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Elec.tronically co_nducting polymers, such as polypyrrole and Air compression
polyaniline, are envisaged to replace some of the metal- and metal- |——> 4——‘/ barriers
oxide-based components in micro- and nanoelectrdribsreover, PAN/DBSA monolayer

L | A L1

this class of material has considerable potential for applications as
Fe-CO,H*

diverse as light-emitting diodésphotovoltaic device$,and mi- Fe-COH

croactuatord. These applications, and others, require an understand-

ing of the electronic characteristics of ultrathin conducting polymer

films.>® Monolayers of conducting polymers are readily formed

by spreading organic-soluble polymers at the water/air interface

following the Langmuir method:® In most studies, the monolayers Microelectrode

have been deposited layer by layer onto a solid support to form Figure 1. Schematic (not to scale) of the SECM configuration for

Langmuir-Blodgett films for further characterization or application. measurements of the conductivity of a PAN Langmuir monolayer.
Evidently, the conductivity of these thin films cannot be measured

Aqueous phase
(0.1mM Fe-CO,H and 0.03M HCI)

easily in-situ, that is, while spread on a Langmuir film balance, - 50

but rather after transfer to a solid support. This makes it difficult e 40 |

to address the fundamental question of how surface pressure and E

organization influence the lateral conductivity of such films, ? 30

particularly because segregation effects may compromise the 2

structural integrity of monolayers on solid suppdftThere have § 20 4

been previous studies on bulk materials in the solid-state, where g

the influence of pressure on conductivity has been explbr&d, 8

but in conducting polymers the effects are usually small and a clear 5 101

insulator-metal transition, as a result of pressure, has not previously @

been seen. ’ o 20 4 e 8 100 120
Here, we report the first in-situ detection of an insulator to

metallic transition of a Langmuir polyaniline (PAN) monolayer as Area per molecule/A2

a result of gradually changing the surface pressure. This has been .

accomplished using a scanning electrochemical microscope (SECM). 1.5 jig (b)

With this approach, a biased microelectrode generates a flux of = 46

electroactive species, which may undergo a redox reaction at the g j44

target interface (PAN monolayer), the extent of which depends on 3 1.0 42

the surface conductivity. 2 140
SECM has recently targeted thin films at the water/air interface, % la75 /

following earlier work using contacting microelectrodeéand here E 05- '

we build on this methodology to measure surface conductivity of 2 130

a monolayer. Specifically, we use an inverted/26 diameter Pt 120

microelectrode to approach a Langmuir film of PAN (Figure 1). 0.0 [0 ‘ , i

The film was spread (0.2 mg mt PAN and dodecylbenzene- 0.0 0.5 1.0 1.5 2.0 2.5

sulfonic acid in a 2:1 molar ratio of the aniline unit and the acid) Normalized distance

from a 9:1 (v/v) mlxture of chloroform anu-cresol. The aqugous . Figure 2. (a) Isotherm of surface pressure as a function of the mean area

subphase contained 0.1 mM ferrocene monocarboxylic acid per repeat PAN unit on a 0.03 M HCI subphase. (b) Normalized current

(Fc-CQH) and 0.03 M HCI, ensuring that the PAN monolayer was versus normalized distance approach curves for the oxidation of RECO

in the protonated (doped) emeraldine state. at a 25um diameter Pt microelectrode (0.45 V vs Ag wire) approaching a
Figure 2a shows the surface presstmean molecular area PAN monolaye[ |nterfaqe. Surface pressures are defined on tr_\e figure in

. units of mN n11. The microelectrode was withdrawn from the interface

isotherm of a PAN monolayer. The mean molecular area was basedyhen the surface pressure was changed.

on the emeraldine salt repeat unit with a formula weight of 362. A

monotonic increase of the pressure up to 45 mN i followed neous Brewster angle microscopy. Below the collapse point, the

by a moderate pressutarea slope. Finally, the film collapses as  monolayer was entirely homogeneous.

is evidenced by noise on the isotherm and confirmed by simulta-  The conductivity at selected surface pressures was investigated
T On Sabbatical from the Department of Inorganic and Analytical Chemistry, by SECM f?edbaCk mOd_e approach cur¥esigure 2b represents
The Hebrew University of Jerusalem, Jerusalem 91904, Israel. the normalized currentdistance approach curvésacquired by
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Figure 3. Schematic diagram showing the charge transport processes
occurring in the SECM feedback experimeniE refers to the potential
difference at the PAN surface induced by the concentration variations of
the redox species in solution.
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Figure 4. Conductivity of a PAN monolayer as a function of surface

moving the microelectrode toward the water/air interface while pressure.

generating Fc-CgH™ from the oxidation of Fc-CeH (Figure 1)

under diffusion-controlled conditions. The distance was determined calculated taking into account the cylindrical geometry and the film
by fitting the approach curve obtained in the absence of a PAN thickness (3.2 n determined by AFM and XPS after transferring
monolayer with the theoretical negative feedback (hindered diffu- the sample to a glass slide as a Langmitodgett film.

sion) curvel® as described previoushf lt is evident that the surface

The results of this treatment are summarized in Figure 4, which

pressure has a distinct effect on the tip current. While at low surface shows the monolayer conductivity as a function of surface pressure.
pressures the steady-state current decreases as the microetectrodeA remarkable increase in the conductivity is seen, beyond a
monolayer distance decreases (tending to the negative feedbackhreshold pressure of ca. 20 mN-indemonstrating that ultrathin
response of an insulating surface), at elevated surface pressuregD conducting polymer systems must be highly compact to promote
the feedback current increases (positive feedback) as the distancehe most efficient lateral charge propagation.

between the microelectrode and the monolayer decreases.
The tip current is affected by two processéshe hindrance of

Acknowledgment. We thank the EPSRC (GR/R73089) for a

Fc-CGH diffusion to the microelectrode while approaching the Visiting Fellowship for D.M.
interface, which causes a decrease of the current, and the regenera-

tion of the electroactive species at the interface, which results in Roferences

an increase of the current. The regeneration of the electroactive
species can be driven by high surface conductivity, even when the
interface is not connected to an external power sotfroe by an
oxidation—-reduction process of the surfatelhe latter can be ruled

out due to the redox potential of the mediator, that is significantly
more positive than the doping/undoping process of the PAN
monolayer® The fact that the feedback current changes from
negative to positive as a function of surface pressure is therefore
due to an insulator to conductor transition that is caused by
compressing the film.

Inspecting the approach curves (Figure 2b) more closely reveals
that the current response deviates from essentially hindered diffusion
characteristics only at pressures above 20 mi¥, mith significant
positive feedback contributions above 40 mN!miThis behavior
cannot be directly correlated with a phase transition of PAN. The
nature of the change of the insulator to metal transition suggests
that the conductivity is more likely to be related to the decrease in
distance between the PAN chains with monolayer compression,
because interchain transfer is a possible rate-limiting process
controlling conductivity?!

Lateral charge propagation in the monolayer in the SECM
experiments is driven by the potential difference, established by
variations in the concentration of the redox couple (Nernst relation)
in the gap between the tip and the monolayer (Figure 3). This
diffusion problem is readily treated by numerical simulation and
establishes the relationship between the distance, the potential
difference,AE, and tip current. The measured tip curreigs, is
the sum of two contributions: the component due to hindered
diffusion of Fc-CQH, ining (Which is known), and the current
through the monolayefyonoiayer Which is therefore readily deduced.
Linear relationships were obtained betwe®B and imenolayer fOr
each of the approach curves in Figure 2b, indicating that the tip
current is largely controlled by the ohmic resistance of the film.
The conductivity of the film (for each surface pressure) was then

(1) Yang, Y.; Heeger, A. Nature 1994 372, 344.

(2) See, for example: Gustafsson, G.; Cao, Y.; Treacy, G. M.; Klavetter, F.;
Colaneri, N.; Heeger, A. Nature 1992 357, 477.

(3) Gratzel, M.Nature2001, 414, 338.

(4) Jager, E. W. H.; Smela, E.; Inganas, &ience200Q 290, 1540.

(5) Bianco, B.; Bonfiglio, A.Thin Solid Films1996 285 520.

(6) Paloheimo, J.; Pal, A. J.; Stubb, Bl. Appl. Phys1996 79, 7800.

(7) Mello, S. V.; Dhanabalan, A.; Oliveira, O. ISynth. Met1999 102, 1433.

(8) Dhanabalan, A.; Dabke, R. B.; Kumar, N. P.; Talwar, S. S.; Major, S.;
Lal, R.; Contractor, A. QLangmuir1997, 13, 4395.

(9) Reitzel, N.; Greve, D. R.; Kjaer, K.; Hows, P. B.; Jayaraman, M.; Savoy,
S.; Mccullough, R. D.; McDevitt, J. T.; Bjornholm, 0. Am. Chem. Soc.
200Q 122 5788.

(10) Granholm, P.; Paloheimo, J.; Stubb, Phys. Re. B 1997, 55, 13658.
(11) Lui, C. Y.; Bard, A. JNature2002 418 162.

(12) Basescu, N.; Lui, Z.-X.; Moses, D.; Heeger, A. J.; Naarmann, H.;
Theophilou, N.Nature 1987, 327, 403.

(13) Bard, A. J., Mirkin, M. V., EdsScanning Electrochemical Microscapy
Marcel Dekker: New York, 2001.

(14) (a) Slevin, C. J.; Unwin, P. Rl. Am. Chem. So00Q 122 2597. (b)
Quinn, B. M.; Prieto, |.; Haram, S. K.; Bard, A.J. Phys. Chem. B001,
105, 7474.

(15) (a) Charych, D. H.; Landau, E. M.; Majda, Nl. Am. Chem. Sod.991,
113 3340. (b) Forster, R. J.; Keyes, T. E.; Majda, M.Phys. Chem. B
200Q 104, 4425.

(16) Kwak, J.; Bard, A. JAnal. Chem1989 61, 1221.

(17) The normalized distance is the separation between the microelectrode and
the PAN monolayer divided by the microelectrode radius, while the
normalized current is the measured current divided by the steady-state
current far from the interface.

(18) Wipf, D. O.; Bard, A. JJ. Electrochem. Sod.991, 138, 469.
(19) Selzer, Y.; Turyan, I.; Mandler, Ol. Phys. Chem. B999 103 1509.

(20) Huang, W. S.; Humphery, B. D.; MacDiarmid, A. G. Chem. Soc.,
Faraday Trans. 11986 82, 2385.

(21) Epstein, A. J.; MacDiarmid, A. GSynth. Met1991, 41, 601.
(22) Mandler, D.; Unwin, P. RJ. Phys. Chem. BR003 107, 408.

JA036146Q

J. AM. CHEM. SOC. = VOL. 125, NO. 31, 2003 9313



