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ABSTRACT

Temperature effect on the nucleation and growth mechanisms (NGM) of poly(thiophene) (PTh) was investigated
through experimental and computational tools. The computational simulation method was based on a kinetic Monte
Carlo algorithm. It reproduced key processes such as diffusion, oligomerization, and the precipitation of oligomers onto
the electrode surface. Electrochemical synthesis conditions at temperatures between 263 and 303 K were optimized.
The deconvolution of the i-t transients reflected two contributions: a progressive nucleation with three-dimensional
growth controlled by diffusion and the other by charge transfer, PN3Ddif and PN3Dct, respectively. As temperature
decreased, a diminution of the charge associated to each contribution was observed and the nucleation induction time
increased. Experimental and computational evidence indicated that temperature does not change the nucleation and
growth mechanism (NGM). This effect was ascribed to kinetic factors rather than to film conductivity. This work con-
trasts simulation and experimental evidence and demonstrates how computational simulations can help to understand
the electrochemical process of conducting polymers formation.

Keywords: Kinetic Monte Carlo; Conducting Polymers; Thiophene; Electro-Polymerization; Nucleation and Growth
Mechanism

1. Introduction The proposed model for the electro-deposition of
conducting polymers [2-4] establishes that the nucleation
process and subsequent growth on the electrode surface
depends on the degree of saturation of the high density
oligomeric region, HDOR, i.e. is determined by the solu-
bility of the oligomers present at the electrode-solution
interface. Thus, when oligomers reach a critical chain
length they become insoluble, precipitate on the electro-
de surface and originate nuclei that cause polymer film
growth.

Electro-polymerization depends of different experi-
mental factors such as the chemical nature and concen-
tration of monomer and electrolyte, the solvent, the
physical and chemical nature of the electrode substrate,
and the conditions of the electrical perturbation applied
*Corresponding author. to the interface [4]. Among literature, it is possible to

Conducting polymers are promising materials for inno-
vative technological applications in research topics like
electronic and optoelectronic science. They have been
successfully implemented in light emitting diodes (LED’s),
solar cells, transistors, nanoswitches, imaging materials
and chemical sensors [1].

The electrochemical synthesis of conducting polymers,
also known as electro-polymerization, is a very complex
process where many factors are involved. During the last
decades, the electrochemical synthesis of conducting po-
lymers on metallic substrates has been thoroughly stud-
ied, however, the formation mechanism of this process is
not completely clear.
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find some studies about the effect of experimental factors
on the nucleation and growth mechanism (NGM), but
only a few of them point to a systematic study regarding
tem- perature effect on the NGM during the elec-
tro-synthesis of polymer films on metal substrates [3].

According to experimental evidence reported by Mo-
stany and coworkers [5], a temperature increment during
the electro-crystallization process, will not produce any
modification in the nucleation and growth mechanism of
the metal. This can be explained by the Arrhenius equa-
tion:

A=Aoexp(;5”j (1)

where 4 and 4, are kinetic factors and E}, is the required
energy to overcome the energetic barrier of any event,
which in general is independent of the temperature.
Consequently, the rate 4 is directly proportional to the
temperature; an increase of the temperature will raise the
rate of the event. Then, in a deposition process, tempera-
ture increments will not change the nature of the process;
there will be only a higher probability of some events to
occur.

In this work, we performed a computational and an
experimental study of the electro-polymerization of poly
(thiophene) (PTh), in order to identify the temperature
effect on its electrochemical synthesis. The computa-
tional simulation method was based on a kinetic Monte
Carlo algorithm [6] and reproduced key processes such
as diffusion, oligomerization, and the precipitation of
oligomers onto the electrode surface. Simulation results
were compared to the experimental evidence to test the
model and evaluate its prediction performance. Theo-
retical finds had excellent agreement with the experi-
mental results and demonstrated how computational
simulations can help to understand and predict the elec-
trochemical process of conducting polymers formation.

2. Experimental and Computational
Methodology

2.1. Experimental Details

A conventional three-compartment, three-electrode cell
was employed throughout this work. A polycrystalline
platinum disk (0.07 cm® geometric area) was used as
working electrode. The counter electrode was a coiled Pt
wire with a surface area at least ten times greater than the
working electrode. It was separated from the electrolytic
solution by a sintered glass. All potentials quoted in this
paper are referred to the saturated calomel electrode
(SCE) [7]. All reagents were provided by Aldrich. The
electro-polymerization of thiophene (=99% purity) was
carried out in anhydrous acetonitrile (99.8% purity,
0.001% water) using a concentration of 0.1 mol-L™.

Copyright © 2013 SciRes.

Tetrabutyl ammonium hexafluorophosphate (TBAPFg,
0.1 mol'L™") dried at 110°C and kept into a dryer was
used as supporting electrolyte.

Prior to all the experiments, solutions were purged
with high-purity argon during 30 min and an argon at-
mosphere was maintained over the solution during the
measurements. The optimal electro-polymerization con-
ditions (monomer and TBAPF¢ concentration and poten-
tial scanning range) and the potential range of chrono-
amperometry experiments were selected by potentiody-
namic methodologies (cyclic voltammetry, CV). Poten-
tiostatic measurements were performed to study nuclea-
tion and growth process of PTh films.

The electrochemical work was conducted on a PGP100
Voltalab potenciostat/galvanostat. Data was recorded by
means of a compatible computational program (Volta-
master 4). Temperature was regulated and kept constant
using a thermal bath controlled by a HAAKE G thermo-
stat-cryostat that enables an ethylene glycol-water mix-
ture to flow through the electrochemical cell jacket. The
temperatures of work selected were 263, 273, 283, 293
and 303 K.

2.2. Model and Simulation Method

As described in our first report [8], a Fortran77 code
based on kinetic Monte Carlo rules, was developed to
model the electro-polymerization of thiophene. Mono-
mers were represented as spheres and the electrolyte was
not included explicitly. 3D reticular model was used
(Figure 1) with a total of [s's'(h + r)] positions, each
representing a cube with an edge length d.

The size of d was selected according to the crystallo-
graphic center-center distance of the rings of the thio-
phene dimer [9] (d = 3.89 A). The simulation cell con-
tains at the upper end a reservoir of monomers, labeled A
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Figure 1. Schematic representation of the simulation box.
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in Figure 1. During the simulation monomers were
added to A as needed in order to keep a constant number
of particles. The region B, the reaction zone, is delimited
by region A at the top, and at the bottom by a box repre-
senting the working electrode. Periodic boundary condi-
tions were implemented along the code in the x and y
directions parallel to the electrode surface. The reservoir
was placed at a distance sufficiently large so that the
monomers in A do not interact with particles near the
surface. Particle entrance from zone B to A was not al-
lowed.

Based on an experimental study of thiophene [10] (Th),
the critical chain length was established as three units.
The simulation started with the diffusion of monomers
from the reservoir to the electrode. Every movement was
selected randomly, and its probability was directly pro-
portional to the magnitude of its rate in the processes
catalogue, i.e. higher rate values have greater probabili-
ties of being selected. The time corresponding to a
movement I was calculated from a randomly chosen
number u, selected by a code’s subroutine [11], uni-
formly distributed between 0 and 1 according to Equa-
tion (2):

F:—%ln(,u) )

where R corresponds to the total sum of all rates included
in the processes catalogue.

In the model proposed, when a monomer reaches the
electrode or gets in contact with already deposited oli-
gomers, is automatically labeled as a radical cation, and
can diffuse inside the zone B again. This radical mono-
mer can react with other activated monomer creating a
neutral dimer. Dimers can also become radical species in
the same way as monomers, and can react with cationic
monomers or dimers producing neutral trimers and
tetramers, respectively. In accordance to experimental
evidence, which indicates that the film grows parallel to
the metal surface [12], the generation of oligomeric
chains with geometry parallel to the z axis was not al-
lowed. This consideration was reflected in a lower pro-
duction of trimers, tetramers, pentamers and hexamers.
The formation of branched or nonlinear chains was not
permitted, in order to preserve the planarity and linearity
of the oligomers. Triple linkage can also occur when
radicals move up or down in the z axis and find two ac-
tivated oligomers lined up on the electrode surface, gen-
erating trimers, tetramers, pentamers and hexamers.
When the size of the chain exceeds two units, the oli-
gomer can still diffuse inside the zone B, however, up-
ward movements in the z direction are not allowed to
guarantee the precipitation on the electrode. When in-
soluble oligomers reach the bottom of the simulation box
or touch already deposited oligomers they become im-
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mediately fixed and thus, dendritic growth is expected.
The diffusion of precipitated species was not permitted.
The concentration set in the simulation (0.01 mol-L™")
was lower than the one used at the experimental study
(0.1 mol-L™") to reduce computational cost and calcula-
tion time.

Diffusion rates calculated by Molecular Dynamic (MD)
simulations through the Einstein-Stokes expression [13]
have been introduced for the oligomers (1 Th - 6 Th) pre-
sent in the simulation. Each oligomer has the same rate in
the three axes. Table 1 resumes these values.

The temperatures of the MD diffusion coefficients are
considerably distant from the temperatures of the ex-
perimental part. However, the relevant factor in this
study is the effect of temperature rising and not the quan-
tity of increment.

3. Results and Discussion
3.1. Experimental Measurements

3.1.1. Cyclic Voltammetry

Figure 2 depicts voltammetric profiles recorded during
the thiophene electro-polymerization at the extreme wor-
king temperatures: 268 and 303 K, respectively. No
relevant differences related to the nucleation and growth
potential range (closer to anodic inversion potential)
were observed at these temperatures. Thus, in both cases
the growth mechanism was studied between 1720 and
1770 mV.

Voltammetric profiles recorded at the same successive
scan number were similar at both temperatures. This in-
dicates that under the same electrochemical conditions,
temperature has no critical influence in the electroche-
mical deposition mechanism of PTh. There is only a dif-
ference between the charges involved. The current re-
corded is higher at higher temperature, accounting for an
increased deposition rate.

3.1.2. Potentiostatic Measurements
The deposition process of PTh by a potentiostatic per-
turbation (fixed potential) was also study. Figure 3

Table 1. Diffusion coefficient (10°-cm?'s™") of thiophene (Th)
oligomers at different concentrations and temperatures.

Th units 300 K 400 K 600 K
1 19.3 22.5 385
2 8.57 13.3 18.8
3 5.75 6.56 11.3
4 431 5.41 9.43
5 3.42 5.00 7.77
6 2.87 4.36 5.57
*Values extracted from reference [13].
0JOPM
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Figure 2. Potentiodynamic profiles of Th at (a) 263 and (b)
303 K. Interface: Pt| 0.1 mol-L™" Th + 0.1 mol-L™" TBAPF,,
CH;CN. Scanning potential limits E;. = 0.30 V and E,, =
1.85V.
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Figure 3. Time-current transient of Th at (a) 263 and (b)
303 K. Interface: Pt| 0.1 mol-L™" Th + 0.1 mol-L™' TBAPFj,
CH;CN.

shows the current-time (i-f) profiles at 263 and 303 K in
a potential range between 1720 mV and 1770 mV. All
profiles were recorded till constant current intensity.

At both temperatures the i-¢ transients exhibited a
complex mechanism, with two clear steps: the first where
PTh deposits on the bare surface of the working electrode,
and a second step where a new layer of PTh layer grows
on the first one. As previously reported [14], only the
initial stage of the transients was considered for the
analysis of the PTh deposition mechanism. This zone of
the i-t profile delivers relevant information about the
modification of the surface of the working electrode, first
nuclei deposition and morphology development. As the
working temperature increased, the second step appeared
at shorter time. This fact suggests that all implicated
processes come earlier.

Table 2 summarizes the induction time (7) of the first

Copyright © 2013 SciRes.

Table 2. Induction time (7) of the electro-polymerization of
thiophene at different temperatures. Interface: Pt| 0.1
mol-L™! Th + 0.1 mol'L™! TBAPF,, CH;CN.

T/K s
303 10.4
293 10.5
283 10.7
273 10.9
263 11.2

step in the transient of PTh deposition at different tem-
peratures from 263 to 303 K, being 7 the time required to
exceed oligomers saturation level at the electrode-solu-
tion interface, i.e. describes the HDOR (high density
oligomer region) formation [2-4]. The values in Table 2
can be understood if a polymerization rate decrease is
considered at lower temperatures, as demonstrated by the
inferior polymer growth observed in Figure 2.

For lower temperatures, the rate of formation of the
oligomers and thus, the HDOR, is smaller. Oligomers
take longer time to reach the critical chain length and
saturate the interface, and therefore, the nuclei generation
occurs at longer 7 values.

3.1.3. Nucleation and Growth Mechanism NGM

To study the NGM, current-time transients at different
temperatures were recorded (Figure 4). In order to de-
scribe the deposition process, i.e. the nucleation and
growth of PTh, 7 was subtracted from all profiles (z]0,0]).
As before mentioned, the deconvolution of all transients
was considered only for the first step of the profiles.

The analysis of the first step transients of Figure 4 re-
vealed two different contributions: a progressive nuclea-
tion with growth under diffusional control (PN3Ddif),
and a tridimensional progressive nucleation with growth
controlled by charge transfer (PN3Dct). Equation (3) re-
presents the global NGM:

i(t)=pRr" [1 ~exp(P* )] +P, [1 ~exp(~P° )J 3)

P, and P, are rate parameters of the progressive nu-
cleation with growth under diffusional control (PN3Ddif).
P; and P, are parameters of the tridimensional progres-
sive nucleation with growth controlled by charge transfer
(PN3Dct). The extended expression of all parameters is
summarized in Table 3.

N, is the number of the active sites on the surface, k is
the rate constant of a nucleus, 4 is the nucleation rate
constant (s '), M is the molar mass, p the density of the
deposited material, n is the number of transferred elec-
trons, F’ the Faraday constant, £ and k£’ are the rate con-
stant of the three-dimensional nuclei for growth parallel
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Figure 4. Corrected current-time transients of the deposi-
tion of Pth at different temperatures. Interface: Pt| 0.1
mol-L™! Th + 0.1 mol-'L™! TBAPF4, CH;CN. The line on the
curves indicates the end of the first step of deposition of PTh.

Table 3. Expression of the parameters of the NGM:
PN3Ddif + PN3Dct.

Parameter Expression
nFCD > l <>
Py NS - a _~ PN3Ddif
P, 2nDA N gy [Sﬂ:c‘M )”2
3 P
P, nFk'
. PN3Det
P, nANOA74 k
3p

and perpendicular to the surface, D is the diffusion coef-
ficient and C the concentration of the monomer in the
bulk of the electrolytic solution.

Figure 5 shows the deconvoluted transients at 263 and
303 K. The black continuous line corresponds to the ex-
perimental measurement, while the red dotted line is the
fitted curve: the sum of the two progressive contributions,
the global deposition mechanism of PTh at these experi-
mental conditions.

At all the temperatures employed in this study, the
NGM is exactly the same as Figure 6 shows. Tempera-
ture does not affect NGM of PTh deposition. It accele-
rates or delays the development of each contribution to
the mechanism and therefore, modifies the rate constant
of the processes.

The time at each contribution appears is affected,
which is directly related to the quantity and quality of the
films. This fact is reflected in the values of the fitting
parameters of the two contributions (Equation (3)), re-
sumed in Table 4.

Parameters P, P, and P, increased as temperature was
raised. This indicates that the rates related to this process
were higher producing an earlier definition of the contri-
butions. Unlike the rest of the parameters, P; presented

Copyright © 2013 SciRes.
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Figure 5. Time-current transient deconvolution at (a) 263 K
and (b) 303 K. Interface: Pt| 0.1 mol-L™' Th + 0.1 mol-L"
TBAPF4, CH;CN.
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Figure 6. Effect of the temperature on each mechanism
contribution (a) PN3Dct and (b) PN3Ddif. Interface: Pt| 0.1
mol-L™" Th + 0.1 mol-L ' TBAPF,, CH;CN.

Table 4. Effect of the temperature in the parameters of Eq.
3 (NGM of PTh). Interface: Pt| 0.1 mol-L™" Th + 0.1 mol-L ™
TBAPF, CH;CN.

TK EmV  Pd-ecm?® Pys° Pids"em? Pgs? R
303 1760 9.420x 107 0.095 1.696x 10* 1.724 0.9994
203 1750 8.948x10° 0.016 2.088x107* 0.553 0.9998
283 1730 8.844x107° 0.006 2248x107* 0.332 0.9993
273 1730 7.758x107° 0.003 2.336x107* 0.195 0.9978
263 1725 5710x10° 0.002 2369x10* 0.112 0.9995

lower values at higher temperatures. As previously
showed in Table 4, this parameter depends of &°, the rate
constant of perpendicular growth of 3D nuclei. As pre-
viously pointed, there is a second step in the profile not
considered in the deconvolution of the transients where a
second layer of PTh is deposited on the film surface.

0JOPM
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As already shown in Figure 4, at lower temperatures
there is a delay in the occurrence of the second step.
Therefore, an increment of temperature will produce
faster deposition of the second PTh layer, hindering the
perpendicular growth of the first layer.

3.2. Computational Simulation

With the aim of simulating the temperature effect on the
polymerization process of thiophene, a range of tem-
peratures was selected: 300 K, 400 K and 600 K. The
diffusion rates used in each case are showed in Table 1.
The temperature effect was evaluated directly in the rate
constants, because no thermal bath was implemented.
The final simulation time (#) in all cases was ¢, = 440 s.
This value corresponded to the moment the deposit at
600 K reached a height of h/4. Figure 7 depicts the
evolution of cationic and insoluble oligomers during the
simulation.

All profiles exhibited a similar number of cationic and
neutral insoluble units along the simulation time, demon-
strating that a temperature rise does not affect the growth
or diffusion mechanism; there is only an acceleration of

—300 K

Cationic monomers
(=}
T
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0.0001
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the processes, as previously described in the experi-
mental finds.

In this sense, a plot of the induction time t against the
temperature is very useful to analyze the influence on
time at the first oligomer precipitates. Figure 8 gives
analogous results to the experimental evidence. T as the
temperature grows up because all rates are greater and
consequently, the probability of oligomer precipitation is
superior. Induction times in the simulations are in the
range 10 s, while in the experimental results 7 (Table 2).

The experimental measurement of this quantity con-
siders some factors not included in the simulation. First
of all, the current registers the formation of several
growing centers on the electrode unless one could detect
currents in the order of nA. Additionally, 7 value con-
siders the charge of the double layer and the diffusion,
represented by the Cotrell [15] equation, which has
currents much superior to the processes appearing on the
surface. Thus, the induction time reported by experi-
mental measurements does not reflect the precipitation of
the only and first nucleus on the electrode surface, and
probably the measured induction time has a lower value.
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Figure 7. Number of thiophene cationic monomers (a) and dimers (b), neutral trimers (c) and tetramers (d) during the simu-

lation time in logarithmic scale.
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Figure 8. Time of appereance of the first mucleus on the surface of the electrode (t) at different simulation temperatures.

On the other hand, the simulation has a size limitation.
The height of zone B does not reproduce the real diffu-
sion layer height. Then, the activation of monomers and
precipitation of the first oligomer will be faster, register-
ing lower induction times.

At higher temperature the deposition process is faster.
Then at equivalent simulation time, films will present
longer height, as Figure 9 depicts, where at 300 K, 400
K and 600 K the deposit exhibited 12, 13 and 15 unit
cells, respectively. The number of deposited thiophene
units increased with temperature.

Comparing the percentage of coverage degree (number
of occupied sites per layer) against height (h) for all
temperatures at the end of the simulations, it can be seen
(Figure 10) that as the temperature grows up, the film
presents less density of thiophenic units in the first lay-
ers.

At higher temperatures radicals are generated faster
near the surface of the electrode or the just formed con-
ducting polymer. The probabilities of producing longer
oligomeric species with short-range diffusion are higher,
giving place for a massive and less structured precipita-
tion phenomenon. As already reported by our group3 the
same effect of temperature in PTh films distribution was
observed: at less temperature more compact and ordered
polymeric films were synthesized, reflected in higher
conductivity values.

In spite of all simplifications applied to the stochastic
model, there was good agreement with the experimental
observations. The introduction of accurate rates or diffu-
sion after precipitation will improve the current model
and will provide more details about the nucleation and
growth mechanism of conducting polymers and the effect
of experimental factors.

Copyright © 2013 SciRes.

300K 600 K

400 K

Figure 9. Snapshots of the electro-polymerization of thio-
phene at different temperatures visualized with the compu-
tational program ymol [16].

4. Conclusion

With the aim of studying the effect of temperature on the
nucleation and growth process of the electrochemical
conducting polymers synthesis, we have developed a
new simulation scheme using stochastic methodologies.
Like all simulation methods, our work demands a drastic
simplification of the real system. Neither the solvent nor
the supporting electrolyte was explicitly considered be-
cause of the size of the system. Despite all approxima-
tions the first results are quite favorable. Introduction of
new considerations, like accurate diffusion coefficients
or the diffusion of oligomers after precipitation, will im-
prove the current model. New runs on other polymeric
systems, other temperatures and rates will provide more
details to corroborate the already proposed electro-po-
lymerization mechanism.
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Figure 10. Coverage degree at t; of each layer of the deposit at different temperatures.
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