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Abstract

Self-assembled ®lms of Poly(o-ethoxyaniline) (POEA) doped with HCl alternated with sulfonated lignin (SL) were successfully produced

under different pHs and their kinetics of formation studied. The adsorption at lower pHs is faster due to the greater electrostatic attraction

between the POEA and the SL covered substrate, but a lower amount of POEA is deposited due to charge repulsion of additional POEA

chains and conformational steric hindrance. At higher pHs the adsorption of POEA takes longer but it is greater due to the contribution of

hydrogen bonding interactions, lower charge repulsion between POEA chains and a more compact polymer conformation. Adsorption of

POEA/SL multilayers could be carried out in different types of substrates. Atomic force microscopy (AFM) employed to investigate the

morphology of the alternated layers showed that POEA layers exhibited a granular rough aspect, while SL layers presented a much smoother

surface. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the last years the self-assembly technique [1±3] has

become an important approach to fabricate different archi-

tecture of ultra-thin ®lms of organic materials in a simple

and controlled manner. An additional advantage lies in the

low cost of the experimental apparatus with which ®lms can

be fabricated in relatively short-time intervals. The method

basically consists of oppositely charged polyions on the

alternate adsorption [4], although it has also been extended

to nonionic polymer molecules [5,6]. There has been some

debate in the literature about the types of interactions

governing the adsorption process in the layer-by-layer

deposition [4±7]. It was initially considered to be basically

governed by electrostatic interactions between ionic groups

[4,7], but recently the possibility of being applied for nonio-

nic hydrogen bonding polymers has been demonstrated

[5,6]. In the present work, we have investigated the forma-

tion of self-assembled ®lms of poly(o-ethoxyaniline),

POEA, a water soluble polycation in the conducting state

and sulfonated lignin (SL), which behaves as a polyanion.

By studying the effect of pH on the preparation of POEA

and SL self-assembled ®lms we were able to observe that

both electrostatic and hydrogen bonding interactions as well

as polymer conformation can be important for this system

depending on the solution pH. Furthermore, the alternated

layer-by-layer deposition could be carried out with different

substrates. It is well known about the importance to inves-

tigate the ®lm morphology in the literature. Electron micro-

scopy has not been accurate enough to visualize the

structure of ultra-thin ®lms, mainly due its poor depth reso-

lution. Alternately, atomic force microscopy-(AFM) has

been employed [8] to study the morphology of conducting

polymer ®lms, not only due to its great vertical resolution

but also because it allows the measurement of other inter-

esting parameters, such as roughness, grain size and surface

cross-section. Therefore, in this work AFM has also been

used to investigate the morphology of POEA/SL self-

assembled ®lms.

2. Experimental details

POEA was chemically synthesized using ammonium

peroxydisulfate, 1.0 M hydrochloric acid and excess of

monomer according to the method described elsewhere

[9]. SL in sodium salt form was purchased from Melbar

Lignin Products (Brazil). Substrates were Suprasile quartz

and BK7 optical glass slides (8 £ 20 £ 1 mm3) previously
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washed according to the method described by Kern [10]. A

plastic substrate namely TERPHANEe, poly(ethylene

terephthalate) from Rhodia-Ster/Brazil, was also used for

comparison. Stock aqueous solutions (in Milli-Q water) of

POEA at 0.4 g/l or 1 £ 1023 M (based on the tetramer unit

mass, 692 g/mol) and of SL at 0.3 g/l or 1 £ 1023 M (based

on the C9 unit mass, 298 g/mol) were used at different pHs.

Films were obtained by the self-assembly method described

elsewhere [4,11], which consists of POEA and SL layers in

the alternate deposition during an immersion time of 3 min.

UV±vis spectroscopy (Hitachi U2001 model) was

employed to monitor the polymer adsorption process at

wavelength of 455 nm, which is the isosbestic point [12]

for calculating the adsorbed amount of polymer at the differ-

ent pHs, as shown in Fig. 1. Films were scanned by AFM, in

a Digital Nanoscope III instrument, on the tapping mode.

The spring constant of the cantilever was in the range 20±

100 N/m. The images were obtained in a scan rate of 1 Hz

with a silicon tip. The surface roughness was calculated

using the power spectral density (RMS) obtained for each

layer by arithmetical media of three distinct areas

(1 mm £ 1 mm) for each sample.

3. Results and discussion

The investigation of the adsorption kinetics of self-

assembled ®lms is important not only to determine the opti-

mal time scale for the polymer layer deposition but also to

infer about the mechanism of the adsorption process. Fig. 2

shows the time dependence of the adsorbed amount of the

®rst layer of POEA deposited onto quartz substrates at three

pH values. The adsorption process is relatively fast occur-

ring since the ®rst few seconds of immersion of the substrate

within the polymer solution and reaches a plateau of satura-

tion after a certain time dependent on the solution pH.

According to Lvov and Decher [1] this type of behavior is

due to the mechanism of formation of the polymer layer

which is based on two stages: (i) at the fast ®rst stage,

polymer chains are anchored to the substrate, and (ii) at

the longer second stage, the chain packing relaxes to a

denser one. In a simpli®ed way, a quantitative analysis of

these isotherms can be done using the following equation:

G � Gmaxt

t 1 t
; �1�

where G is the amount of material adsorbed (mg/m2) in the

time t; Gmax the maximum amount of the material adsorbed

(mg/m2) when t goes to in®nite; t the deposition time (s);

and t is the characteristic time (s).

Table 1 gives the values of Gmax and t obtained for three

pH values. t represents the beginning of the saturation

plateau and increases about 2.5 times as the pH goes from

2 to 5, indicating that the absorption is taking longer to be

concluded. Interestingly, the maximum amount of POEA

absorbed (Gmax) also increases signi®cantly from 1.1 to

6.9 mg/m2 upon increasing the pH from 2 to 5. It is well

known in the literature [13±15] that the protonation degree

(or doping state) of polyanilines increases as the concentra-

tion of proton in the solution increases, i.e. pH decreases.

A scheme of the protonic acid doping process is given in
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Fig. 1. UV±vis absorbance spectra of HCl-doped POEA solutions at differ-

ent pHs, as indicated. Solution concentration� 0.04 g/l.
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Fig. 2. Kinetics of adsorption of the ®rst layer of HCl-doped POEA ®lms at

different solution pHs, as indicated. Solution concentration� 0.04 g/l.

Quartz substrates.

Table 1

Maximum amount of material adsorbed (Gmax) and characteristic time (t)

values obtained from ®tting of adsorption isotherms of the ®rst layer of

HCl-doped POEA onto quartz substrates at different pHs according to Eq.

(1)

Solution pH Gmax (mg/m2) t (s)

2.0 1.1 41

3.0 2.8 63

5.0 6.9 105



Fig. 3. Consequently, a more protonated polymer has a

greater electrostatic attraction (driving force) to the

substrate, resulting in a shorter t consistent with our results.

On the other hand, the extended conformation exhibited by

the highly charged POEA chains and the charge repulsion

between them inhibit the approximation of additional POEA

chains, resulting in a early stabilization of the adsorption

and consequently lower amount of POEA adsorbed (lower

Gmax), as it will be discussed in detail later in this paper.

The pH dependence of the adsorption is con®rmed during

the ®lm growth, i.e. multilayer formation, as shown in Fig.

4. The amount of POEA absorbed increases linearly with the

number of bilayers, being higher at higher pHs. This result

cannot be explained on the basis of the original paradigm of

the self-assembly technique [4,7], in which the adsorption

process is attributed exclusively to electrostatic attraction. If

that was the case the adsorption at lower pH should lead to a

higher amount of material adsorbed since the polymer has a

larger amount of positively charged sites. In addition the

adsorption at pH� 5, where the POEA is only slightly

doped, should be negligible, contrary to what was observed

in the present work. As a matter of fact, recent work in the

literature [5,6,16±18] corroborates our observation, demon-

strating the possibility of other types of interactions in

different polyanilines solution systems.

The recent work of Ikkala et al. [16,17], for instance,

showed that ®lms of polyaniline doped with camphor sulfo-

nic acid cast from m-cresol solutions may form supramole-

cular structures due to a combination of three simultaneous

interactions: ®rstly, the sulfonic acid is bonded to PANI due

to proton transfer; secondly, the hydroxyl group in m-cresol

is hydrogen bonded to the carbonyl group of the CSA mole-

cule; and ®nally, the phenyl groups of the m-cresol and

PANI are stacked, thus yielding enhanced mutual dispersion

forces. Such interactions promote a more extended confor-

mation of the PANI chains in the doped state [18], leading to

improvements in solubility and conductivity. The contribu-

tion of hydrogen bonding interactions in polyanilines self-

assembled ®lms was further demonstrated by Stockton and

Rubner [5]. They showed the possibility of preparing alter-

nated layer-by-layer ®lms of polyaniline with a variety of

different nonionic water soluble polymers (poly(vinylpyrro-

lidone), poly(vinyl alcohol), poly(acrylamide) and poly-

(ethylene oxide)) by an adsorption process which was

driven basically by hydrogen bonding interactions with

the amine and imine sites of polyaniline.

We suggest that the adsorption of POEA chains under the

conditions studied in the present work is governed by elec-

trostatic and hydrogen bonding interactions, which are

dependent on the solution pH and are affected by conforma-

tional variations of the polymer chains. At lower pHs the

proton concentration in the solution is more leading to a

greater doping level of the polyaniline derivative due to

protonation, as demonstrated by MacDiarmid et al. [14].

In such conditions the POEA chains are in a more extended

conformation due to the repulsion between the positively

charged segments of the polymer backbone [18,19].

According to Kawaguchi and Takahashi [20] the increase

in charge density within the polymer backbone should lead

to an increase of the polymer adsorption to the substrate.

However, other aspects such as the pH dependence of poly-

mer conformation and hydrogen bonding interactions were

not taken into account. Indeed, at high pHs, in addition to

the lower electrostatic repulsion, a more compact polymer

conformation and multiple bonding sites allow the adsorp-

tion of a larger amount of polymer.

It has been demonstrated for polyaniline that the polymer

conformation depends strongly on its doping state [18,19].

Polyaniline acts as a polyelectrolyte, in which the electro-

static repulsion between similarly charged units of the poly-

mer chain occurs and become greater as the polymer charge

density (or doping level) increases upon pH decrease. Such

intramolecular repulsion promotes a `straightening-out' of

the polymer chain going from a coil-like to a more extended

conformation [18]. As a consequence at a ®rst stage the

adsorption is faster due to the high charge density which
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Fig. 3. Schematic protonic acid doping of a POEA tetrameric unit.
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Fig. 4. Build-up of self-assembled ®lms of HCl-doped POEA layers alter-

nated with SL layers at different solution pHs, adsorbed onto quartz

substrates. Solution concentration� 0.04 g/l. Immersion time for each

layer� 3 min.



leads to a greater electrostatic interaction (driving force) of

the POEA to the SL modi®ed substrate. However, at a

second stage a smaller amount of polymer is adsorbed

since the molecular packing and arrangement of the poly-

mer chains become more dif®cult for an extended polymer

chain than for a more coil-like structure which is obtained at

higher pHs (lower charge density in the polymer backbone).

In addition the intermolecular repulsion between POEA

chains (in solution and those already adsorbed in the ®rst

stage) starts to become important since the charge density

on the surface increases to a certain higher level due to the

similarly charged POEA chains being adsorbed. A sche-

matic representation of this effect is illustrated in Fig. 5.

Additionally, considering that the charge density of the

SL does not change with pH, because the sulfonic group acts

as a strong acid, at higher pH one will need more POEA

chains (which possess a lower charge density) for overcom-

pensating the SL charges than at lower pH. Since the SL

macromolecule forms a rigid network the coil-like confor-

mation exhibited by the POEA, at higher pH, favors the

arrangement and adsorption of a larger amount of the poly-

mer in this condition. It should be pointed out that the

hydrodynamic volume of a coil-like is also smaller, contri-

buting to a better polymer chain packing. The same idea

seems to be valid for the absorption of the ®rst POEA

layer to the substrate.

These results are consistent with other studies in the

literature [21] showing that a larger amount of polymer is

adsorbed in self-assembled ®lms of poly(vinyl sulfate) and

poly(allylamine) when the ionic strength of the polymeric

solutions is increased. They propose that the addition of salt

to these polymeric solution promotes screening of the elec-

trostatic charges on the polymer chains, causing the intra-

and inter-molecular electrostatic repulsion to decrease and

leading to the rod-to-coil transition of the polyelectrolytes

with the consequent increase in the amount of adsorbed

polymer [21]. A similar effect known as Donnan effect,

has also been observed during the synthesis [22] and doping

[23] of polyanilines and derivatives, where a screening

effect of the positively charged polyaniline sites occurs

with the increase in the ionic strength of the solutions

studied.

We believe, therefore, that the types of interactions which

seems to be involved on the adsorption of the POEA and SL

under the conditions studied are electrostatic interactions

(between the ionized sulfonic groups of SL and the posi-

tively charged species of doped PANI, namely radical

cations, see Fig. 3) which dominates the rate of the polymer

adsorption at lower pHs, whereas at higher pHs the con-

tribution of hydrogen-bonding interactions (between

hydroxyl, carbonyl, ether and sulfonic groups of SL and

amine/imine groups of POEA), in addition to the lower

electrostatic repulsion effect, more compact polymer

conformation and multiple bonding sites, allow the adsorp-

tion of a greater amount of polymer. It should be noted that

according to the literature [7], it is not the net surface charge

which determines the adsorption, but rather the possibility

to form a signi®cant amount of bonding sites between the

polymer and surface groups, even though these bonds are

individually less strong than other types. As a consequence

the ®lms investigated in this work were very stable and the

polymer chains would not desorb even after the extensive

washing employed during their preparation procedure.

One great advantage of these polymer systems is that they

can be deposited by the self-assembly technique in various

types of substrates of different chemical nature including

plastics and glasses, as illustrated in Fig. 6. It can be

observed that a 10-bilayer ®lm of POEA/SL can be depos-

ited in three different substrates leading pratically to the

same absorbance and linear growth previously discussed,

and therefore to the same amount of polymer adsorbed inde-

pendently of the substrate. The dispersion in absorbance

observed in the ®gure is within the experimental error of

the self-assembly technique, indicating that the polymer

growth is dictated by the interactions between the polyca-

tion and polyanion with very little in¯uence of the substrate.

The self-assembled ®lms appeared to be very homoge-

neous when analysed by optical or scanning electron micro-

scopy up to a scanning range of 100 mm. However, since the

vertical resolution of these microscopes are limited to 20 nm
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Fig. 5. Illustration of electrostatic and conformational contribution on the

adsorption of POEA chains onto solid hydrophilic substrates by the self-

assembly technique at two solution pHs: (a) pH� 2 and (b) pH� 5.



and the roughness of the thin ®lm surface studied are below

ca. 5 nm, the AFM was used to investigate their morphology

systematically. Fig. 7 shows an AFM image of a 5 bilayer

POEA/SL ®lm prepared at pH 3, containing POEA as the

uppermost layer. A granular formation is seen, whose grains

width (estimated by the inter grain separation between 50

and 100 nm) are more than 10 times of the depth (3±4 nm),

as indicated in the pro®le of Fig. 7(b) and (c). Such

morphology is typical of polyanilines [24] and it has been

observed in the literature by other authors [8,25]. According

to Avlyanov et al. [8] ®lms of polyanilines deposited on

glass substrates by in situ polymerization also exhibit a

granular formation with dimension very similar to ours.

They suggest that the ®lm growth results from the nuclea-

tion of particles on the surface where the lateral growth rate

is high compared to their growth in height. This hypothesis

is being further explored in our laboratory by carrying out

AFM studies in a ¯uid cell apparatus.

The evolution of the morphology during the alternated

layer-by-layer deposition was also analysed by AFM for

each layer. As illustrated in Fig. 8, a rough granular surface

appears for the POEA layer (RMS roughness of 0.80 nm),

whereas a signi®cantly ¯atter one is seen for the SL surface

(0.26 nm). Fig. 9 shows that such feature is maintained for

the subsequent POEA and SL layer deposited. A similar

behavior was observed in the literature [26] for alternating

layers of glucose oxidase and poly(ethyleneimine), where

the subsequent adsorption of the polyion layer decreased the

surface roughness of the protein layer signi®cantly, due to

bridging of protein molecules by the polyion chains. We

believe that the same effect is occurring in our case. Recent

molecular computational simulation of lignin [27] has indi-

cated that its macromolecular network leads to the forma-

tion of a planar structure which can easily cover the rough

surface of POEA. Radotic et al. [28]also showed a modular

formation of a lignin precursor by STM which is similar to

the images we obtained and corroborates our work. Lignin

Langmuir±Blodgett (LB) ®lms [29] also showed a surpris-

ingly low RMS roughness, even lower than for LB ®lms

from the traditional amphiphile cadmium stearate. There-

fore, it seems very likely that the rougher POEA surface

obtained in each adsorption step is covered by the ¯atter

SL layers. This is a nice way of decreasing the roughness

of ultra-thin ®lms, which is important for certain applica-

tions in nanotechnology where a smoother surface is usually

required.

4. Conclusions

Self-assembled ®lms of POEA doped with HCl alternated

with SL were successfully produced and investigated under

different pHs and substrates. A linear build-up was obtained

for different substrates and solution pHs. The layer-by-layer

deposition is governed by electrostatic and hydrogen bond-

ing interactions, allowing the formation of ®lms at pHs in

the range from 2 to 5, with a larger amount of material

adsorbed at higher pH. The adsorption at lower pH is faster

due to the greater electrostatic attraction of the POEA to the
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Fig. 7. AFM images of a ®ve-bilayer ®lm of HCl-doped POEA layers

alternated with SL layers, showing the surface of the ®fth layer of

POEA. (a) 500 nm £ 500 nm 3D image; (b and c) topographic pro®le.



SL covered substrate, but a lower amount of POEA is depos-

ited due to charge repulsion of additional POEA chains and

conformational steric hindrance. Conversely, at high

pH� 5 the adsorption of POEA takes longer, but it is

greater due to the contribution of hydrogen bonding inter-

actions, lower charge repulsion between POEA chains and a

more compact polymer conformation. The adsorption of

POEA/SL multilayers was independent of the type of

substrate used. AFM demonstrated that the surface rough-

ness varies with the number of deposited layers, being

higher for POEA than for SL layers, as a result of the

grain morphology of POEA layers and the smoother planar

surface of SL layers, which covers the rough POEA layer in

each alternated deposition.
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