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Abstract: Electronically conducting polyanion and polycation based on poly(alkoxythiophene) derivatives,
poly-3-(3-thienyloxy)propanesulfonate (P3TOPS) and poly-3tf&nyloxy)propyltriethylammonium (P3TOPA)

have been synthesized. Both polymers are water-soluble and exhibit high conjugation length in solution and
in the solid state. These polyelectrolytes were used to prepare conducting and electroactive polyelectrolyte
multilayers by the sequential layer-by-layer adsorption technigue. In aqueous solutions multilayers of P3TOPS
with inactive polyelectrolytes (e.g., poly(diallyldimethylammonium chloride), PDADMA) displayed electro-
chemical and optical behavior similar to polythiophene films prepared in organic media. Their in-plane
conductivity was low (ca. 1.& 107> S cnTl). The conductivity could, however, be increased by a factor of

ca. 40 in “all-thiophene” films, in which P3TOPA was substituted for the inactive polycation (PDADMA).
The interpenetration of layers is of prime importance in films containing conducting components. The
interpenetration of P3TOPS was studied by measuring the charge-transfer rate across an insulating polyelectrolyte
multilayer between the substrate and the P3TOPS layer with modulated electroreflectance. The extent of
interpenetration was-89 polyelectrolyte layers, the length scale-I» nm) depending on the nature of the
insulating layer and, especially, on the ionic strength of the solution used for the adsorption of P3TOPS.

Introduction have been detected in as-prepared water-rinsed PEMs, suggest-
ing complete intrinsic charge compensatfénOn the other
hand, exposure of the films to solutions of high salt concentra-
tion or pure water causes the uptake or expulsion of small
counterions (ion breathing), and up to 30% of the ionic groups
in the outer layers of PEMs are not involved in ion pair
formation with the oppositely charged polyelectrolyfeln

The sequential adsorption of polyanions and polycations on
charged surfaces offers a simple and versatile method for the
preparation of stable ultrathin multicomposite films, polyelec-
trolyte multilayers (PEMs}. The components are held firmly
together by the multiple electrostatic interactions between the

oppositely charged groups. The key to the formation of PEMs addition, polyelectrolyte multilayers contain a considerable

is the surface charge reversal, which takes place at every mount of water in ambient environmeMPEMS are not well-
adsorption step, thus ensuring practically an unlimited number &Mount ot water in amoient enviro S aré notwetl-
ordered at the molecular level and characteristically exhibit

of adsorption cycles. The adsorption can be considered as a iderable int tration betw the adi t IAgaPs
kinetically hindered equilibrium process which consists of a fast considerable intérpenetration between the adjacen :

(few seconds) and a slow stdThe thickness of individual Due to the lack of short-range order only long-range Iamella}r
layers can be controlled by the ionic strength of the adsorption superstructures can be constructed.. However, several p2055|ble
solution, higher concentrations of small electrolytes yielding appllcatlons of PE.MS as perms_electlve. r.neml;)réﬁeensoréh
thicker polyelectrolyte layerd* With weak polyelectrolytes, biosensors and bioreactdfsin light-emitting diodes (LED},

very interesting variations of the layer thlckne_ss by control of (6) Schlenoff, J. B.. Ly, H.. Li, MJ. Am. Chem. 504998 120, 7626
the polyelectrolyte and surface charge density with pH have 7634

been demonstratédOnly minor amounts of small counterions (7) Dubas, S. T.; Schlenoff, J. Blacromoleculed999 32, 8153-8160.
(8) Caruso, F.; Lichtenfeld, H.; Donath, E.; Meald, H.Macromolecules
* To whom correspondence should be addressed. Email: jukka.lukkari@ 1999 32, 2317-2328.

utu.fi, fax: +358-2-333 6700. (9) Farhat, T.; Yassin, G.; Dubas, S. T.; Schlenoff, JL&gmuir1999

(1) (a) Decher, GSciencel997, 277, 1232-1237. (b) Bertrand, P.; Jonas, 15, 6621-6623.

A.; Laschewsky, A.; Legras, RMacromol. Rapid Commui200Q 21, 319— (10) Baur, J. W.; Rubner, M. F.; Reynolds, J. R.; Kim, &ngmuir
348. 1999 15, 6460-6469.

(2) (a) Lowack, K.; Helm, C. AMacromoleculesl998 31, 823—-833. (11) (a) Krasemann, L.; Tieke, B.angmuir 200Q 16, 287—290. (b)
(b) Advincula, R.; Aust, E.; Meyer, W.; Knoll, WLangmuir 1996 12, Harris, J. J.; Bruening, M. LLangmuir200Q 16, 2006-2013.
3536-3540. (c) Tsukruk, V. V.; Bliznyuk, V. N.; Visser, D.; Campbell, A. (12) (a) Fad, K.; Leclerc, M.J. Am. Chem. S04998 120, 5274-5278.

L.; Bunning, T. J.; Adams, W. WMacromolecule4997, 30, 6615-6625. (b) Kumpumbu-Kalemba L., Leclerc, M. Chem. Soc., Chem. Commun.
(d) McAloney, R. A.; Goh, M. CJ. Phys. Chem. B999 103 10729 200Q 1847-1848.
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Macromolecules998 31, 8893-8906. (14) (a) Ho, P. K. H.; Granstro, M.; Friend, R. H.; Greenham, N..C
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and in preparation of micrometer-scale hollow systérhave
been suggested.

Most of the work on PEMs has been carried out using
nonconjugated polyelectrolytes. Less attention has been given s0;
to functional, for example, electroactive polyelectrolytes such
as polyviologend® Electronically conducting multilayers have
been prepared by using oxidized polyaniline and polypyrrole
as polycationd? Owing to their special electrical and optical AT
properties mono- and multilayers prepared from conducting
polyelectrolytes should be interesting materials for potential
applications in the fields of sensors, electrooptics, and LED
technology*1214 Conducting polymers carrying ionic substit-
uents are permanently charged polyelectrolytes, so-called self- n
doped conducting polymet8.An attractive feature of the use . C_< >._C_;,/ NN
of self-doped conducting polymers is the possibility to form a +”2 Re Q_@ %
uniform conducting coating on any charged substrate with
precise control of the thickness, irrespective of form or size of
the substrate, by simply dipping it into an aqueous polymer
solution. There are only few papers dealing with the fabrication
and properties of multilayers prepared from ionically substituted
conducting polymers. Rubner et al. were the first to demonstrate

Scheme 1. Structures of the Polyelectrolytes Used in the
Present Study
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lyte multilayers containing P3TOPS and a cationic poly-
thiophene derivative, poly-3-(3hienyloxy)propyltriethylam-

that ultrathin conducting layers can be fabricated using car-

boxylic acid-derivatized polythiophen&Light-emitting diodes

have been prepared by sequential adsorption of anionic and

cationic polyp-phenylene)d® We have recently shown that
multilayers can be prepared from sulfonated poly(alkoxy-

monium (P3TOPA, Scheme 1), as polyanion and polycation,
respectively. In addition, we address the interpenetration of
polyelectrolyte layers by using the charge-transfer rate between
the conducting polymer and the substrate surface as a probe
for the penetration of polythiophene into the film.

thiophene) and that the linear charge density of the conducting Experimental Section

polymer, that is, its oxidation state, affects the multilayer
formation?! The use of alkoxy-substituted thiophenes is ad-

vantageous over alkyl derivatives because oxygen is sterically

less demanding than the methylene grétigareful attention
to the head-to-tail (HT) coupling is, therefore, not so important

Materials. Deuterium oxide (RO, Aldrich), 2-mercaptoethane-
sulfonic acid (MESA, Aldrich), 2-aminoethanethiol hydrochloride
(MEA, Aldrich), N-(trimethoxysilylpropyl)N,N,N-trimethylammonium
chloride (TMSPA from ABCR, Germany), (3-aminopropyl)diethoxy-

' methylsilane (Fluka), and (3-aminopropyl)triethoxysilane (ICN Bio-

and simple oxidative polymerization methods can be used chemicals) were used as received. All aqueous solutions were prepared

although the conductivities of the resulting materials are
generally low. In addition, oxygen directly attached to the
thiophene ring lowers the oxidation potential of the monomer
and polymer, which is beneficial for work in aqueous med#dm.

In this work we describe the electrochemical and optical
behavior of polyelectrolyte multilayers prepared using a con-
ducting poly-3-(3thienyloxy)propanesulfonate (P3TOPS, Scheme
1). We also give the first report on all-thiophene polyelectro-

(15) Donath, E.; Sukhorukov, G. B.; Caruso, F.; Dacis, S'hivald,
H. Angew. Chem., Int. EAL998 37, 2201-2205.

(16) (a) Laurent, D.; Schlenoff, J. Bangmuir1997 13, 1552-1557.
(b) Schlenoff, J. B.; Laurent, D.; Ly, H.; Stepp,Adv. Mater. 1998 10,
347-349. (c) Stepp, J.; Schlenoff, J. B. Electrochem. Sod 997, 144,
L155-L157.

(17) (a) Cheung, J. H.; Fou, A. F.; Rubner, M.Thin Solid Films1994
244, 985-989. (b) Fou, A. C.; Rubner, M. Macromolecules 995 28,
7115-7120. (c) Cheung, J. H.; Stockton, W. B.; Rubner, M.Macro-
molecules1997, 30, 2712-2716. (d) Stockton, W. B.; Rubner, M. F.
Macromolecules1997, 30, 2717-2725. (e) Ram, M. K.; Salerno, M.;
Adami, M.; Faraci, P.; Nicolini, CLangmuir1999 15, 1252-1259.

(18) (a) Chayer, M.; Fal, K.; Leclerc, M.Chem. Mater1997, 9, 2902-
2905. (b) McCullough, R. D.; Ewbank, P. C.; Loewe, RJSAm. Chem.
Soc 1997 119, 633-634. (c) Arroyo-Villan, M. |.; Diaz-Quijada, G. A.;
Abdou, M. S. A.; Holdcroft, SMacromoleculesl995 28, 975-984.

(19) (a) Cheung, J. H.; Fou, A. F.; Ferreira, M.; Rubner, MPBlym.
Prep. 1993 34, 757-758. (b) Ferreira, M.; Cheung, J. H.; Rubner M. F.
Thin Solid Films1994 244, 806-809. (c) Fou, A. C.; Onitsuka, O.; Ferreira,
M.; Rubner, M. FMater. Res. Soc. Symp. Prd®95 369, 575-580. (d)
Ferreira, M.; Rubner, M. IMacromolecules995 28, 7107-7114.

(20) Baur, J. W.; Kim, S.; Balanda, P. B.; Reynolds, J. R.; Rubner, M.
F. Adv. Mater. 1998 10, 1452-1455.

(21) Lukkari, J.; Viinikanoja, A.; Paukkunen, J.; Saldmavl.; Janhonen,
M.; Aé&italo, T.; Kankare, JJ. Chem. Soc., Chem. Comm@00Q 571—
572.

(22) (a) Meille, S. V.; Farina, A.; Bezziccheri, F.; Gallazzi, M. &dv.
Mater. 1994 6, 848-851. (b) Fai, K.; Cloutier, R.; Leclerc, M.
Macromolecules1993 26, 2501-2507.

(23) Leclerc, M.; Fad, K. Adv. Mater. 1997, 9, 1087-1094.

in 18 MQ cm water (Millipore). Poly(diallyldimethylammonium
chloride) (PDADMA), M,, = 400 000-500 000, and poly(sodium
4-styrenesulfonate) (PS, = 70 000, were purchased from Aldrich

and used as received. PgiyXylyleneviologen bromide) (PXV) was
synthesized as described in the literature and dialyzed using a membrane
with a nominal molecular weight cutoff of 3560.

Sodium 3-(3-Thienyloxy)propanesulfonate. 3-(3-Bromo)pro-
poxythiophene was synthesized from 3-methoxythiophene and 3-bro-
mopropanol analogously as described in ref 18a for 2-bromoethanol.
'H NMR (CDCls, 400 MHz, ppm): 7.18 (1H, dd), 6.75 (1H, dd), 6.27
(1H, dd), 4.10 (2H, t), 3.58 (2H, t), 2.30 (2H, td). The product was
refluxed with NaSQO; in acetone/water (2:1), evaporated to dryness,
and the crude product dissolved in ethanol. Recrystallization from
ethanol yielded white crystals of sodium 3-(Bienyloxy)propane-
sulfonate *H NMR (D,O, 400 MHz, ppm): 7.36 (1H, dd), 6.85 (1H,
dd), 6.57 (1H, dd), 4.17 (2H, t), 3.08 (2H, m), 2.21 (2H, AT NMR
(400 MHz): 157.2, 126.4, 119.9, 99.9, 69.5, 48.5, 24.9 (see Supporting
Information for the NMR spectra).

3-(3-Thienyloxy)propyltriethylammonium Bromide. Triethyl-
amine (23.5 mmol) was added to a solution (10 mL) of 3-(3-bromo)-
propoxythiophene (5.88 mmol) in ethanol. The mixture was refluxed
for 72 h and evaporated to dryness. The product was let to crystallize
overnight in diethyl ether (yield 96%3H NMR (hexafluorophosphate
salt, DMSO, 400 MHz, ppm): 7.43 (1H, dd), 6.76 (1H, dd), 6.60 (1H,
m), 4.02 (2H, t), 3.23 (8H, m), 2.05 (2H, m), 1.17 (9H,C NMR
(400 MHz): 156.8, 125.7, 119.3, 98.5, 66.6, 53.3, 52.0, 21.3, 7.1 (see
Supporting Information for the NMR spectra).

Polymerization. The polymerizations were carried out with anhy-
drous FeG (mole ratio ca. 4:1) in dry CHGI2 With sodium 3-(3
thienyloxy)propanesulfonate the mixture was filtered after 3 days and
the polymer dissolvedhi2 M NaOH/10% hydrazine. Iron hydroxide
was removed by centrifugation. The neutralized crude polymer solution
was dialyzed against water for 2 days (using a 3500 nominal molecular

(24) Factor, A.; Heinsohn, G. RRolym. Lett 1971 9, 289-295.
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weight cutoff membrane). After concentration the solution was fraction- Scheme 2.Idealized Structures of Type | and Type |l
ated with a Sephadex G-50 F column using water as eluent and thePolyelectrolyte Multilayers

high-molecular weight fraction collected. This fraction was concen-

trated, and some NaOH and hydrazine were added under nitrogen ) Typel Type Il
atmosphere in order to ensure conversion to the neutral sodium salt. mixed ik-thioph

Ethanol was added to precipitate poly-34{dienyloxy)propanesulfonate i Fosbris | Vh ‘j \ FRADMA ‘
(P3TOPS) and polymer was finally washed with ethanol. The final iron - . -
content was below 500 ppm as determined by inductively coupled H H H

plasma mass spectrometry (ICP-MS). Before the polymerization of pss
3-(3-thienyloxy)propyltriethylammonium bromide the anion was first ERADNA-or DXV
replaced with hexafluorophosphate using an anion-exchange resin. The LI L PDADMA or pXV |
oxidative polymerization was carried out as described above for a period Au/MESA Au/MEA Au/MESA

of 2 weeks. The crude polymer was separated and dialyzed similarly V777  eatoes NY  psrora

PDADMA

Jake] Supemsuy

and used without fractionation.

Polymer Characterization. The polymers were characterized in
solution by UV~vis spectroscopy using a Hewlett-Packard 8453

for excitation and the resulting ac variation of the electrode surface
reflectance AR.) measured. The signal was normalized with the

spectrophotometer. Raman spectra were obtained by Nexus 870 FT-measured ac potential across the interface and the dc-reflec@@nce (

IR equipped with a FT-Raman module (Nicolet) from aqueous polymer

to give 1R (dR/dE). All reflectance measurements were carried out at

solutions that were 10 mM with respect to the monomers. The Raman 600 nm. Electrochemical measurements were performed in a three-
excitation wavelength was 1064 nm. The spectra were characteristiCelectrode one-compartment cell using either EG&G 283 or 263A
for polythiophenes (see Supporting Information for the spectra and the potentiostats. All potentials are referred to the aqueous saturated calomel
assignments of the major bands). The average molecular weight of glectrode (SCE). All solutions were degassed with argon before
P3TOPS was estimated by size-exclusion chromatography (SEC) in ameasurements. In situ UWisible and NIR spectra were measured in

DMSO/H;O solvent mixture (96:4 v/v) at 70C with a PLgel mixed
bed column (Agilent Technologies) using sodium poly(styrene sul-

D,0O using spectrometers described above. The quartz crystal microbal-
ance (QCMB) measurements were performed with 10 MHz AT-cut

fonate) standards (Polymer Standards Service, Germany). The eluengrystals using a Seiko QCA917 analyzer. The gold-plated crystals were

contained 0.03 M KP&
Preparation of Multilayers. The thin-film Au electrodes were

prepared on either Si(100) wafers (for electrochemistry and electro-

primed with MESA, and the frequency shift was measured after
different steps with the loaded side of the crystal in contact with pure
water. Assuming rigid layer behavior the frequency chankfesan be

reflectance) or microscope glass slides (for conductivity measurements).converted to mass loadings using the Sauerbrey equétion:

Silicon wafers and glass slides were first cleaned in concentrated H
SO/30% HO; (3:1) (“piranha” solutionwarning piranha solution is

very corrosive and must be treated with extreme caution; it reacts

violently with organic material and must not be stored in tightly closed
vessels), rinsed thoroughly with Millipore water, and dried. The silicon
substrates were then silanized with (3-aminopropyl)triethoxysilane in
dry toluene solution (1% v/v) for 4 min at 6€ and the glass substrates
were silanized by using (3-aminopropyl)diethoxymethylsilaneZh

at room temperaturéy.A thin gold layer (ca. 100 nm) was then formed
by resistive thermal evaporation using an Edwards E306A coating
system. The charging of the gold surface required for polyelectrolyte

25

Af=———
Algpg) ™

Am

@

Heref, is the fundamental resonance frequency of the crystahe
electrode areauq and pq the shear modulus and density of quartz,
respectively. The thickness of PDADMA/PSS and PXV/PSS multilayers
was determined on a Sentech SE 400 ellipsometer operating at 632.8
nm and using an effective refractive index 1.47 for the polymer
films 816aMultilayer conductivity was determined by a four lead method

adsorption was effected by chemisorption of a self-assembled monolayerby using four identical gold electrodes evaporated on glass. The film

of MESA or MEA for negatively or positively charged surfaces,

was withdrawn from an electrochemical cell in an oxidized stai@ ¢

respectively. The tin oxide-coated glass electrodes were cleanedV vs SCE), rinsed, dried, and transferred into a glovebox. The

similarly, and their surfaces were charged positively with TMSPA.
Polyelectrolyte adsorption was carried out using 10 mM (with respect
to monomer) PDADMA or PSS solutions and 1 mM P3TOPS,
P3TOPA, and PXV solutions in water. The adsorption time was 30
min for P3TOPS and P3TOPA and 15 min for the other polyelectrolytes.
The ionic strength was adjusted either by,8l@; (oxidized P3TOPS)

or NaaS;0, (neutral P3TOPS) and was 0.6 M unless otherwise stated.
Between every adsorption step the surface was rinsed13min in
clean water after first rinsing it with running Millipore water and finally
dried. Two types of multilayers were studied in the present work

(Scheme 2). Type | films consisted of successively adsorbed layers of

P3TOPS and a nonelectroactive polycation (usually PDADMA) or
P3TOPA (all-thiophene multilayers). In type Il films a single P3TOPS

conductance was measured on a Keithley 2400 SourceMeter in dry
(H20 < 5 ppm, Q < 1 ppm) nitrogen atmosphere. The thickness of
multilayers on silanized glass was measured with atomic force
microscopy (AFM) in at least 10 different positions. The film thickness
values used in the conductivity calculations were 28.2.5 nm and
17.5+ 1.5 nm for the (P3TOPS/PDADMARNd (P3TOPS/P3TOPA)
multilayers, respectively. All experiments were carried out at room
temperature.

Results and Discussion

Polymer Characterization. Both polythiophene derivatives,
poly-3-(3-thienyloxy)propanesulfonate (P3TOPS) and poly-3-

layer was separated from the electrode surface by a number of inactive(3"thi?_ny|_0XY)pr0py|triethy|amm0nil_1m (P3TOPA), showed good
spacer layers (PDADMA, PSS, PXV). The conducting layer was capped solubility in water and some organic solvents, such as methanol

by a layer of PDADMA for increased stabiliy.
Multilayer Characterization. The experimental setup used in the

and dimethyl sulfoxide (DMSO). The absorbance maximum of
neutral P3TOPS in water was at 615 nm, but high absorbance

modulated electroreflectance measurements has been reported elsevas observed also at longer wavelengths (see Supporting

where?® A small ac potential modulation (amplitude 14 mV) was used

(25) Moon, J. H.; Shin, J. W.; Kim, S. Y.; Park, J. Wangmuir1996
12, 4621-4624.

(26) Szentirmay, M. N.; Campbell, L. F.; Martin, C. Rnal. Chem
1986 58, 661-662.

(27) Hoogeveen, N. G.; Cohen Stuart, M. A.; Fleer, G.ahgmuir1996
12, 3675-3681.

(28) Lukkari, J.; Kleemola, K.; Meretoja, M.; Ollonqvist, T.; Kankare,
J. Langmuir1998 14, 1705-1715.

Information for the U\+vis spectra) and was attributed to
scattering due to aggregation or to residual oxidized segments.
Polythiophenes are known to aggregate in poor solvents, and
aggregate formation has been demonstrated also for sulfonated
poly(p-phenylene)s in watéf.31In DMSO thesxr—* transition

(29) Sauerbrey, GZ. Phys 1959 155, 206.
(30) Kilbinger, A. F. M.; Feast, W. Jl. Mater. Chem200Q 10, 1777
1784.
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displayed a blue-shift to 600 nm, and absorption at longer 5000-— T : ; T
wavelengths disappeared. The absorption maximum of P3TOPA
was 582 nm in water and DMSO. Compared to other poly-
(alkoxythiophene)s the absorbance maxima are at low energy,
indicating a high conjugation length for both polymé#&22>

In PDADMA/P3TOPS and P3TOPA/PSS multilayers the ab- 3000
sorption maxima were at 630 and 580 nm, respectively. Because
of possible aggregation the SEC characterization of PSTOPS
was carried out in DMSO containing 4% of water (we were
unable to determine the molecular weights with aqueous $SEC).
For several different preparation lots the measurements showed 1000-
a number-average molecular weight of ca. 66Q0 000 with

a polydispersity index of 2:52.9. This molecular weight is
similar to those reported for other water-soluble poly(alkoxy-
thiophene)s and implies an average chain length of ca480
monomer units. It should be born in mind, however, that SEC
has been shown to exaggerate polythiophene molecular weights, number of bilayers

mainly because of the lack of suitable standards for rigid pigyre 1. QCMB frequency changes upon sequential adsorption of
polythiophenes? An attempt was also made to determine the p3TOPS and PDADMA from solutions containing 0.2 MAS@; or
molecular weight of P3TOPA using SEC and water- or organic- Na,S,0,. Symbols: [1) neutral, and®) oxidized P3TOPS M) oxidized
based columns in various watesrganic mixtures but with no ~ P3TOPS on PDADMA, PDADMA on neutral P3TOPS))(neutral
success. The efforts to use matrix assisted laser desorptiorP3TOPS on PDADMA, PDADMA on oxidized P3TOPS (see text for

ionization time-of-flight (MALDI-TOF) technique for P3TOPS explanations). Whole numbers in the abscissa correspond to P3TOPS
or P3TOPA were not successful either. as outmost layer. The bar corresponds to a mass loading@fcs 2
(calculated from eq 1 assuming rigid film behavior). The lines shown
are guides to the eye.

4000+

2000+

-Af [ Hz

Multilayer Formation. The charge density of the surface
and that of a weak polyelectrolyte exhibits a strong effect on
the formation of polyelectrolyte multilayePswith PSTOPS, — 5mqunt of electroactive material although the total amount of
the charge density can be adjusted by controlllng.the oxidation 4sorbed polyelectrolyte is higher in the other case. This
state of the polymer, analogous to the pH control in the case of ;qncjysjon is supported by the electrochemical measurements
weak polyelectrolyted! In aqueous solutions, P3TOPS is stable (vide infra).
in the oxidized form and can be kept in the neutral form * \ye have also prepared multilayers by adsorbing successively
(referring to the polymer backbone) only in the presence of . iral P3TOPS on PDADMA and PDADMA on oxidized
strong reductants, such as hydrazine or sodium dithionite. To p3ropg (using oxygen-saturated, 8@ solutions), or oxidized
determine the suitable conditions for multilayer preparation we p31ops on PDADMA and PDADMA on neutral P3TOPS
have studied the effect of P3STOPS charge density using a quartz(using NaS,0; solutions). The average mass increments were
cry;tgl microbalance (Figure 1). First, both polyelectrolytes .5 171 and 2.Qug cnr2bilayer, respectively. However, the
(oxidized P3TOPS and PDADMA) were adsorbed from 0.2 M pepavior in these mixed cases was more ambiguous and was
Na, SOy solutions. Second, 0.2 M N8O, solutions were used ot analyzed further. In conclusion, these experiments show that
to keep the adsorbing and adsorbed P3TOPS in the neutral Statealthough the charge density of P3TOPS affects the film
Rinsing between the layers was accomplished either with formation multilayers can be prepared irrespective of its
oxygen- or n_nrogen-s_aturated water. Assuml_ng rigid film oxidation state. To simplify the chemistry during multilayer
behavior (previous studies on polyelectrolyte multilayers suggest faprication we have chosen to use exclusively the oxidized form
that QCMB data can be treated in a gravimetric manfiet)e of P3TOPS in the following work unless otherwise stated.
average mass increment is ca. 1.3 andi@@nr */bilayer for Characterization of Type | Multilayers. Electrical Proper-
the first and second case, respectively (including an unknown ies Electroactive multilayers can be formed by sequential
contribution from water). After a few initial layers a regular adsorption of P3TOPS, and an inactive polycation, for example,
zigzag behavior is observed. The mass increases upon adsorptiopDADMA, on gold electrodes primed with a self-assembled
of PDADMA on neutral P3TOPS but decreases (or does not monolayer of MESA or MEA. The electroactivity of the
change appreciably) upon adsorption of neutral PSTOPS onmtilayers can be attributed to the interpenetration of the
PDADMA. On the other hand, the mass increases Upon glectroactive and inactive layers. The peak currents increase
adsorption of OXIdI_Zed P_3T_OPS_but stays ne_arly constant after"neany after 3-4 bilayers (Figure 2), being higher for multi-
PDADMA adsorption. Similar zigzag behavior has been re- |ayers prepared from oxidized P3TOPS than the neutral form
ported in the adsorption of low charge density polyelectro- of the polymer, which supports the QCMB observations that
lytes?”34 While a definite explanation for these observations more electroactive material is adsorbed in the former case. In
cannot be given, they can be tentatively connected to the poorergeneral, the electrochemical behavior of PDADMA/P3TOPS
adhesion due to a lower charge density. However, the reSU“SmultiIayers in aqueous solutions is similar to that of poly-
imply that the use of oxidized P3TOPS results in greater relative thiophene films prepared and measured in organic media. The
voltammograms exhibit typical hysteresis showing at least two
oxidation processes and a broad reduction peak. The oxidation

(31) Rulkens, R.; Wegner, G.; Thurn-Albrecht, Tangmuir1999 15,

4022-4025. ] 7 : on i !
(32) Liu, J.; Loewe, R. S.; McCullough, R. Ddacromoleculest999 peak shifts to more anodic potentials with increasing number

32, 5777-5785. _ of layers and stabilizes at ca-0.25 V. The shift can be
(33) Caruso, F.; Niikura, K.; Furlong, D. N.; Okahata,bangmuir1997, attributed to slower charge-transfer kinetics in thicker fiffffs.

13, 3422-3426. T >
(34) Kolarik, L.; Furlong, D. N.; Joy, H.: Struijk, C.; Rowe, Rangmuir The electrical in-plane conductivity of a (PDADMA/P3TORS)

1999 15, 8265-8275. film was measured using a four-lead method and wasxl.6
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Figure 2. The evolution of the first oxidation peak current as a function
of the number of thiophene layers assembled using PDADMA and
oxidized @) or neutral @) P3TOPS. The inset shows the cyclic
voltammograms (100 mV/s) of a Au/MESA/(PDADMA/P3TORS)
multilayer in 0.2 M NaSQ, (assembled in 0.2 M N8O, using oxidized
polymer; neutral polymer behaved analogously). Number of thiophene
layers indicated in figure.

105 S cntl. Although the conductivities of poly(alkoxy-

thiophene)s are generally rather low, this value is considerably

smaller than that reported for macroscopic samples of similar
water-soluble polymer$2awith in situ polymerized polypyrrole
films Rubner et al. have shown that conducting polymer films
of similar thickness are enough to attain macroscopic conductiv-
ity of the materiak™In a previous report, however, similar low-
conductivity values were found for a polyelectrolyte multilayer
containing PDADMA and a polythiophene derivatfeWe
attribute the low conductivity partly to the insulating PDADMA
layers between the conducting ones. Electroreflectance measur
ments (vide infra) have shown that the insertion of a single
PDADMA layer between the electrode and P3TOPS signifi-

cantly decreases the charge-transfer rate. The conductivity could

be increased by a factor of ca. 40 when PDADMA was replaced
by a conducting polycation, P3TOPA (62104 S cnt! for
(P3TOPS/P3TOPA), supporting this conclusion. This is a
novel type of film, an all-thiophene polyelectrolyte multilayer,
and it emphasizes that good contacts between the conductin
layers are important for obtaining higher conductivity. Twists
and other defects can also contribute to the low conductivity in
these very thin polymer layers.

Optical Properties. The spectral evolution of PDADMA/
P3TOPS multilayers during oxidation in water also displayed
features characteristic for polythiophene films (Figure 3). Upon
oxidation ther—u* transition at 630 nm decreases with a slight
blue-shift (to 625 nm at potentials positive &f0.3 V), and
new bands appear at ca. 820050 and 1870 nm. The latter
band starts to shift toward higher energy at potentials positive
of +0.3 V, finally reaching 1720 nm at0.60 V. The behavior
in the medium spectral range (860100 nm) is more complex
due to at least two unresolved transitions. In this range, the
difference spectra display a maximum at ca. 1000 nm at
potentials below—0.2 V, whereas at higher potentials the
absorbance starts to increase at ca. 850 nm. Af@B V a
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Figure 3. Differential absorption spectra of a SHOMSPA/(P3TOPS/
PDADMA)s multilayer in 0.1 M NaN@/D-O. Spectra taken at 0.100
V intervals from—0.50 V to+0.60 V (spectrum at-0.60 V taken as
reference). The inset shows the evolution of absorbance at@go0 (
850 (+), and 1850 nm4). Noise around 1100 and 2000 nm due to
low intensity of the light sources (change from BVis to IR
spectrometer) and strongO (H,O) overtones, respectively.

to ca. 900 nm. This spectral behavior is in accordance with the
generation of polarons, dimerized polarons, and bipolarons as
charge carriers upon dopirf.

Study of Layer Interpenetration: Type Il Multilayers.
Extensive interpenetration of adjacent polyelectrolyte layers is
an inherent property of these multilayer systems, and information
about the extent of interpenetration is important for the
generation of layered superstructufésxX-ray and neutron
reflectometry measurements of PAH/PSS multilayers have
shown that a single layer overlaps approximately over four
adjacent layers on both sid&s!The new polyelectrolyte layer
can, therefore, interact with material seven to eight layers below
the film surface€® In these cases, the physical extent of
interpenetration is approximately-45 nm.

Especially, in multilayers containing polyelectrolytes capable
of electron- or energy transport it is of prime importance to
know how thick the separating layers have to be when inserted
between the substrate surface and the active layer or two active
layers to prevent short circuiting the two. Studies ofdter

genergy transfer between popyphenylene vinylene) (PPV) and

sulfonated polyg-phenylene) (PPP) have shown that the con-
jugated polyelectrolytes penetrate-42.5 PMA/PAH bilayers
(PMA = poly(methacrylic acid); this corresponds to +%&3

nm depending on adsorption conditioA$On the other hand,
one thick &5.7 nm) bilayer of PAA/PAH could separate the
conjugated layers, but even eight thin PSS/PAH bilayers (total
thickness over 5.3 nm) were not enough for total insulation.
This demonstrates that the nature of the separating layers may
have an important role. With redox active multilayers consisting
of poly(butyleneviologen) (PBV) four PAH/PSS bilayers were
needed to insulate the PBV layer from the electrode suff&ce.
To probe the interpenetration of P3TOPS during adsorption we
have prepared type Il multilayers in which a single layer of
P3TOPS was adsorbed on top of an insulating multilayer (either
PDADMA/PSS or PXV/PSS) of varying thickness (Scheme 2).

decrease in absorbance is observed, and the principal band shifts (36) Fad, K.; Leclerc, M.; Nguyen, M.; Diaz, AMacromoleculed995

(35) Kim, J.; Wang, H.-C.; Kumar, J.; Tripathy, S. K.; Chittibabu, K.,
G.; Cazeca, M. J.; Kim, WChem. Mater1999 11, 2250-2256.

28, 284-287.
(37) Hong, H.; Steitz, R.; Kirstein, S.; Davidov, Bdv. Mater. 1998
10, 1104-1108.
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T L (inset of Figure 4) because of finite charge-transfer rate. The

0.06 0tHz . magnitude of the reflectomittandé(defined analogously to ac
0.3 Hz 03 admittance asAR.—=YAE,, where AR;; and AE,: are the
005 | (¥ewal ] s < _ magnitudes of the reflectance change and interfacial potential
] ﬁi o0 / 3 Hz excitation, respectively) can be written as
o 0.03.
0.04 .
ﬁ E, ::: . / 11 Hz ) Y= Kca
T 15 o o s - 2 2 2 21112
3 003 TR /*\ ] [(1 - 0’RR,C.Cq)* + 0*(R,C, + RC, + RCy)7]
A frequency (Hz) / / ] (2)
T ¢ /' 33 Hz \\)
- o \ T wherew is the angular frequency¥ a proportionality factor,

111 Hz Rs, Ret, Cai, andC, (see Figure 4) the uncompensated solution
0.01 e » T, N resistance, charge-transfer resistance, double-layer capacitance,
v T sz T and adsorption pseudocapacitance, respectiely.the peak

o
4 L ¥ —
P D Ny -
0.004 = e 3 potential we have for the charge-transfer rate condtatit

04 02 00 02 04 06 k,=(2R,C) ?)
Potential (V vs SCE)

Figure 4. Steady-state electroreflectograms (measured at 600 nm) of
a Au/MESA/PDADMA/PSS/PDADMA/P3TOPS/PDADMA multilayer

0.02 ﬂ /o
: d /
Rﬂ Cl
S

The charge-transfer rate can be obtained from a fit of reflectance
data to egs 2 and 3 with some chosen value for the proportion-
in 0.2 M N&SOQ,. The excitation frequencies indicated in the figure. ality constant The solution rQS|stance aqd interfacial capact
At frequencies below 1 Hz only the central part of the curves was (@nCe can usually be determined by ac impedance with good
measured in order to decrease the measurement time. The insert showdccuracy. An example of the fit is shown in Figure 4. A small

a fit to the data according to the equivalent circuit shoRp= charge- deviation at high frequencies has been attributed by Creager et
transfer resistanc&, = pseudocapacitanc€y = interfacial capaci- al. to the presence of fast reaction sites in the SAM. We think
tance,Rs = uncompensated solution resistance). See text for explana- that in this case the deviation originates from the failure of the
tions. simple equivalent circuit to accurately describe the behavior of

Charge Transfer Through Insulating Layers. In polyelec- con_ducting polymer films over all frequencies used. Our own
trolyte multilayers containing electroactive polyions, the charge- & impedance measurements (not shown) have demonstrated

transfer rate between the electrode surface and polymer wouldthat the best description of oxidized type | or type Il multilayers
be a measure of the extent of interpenetration toward the 'S qbtalned_by_mcludmg a finitediffusion e'em‘?"t In the
substrate. In general, the ac techniques are better suited thaffauivalent circuit. However, it approaches an RC-circuit at low
simple voltammetry for precise measurement of charge-transfer féguencies and would complicate the analysis considerably
rates3® An elegant method for the determination of the charge- Without adding any new physical insight. Therefore, we use the

transfer rate in an electroactive self-assembled monolayer has>SMPI€ Circuit as the first approximation in this work, where
recently been proposed by Creager etah their method ac we are interested in the changes of the charge-transfer rate. In
voltammograms were measured at various excitation frequen-2ddition, as can be seen in Figure 5, the deviation is usually

cies, and the peak values as a function of frequency were fittedMuch smaller. _ _
to a simple equivalent circuit (see Figure 4). A single layer of _AS the number of insulating PDADMA/PSS layers between

P3TOPS could easily be detected on gold by ac voltammetry the gold electrode and the P3TOPS layer increases, the sigmoidal

and square wave voltammetry (SQW), but the analysis was reflectance curves shift to lower frequencies, indicating a
complicated by the nonideal, sloping background current in both decréase in the charge-transfer rate (Figure 5). The frequency

cases. This stems from the fact that non-Faradaic processeShift IS relatively large, 34 orders of magnitude when going
contribute to the measured current, too. Spectroelectrochemical 0™ Z&ro (AWMEA/P3TOPS) to seven insulating layers. If the
techniques provide a method for discriminating against non- Polythiophene layer was separated from the surface by nine

Faradaic processes, and the analysis of reflectoimpedance dat:2Yers: no signal was observed (down to the excitation frequency
in the complex plane has been shown to be an effective methodPf 1 mHz, which |s.the practical lower limit of our measurement
for the determination of electron-transfer kinetics at interfdtes. SYStem), suggesting the complete break of the connection
We have adopted a combination of these two methods for the Petween the surface and P3TOPS. The rate constants obtained
analysis of the charge-transfer rate across the insulating film in oM the fits in Figure 5 are shown in Figure 6 as the function
type Il multilayers. The steady-state electroreflectograms, that ©f the insulating layer thickness for this case, in which all the

is the magnitude of an ac reflectance signa®(dR/dE) as a layers were assembled from solgtions containing 0.2 M-Na
function of potential, display a nearly ideal background at SOy as an inert electrolyte. The size of the symbols represents

different measurement frequencies (Figure 4). The small the statistical error of the fitting proce$sThe rate constant
constant background is attributed to the electroreflectance signal (41) Lelievre, D.; Plichon, V.: Laviron, E]. Electroanal. Cheml98Q
of gold itself and can be easily subtracted. The reflectance signall12 137-145. o

originates from the reversible changes in the oxidation state of ~ (42) Equation 2 can be written in the form

the single layer of P3TOPS on top of the insulating film. The _ KCy 1
response curve has a sigmoidal shape as a function of frequency T T a RCy ]2 1 NE
. 1-o? +o?l5 + c(1+—)

(38) Bard, A. J.; Faulkner, L. FElectrochemical Methods. Fundamentals \/ [ @ 2k @ 2K RCa a

and Applications2nd ed.; John Wiley & Sons: New York, 2001; Chapter

10. wherea = Cy/Cs,. If a> 1 (or RCa(l + a™1) < 1/2k) the form and
(39) Creager, S. E.; Wooster, T. Anal. Chem1998 70, 4257-4263. position of the curve is determined b only, and changes in the
(40) Feng, Z. Q.; Sagara, T.; Niki, KAnal. Chem 1995 67, 3564— proportionality factoiK are compensated by equal changes.ilm all cases

570. reported these conditions were valid.
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all of the layers (including PSTOPS) have been adsorbed at this
. low ionic strength. Surprisingly, for three or more insulating
layers the rate constants are lower than in the case of higher
ionic strength (the value corresponding to the first point with
zero separating layers may be considerably in error due to the
minute amount of polyelectrolyte adsorbed). The curve falls
T clearly below the high ionic strength curve suggesting that the
thinner PDADMA/PSS layers are better insulators than the thick
layers (it should be noted that the thickness values in Figure 6
are operational ex situ values referring to the dried films,
whereas polyelectrolyte multilayers are known to swell in
: solution). To clarify the role of the ionic strength we have carried
out two additional measurements. First, the insulating PDADMA/
] PSS layers (and the capping PDADMA layer) were adsorbed
from low ionic strength solutions containing 0.02 M J$&,
but P3TOPS was adsorbed from solutions of high ionic strength
frequency / Hz (0.2 M N&SOQy). Second, PDADMA and PSS were adsorbed
Figure 5. The electroreflectance response (measured at 600 nm in at high ionic strength, and P3TOPS, at low ionic strength.
0.2 M NaSQy) as a function of excitation frequency for type Il Interestingly, in the first case the rate constants increased exactly
multilayers with different number of insulating PDADMA and PSS tg the values corresponding to the same number of thick
layers (indicated in figure). All layers assembled from solutions ppADMA/PSS layers. In the latter experiment the rate constant
containing 0.2 M Ng0O,. Experimental points and fitted curves are experienced a considerable drop from 7.5 to 4:Dathough
shown. not reaching the value corresponding to the same number of
. . . thin insulating layers (2.474). This behavior implies that the
ionic strength of the solution used for the adsorption of a
1000 3 particular polyelectrolyte layer is more important for the
) interpenetration of this layer than the ionic strength of solutions
\ 4 used for the adsorption of the other layers (or their nominal
100 N 3 thickness). In addition, the nature of the polyelectrolytes plays
1 1\ 3 an important role. If P3TOPS is adsorbed on top of an insulating
d~.!\ layer prepared from PXV and PSS (all adsorbed from 0.2 M
104 \g"TA n E NaSO; solutions; PXV shows no redox conductivity at
AN v potentials used) the layers are thin, and the charge transfer rate
5 constant drops off sharply (Figure 6). In all cases shown in
14 . 3 Figure 6 no signal was observed when nine layers were inserted
N A7 [ between P3TOPS and the electrode.
7+ o7 Polyelectrolyte layers close to the substrate surface differ
L , . 3 somewhat from those further away and usually two to four
0 5 10 15 bilayers are needed before a constant thickness increpeent
insulating layer thickness (nm) bilayer can be observed?* The insulating layers mainly
Figure 6. The charge-transfer rate constants calculated from the reprgsent SO_Ca”ed. zones I. and I of the whole polyelectrolyte
electroreflectance data for different type 1l multilayers as a function of multilayer as the thickness increased linearly after two to three

the insulating layer thickness. PDADMA/PSS insulating layemy (  Pilayers for aII_ insulati_ng polyelectrolytes used in the present
all layers assembled in 0.2 M bBO;; (O) all layers assembled in 0.02 work 24 The thickness increments were ca. 5.3 and 2.5 nm for

M Na,SQ;; (2) insulating layers assembled in 0.02 MAS&y, P3TOPS the PDADMA/PSS and PXV/PSS bilayers assembled in 0.2 M
in 0.2 M NaSQy; (V) insulating layers assembled in 0.2 M 184, NaSOy, respectively, and ca. 3.4 nm for PDADMA/PSS bilayer
P3TOPS in 0.02 M N#8Q,. PXV/PSS insulating layers:H) all layers assembled in 0.02 M N&Oy. These values are similar to those
assembled in 0.2 M N&O,. The number of insulating layers indicated reported previously for PDADMA/PSS multilayefdhe PXV/

for gach point. All electroreflect_ance measurements carried out at 600 pgg layers were thinner than reported for the PBV/PSS system,
nm in aqueous 0.2 M N&Q, solutions. The lines shown are only guides which may be attributed to the more rigid nature of the PXV

to the eye. chains consisting of flat aromatic moieti® Electron transfer

is a short-distance interaction decaying exponentially with the
separation between the donor and acceptor. The decay constant
is dependent on whether the transfer takes place through space
or through bonds but is generally of the order of 6:8% A4

In type Il multilayers, a significant drop in the rate constant
takes place already after insertion of one inactive layer<Q.7
nm). This drop is, however, much smaller than expected on the

peak

normalised 1/R (dR / dE)

001 01 1 10 100 1000 10000

k, (s

experiences a drop of ca. 4 orders of magnitude from 1450 s
when P3TOPS is in direct contact with the electrode (the
thickness of the underlying SAM is very small), to ca. 0.40 s
with seven insulating layers, before decreasing to zero with nine
layers. The values obtained are similar to the charge-transfer
rates observed with electroactive SARR?

The ionic strength of the adsorption solution is the major
factor determining the thickness of the adsorbed polyelectrolyte  (44) Ladam, G.; Schaad, P.; Voegel, J. C.; Schaaf, P.; Decher, G.;

13,4 Cuisinier, F.Langmuir200Q 16, 1249-1255.
layer!34If the PDADMA/PSS layers were adsorbed from 0.02 (45) (2) Li, T. T.-T.: Weaver M. 1. Am. Chem. Sod984 106, 6107

M Na;SO; solutions the insulating layers were considerably 108, (b) Closs, G. L. Miller, J. RSciencel 988 240, 440-447. (c) Moser,
thinner. Figure 6 also displays the rate constants obtained whenc. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, PNature1992
355 796-802. (d) Finklea, H. O.; Hanshew, D. D. Am. Chem. So2992

(43) Clifford, A. A. Multivariate Error Analysis Applied Science 114, 3173-3181. (e) Slowinski, K.; Chamberlain, R. V.; Miller, C. J.;
Publishers Ltd.: London, 1973; p 30. Majda, M.J. Am. Chem. Sod 997 119 119106-11919.




6090 J. Am. Chem. Soc., Vol. 123, No. 25, 2001 Lukkari et al.

Number of insulating layers 0.08 T T T r T T T T
7 9
0.06 B
3
£
I.I? 0.04
.U4 -
*ﬂ% E
a, 3
e
=  0.02 /5 -
-~
. 0.00 / 1
1'5 2I0 nm O

¥ T §
Distance from surface 5

T T T T T T T T

Figure 7. Penetration of P3TOPS into the insulating polyelectrolyte 6 1 2 3 4 5 6 7 8

film. The position of the gold electrode surface is shown by vertical number of insulating layers
lines for different number of insulating dry PDADMA/PSS layers

(assembled in 0.2 M N8Oy, thickness of the MESA layer neglected). Figure 8. The maximl_Jm ele(_:troreflectance signal in type Il multilayers
P3TOPS shown as a chain of balls; no indication of the number of With PDADMA/PSS insulating layers. Symbolsl all layers as-

it chain is included in this schematic figure. sembled at high ionic strength (0.2 M 2Q,); (©) all layers assembled
monomer units per g at low ionic strength (0.02 M N&Qy); (2) P3TOPS at high and other

. . ayers at low ionic strengthw) P3TOPS at low and other layers at
basis of the distance dependence of electron transfer, anc{ﬂgh ionic strength. Lines are shown as a guide to the eye.

tunneling across the insulating layers cannot explain the charge
transport. Therefore, as suggested earlier, the charge-transfey, divert, either totally or to a large extent, the effect of the
rate can be regarded as a measure of the interpenetration of the, i strength used in the assembly of the previous layers. This
P3TOPS layer toward the electrode surface. The physical pictureyhenomenon can be attributed to the reversible swelling of the
of the multilayer born out from these considerations is an |k of the polyelectrolyte multilayers upon exposure to a higher
insulator/conductor blend formed by the incoming conducting i5pic strength#446When a thin insulating multilayer prepared
polyelectrolyte as it penetrates into the film (Figure 7). The 4|6y jonic strength is exposed to a P3TOPS solution containing
constitution of the blend changes from a pure conductor at the g 5 \ N&SQ,, the ionic bonds within the PEM are broken,
top of the film to a pure insulator on the surface of_the elect_rode thus enabling the polythiophene chains to better penetrate into
with about nine or more insulating Iay_ers. Approximately eight ihe film. On the other hand, the porous bulk of the PDADMA/
outermost layers (excluding the capping PDADMA) are above pgs multilayer formed at high ionic strength contracts upon
the conduction percolation threshold and those closer to theexposure to a P3TOPS solution containing 0.02 M3,
substrate below it. We cannot exclude the presence of somertherefore, the incoming polyelectrolyte “sees” the preformed
isolated P3TOPS chains in latter deep-lying layers. The large javers in a state largely dictated by the ionic strength of the
effect of one insulating layer between the surface and P3TOPSgq|ytion of that particular polyelectrolyte. This also implies that
suggests that intervening layers may cause a marked l0ss Ofne solvation of the polyelectrolyte multilayer is an important
electrical contact between the conducting layers in the bulk of factor in determining the layer interpenetration. This might
the film also. This can explain the large increase of the eyxpiain the well-insulating nature of the thin PXV/PSS layers
conductivity in the all-thiophene multilayers, compared to containing the more hydrophobic PXV chains.
PDADMA/P3TOPS films. The electroreflectance data can also be used to estimate the
On the depth scale the extent of P3TOPS interpenetrationrelative amount of electroactive material adsorbed. For each type
varied from ca. 7 to 15 nm. The smallest interpenetration was |l multilayer the maximum electroreflectance signal at the low-
found with PXV/PSS insulating layers assembled in 0.2 M-Na  frequency limit is proportional to the amount of P3TOPS
SOy, while the largest value corresponds to PDADMA/PSS adsorbed (Figure 8). As expected, more P3TOPS was adsorbed
layers prepared under the same conditions, the PDADMA/PSSfrom 0.2 M NaSQy solutions than from solutions with low ionic
layers adsorbed at low ionic strength being close to the former strength. In both cases, the relative amount of adsorbed
case. This is equivalent to seven to eight individual layers in polythiophene increases with increasing number of insulator
all cases. These results are well in accordance with the layers on the substrate surface before leveling off after about
previously reported data on the layer interpenetradighf:10162  three layers. In polyelectrolyte multilayers, the amount of a
There does not seem to be much difference between thepolyelectrolyte adsorbed per layer is known to increase in the
unsymmetrical penetration of the outermost layer toward the zone I close to the substrate surfddéThe apparent decrease
substrate surface and the symmetrical interpenetration of a layerin the amount of adsorbed P3TOPS after four or more insulating
within the bulk of the film. The role of the ionic strength is prelayers is more puzzling. We tentatively attribute this to the
interesting. While most of the previous work has been carried formation of separate “arms” of P3TOPS reaching from the film
out using high ionic strength solutions for the polyelectrolyte surface toward the electrode. Close to the break of the electronic
adsorption the results at low ionic strength are surprisingly connection between the electrode and P3TOPS (i.e., with more
similar in terms of the number of interpenetrated layers (this than two PDADMA/PSS bilayers) the connection takes place
work and ref 10). As to the effect of the ionic strength the only via few such arms while others represent dead ends (Figure
experiments in which the small electrolyte concentration was 7). The coupling time constant between these two types of arms
different during the adsorption of insulating layers and the (46) (a) Qberg, L. Sandberg, S.. WelinKlintstrn S.- Arwin, H.

P3TOPS layer are specially informative. The ionic strength | angmuir1995 11 2621-2625. (b) Sukhorukov, G. B.; Schmitt, J.; Decher,
during the P3TOPS adsorption seems to be crucial, being ableG. Ber. Bunsen-Ges. Phys. Cheh®96 100, 948-953.




Method for Preparation of Polyelectrolyte Multilayers J. Am. Chem. Soc., Vol. 123, No. 25, 5001

may then become too large and the latter remain untouched byinformation about the interpenetration of the incoming P3STOPS
the ac excitation. The apparent amount of P3TOPS increasesjnto the insulating polyelectrolyte multilayer. The extent of
relative to adsorption at low ionic strength, when the ionic interpenetration is influenced by the nature of the insulating
strength of the P3TOPS solution was increased. The oppositelayers and depends critically on the ionic strength of the solution
behavior was observed if polythiophene was adsorbed at low used for the adsorption of PSTOPS, that is, the interpenetrating
ionic strength on a film formed at high M&O, concentration. polyelectrolyte. The insulating layer thickness required for
These observations are in accordance with the ionic strength-complete break of the electric connection varied from ca. 7 to
dependent permeability of the insulating polyelectrolyte layer. 15 nm, being in all cases, however, equivalent to eight to nine
polyelectrolyte layers. These values are in accordance with

Conclusions literature data obtained with flexible polyelectrolytes. Therefore,
Polyelectrolyte multilayers containing water-soluble electri- &lthough the length scale of interpenetration can be affected by

cally conducting polythiophene derivatives, poly-3-{Sienyl- the nature of the preformed multilayer, the results imply that

oxy)propanesulfonate (P3TOPS) and poly-3ttBenyloxy)- the rigidity of the incoming polyelectrolyte does not greatly

propyltriethylammonium (P3TOPA), have been prepared and influence the interpenetration of that particular component.
characterized. The electrochemical and optical behavior of these
multilayers (type | films) in aqueous solution was similar to
that of polythiophene films in organic media. The in-plane X .
electrical conductivity of a P3TOPS/PDADMA multilayer was (N:K') is gratefully acknowledged. We also thank Ms. Ta}lna
rather low, but it could be markedly increased by substituting -@ih0 for the AFM measurements, Mr. Paul Eki@Akademi

a cationic polythiophene derivative P3TOPA for PDADMA, ~ Jniversity, Turku) and Mr. Jukka Hellman (Turku Centre for
creating an all-thiophene multilayer. The charge-transfer rate B|otech_nology) for the work with ICP-M.S. and MALDI-TOF,
between P3TOPS and the electrode surface was measured usin§SPeCtively.

modulated electroreflectance. The charge-transfer experienced
a marked attenuation when insulating polyelectrolyte layers were
inserted between the conducting layer and the electrode (type
Il films). This attenuation was attributed to the formation of an
interpenetrating conducting network extending from the film
outer surface toward the electrode. As the insulating layer
thickness was increased, the number of arms reaching the
substrate decreased. Therefore, the charge-transfer rate give3A0043486
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