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Abstract We apply chronoamperometry and cyclic vol-
tammetry to trace the effect of the deposition potential on
morphological and redox properties of N-substituted poly-
pyrrole films on platinum and ITO in acetonitrile solutions.
The goal of these experiments is to check whether certain
principle trends observed in the course of the film growth
can be used to monitor the deposition process and to
control the features of the fabricated polymer. We use STM
for morphology characterization, and estimate the film
thickness from its redox response in background solution.
For titanocene-substituted pyrrole, we compare current
transients data on the anodic electropolymerization and
the monomer reduction, in order to estimate the mass
transport contribution to the polymerization current within
various time domains (0.1 ms—1,000 s). On the basis of all
these observations, we conclude on the existence of four
characteristic regions of deposition current transients and
assign them to certain steps in the oligomers formation and
the film growth. The region of the current growth is
discussed as well in terms of traditional nucleation models.
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Introduction

The morphology of conducting polymers is a feature
important for numerous applications and usually essential
for the redox behavior. At this stage, only occasional
observations of the effect of the deposition mode on the
film morphology are available. We consider below some
trends, which are of interest for the future in the context of
the controllable formation of films with a certain morphol-
ogy. This problem is closely related to approaches allowing
control and to monitor the total film thickness on the basis
of the deposition current and charge transients. It looks
attractive to apply these instruments, very informative for
metal deposition, to a more complex process of the polymer
growth.

Model approaches to the current transient analysis
worked out for deposition of inorganic solids cannot be
applied straightforwardly to the polymers deposition.
Actually, in contrast to the metal electrocrystallization,
deposition of conducting polymers is complicated by the
preceding and parallel formation of soluble oligomers, and
the current efficiencies are frequently not too high. Current
transients typical for the polymer deposition start from the
region of current decrease, with a subsequent minimum [1—
11]. This initial region is formally treated as induction
period. No formation of a solid product in this time domain
(before the onset of the current increase) was found by
ellipsometry for pyrrole [3] and thiophene [6] polymeriza-
tion; the evident changes of optical interfacial properties
were observed only after passing the minimum, i.e., at the
ascending branch of the current transient. However, this
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does not mean automatically that this branch can be
analyzed as a deposition transient without any correction
for the oligomer formation.

We try to understand the nature of monomer oxidation
processes in various time domains and to interrelate the
observed morphological features and the transient shape for
pyrrole monomers with essentially different substitutes. Our
special attention to effects of the monomer substitute
originates from the molecular nature of film fragments
(chains forming perfectly shaped particles) and an impor-
tant role of spatial factors in geometry of these fragments.
For relatively thin films of conducting polymers, the most
usual morphology is a set of overlapped 3D fragments
having a more or less symmetric (spherical-like) shape. We
do not discuss here any dendritic or other complex
morphological types of electrodeposited polymer films, as
these morphologies correspond mostly to thicker deposits.
Our experiments are limited to 100—200-nm thick films (or
even thinner), because for thicker electrodeposited poly-
mers one can hardly avoid an essential cross-section
inhomogeneity.

Experimental

Electroactive polymer denoted as pTc3Py possesses a
polypyrrole matrix, with titanocene dichloride centers
(Cp,TiCl,, Tc) attached to the matrix via aliphatic (propyl)
chains. Solid monomer C4H4N(CH,);CsH4(TiCl,)CsHs
(Tc3Py) was synthesized as described in Ref. [12]. Poly
(N-methyl-pyrrole) was studied in parallel experiments. N-
methyl-pyrrole was freshly distilled and kept under Ar.
Polymers were deposited from 0.1 M TBAPFg acetonitrile
solution (estimated water content in solution was of the
order of 500 ppm, water was introduced by both the solvent
and supporting electrolyte, see Ref. [12, 13] for further
details)." We do not return to the effect of the supporting
anion nature and the concentration discussed in [9, 14].
Monomer concentration was always 1 mM, in order to
extend the timescale of any nucleation and/or growth events
and to have a better chance to compare the polymerization
of monomers with different oxidation rates/oligomer
solubilities.

Films of 50—150-nm thickness (see the methods of in
situ thickness estimation in Refs. [12, 16]) were deposited

It was recognized long time ago that even a low water content in
acetonitrile affects catastrophically the polythiophene polymerization
[5, 6], but improves the quality of polypyrrole films [4, 5, 15]. We
should mention that our water content is far below the concentration
recommended in [5] (0.1 M H,O) for pyrrole, since the latter can
affect the state of chemically active Tc substitutes, up to their
hydrolysis.
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under potentiostatic mode on Pt and ITO supports with the
surface areas of 0.01 and about 0.5 cm?, respectively. The
majority of electrochemical experiments are related to
polymer films on polycrystalline Pt disc.

All electrochemical experiments were performed after
removal of oxygen from solution by the vacuum pumping
procedure, followed by filling the cell with argon, then the
solution was kept under argon atmosphere in a conventional
single-compartment cell with platinum wire counter elec-
trode and Ag/(0.01 M AgNO;+TBAPF¢ in CH3CN) double
junction reference electrode. All potentials below are
referred to this reference electrode (its potential, including
diffusion potential drop, is about 0.33 V versus aqueous
SCE). Autolab PGSTAT30 potentiostat (Ecochimie, The
Netherlands) equipped with ADC750 module provided 1.5-
ps time resolution. Other details can be found in Refs. [12,
13, 17].

All STM measurements were performed using the
commercial ex situ scanning tunneling microscopes LitScan
and “UMKA” (Concern “Nanoindustry”, Moscow), both
equipped with extended spectroscopic facilities. Pt-Ir tip
(10% Ir) of 0.5 mm diameter was mechanically sharpened.
For topographic measurements, —0.3 V tunneling voltage
was applied (positive voltage corresponds to positive
sample polarization), in combination with 0.3-0.8 nA
tunneling current (the exact value was specially chosen
for each type of sample). The samples were washed with
acetonitrile (to remove the soluble oligomer phase and
salts from the surface) and dried in air at temperatures up
to 50 °C.

The technique of local tunneling spectroscopy at certain
fixed points was described in detail in Ref. [18]. The
height-voltage spectroscopy was used to estimate of tip-
sample distance and to detect the oligomeric phase.
Pronounced changes in tip height (or step-like behavior of
spectra when ramping the tip voltage with feedback
switched on) manifest the presence of low-conducting
and/or redox-active layer on the surface of the polymer
deposit [18].

Results and discussion
Characterization of films formed at different potentials

A general feature of all potentiostatic deposition transients
is a noticeable induction period with no formation of any
rechargeable film. The duration of this period appeared to
be dependent on the nature of substitute in the monomer
molecule.

Potentiostatic deposition from N-methyl-pyrrole solution
typically demonstrates a very low current during the
induction period and a sharp current increase, with a clear
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nucleation maximum (Fig. 1). The STM visualization
(Fig. 2) of films having approximately equal thicknesses
(controlled by the deposition charge) indicates a relatively
wide size distribution of small particles (8—15 nm in radius)
forming a more or less smooth layer. The flatness of the
polymer film disrupts with increase of the deposition
potential. For large geometric area electrodes, microstruc-
ture details differ markedly along the sample surface,
indicating rather different deposition conditions in various
points. We can assume that this lateral inhomogeneity
results from an inhomogeneous potential distribution
along the large surface in the weakly conducting solution,
or from a less regular contribution of diffusion or
convection fluxes in solution. Local tunneling spectros-
copy demonstrates the presence of a thick oligomeric
(less conductive) layer outside the deposited polymer.
However, the conductivity of this external layer (insolu-
ble in acetonitrile) is enough to stabilize the STM
feedback at a low current.

Potentiostatic current transients obtained for Tc3Py
demonstrate a shorter induction period, but a more
substantial charge passed in this region. At potentials below
0.7 V, no film formation was observed by means of both
microscopy and voltammetry in background electrolyte.
The current minimum is observed in the whole potential
range, and the current increases slower as compared to N-
methyl-pyrrole at the same potential. Within a more
extended time range, oscillations can be noticed in some
transients (Fig. 3).

Samples of pTc3Py not subjected to cleaning (by
washing with acetonitrile) cannot be visualized using
STM, because of a large amount of poorly conducting
viscous (liquid-like) fragments. We attribute this easily
soluble component to oligomers with relatively short chain
lengths. In thicker films, two types of fragments with
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Fig. 1 Potentiostatic deposition transients of poly(N-methyl-pyrrole)
on ITO at 0.67 (1), 0.69 (2) and 0.71 V (3)

different conductivities (as judged from local tunneling
spectra) were discovered even after cleaning. We assume
that the molecular weight of codepositing oligomers
increases in the course of the prolonged deposition, and it
is more difficult to dissolve the oligomeric component from
thick films (these oligomers can be also treated as less
crystalline amorphous polymer of a lower molecular
weight). If the chemical nature of oligomers and polymers
is identical, and there are no specific terminal groups, the
conductivity is mostly affected by crystallinity and conju-
gation degree (correlating in its turn with the chain length)
[19], i.e., it increases with the chain length. This is why we
assign the fragments of lower and higher conductivities to
less crystalline oligomers and polymers, respectively. In
pTc3Py, the content of less conducting phase increases with
the film thickness.

The morphology of cleaned deposits is characterized by a
narrow size distribution of polymer particles (ca. 12 nm
radius, Fig. 4). It is very close to the mean radius for poly(N-
methyl-pyrrole) (ca. 11 nm). Sphere-like shape of separate
polymer particles observed for both pTc3Py and poly(N-
methyl-pyrrole) manifests the 3D growth of the nuclei of
principle phases. A tendency to form large flat 2D-clusters of
aggregated particles (2D layer-by-layer growth of the
ensemble of 3D-particles) is clearly seen at low and medium
overvoltages. Less regular mountain-like structure is formed
at high overvoltages. Note that all pTc3Py samples under
study were of approximately equal thicknesses controlled by
the deposition charge (Fig. 3), this is why the observed
disordering at higher potentials cannot be assigned to the
difference in support contribution and/or of growth inhomo-
geneity normal to the surface. In contrast to poly(N-methyl-
pyrrole), tunneling spectroscopic measurements fail to detect
any essential amount of the low-conducting oligomeric phase
on the top of thin (up to 100 nm) polymer films after
preliminary cleaning in acetonitrile. The conductivity of the
crystalline pTc3Py seems to be somewhat lower than that of
poly(N-methyl-pyrrole).

For both substituted monomers, we performed the
deposition in a wide potential interval, and checked the
effect of deposition potential on the redox behavior of
the film. The current efficiency of the polymer formation
varies in the range of 70-90% [17] and depends on both
deposition time and deposition potential. Correspondingly,
the accuracy of our coulometric control in the course of the
deposition can be insufficient for fabrication of a series of
films with an exactly constant thickness.

To make our comparison of films of different thicknesses
more informative, we applied the normalization procedure
for redox properties of films in background solution
(charge, current) with respect to the deposition charge,
Qucp- The basis of this approach is an approximately linear
dependence of the anodic and the cathodic redox charges,
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Fig. 2 STM-images of poly(N-methyl-pyrrole) on ITO deposited at 0.67 (a), 0.69 (b), and 0.71 V (¢) under potentiostatic conditions (see Fig. 1
for deposition transients)

O, and O (measured in monomer-free solution), on Qygep, at
a constant deposition potential (Fig. 5). The slope of such a
plot can be used to estimate the deposition efficiency [17,
20]. We also compared the data for a series of films
fabricated with the same deposition charge in a freshly
prepared solution and after several depositions from this
solution. The reproducibility can be judged from two
couples of points at Qg4,=125 uC in Fig. 5, it is
comparable with the accuracy of the O, and Q- calculation.
Q. is usually a bit higher than Q_. In what follows, Q. was
used for efficiency calculations.

The zero intercept of the line in Fig. 5 should also be
considered as approximation, because of a pronounced
scattering of experimental points. The existence of this
linear correlation allows us to compare voltammetric
responses of films corresponding to different deposition
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Fig. 3 Potentiostatic deposition transients for pyrrole modified by Tc
centers (Tc3Py) on ITO at 0.7 (1), 0.75 (2), and 0.8 V (3). The shape
of transients at 0.7 V is reproducible, but current values are very
sensitive to temperature
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charges, Qqep, by dividing the redox current by the charge,
I/Qgep, in order to see the variation of the deposition
efficiency and of the shape of the redox response for a
series of deposition potentials. To retain the current as the
dimension of such “normalized responses”, we multiply all
values of the above ratio by a “standard deposition charge”,
Qdep0=125 HC, so that Inorm=Iexp Qdepo/ Qdep-

Figure 6 presents such normalized voltammograms,
Lyorm, of pTc3Py films deposited at various potentials. It is
easy to see that the potential range corresponding to the
highest deposition efficiencies is rather narrow. At lower
potentials, the efficiency is low because of preferential
oligomer formation. As for higher potentials, it is well
known that the oxidative degradation in this potential range
starts already in the course of deposition [1, 2, 4, 14]. A
similar tendency has been observed for N-methyl-pyrrole
deposited at various potentials (Fig. 7). The efficiency
losses have been, in that case, less significant.

To summarize, both substituted pyrroles demonstrate
“polymer-oligomer codeposition” (more precisely, codepo-
sition of substances of different conductivities). For Tc3Py,
the fraction of less crystalline oligomeric codeposit is much
higher, or its conductivity is much lower. In all cases the
STM-visualization is possible only after partial dissolution
of a gel-like component. Qualitatively, the nature of the
pyrrole substitute (its geometrical dimensions or chemical
composition) can markedly change the kinetics of electro-
chemical and chemical processes accompanying the poly-
merization, as well as the final microstructure of the
deposited polymer. For two substituted pyrrole films under
comparison, we clearly observe an effect of the attached
functional group on the potential-morphology interrelation.
In both cases, the faster is the deposition, the stronger is a
morphological non-uniformity. However, particular details
are different: for N-methyl-pyrrole, the increase of the
potential results in formation of more shaped globulas
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Fig. 4 STM-images of polypyrrole modified by Tc centers on ITO deposited at 0.7 (a, d), 0.75 (b, e), and 0.80 V (¢, f) under potentiostatic
conditions (see Fig. 3 for deposition transients)
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Fig. 5 Redox charge of p film as a function of the polymerization
charge (squares represent Q.. and circles, Q). Deposition potential E=
0.8 V, sequence of depositions charges: 125, 63, 187, 250, 350, and
125 uC (lower efficiency). Geometric electrode area is 0.01 cm?

(consisting of invariable nanometer-size fragments), where-
as for pTc3Py we observe a pronounced decrease of the size
of these fragments without appearance of any evident
globular substructure.

General transient behavior

Nucleation-growth phenomena for pyrrole polymerization
were first addressed by the Pletcher's group [1] in the study
of aqueous monomer solutions at various pH.

Diffusion controlled growth was assumed earlier for
poly(N-methyl-pyrrole) [2], in contrast to non-substituted
pyrrole polymerizing under the electron transfer control.
These conclusions were made on the basis of an indirect
evidence (model treatment of current transients), and the
reasoning remained questionable, as well as a mechanism
of the electrode reaction responsible for nucleation. Formal
kinetic analysis given in Ref. [21] demonstrated the
reaction order to be equal to unity with respect to the
monomer concentration. The adsorption of monomer was
assumed to be the initial step, but this conclusion cannot be
extended automatically to non-aqueous media and/or to
substituted monomers. According to the analysis of
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Fig. 6 Normalized redox
responses of pTc3Py films de-
posited at different potentials (in
brackets the ratio of the redox
charge to the deposition charge,
Ored/Qdep - 100%): 2 0.7 V (no
film formation, curve 1), 0.75 V
(5.7%, curve 2,), and 0.8 V (8%,
curve 3) and b 0.85 V (7.7%,

curve 4), 0.9 V (6.2%, curve 5),
0.95 V (4.8%, curve 6), 1 V
(3.4%, curve 7), and 1.05 V
(3.8%, curve 8). See text for the
normalization procedure. Geo-
metric electrode area is 0.01 cm?

voltammetric data and current transients for pyrrole
polymerization in aqueous medium [11], the limiting step
is the first single electron transfer.

The main problem of nucleation models application
(even formal) is to attribute the current (charge) to the new
phase formation. This problem looks less crucial for N-
methyl-pyrrole, as the analysis of 7#-dependence can be
simply started from a certain moment, >0, taken as the
onset of the nucleation process.

Another problem is to apply nucleation-growth models
to transient regions corresponding exclusively to primary
nucleation. The globular morphology presented in Figs. 2
and 4 agrees with assumption that in the course of polymer
deposition the growth of the primary nuclei stops, and new
nucleation event takes place on the surface of the polymer
particle. Correspondingly, polymer growth consists in
continuous nucleation events. Below this behavior is

—0.8' -0.6 ' 64 —(;.2 ' 0.0 ' 0.2 ' 0.4 '
E/V

Fig. 7 Normalized redox responses of poly(N-methyl-pyrrole) films

deposited at different potentials (in brackets the ratio of the redox

charge to the deposition charge, Oreq/Quep - 100%): 2 0.6 V (no film
formation, curve 1), 0.65 V (8,4%, curve 2,), 0.68 V (7,8%, curve 3),
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discussed as “secondary nucleation”. It is well known, for
example, for electrodeposition of highly dispersed platinum
group metals from chloride bath [22, 23], under conditions
of pronounced self-inhibition of the primary growth. This
phenomenon was discussed for deposition of polymers as
well [24]. For polymers it can results from the rupture of
growth at a certain length of the polymer chain (death-and-
rebirth mechanism). Search for “death” reason is surely out
of the scope of this study, but we can assume that it is of a
chemical nature (chain rupture is typical for many poly-
merization processes). To estimate the time when the
secondary nucleation starts, one should calculate the charge
necessary for formation of a single layer of particles with
sizes found from microscopy, and then to correlate it with
time intervals at experimental transients. For majority of
transients registered for the two systems under discussion
this characteristic time corresponds to the end of the

T
-08 -06 04 -02 00 02 04
E/V

0.72 V (7,3%, curve 4,), and 0.78 V (6,7%, curve 5) and b 0.78 V
(6.7%, curve 5), 0.82 V (6.5%, curve 6), 0.85 V (7%, curve 7), 0.9 V
(6.1%, curve 78), and 1 V (4,4%, curve 9). See text for the
normalization procedure. Geometric electrode area is 0.01 cm?
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ascending branch or to the beginning of the plateau, see the
discussion below.

For the less studied Tc-substituted monomer, we attemp-
ted to approach the solution of these problems by providing
a deeper analysis of the dependence of the transient shape
on the potential for different time domains (Fig. 8a). Major
trends are qualitatively the same as reported earlier for
various polymers [1, 2, 4, 5, 7, 11]: starting from certain
threshold potential, the monotonous decay changes for the
curve with a current minimum; the latter is shifted towards
a shorter time when the potential increases, and simulta-
neously the time when the plateau starts becomes shorter;
finally, the plateau current increases. The appearance of a
broad and weak current maximum at the beginning of the
plateau was observed from time to time at relatively high
potentials, but this feature was less reproducible.

The specific regions of transients are considered subse-
quently below.

The region of current decrease (Fig. 8b) does not
demonstrate a Cottrell-like behavior mentioned earlier for
other electropolymerization processes [3, 7]. These deposi-
tion data are also compared in Fig. 8b with the current
transient of a purely diffusional process, electroreduction of
the same Tc3Py monomer at a sufficiently high overvolt-
age (dashed line in Fig. 8b), i.e., a system with exactly the
same mass transport parameters.

According to treatment of ellipsometric data [3], the
formation of a single monolayer of the depositing substance
can be assumed in the region of current decrease. In the
earlier ellipsometric study [10], it was concluded that in this
region oligomers are already attached to some special
(rarely distributed) very active centers. From comparison of
the data for potential steps in supporting and monomer-
containing solutions, one can deduce that the monomer
oxidation starts at potentials at least 0.2-0.3 V more
negative than the typical potential of nucleation manifes-
tations (at least if we consider time periods within 10°s
order).

The next characteristic region (“bottom”, and probably
the initial portion of the rising branch) already corresponds
to formation of very thin rechargeable films (Figs. 6 and 9).
A similar experiment was earlier described in [6] for
polythiophene in dry acetonitrile. When the anodic polar-
ization was interrupted in the point of the current minimum,
no evidence of the film formation was found, while if the
same change-over to a lower potential was made in the
region of the current plateau, the cathodic current appeared
because of the discharge of an already formed film. In [10]
it was assumed that in this region the nucleation starts at a
major portion of the surface, and the polymer is formed in
between of initially attached rare oligomers. We should
mention that this hypothesis cannot explain the observed
increase of the current.

The region of current increase corresponds expectedly
to the solid product formation. Figure 9 demonstrates our
coulometric estimates of the film thickness (see Ref. [17])
for the points of the minimum and of the current
stabilization (see arrows in Fig. 8 above). In the former
case this formal estimate gives 2.5-5 nm, and there is no
evident potential effect. These values correspond to
several molecular monolayers, but it is evident that some
portion of the charge before minimum corresponds to the
formation of soluble products, and there is no indication
of the formation of any 3D solid product. As for the
current stabilization, it starts at effective thicknesses of 20—
30 nm (being higher for lower potentials). A monolayer of
polymer particles of 10—-13 nm in radius is expected to be
formed just in the vicinity of the current stabilization. The
uncertainty still exists with some very thin underlayers,
which cannot be directly visualized, but its contribution to
the deposition charge is comparable with the accuracy of
our particle size estimates.

For N-methyl-pyrrole (Fig. 10), different characteristic
time intervals of the abovementioned regions are observed,
but all general trends remain the same.

Note, that in Ref. [3] the formation of a ‘primary
polypyrrole layer' (underlayer, with a thickness of a few
nm) was assumed, with a parallel formation of 3D film. The
film density was found to be thickness-dependent for the
thicknesses up to 30 nm. The same feature was noticed for
a bottom layer of the polythiophene film [6] and assumed
for polypyrrole [10]. For polyaniline, ellipsometric/EQCM
data led to the conclusion about a denser bottom layer, with
the growth of a subsequent less dense layer starting in the
region of the current increase [25]. The same conclusion
about the initial formation of a non-porous layer was
mentioned for polythiophene [26].

Formal analysis of kinetics at early deposition steps

As the ascending branch of the transients (excluding its
upper part) corresponds to the formation of the first layer of
polymer “nuclei”,> we apply the traditional nucleation-
growth approach, i.e., consider d log //d log ¢ values. Our /
vs ¢' dependences correspond approximately to n=2, in

agreement with the earlier data for non-substituted and N-

2 For highly irreversible polymerization, the notion of nucleation in its
classical meaning for reversible processes cannot be used as exact
term. In what follows we apply “nuclea” and”nucleation” in purely
geometric sense, i.e., for appearance of some fragments of growing
polymer. Note that very restricted versions of nucleation models
discussed in this paper deal with the nuclea only in geometrical sense.
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Fig. 8 Current transient of the
pTc3Py potentiostatic deposition
on platinum at different poten-
tials: 0.6 V (1), 0.75 V (2),
0.8V (3),0.85V (4),09V (),
0.95 V (6), and 1.1 V (7) in
usual (a) and bi-logarithmic (b)
coordinates; dashed line (plot b)
presents a current-time transient
of the titanocene dichloride re-
duction. Arrows indicate char-
acteristic integration limits (for
curve 3, to give an example)
used to calculate Omin, Ostabs
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methyl substituted pyrroles [1, 2, 5], as well as for
polyaniline if the monomer concentration was high [8].

For a further correct application of this approach we
should limit ourselves to a certain time domain in which the
nature of the electrochemical reaction remains unchanged.
According to [27], the number of electrons transferred to
one reacting monomer species in the course of its oxidation
is time dependent, increasing from 1 within the short time
domain to ca. 2.5 at a longer time scale. For all potentials
considered below the ascending branch corresponds to the
predominating kinetic control and a constant number of
transferred electrons [27].

It is not so easy to distinguish between the models
leading to the same power, n, in I=const * " dependence.
Basically, n=2 corresponds to the kinetic control (instanta-
neous 3D nucleation or progressive 2D nucleation). Of
course, we can consider the results for the 7 vs ¢’
dependence as reliable only in combination with other
experimental manifestations corresponding to the same
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Fig. 9 Deposition charge and effective thickness corresponding to the
minimum (solid boxes) and current stabilization (solid circles) of the
transient. Geometric electrode area is 0.01 cm?
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nucleation model. The simplest additional test is the
dependence of the slope of I, /' -curves on the electrode
potential, E, since a specific behavior for d7/df" vs E is
predicted for each model. An analysis of this sort is
reported in Refs [1, 2, 8] for instantaneous 3D nucleation.
The resulting dependences are in a good agreement with
independently obtained kinetic data, and demonstrate no
contradictions with the predictions based on the model
assumed from n value. In [28], a similar treatment is
proposed for “mixed” (simultaneous 2D and 3D) nucleation.

For the films under study, 3D versions look more
justified, as can be judged from the images in Figs. 2 and
4. For 3D instantaneous nucleation and growth of semi-
spherical nuclei under the kinetic control, the current of the
ascending branch of the transients can be expressed as [29]:

2V} F 1-a)zFn\ )’
7r2 N;lo exp azFnp\ exp( - (1 —a)zFn 2,
z°F RT RT

N is the number of active centers per unit area, io is the
exchange current density, Vy; is the molar volume of
polymer, z is the number of electrons transferred per
monomer species, a is the transfer coefficient, and n is
the overvoltage. At a high overvoltage, one can neglect the
second exponent:

di(¢ 2rV3i3 azF

log( dt(z)) = log(N .—ZZF%O) +3e 3RT o7

Specific features of the polymer deposition (induction
period at #<t¢,, pronounced contribution of soluble product
formation and background processes /) complicate strong-
ly the data analysis. For a more correct treatment, the
observed current should be considered as I(£)=1I+k(t—to)*.
This functional form does not allow of identifying in bi-
logarithmic coordinates the interval which corresponds to
the parabolic behavior of the partial current of the polymer
deposition. In addition, the uncertainty of the I, and ¢,

It)y=Ne
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Fig. 10 Current transient of 104 1000-
poly(N-methyl-pyrrole) poten-
tiostatic deposition on platinum
at different potentials: 0.6 V (1), 8 9 100+
0.65V (2),0.68V (3),072V
(4), 0.78 V (5), 0.82 V (6), 8
085V (7),09V(8),and 1 V < 61 < 105
(9) in usual (a) and bi- = \7 6 =
logarithmic (b) coordinates. =4 e ——— - T ]
Geometric electrode area is 5
0.01 cm? {\.’— 2

2 3 0.1 7

— 2
0 e . —1  0.01-
0 100 200 300 400 100n  1m 10m 100m 1 10 100
t/'s t/'s

values makes the results ambiguous, so that all these
parameters have to be determined from the fitting proce-
dure. There are no technical details on the dZ/d#* calculation
in Refs. [1, 2, 8], so we cannot estimate whether the applied
procedures took into account the above mentioned problem.
In what follows we assume that for rather short period of
the primary nucleation, I, is approximately constant, and
di(#)/dt=2 k(t—ty). Under this assumption one can obtain the
slope k from a linear approximation of dI(z)/dt vs. ¢
dependence. It is easy to do a visual separation of the
linear portion of this dependence. We found that ca. one
third of the ascending branch of the transients follows the
parabolic law. For Pt support, this region corresponds to 1—
20 s for Tc3Py and 0.1-20 s for N-methyl-pyrrole (exact
values depend on the overvoltage).

Our d//d#* potential dependences are compared with the
same data extracted from [1, 2] (Fig. 11). At low over-
voltages resulting in films with a high redox activity (0.65—
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Fig. 11 Plots of the slopes of / vs. # taken from Fig. 8 in [1] (pyrrole,
aqueous solution) (/), from Fig. 3 in Ref. [2] (N-methyl-pyrrole,
aqueous solution) (2) and from our transients for poly(N-methyl-pyrrole)
(3-5); and pTc3Py (6-8) deposition in acetonitrile solution on Pt (3, 4,
6, and 7) and ITO (5, 8). To compare the data, we use the same potential
axis, but potential values in Ref. [1, 2] correspond to aqueous SCE

0.75 V for N-methyl-pyrrole and 0.75-0.8 V for Tc3Py), we
found a linear d//d* vs E dependence. The slopes for
acetonitrile solutions (curves 3-8 in Fig. 11) are slightly
lower as compared to those for aqueous medium [1, 2]
(curves 1, 2 in Fig. 11). At higher overvoltages, where a
high redox activity is partly lost because of the oxidative
degradation, a systematic deviation from linearity can be
noticed. We assign it to the increase of ohmic losses, hardly
avoidable in nonaqueous solutions, or to changes of kinetic
parameters due to the contribution of a deeper oxidation.
Basically, all the slopes are rather close, evidencing similar
kinetic peculiarities for all systems under comparison.
Intercepts for aqueous and acetonitrile solutions cannot
be compared because of potential scales incompatibility.
However, comparison of these values for Pt and ITO
supports in acetonitrile probably indicates a much lower
value of N for ITO. A higher number of active centers on
metals as compared to those on oxides is typical for various
electrodeposition processes. Another reason can be a lower
exchange current density for the controlling electrochemical
step. As the monomer oxidation starts directly at the surface
of the support, electrocatalytic properties of the latter can
play an important role in initial deposition steps (at not too-
long deposition time).> An essential difference of the
nucleation kinetics for various supports is reported in Ref.
[11] and discussed just in terms of the different electro-
catalytic activity. The explanation based on the effect of
support on the reaction pathway and the nature of the
limiting step (which can be considered as a specific sort of
electrocatalysis) is hardly possible, as the formal kinetic
parameter, &z , discussed below remains the same. This
parameter is roughly specific for a certain reaction step.

3 The abovementioned analysis was done for initial stages of primary
nucleation, when the electrochemical reactions take place mainly at
the support surface. The formation of dense monolayer of polymer
particles is expected only in the region of current stabilization (Fig. 9).
For long-time domain, the kinetics of monomer oxidation is surely
determined by polymer properties, not by any electrocatalytic effects
of the support surface.
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An formal estimate of &z results in rather reasonable
values, 0.4-0.7, being higher for N-methyl-pyrrole. Formal
parameter, oz, if being obtained for a multistep reaction,
depends on the transfer coefficient of the limiting step, o, the
number of its repetitions, v, and the number of preceding fast
steps, zg according to equation Z;‘ + a5, [30]. However, both
the values reported in Ref. [11] and obtained in this study
favor the slowness of the first step (z;=0), so most probably
o, 1s equal to 0.4-0.7. These values are in agreement with the
value of the Tafel slope found in Ref. [11] (120 mV). We
compared plateau currents at various potentials as well. These
currents correspond to a complex combination of processes,
including the secondary nucleation and growth, ‘death’ of the
growth of already formed particles, mass transport in solution
(see, e.g., in Ref[2]), electron transfer kinetics (see, e.g., in
Ref. [1]), ohmic loss in the growing film (see, e.g., Ref. [11]).
In addition, many of these processes are affected by
accumulation of soluble oligomers in the vicinity of the
electrode surface. Therefore, these portions of transients can
be hardly analyzed in terms of any simple nucleation model.
Stirring test confirms unambiguously that the growth of
pTc3Py within a longer time domain takes place under the
mixed control. Despite of a possible mass transport contribu-
tion, the Tafel-like dependence of the plateau current on
potential is observed, i.e. a contribution of the electrochemical
step is rather dominating. The Tafel slope is 0.12-0.15 V for
N-methyl-pyrrole, in a good agreement with the o, value
mentioned above. However, the Tafel slope for plateau
currents of pTc3Py deposition is significantly higher,
demonstrating a more complex behavior.

Conclusions

Surely the growth of the first layer of polymer particles is
only indirectly related to the morphology prediction for
thicker films. However, we believe that just the films of the
nm-scale thickness are of interest for fabrication of various
hybrid nanomaterials (in particular metal-polymer compo-
sites), as their specific functional properties result from nm-
scale phenomena.

We demonstrated that the kinetic data in terms of current
transients at different potentials can be formally described
in a self-consistent manner by the models of nucleation and
growth proposed earlier for the metal deposition. In
combination with the coulometric control it provides the
instruments for control and monitoring of the thin conduct-
ing polymers deposition. Additional controllability can be
achieved by formation of artificial nucleation centers, like it
was done in [31] by means of HS-(CH;)n-pyrrole-
modification of the surface (unfortunately, the deposition
was performed under less controllable potentiodynamic
mode).

@ Springer

Our study is a primary step to understand the kinetics of
polymer—metal co-deposition.
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