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Method of electrostatic layer-by-layer assembly is used for preparation of the ultra thin
functional films based on anionic complex of poly-3.4-ethylene dioxythiophene (PEDOT) —
polystyrene sulfoacid (PSS) on the surface of the transparent indium-tin-oxide substrates.
For the first time N-cetyl pyridinium chloride (CPC) was used as a cationic surfactant. It
has been shown that nanofilms obtained in the presence of CPC demonstrate the optical
properties and electrochemical behavior similar to PEDOT-PSS functional films that prom-
ises their application in electrochromic devices.

MeTon 2geKTPOCTATUYECKON MIOCAONHON COOPKU HCIOJL3OBAH IJA IIOJAyYeHUA (PYHKIIHO-
HAJIbHBIX ILIEHOK AHMOHHOTO KOMILIEKCA MMoau-3,4-stuaenguorcuruodena (IIEJOT) ¢ monu-
cTuposacyabdorucaorToit (IICC) Ha MOBEPXHOCTH HPO3PAUHBIX MHIUN-CTAHHYM OKCHUIHBIX CYO-
cTparoB. B KauecTBe KATHMOHHOrO IIOBEPXHOCTHO-AKTHBHOI'O BEIN€CTBA BIEPBBIE MCIOJIb30BAH
N-nerunnupununanii xaopur (IIII1X). [Tokasano, 4YTO TOHKUE IJIEHKH, IIOJYIYCHHBIE B IIPUCYT-
crBuu IIIIX, 1eMOHCTPUPYIOT OITUYECKUE CBOMCTBA U 9JEKTPOXUMUYECKOE IIOBeJLEeHUE, CBOM-
crBeHHOe (yHKmuoHaNbHbBIM IteHkam IIEJOT-IICC, uro mpeamosaraeT BOSMOMKHOCTh HX
MPUMEHEeHUS B DJIEKTPOXPOMHBIX YCTPOMCTBAX.

1. Introduction

Development of a new generation of
functional materials that combine the opti-
cal properties of semiconductors with the
flexibility, thermoplastic processing and
lightness of polymers requires the creation
of effective methods for formation of
nanoscale films of these materials on the
surfaces of various types. For the working
out of modern organic displays, flat panels,
hybrid solar cells it is needed to obtain thin
organic layers with electro-optical and elec-
trochromic properties [1-8] on transparent
conducting substrates. Numerous organic
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substances exhibit an ability to electro-
chromic behavior [2], but the conjugated
polymers with intrinsic electron conductiv-
ity such as polyaniline and it derivatives [4,
5], poly-3,4-etylendyoxythiophene (PEDPT)
[1-3, 6] attract the greatest attention, due
to its high conductivity, stability and capac-
ity for reversible color change and thus the
optical spectrum under the electric field
over a wide region of potentials. Currently,
the most promising electrooptical polymer is
PEDOT [2, 3, 6, 7], as improved methods of
obtaining thin films of this polymer is an
important and actual task. To prepare thin
layers of PEDOT on conductive surfaces tra-
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ditionally it is used the method of electro-
chemical polymerization of monomer — 3,4-
ethylenedioxythiophene [2, 7]. For obtaining
PEDOT films practically on any surface re-
cently it is widely used aqueous dispersion
of pre-synthesized polymer PEDOT stabi-
lized by polymeric anion of polystyrene sul-
fonic acid (PSS), which is produced indus-
trially [1-3].

For formation of thin layers from aque-
ous dispersion of PEDOT-PSS on different
surfaces the methods of screen printing [8],
inkjet printing [9] and others may be util-
ized. Conductive layers on glass or other
surfaces can be obtained at spreading cen-
trifugation (spin-coating) of PEDOT-PSS
dispersion [10, 11]. Also the method of sub-
strate immersion (dip-coating) in the disper-
sion of PEDOT-PSS [12] is convenient. For
a given coating thickness obtaining these
techniques require accurate speed control of
the substrate removal from solution (dip-
coating) or rotation (spin-coating), which is
provided by special equipment and auto-
mated computer control system.

Similar to these methods a method of
layer-by-layer assembly (LBL) [1, 3, 6] is
promising because of its simplicity and the
possibility of direct control of the film
thickness by the number of deposited lay-
ers. The method requires no special equip-
ment, thus providing the possibility of
forming coatings regardless of the surface
type [13] and applying alternating layers of
different nature and functionality [1, 3].
LBL method is relatively new and in modern
nanotechnology is applied for obtaining
films that perform certain functions in an
electric field [1-3]. In this case, for reliable
film contact with the conductive substrate
(electrode) it is necessary to provide suffi-
cient adhesion that is not always achieved
in the technology "spinor dip-coating”™. The
above methods are used to form films of
PEDOT-PSS [4, 5], but mainly — single
layer. However, in the multilayer films ob-
tained by "spin- or dip-coating” the adhe-
sion between the layers is insufficient,
which causes nodules and uneven.

The formation of multilayered polymer
films via the LBL assembly technique util-
izes the electrostatic interaction between op-
positely charged molecules of anionic and
cationic types. The anionic surfactant cre-
ates a negative charge on the surface of
substrate, while the cationic surfactant cre-
ates a positive one. As rule, the surfactant
is selected from a series of polyelectrolytes
such as: polydiallyldimethyl ammonium
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chloride, polyallylamine hydrochloride,
vinylbenzyldimethyl dodecylammonium
chloride (cationic type), polyacrilic acid and
polystyrene sulfonate or others (anionic
type) [6, 14]. An inclusion of the inert poly-
mer particles into the electrochromic poly-
mer material decreases an optical transmit-
tance and causes of turbidity of the film
due to light dissipation or light absorption
by globules of polymer electrolyte [6] or in-
sertion of polycation in the layer of PEDOT
[14]. Consequently, the optical spectra of
PEDOT films unclear, they are difficult to
isolate specific absorption band — which re-
duces the information content of optical
studies. In some cases, an increasing the
resistivity of multilayer structure almost in
order of magnitude takes place [15] by the
proper resistance of relatively thick film of
the polymer surfactants, which leads to a
significant deterioration of the electro-
chemical activity of the resulting multilayer
structure.

One of the ways to improve the technol-
ogy of LBL assembly of polymer films can
be the usage of cationic surfactants with
low molecular mass, but this question today
is insufficiently studied. Due to the high
adsorption activity and small molecular
weight as cationic surfactants in technology
LBL we first used — N-alkyl(cetyl) pyrid-
inium chloride.

The aim was to investigate the physical
and chemical properties and patterns of
self-assembled multilayer films of PEDOT-
PSS on the surface of transparent sub-
strates using N-cetyl pyridinium chloride as
cationic surfactant.

2. Experimental

Poly-3,4-ethylenedioxythiophene (PEDOT)
in the form of aqueous suspension of poly-
mer stabilized by anionic surfactant — poly-
styrene sulphonic acid (PSS) with a content
of 1.3-1.7 % PEDOT-PSS was purchased
from the Aldrich. As cationic active surfac-
tant we used the high purity N-cetyl pyrid-
inium chloride (CPC) monohydrate (Merck).
Chemical structures of the anion stabilized
polymer and cationic surfactant are pre-
sented in Fig. 1.

All solutions were prepared using twice
distilled water at room temperature. Water
dispersion of PEDOT-PSS was diluted by
water to concentration of 0.08 wt. %. The
concentration of CPC was of 0.05 wt. %.
The films were assembled on the glass sur-
face, coated with transparent semiconductor
surface of ITO (indium-tin-oxide) (SHOTT
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Fig. 1. Structure formula of poly-3,4-ethyl-
ene dioxythiophene (PEDOT) (a), polystyrene
sulphonic acid (PSS) (b) and cationic surfac-
tant — N-cetyl pyridinium chloride (CPC) (c).

Korea), treated with N-(2-aminoethyl)-3-
aminopropyl-trimethoxysilane to make the
substrate surface hydrophilic.

Optical absorption spectra in UV-visible-
near-IR region were obtained with spectro-
photometer SP-46 at the T = 293 K. Film
thickness was measured with laser zero-
ellipsometer LEF-3M-1 (AL = 632.8 nm), by
4-bands method [16].

To study an electrochemical activity of
the films obtained a three-electrode cell was
employed [5]. ITO glass with multilayer
polymer nanofilm was used as a working
electrode. The counter electrode was plati-
num wire and as a reference the saturated
Ag/AgCl electrode was employed. 0.1 M
LiClO,4 solution in acetonitrile was used as a
support electrolyte.

3. Results and discussion

The PEDOT-PSS/CPC films were pre-
pared by alternately electrostatic adsorption
process. When cationic surfactant — CPC
was dissolved in water, it dissociates with
formation of surface active cation
[CyH2n:1NCsH5]H which has a high ability to
adsorb on the solid surface. The pre-treated
positively charged substrate was firstly im-
mersed in the PEDOT-PSS solution for
10 min as counter anion layer to produce a
bilayer [6]. Second and next routes of depo-
sition include an immersing in CPC solu-
tion, in water, in anionic polymer solution,
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Fig. 2. The relationship between optical ab-
sorption of PEDOT-PSS/CPC films and the
number of bilayers at A =380 nm (I) and
660 nm (2).

in water and then drying with nitrogen gas
after washing with distilled water. The dry-
ing procedure between the adsorption of
cationic or anionic layers was necessary for
obtaining of uniform, self-assembled layers.
To monitor the growth process of these LBL
multilayers a UV-vis spectroscopy was used.

It was found that the compact uniform
films of PEDOT-PSS/CPC with varying
thickness were deposited in result of 8-
40 routes of alternate adsorption of cationic
surfactant and anionic polymer complex. As
showed by optical spectroscopy, an increase
of the bilayers number during the films for-
mation process leads to rising optical ab-
sorption of polymer layer (Fig. 2).

Optical absorption of the films at
380 nm and 660 nm increases uniformly
with the bilayer number. It indicates that a
progressive assembly runs regularly with al-
most equal amount of deposition in each
cycle. It should be noted that the linear
relationship between the film thickness or
optical absorption and the number of layers
is not always observed in the case of poly-
meric cationic surfactants such dependence
is typically exponential [6].

Simultaneously increasing of absorption
intensity by polymer layer with growing its
thickness does not change a shape of spec-
trum, but has certain effect on the position
and relative intensity of the absorption
bands (Fig. 3).

Multilayer films PEDOT-PSS/CPC ob-
tained from 10 and more bilayers are char-
acterized by absorption spectrum, which
consists of two distinet bands: the first with
maximum at 880-390 nm indicates the ex-
istence of localized polarons and corre-

sponds to m — ©° transition in the chain of
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Fig. 3. Absorption spectra of the self-assem-
bled PEDOT-PSS/CPC nanofilms deposited on
the ITO substrate by LBL method. Number of
bilayers: 10 (1), 20 (2), 30 (3); 40 (4).

conjugation [2, 6, 7]. The second broad band
exhibits the maximum at 600-800 nm at-
tributed to vibronic coupling and indicates
the possibility of the inter-chain m-stacking
interaction of thiophene rings [17]. With
increasing film thickness, along with com-
mon rising absorption the shift of the first
band to short wavelength region with
higher energy is observed. For thicker films
(30 or 40 bilayers) the second band with
maximum at 650-680 nm also exhibits
some shift of the absorption to short wave-
length region of the spectrum as compared
with thinner layers. An existence of the op-
tical absorption at A > 800 nm extended to
near IR region may be attributed to both
polarons and bipolarons (as delocalized
charge carriers) whiich form their own band
[18]. The spectra obtained confirm the
formed electronic structure of nanofilms as
well as that the optical transitions are
caused by localized and delocalized charge
carries.

To investigate the electrochemical behav-
ior of the multilayer nanofilms of PEDOT-
PSS/CPC the method of ecyclic voltammetry
was employed. Fig. 4 shows cyclic volt-am-
pere curves obtained for the multilayer
PEDOT-PSS/CPC films prepared on the ITO
surface by LBL deposition.

Presented cyclic voltammograms demon-
strate a high electrochemical activity of the
LBL multilayer PEDOT-PSS/CPC film in po-
tential range of £ =-0.2 ... 1.2 V with re-
versible redox maximums in the interval of
E=-0.2 ... 0.6 V (Fig. 4). Increase of the
anodic and cathode peak current with num-
ber of potential sweep scans illustrates the
presence of electroactive polymer layer on
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Fig. 4. Cyclic voltammograms of twenty bi-
layer PEDOT-PSS/CPC film on the ITO glass
plates in 0.1 M LiClO, solution in acetonitrile
at potential sweep rate of 40 mV/s. The ci-
phers correspond to number of scan cycles.
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Fig. 5. Scheme of electrochemical reactions in
PEDOT-PSS films in the doping-dedoping
process (AnT — anion of electrolyte, for in-
stance, ClO 7).

the electrode surface and may be caused by
electrochemical doping of the films [2, 6].
Redox processes in PEDOT films at poten-
tial switching probably carry out by the
scheme presented in Fig. 5.

During doping process the color of film
changes from blue to light blue (with oxida-
tion) and in the reverse process — to dark
blue (during reducing). Electrochemical
processes occurring in the film are revers-
ible, and during successive cycling it is no
degradation of the electrochemical activity
of the film, and vice versa — its growth.
Such electrochemical activity is charac-
teristic of the high conducting electro-
chromic PEDOT/PSS films [[2, 3, 6, 7], that
currently regarded as the most promising
functional layers for use in the electro-opti-
cal devices.
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4. Conclusions

It has been found that using N-cetyl
pyridinium chloride as cationic surfactant,
homogeneous PEDOT-PSS films with con-
trolled thickness of 10-60 nm can be ob-
tained by layered assembly. However, unlike
to high molecular surfactants there is a lin-
ear relationship between the optical absorp-
tion of the films and the number of bilay-
ers. Optical absorption spectra of the ob-
tained films characterized by two
well-formed bands: at 380-390 nm corre-
sponding to m — n* transition and other

band in the region of A = 600-800 nm indi-
cates the formation of polaron type carriers.
The multilayer films obtained in the pres-
ence of CPC as cationic surfactant demon-
strate a high electrochemical behavior char-
acteristic of high-conductive functional
films PEDOT-PSS which promises their ap-
plication in electrochromic devices.

Thus, the use of the proposed surfactant
provides the benefits of technology obtain-
ing and improving the quality of the ab-
sorption spectra of PEDOT-PSS films, while
ensuring sufficient electrochemical activity
of the films in a wide range of potential.
The obtained results can be used for layered
assembly of PEDOT-PSS also on other sur-
faces.
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ExexTpocTaTnuHe momapoBe CKJIAJaHHS
(pyHKIiOHATBHUX HAHOIJIIBOK
moJi-3,4-eTujieHAioKcUTiOpeny

O.I.Kononeanvnuk, O.1.Axcimenmuovesa, B.I1./[vakxonos,
C.Ilexoma, I1.€.0nainuw, I'' lllumuwax

MeTon eleKTPOCTATHYHOrO IIOMIAPOBOr0 CKJAMAHHS BUKOPHUCTAHO IJA OTPUMAHHA (DYHK-
mioHAJNBHUX IIJIIBOK aHIOHHOrO KOMILIEeKCY IoJi-3,4-etuinenmiokcuriopeny (IIEJOT) 3 mo-
aicrupoacynasdoruciaororo (IICC) ma moeepxHi mposopux imgili-craHyM OKCUIHUX CYyO-
crpariB. B sikocri KaTtionHol moBepxHEBO-aKTHUBHOI peuoBmHU (cypdaKTanTa) BIIepIlie 3aImpo-
MOHOBaHO BuKopucranHa N-ueruanipuauuiii xaopuay (IIIIX). BeramoBiaeHo, o TOHKI
miaiBku, orpumani 3a HagBHOocTi IIIIX, BUABIAIOTH ONTHUYHI BJIACTUBOCTI i eJeKTpPOXimiuHy
MoBeIiHKY, Baactusy pyurmionanpuum mapam ITETOT-TICC, uio nepexbadae MOMKIUBiCTL 1X

3aCTOCYBAaHHA B €JeKTPOXPOMHUX IIPUCTPOAX.
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