For example: (a) Diaz, A. F.; Logan, J. A. Electroanal. Chem.
198Q 111, 111-114. (b) Kobayashi, T.; Yoneyama, H.; Tamura, H.

electron transfer as a result of the presence of the monolayer.Electroanal. Chem1984 177, 281-291. (c) Genies, E. M.; Tsintavis, C.
On the other hand, the excess surface coverage of a densely. Electroanal. Chenl986 200, 127-145. (d) Huang, W.-S.; Humphrey,

packed ¢ = 0.99)n-decanethiol SAM on Au equals 0.76 nmol
cm~2,24 which suggests that a monolayer of anilinium ions

(20) (a) Paul, E. W.; Ricco, A. J.; Wrighton, M. $.Phys. Chen1985
89, 1441-1447. (b) Hirai, T.; Kuwabata, S.; Yoneyama, H Chem. Soc.,
Faraday Trans.1989 85, 969-976. (c) McCoy, C. H.; Lorcovic’, I. M,;
Wrighton, M. S J. Am. Chem. S0d.995 117, 6934-6943.

(21) For example: Genies, E. M.; Tsintavis, L.Electroanal. Chem.
1985 195 109-128.

(22) Turyan, 1.; Mandler, Dlsr. J. Chem1997, 37, 225-233.

(23) Amatore, C.; Saant, J. M.; Tessier, Dl. Electroanal. Chenl983
147, 39-51.

. D.; MacDiarmid, A. GJ. Chem. Soc., Faraday Trank986 82, 2385—
2400. (e) Heinze, J.; Dietrich, M.; Mortensen, Nlakromol. Chem.,
Macromol. Symp1987, 8, 73—81. (f) Ofer, D.; Crooks, R. M.; Wrighton,
M. S.J. Am. Chem. So&99Q 112 7869-7879. (g) Heinze, Bynth. Metals
1991, 41-43, 2805-2823. (h) Kuwabata, S.; Kihira, N.; Yoneyama, H.
Chem. Mater1993 5, 604-608. (i) Myholm, L.; Peter, L. MSynth. Metals
1993 55-57, 1509-1514. (j) Johnson, B. J.; Park, S. ML Electrochem.
Soc.1996 143 1269-1276, 12771282. (k) Kogan, I. L.; Gedovich, G.
V.; Fokeeva, L. S.; Shunina, |. @lectrochim. Actal996 41, 1833-1837.
() Fraoua, K.; Delamar, M.; Andrieux, C. B. Electroanal. Cheml996
418,109-113. (m) Wei, X. L.; Epstein, A. Bynth. Metal4997, 84, 791~
792. (n) Brandl, V.; Holze, VBer. Bunsen-Ges. Phy%997 101, 251—
256.
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Figure 2. (A) Cyclic voltammetry of PAN/MDS modified electrode in a 0.1 M HCI solution at different scan rates (f§V €L) 50; (2) 100; (3)
200; (4) 400. (B) Dependence of the anodic (1) and cathodic (2) peak currents on the scan rate.
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Figure 3. Reflection-absorption IR spectra of (A) MDS (1) and PAN/
MDS (2) layers, and (B) a thicker film of PAN electrodeposited on a
bare gold electrode under the same conditions.

Binding Energy / eV

Figure 4. C 1s, N 1s, O 1s, and S 2p XPS spectra of a PAN/MDS

o ] ) ) monolayer on a gold substrate.
on gold surfaces exhibits several signals in the mid-IR that

depend substantially on the electropolymerization conditions. Table 1.  Atomic Composition of the Elements of a PAN/MDS

More specifically, the two vibrations of PAN at 1599 and 1517 'nterface

cm! are assigned to the(C=C) modes, while the bands PAN;MDS, PAN(—)MDS, PAN;MDS,

between 1265 and 1315 chnare attributed to the stretching of =~ €léments %  elements %  elements %

the Gyromaic—N bonds?® These signals are detected in the éU((41)’) 323-25 '\é((ls)) 335273 S (2p) 0.78
; 1s 53.55 1s .

monolayer of PAN at almost the same wavenumbers (Figure F (i) 033 S Gp) 130

3A). Sometimes an additional band is detected 4700 cnt?!
in the MDS/PAN spectrum, which might be from overoxidized
PAN.

The stoichiometric ratio between aniline and the MDS in the
monolayer can be obtained from XPS measurements. XPS ha

widely been used for studying PAN filn#$. Figure 4 shows

the XPS spectrum of the relevant elements, and Table 1
ssummarizes the atom percent of all the elements that were
measured. Note that the aniline was preconcentrated and
electropolymerized in fluoride buffer solutions to avoid incor-

(26) (a) Shaklette, L. W.; Wolf, J. F.; Gould, S.; Baughman, RJH.
Chem. Phys1988 88, 3955-3961. (b) Sariciftci, N. S.; Kuzmany, H.;
Neugebauer, H.; Neckel, A. Chem. Physl99Q 92, 4530-4539. (c) Ping,
Z.; Nauer, G. E.; Neugebauer, H.; Theiner, J.; NeckelJAChem. Soc.,
Faraday Trans1997 93, 121-129. (d) Ping, Z.; Nauer, G. E.; Neugebauer,
H.; Theiner, J.; Neckel, AElectrochim. Actal997, 42, 1693-1700. (e)
Ping, Z.; Nauer, G. E.; Neugebauer, H.; Theiner].Electroanal. Chem.
1997 420, 301-306.

(27) () Kumar, S. N.; Gaillard, F.; Bouyssoux, G.; Sartre,Snth.
Metals199Q 36, 111-127. (b) Kang, E. T.; Neoh, K. G.; Tan, K. |Adv.
Polym. Sci.1993 106, 135-190. (c) Kang, E. T.; Neoh, K. G.; Woo, Y.
L.; Tan, K. L. Polymer1992 33, 2857-2859. (d) Kang, E. T.; Neoh, K.
G.; Zang, X.; Tan, K. L.; Liav, D. JSurf. Interface Anal1996 24, 51—
58.
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Table 2. Theoretical (Assuming a 1:1 ratio) and Experimental
Ratios between the Elements in the PAN/MDS Monolayer A NH'O_NHONH

theoretical experimental

C:N 16:1 15.0:1
O:N 3:1 2.311

poration of ions (e.g., phthalate) that contain elements already

included in the monolayer. The samples were measured after Au
doping the PAN at potential of 0.2 V. The XPS spectra confirm
that anilinium ions are indeed preconcentrated onto the electrode NH O__NH

surface before their polymerization, as indicated by tHé N
signal at 398.8 eV. Several researchers have shown that the
nitrogen signal can be used upon deconvolution to assign the
different amine and imine species in the polyr#@r¢ Basi-
cally, the neutral imine and amine appear at 398.5 and 399.5
eV, respectively, whereas protonated N-species are located at

higher energies and result in a shoulder. Therefore, the
asymmetric peak of Ndetected in the PAN monolayer (Figure Au

4) provides a distinct indication of the polymerization of aniline Figure 5. Schematic representation of (A) PAN monolayer penetrating
and the existence of a partially charged nitrogen. The coun-into an MDS SAM, (B) 2-D PAN monolayer deposited on a mixed
terions in this case might be either the sulfonate groups, as inSAM of MDS/Cis.

sulfonated PANE or fluoride ions. Traces<0.5%) of fluoride

ions were detected in the XPS spectrum. Finally, and as
expected, two different sulfur signals at 168.2 and 162.1 eV
were clearly visible; they were assigned to the sulfonate and
thiol groups, respectively.

The data presented in Table 1 require a deeper inspection.
Basically, the oxygen and sulfur originate from the MDS
monolayer, whereas the nitrogen is contributed by the aniline
only. In the case of a 1:1 ratio between the MDS and the
anilinium ions, as would be anticipated on charge considerations,
the carbon percent originated from MDS should be 33.5% (of
53.55%) and that of PAN 20%. Table 2 summarizes the -600 I e m e e R
theoretical (assuming a 1:1 ratio) and experimental ratios 800 400 0 -400 -800
between the elements in the PAN/MDS monolayer. The E/mV vs. Ag/AgCl
ex_p_erlm_ental ratios between carbon/mtro_gen and carbon/oxygenFigure 6. Cyclic voltammetry of (A) 2 mM Fe(CN§-, (B) 2 mM
originating from PAN and MDS, respectively, are close to the Ru(NHy)e®*, and (C) 2 mM M\2* recorded with PAN/MDS modified
theoretical ratios, but the experimental ratio for carbon/sulfur gjectrodes. The electrolyte was 0.1 M 8@, and the scan rate was
is substantially higher than the theoretical value, presumably 100 m\ts.
because of the location of a sulfur buried deep at the substrate
monolayer interface. A lower than expected value for the  The first step toward addressing this structural question
S(thiolate)/C ratio has been reported by Bain et®akhich they involved examining the electrochemistry of redox couples at
ascribed to inelastic scattering by the molecules in the mono- MDS and MDS/PAN monolayers. We studied the CV of Fe-
layer. In fact, integration of the two sulfur peaks does not yield (phen)?", Fe(CN}®~, Ru(NH)e*", MV2*, |-, and Fé*. Figure
the same atomic percent (Table 1) because of the same effectt shows as examples the CV of Ru(jkt", Fe(CN}®~, and
namely, that the thiol is located deeper in the film than the MV2" at an MDS/PAN electrode. In essence, we fotridat,
sulfonate group. Therefore, determination of the ratio between although an MDS monolayer blocks inorganic anions very
MDS and aniline should be derived from the ratio for oxygen/ efficiently, it does not at all affect electron transfer of positively
nitrogen as well as from the ratio between the total carbon charged or neutral inorganic species. This clearly suggests that
content and either nitrogen or oxygen. To conclude, the dataMDS only partially covers the gold substrate, forming a
of Table 1 indicate that the ratio for MDS/PAN is slightyd, disorganized layer. As mentioned before, the surface coverage
or in other words, more anilinium is extracted than expected. derived from electrochemical measureméhteas estimated as

All these results verify the formation of PAN; however, they 6 ~ 0.25-0.4. On the other hand, we found that the CV of all
do not provide any structural detail about the nature of the the species studied at an MDS/PAN interface is almost identical
assembly (Figure 5). Although our wish was to form a to that observed on a bare gold electrode (Figure 6). The
capacitor-type assembly in which the gold substrate would be electrochemistry of redox couples on PAN films has been well
separated from the PAN conducting layer by an insulating layer, studied and depends on the potential window, electrolyte, and
such a structure is still to be proven. Moreover, the fact that pH.* Electroactivity of redox couples can be observed only
the PAN/MDS ratio is>1 might indicate that aniline is

S T Y Y N S
600 c -
400 A —

200 — —

-200— —

-400 -

Normalized Current (A/Cv''?)

(30) (a) Noufi, R.; Nozik, A. J.; White, J.; Warren, L. &.Electrochem.

incorporated inside the MDS monolayer rather than on it. S0c.1982 129, 2261-2265. (b) Oyama, N.; Ohnuki, Y.; Chiba, K.; Ohsaka,
T. Chem. Lett1983 1759-1762. (c) Ohnuki, Y.; Matsuda, H.; Ohsaka,
(28) For example: Barbero, C.; Miras, M. C.;"&0 R.; Haas, OJ. T.; Oyama, N.J. Electroanal. Chem1983 158 55-67. (d) Levi, M. D;
Electroanal. Chem1997, 437, 191-198. Pisarevskaya, E. YSynth. Metal4993 55—-57, 1377-1381. (e) Tang, H.;

(29) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides, G.  Kitani, A.; Shiotani, M.J. Appl. Electrochem1996 26, 36—44; 45-50.
M. J. Am. Chem. S0d.989 111, 321-325. (f) Mandlic’, Z.; Duic’, L. J. Electroanal. Chem1996 403 133-141.
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in a limited potential window in which PAN is in its conducting e | | | |

(i.e., doped) state. Hence, for example, although the reduction ‘3 10

of Fe(CN)}3~ is detectable at PAN-coated electrodes, neither = 08 T L
Ru(NHs)e*t nor MV2" is electroreducible on PAN films. The § 06

fact that the CV of the various redox couples was not affected 5

by the MDS/PAN monolayer can be explained by the disorga- Lb)o 0.4 -
nized MDS monolayer, which enables anilinium ions to .50 02 2 L
penetrate and polymerize into the layer. This results in a s

nonuniform monolayer of PAN (as shown schematically in S 004 T T T T
Figure 5A) that is too thin to prevent direct electron transfer 0 100 200 300 400 500
from the gold surface. As a consequence, the monotayer Scan Rate /mV-sec™!

electrolyte interfacial electrochemistry is not governed by PAN. Figure 7. Charging currents as a function of scan rate measured in a
These results imply that to form a better PAN monolayer Solution of 0.1 M phthalate buffer (pH 3.0) and 0.5 M S&, with
that will be separated from the Au substrate and at the sameMPS- (1) and MDS/Ge- (2) modified electrodes.
time control the electrochemical properties of the surface, one | I ‘ ‘ ‘
must increase the packing of the organic spacer, i.e., the MDS 407
layer. This, in turn, will prevent the anilinium ions from
penetrating the monolayer and will enhance formation of a 2-D
PAN layer on top of the insulating spacer. Interestingly, our 207
attempts to form a more-packed monolayer via the spontaneous
adsorption of G on an initially self-assembled MDS monolayer
failed. We observed no changes in electron-transfer rates of
redox couples, e.g., Fe(phet), after leaving an MDS mono-
layer in an ethanolic solution of gfor as long as one week.
In other words, the ¢ did not block the pinholes in the MDS
monolayer. This is itself an interesting observation, which we
have further examined elsewhéfe We found that because of -40
their high negative charge and hydrophilicity, long-chain
w-mercaptoalkanesulfonic acid monolayers are almost imperme-
able to inorganic anions as well as to organic molecules.
Therefore, we had to incorporate an hydrophobic thiol into the 1000 900 800 720 al 600 500
MDS monolayer by other means. Recently, Ron and Rubin- E/mVvs. Ag/Ag
steir?! have found that a highly organized SAM of alkanethiol Figure 8. Cyclic voltammetry of 2 mM Fe(pheg)" in 0.1 M HCI
was formed as a result of applying a positive potential to a bare fécorded with (A) MDS, (B) MDS/&, and (C) (dotted line) MDS/
gold electrode in an ethanolic solution of the thiol at mm Ct/PAN-modified gold electrodes. Scan rate 50 mV.
concentration. Although the mechanism of this electrochemi- R
cally induced adsorption and organization is not completely 5
understood, they claimed that the monolayer formed was as
dense as those assembled by the conventional method. Ac-
cordingly, we found that applying 0.8 V vs AGQRE to an MDS-
modified gold surface in an ethanolic solution of 1 mMeC
significantly affected the solidliquid interface. One indication
that the surface was blocked by the thiol was the dramatic
decrease of the current when a positive potential was applied
in the Gg solution. The anodic current decreasedtd% of -10 —
its initial value during 40 min of electrolysis in a nonstirred
solution. In addition, the charging current measured in 0.1 M

A

0.0

Current /10

20—

60~ i \ \ l |

o
I
f

Current /10° A

phthalate buffer (pH 3.0) containing 0.5 M P8O, was e e B
substantially smaller than that with the MDS monolayer (Figure 1000 800 600 400 200 0  -200
7). Control experiments in which a positive potential was E /mV vs. Ag/AgCl

applied to an MDS-modified gold surface in the same ethanolic rg,re 9. cyclic voltammetry of MDS/G-modified gold electrode
solution but in the absence ofi{raused the partial desorption  recorded in a solution of 0.1 M phthalate buffer (pH 3.0) and 0.5 M
of the MDS monolayer. Figure 8 shows the CV of Fe(pg€n)  Na,SQ, after preconcentrating anilinium ions. Scan rate 50-s1¥/
recorded with an MDS/¢ and MDS-modified electrode. o ) )
Clearly, the rate of electron transfer of the iron complex is followed by electropolymerization of the ions. Figure 9 shows
significantly influenced by the MDS/G monolayer in com-  the CV of an MDS/Gs in phthalate buffer (pH 3.0 and 0.5 M
parison with that rate for a bare or MDS-coated electrode. ~ Na&SQy) after the extraction of anilinium ions. The CV is
One of our concerns when using Ron and Rubinstein’s similar to that obtained with an MDS monolayer, showing a
method was the stability of the MDS monolayer. In other distinct electropolymerization of surface-confined anilinium in
words, incorporation of the must not result in desorption of ~ e mixed monolayer. Nevertheless, measuring the charge
the MDS monolayer. Two sets of independent experiments associated with the electropolymerization process revealed that
were conducted to address this concern. The first involved the (€ €xcess of surface coverage of aniline was 066102 nmol

) - ) -2 i

extraction of anilinium ions by the MDSAE monolayer, cm?, compared with 0.26 nmol ¢ for an MDS monolayer.
This drastic decrease is presumably the result of two effects:
(31) Ron, H.; Rubinstein, 3. Am. Chem. Saogin press. First, less anilinium is adsorbed because it cannot penetrate into
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Figure 10. Reflection-absorption IR spectra of (A) MDS, (B) &
(C) MDS/Cs monolayers.

the mixed monolayer; second, the MDS monolayer is partially
desorbed as a result of the potential-induced adsorptiongf C
Nonetheless, this excess of surface coverage is sufficient to form
a PAN film (see below).

For a more detailed investigation on the MD&/@onolayer
we used reflectiorrabsorption IR. Figure 10 shows the IR
spectra (only the 28663000 cnt! range) of monolayers of
MDS, MDS/Gg, and Gg obtained by using g-polarized light
incident at 80 to the normal. The reflectionabsorption IR of
thiols on metallic surfaces, especially on gold, has been treated
theoretically and experimental®§. The methylene groups of
the alkyl chains absorb at+2850 and 2920 cmt, which
correspond to symmetric and asymmetrie-l& vibrations,
respectively. These signals are sensitive to the degree of
organization of the monolayer; i.e., a shift to higher frequencies
of both bands is indicative of a disorganized layer. The
symmetric and asymmetric-€H vibrations of a methyl group
at the end of an alkyl chain absorb at 2878 and 2963%cm
respectively. Accordingly, the MDS shows two bands at 2852
and 2921 cm!, which are assigned to the symmetric and
asymmetric C-H vibrations (Figure 10A). The position of these
bands strongly suggests that the MDS monolayer is disorga-
nized, in agreement with our electrochemical experiments
(Figure 6), which showed that the MDS monolayer is permeable
to inorganic cations. For comparison, the methylene groups of
an organized ¢ monolayer absorb at 2850 and 2918 ém
(Figure 8B). That four €H bands are detectable in the mixed
monolayer (Figure 10C) suggests tha @ indeed adsorbed
on the surface and is responsible for the methyl signals.

The methylene symmetric and asymmetric vibrations of the
mixed monolayer appear at 2850 and 2918 §mespectively.

This shift in the frequencies can be attributed to either an average

of the Gg absorbance in an organized layer and in the
disorganized MDS monolayer, or to an induced organization
of the MDS monolayer caused by the incorporation . To
confirm that Ge increases the organization of the MDS
monolayer, we carried out a similar experiment in which a per-
deuterated 10-decanethiol was electrochemically incorporated
onto an MDS monolayer. A similar shift in the-@4 bands
that are totally ascribed to the MDS was observed, indicating
that the methylene groups of the MDS undergo an induced
organization as a result of incorporating an alkanethiol into the
monolayer. At the same time, we suggest thas @es not

(32) (a) Allara, D. L.; Nuzzo, R. G.angmuir1985 1, 52—66. (b) Porter,
M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. DJ. Am. Chem. Soc.
1987 109, 3559-3568. (c) Nuzzo, R. G.; Dubois, L. H.; Allara, D. L.
Am. Chem. Socl99Q 112 558-569. (d) Laibinis, P. E.; Whitesides, G.
M.; Allara, D. L.; Tao, Y.-T.; Parikh, A. N.; Nuzzo, R. Gl. Am. Chem.
So0c.1991 113 7152-7167.

Turyan and Mandler

change its orientation as a result of incorporation into the MDS
monolayer.

The three spectra (Figure 10) make it possible to determine
the molecular surface coverage of the MDS monolagegs
was recently suggested by Kauffmann and colleagtieac-
cording to their approach] is proportional to the integrated
intensity of a specific bandd, multiplied by its proportionality
factor, f. Thus,0 is expressed by the integrated intensity of
the asymmetric methylene banéyos)ch, at 2924 cm* and a
corresponding proportionality factoids (eq 1). The assump-
tions needed are thét= 1 for the MDS/Gg mixed monolayer
and for a Ge monolayer (eqs 2 and 3), wherfd)cH, and
(A*c,9ch, represent the integrated intensities of the symmetric
methyl stretching in pure & and MDS/Gs, respectively, and
(A*vps)ch, Stands for the partially integrated intensity of the
asymmetric methylene of MDS in the mixed monola$feThe
partial contribution of @ to the symmetric or asymmetric
methylene signals in the mixed monolayer can be calculated
from the ratio between the methylene/methyl signals in the C
pure monolayer (eq 4). From that, the integrated intensity
attributable to the MDS in the mixed monolayeA* (ips)cH,
can be found (eq 5), whe* is the total integrated intensity
of the asymmetric methylene band in the mixed monolayer.

6 = fuosAuoon, (1)

1= e, (Ac)or @

1= fe, (A" Jon, + fuos®* woon, 3)
(A Jon, = e JonBe Jon/ Ao Jon, (@)
(Ao, = A* — (A Jon, (5)

6 can be derived from this set of equations as follows (eq 6).

0 =[(Ac,)cn, = (A" c Do) (Avps)en/ A" (Ac Jen, —
(A*cJen(Acider] (6)

Estimating @ from both the asymmetric and the symmetric
vibrations gaved = 0.35+ 0.05. This relatively low value of

6 is not surprising and is in excellent accordance with our
electrochemical measuremefitshat suggest that MDS only
partially covers the gold substrate.

We also used wettability measurements for following the
changes that resulted from incorporating thes. CA clear
increase in the advancing contact angle of water on the mixed
monolayer (to 98from the 43 for the highly hydrophilic MDS
monolayer) was observed. On the other hand, the formation
of a thin PAN film on the mixed monolayer resulted in a
decrease of 20in the advancing contact angle of water,
presumably because of full coverage of the monolayer by PAN.

(33) Yang, Z. P.; Engquist, J.-M.; Kauffman, J.-M.; Liedberg, B.
Langmuir1996 12, 1704-1707.

(34) The model is based on the assumption that the proportionality factors
fups and &, are identical for both the pure and the mixed monolayers.
While the change ind,, between the pure €& and the mixed layer is
negligible, based on the similarity of peak position in spectra (Figure 10B
and C), fips might be somewhat different in the pure vs the mixed
monolayer. fips is expected to increase with an increasing of the tilt angle
of the alkyl chain from the normal. The resultiigvould be smaller than
the experimental value. The agreement between the calculated value from
IR measurement and that obtained fron electrochemical experiment suggests
that the uncertaintly inyps is relatively small.
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1.8 power source. A clear negative feedback is observed upon
+ B approaching the MDS/fg monolayer, indicating that the Fe-
15 . - (phen}®* generated at the UME is not efficiently regenerated
at the mixed monolayer. This is in agreement with CV of the
A . r same redox couple (Figure 8, curve B), which shows that the
- o — mixed monolayer behaves like an insulating layer that substan-
05 - / B tially decreases the rate of electron transfer across it. At the
M,r"' same time, a positive-feedback current and an almost reversible
06 A r CV are observed while approaching a monolayer of MDS alone
because of the partial coverage of the surface by MDS. A
0.3 000 200 | 400 | 600 800 | 1000 positive feedback current is also detected above an MDS
d/a monolayer after the extraction and electropolymerization of

Figure 11. SECM-normalized feedback currerdistance curves  @nilinium ions. Obviously, this does not indicate that PAN is
obtained with a 25em-diameter Pt tip in a solution of 2 mM  €lectronically separated from the gold surface. On the other
Fe(pheng* and 0.1 M HCI, approaching (a) MDS{{substrate; (A) hand, curve B in Figure 11 shows that a positive feedback
or PAN/MDS/Gg substrate (B). current is observed as the UME approaches a PAN film that
was formed after extracting anilinium ions by an MD&/C

All these results suggest that the mixed monolayer of MDS mixed monolayer. The 2-D PAN film was electropolymerized
and Gg s still capable of extracting anilinium ions and that the in pH 3.0, after which the resulting film was electrocycled in
latter can be electropolymerized to form a thin PAN film. pH 1.0 (0.1 M HCI) to increase its conductivity. At the same
Nevertheless, this still does not prove that the PAN monolayer time, the CV of Fe(phes)" is irreversible on this surface,
maintains its high conductivity or that it is electronically similar to the CV observed before the anilinium ions are
separated from the gold surface (Figure 5). To characterize theextracted (Figure 8). When we examined a variety of redox
thin PAN film, we used (SECM), a technique already used for couples, e.g., Ru(Ng>"2+, Fe(CN}/2~, F&™3*, and dipro-
studying ionically and electronically conducting polymets3® pyl viologen sulfonaté?, at this interface, their behavior
The conductivity and redox behavior of polypyrrole films has resembled that of a partially blocked interface. That is, although
been studied by Bard and co-workébsand the incorporation  the CV of positively charged redox couples was almost
of cations was verified by SECM measurements of tip current  unaffected by the PAN in comparison with the CV for MDS/
time curves or by tip/substrate CV. Direct evidence of Ce negatively charged species such as Fe(ENyhowed
ingression and egression of protons and anions during thehigher currents at an MDS[gPAN interface, which can be
oxidation of leucoemeraldine to emeraldine and pernigraniline explained by the neutralization of the negative charge of the
was obtained by Frank and Dendélirom the tip response to  MDS by PAN.

changes in the potential of PAN films. On the other hand,  These results can be explained only if we assume that the
Heinze and co-worket$ recently presented an example of a 2-p PAN is electronically isolated from the gold substrate. The
“microwriting” and “reading” process of an undoped PAN film  positive feedback current that is observed on such film is
deposited on poly(ethylene terephthalate)-glycol substrate. attributable to the relatively high conductivity of the film (which
Finally, SECM has been utilized in both direct and feedback serves as a conducting surface on which electrons can diffuse
mode for driving the local electropolymerization of polypyrrole  from other parts of the surface that are not located beneath the
and other conducting polymet&38-39 UME and regenerate the redox couple). That is, the PAN film
The SECM is based on approaching a surface with an acts as an inert conducting surface in which the positive
ultramicroelectrode (UME) while measuring its faradaic current. feedback current is driven by the difference in the Ox/Red ratio
In most cases an electroactive species is added to the solutiorheneath the UME and the solutiéh.On the other hand, we
and is electrochemically oxidized or reduced at the UME under cannot entirely exclude the existence of defects in the organic
diffusion-controlled conditions. The electrochemical properties spacer through which the redox couple exchange (to some
of the substrate affect the current of the UME and therefore extent) electrons with the gold surface. Nevertheless, the
can be studied by monitoring the UME current as a function of jrreversible electron transfer observed for all redox couples
the distance from the surface or of its potential. examined on this interface cannot explain the positive feedback
Figure 11 presents two SECM-normalized feedback current  current of the SECM experiment, which must be due to the
distance curves obtained with a 2&-diameter Pt UME ina  formation of large areas of conducting PAN on top of the
solution of 2 mM of Fe(pher}™ and 0.1 M HCI while organic insulating layer.
approaching an MDS/gmonolayer before (curve A) and after  aqditional evidence for the hypothesis that the electrochemi-
(curve B) extracting and electropolymerizing aniline. In both  ca| properties of PAN control the regeneration of the redox
experiments, the gold surface was not attached to an externalcoup|e is provided by studying the effect of pH on this process.
(35) () Wuu, Y-M.. Fan, F-R.; Bard, A. J. Electrochem. So0d989 The positive feedback current that is observed while approaching
136, 885-886. (b) Kwak, J.; Lee, C.; Bard, A. J. Electrochem. S0499Q a PAN monolayer formed on an MDS/§spacer changes to a
137, 1481-1484. (c) Arca, M.; Mirkin, M. V.; Bard, A. JJ. Phys. Chem. negative feedback current at pH 4.0 (in 0.1 M acetate buffer).
19?356?%2%%?("45%; Denualt, GI. Electroan. Chem993 354 331 We attribute this change of the magnitude of the feedback
330. current to the strong dependence of the conductivity of PAN
(37) () Borgwarth, K.; Ricken, C.; Ebling, D. G.; HeinzeBér. Bunsen- on pH. Wrighton and colleagu®s reported that the conduc-

Ges. Phys. Chen1995 99, 1421-1426. (b) Borgwarth, K.; Ricken, C.; i i i
Ebling, D. G. Heinze, JEresenius J. Anal. Chenl096 356 288-204. VItY Of PAN'is reduced markedly as the pH is changed from
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Shuhmann, WAdv. Mater. 1996 8, 634—-637. (40) (a) Bard, A. J.; Fan, F.-R.; Kwak, J.; Lev, @nal. Chem 1989
(39) Zhou, J. F.; Wipf, D. OJ. Electroanal. Chem1997, 144, 1202 61, 132-138. (b) Bard, A. J.; Denault, G.; Lee, C.; Mandler, D.; Wipf, D.

1207. O. Acc. Chem Red 99Q 23, 357-363.



10742 J. Am. Chem. Soc., Vol. 120, No. 41, 1998 Turyan and Mandler

18 \ t | \ \ transition from negative into positive feedback current occurred
L6 B atE ~ 0V, which nicely correlates with the switching potential
: of PAN.202 Note that a positive feedback current would have
14 ~ been observed at somewhat more-negative potentials on a bare
Lo12 . gold substrateE® vz mv+ = —0.65 V). In other words, the

- o | efficient oxidation of MV at the surface started as soon as
' the PAN monolayer was doped, which increase its conductivity
08 7 ~ and enabled electrons to diffuse laterally across the 2-D PAN
06 — - monolayer.
04 \ | \ I —— Conclusions

-300 0 300 600 900
E_/mV vs. Ag/AgCl A novel approach for the formation of a 2-D conducting

polymer on top of an insulating layer has been demonstrated.

25.um-diameter Pt tip precoated with Hg) was held at a constant This approach, based on electrostatically binding a monomer
potential of—0.7 V above {10 xm) a PAN/MDS/Gs substrate in a to a charged monolayer followed by its electrochemical po-

solution of 2 mM M\2* and 0.01 M HSQ. The potential of the lymerization, has at least two significant advantages. It
substrate was scanned at 25 18\ represents a generic and versatile concept that is not limited to

PAN but can easily be exploited in other systems as well.

The feedback current is expected to vary as a function of the Second, the electrostatic attachment does not “freeze” the
substrate potential since the conductivity of PAN changes orientation of the monomer but leaves it a sufficient degree of
dramatically when the polymer is doped. Figure 12 shows the flexibility that is essential for the electropolymerization process.
UME—substrate CV obtained while holding the UME at a We believe this is the major reason why the 2-D conducting
constant height above the PAN monolayer in a solution of 2 Polymer exhibited similar chemical and electrochemical proper-
mM MV 2+ and 0.01 M HSQ,. The normalized UME current,  ties to those of conventional electrochemically deposited PAN.
it, was recorded as a function of the substrate poterfiial, ~ We are currently exploiting the same approach for assembling
The UME was a 25¢m-diameter Pt disk on which a thin Hg @ PAN monolayer on an insulator by using silane chemistry
film was electrodeposited. The latter was essential to preventand patterning it with use of SPM techniques.
hydrogen evolution since the UME potential was held-at7
V to ensure that the M% was reduced under diffusion control.
The CV in Figure 12 clearly shows that the feedback current
changed from negativeir(< 1) to positive {r > 1) while the
substrate potential was scanned frerf.6 V to 0.9 V. The JA9809760

Figure 12. Tip current vs substrate potential. The microelectrode (a
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