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ABSTRACT

With the aim of understanding the nucleation and growth mechanism of thiophene, a new computational simulation method based on a kinetic Monte Carlo 
algorithm was designed. It reproduces key processes such as diffusion, oligomerization, and the precipitation of oligomers onto the electrode surface. This paper 
GHVFULEHV�DOO�VLPXODWLRQ�GHWDLOV��UHSRUWV�WKH�¿UVW�FRPSXWDWLRQDO�UHVXOWV�DQG�FRQWUDVWV�WKHP�ZLWK�SUHYLRXVO\�SXEOLVKHG�HOHFWUR�SRO\PHUL]DWLRQ evidence. The results 
agree well with experimental studies and demonstrate how computational simulations can help to understand the electrochemical process of conducting polymers 
formation.
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e�PDLO�PGYDOOH#XF�FO

1. INTRODUCTION

In 1977 6KLUDNDZD et al.1�UHSRUWHG�VLJQL¿FDQW�LQFUHDVHV�LQ�WKH�FRQGXFWLYLW\�
RI�SRO\�DFHW\OHQH��XSRQ�KDORJHQ�GRSLQJ��6LQFH� WKHQ�� WKH�¿HOG�RI� FRQGXFWLQJ�
polymers, also called synthetic metals, has aroused great technological and 
VFLHQWL¿F�LQWHUHVW��

In the last two decades, second generation polymers such as poly(pyrrol)2, 
poly(furan)3-5, poly(thiophene)6,7,42 and their derivatives, have provoked great 
attention because of their remarkable  electrical and optical features. Oligo 
and poly(thiophene) have attracted particular consideration due to their 
high processability and excellent environmental stability. Their applications 
are wide-ranging and include surface light emitting diodes (SLED’s)8, light 
emitting diodes (LED’s)9-15, photovoltaic cells16-20 and transistors21-27.

7KHVH� ʌ�FRQMXJDWHG� FRPSRXQGV� FDQ� EH� V\QWKHVL]HG� E\� FKHPLFDO� RU�
electrochemical means. Electro-polymerization presents several advantages 
compared to other methods, in particular the absence of catalyst other than 
WKH�HOHFWURGH��GLUHFW�JUDIWLQJ�RI� WKH�GRSHG�¿OP�RQWR�WKH�HOHFWURGH�VXUIDFH�� LQ�
situ characterization by different techniques and easy control of the deposit 
properties28. The anodic route of synthesis is a unique process, which is 
initiated by the oxidation of a neutral monomer at the anode surface producing 
radical cation species that react to form longer oligomeric chains29. The 
electrochemical synthesis of conducting polymers is a very complex process 
where many experimental factors are involved such as the chemical nature 
and concentration of monomer and electrolyte, the solvent, the physical 
and chemical nature of the electrode substrate, and the conditions of the 
HOHFWULFDO� SHUWXUEDWLRQ� DSSOLHG� WR� WKH� LQWHUIDFH�� ,Q� WKH� OLWHUDWXUH��ZH� FDQ�¿QG�
several experimental studies about the nucleation and growth mechanism of 
conducting polymers; however, there are still unsolved questions regarding 
the exact mechanism. A detailed process comprehension would provide the 
QHFHVVDU\�WRROV�IRU�FRQWUROOLQJ�WKH�VWUXFWXUH�DQG�LQWULQVLF�SURSHUWLHV�RI�WKH�¿OP�
D�SULRUL, useful for the design of new structures with improved properties.

Because of the high complexity of the electro-polymerization, theoretical 
electrochemical treatments by ab initio methods are impossible30. However, 
computational simulations can provide information that is experimentally 
inaccessible31, 32. Simulations of electrochemical processes at realistic time 
require stochastic methods such as kinetic Monte Carlo, which by necessity 
give less detailed information than deterministic methods.

With the aim of understanding the nucleation and growth mechanism of 
thiophene (Th) we have designed a new computational simulation method 
based on a kinetic Monte Carlo algorithm. It reproduces key processes such 
as diffusion, oligomerization, and the precipitation of oligomers onto the 
electrode surface. In this paper we describe all simulation details, report the 
¿UVW�FRPSXWDWLRQDO�UHVXOWV�DQG�FRQWUDVW�WKHP�ZLWK�SUHYLRXVO\�SXEOLVKHG�HOHFWUR�
polymerization evidence. The results agree well with experimental studies 
and demonstrate how computational simulations can help to understand the 
electrochemical process of conducting polymers formation. 

2. Model and simulation method

����7KH�ROLJRPHUL]DWLRQ�SURFHVV
Electro-polymerization starts with the diffusion of monomers toward 

the electrode surface, where an electron is transferred from the monomer to 
the working electrode, which has a high enough potential to overcome the 
energetic barrier of the process. The dimer is produced from the union of two 
oxidized species (monomeric radical cations), the trimer from the combination 
of one activated dimer with a monomeric cation radical. In this way, longer 
oligomeric chains are formed and collected in a high density oligomeric region 
(HDOR)33. When the oligomerization process has set in and supersaturation is 
attained, oligomers are deposited on the electrode surface as clusters, giving 
place a nucleation and growth process. The precipitation occurs due the 
insolubility of some oligomers that reach the FULWLFDO� FKDLQ� OHQJWK� the limit 
length of oligomeric chains at which precipitation begins. 

����6LPXODWLRQ�GHWDLOV
A Fortran77 code was developed to model an electrode surface in contact 

with an electrolyte solution that initially contains monomers, molecules 
of solvent and the supporting electrolyte. Within the code, the monomers 
are represented as spheres; because of size restriction, the electrolyte is 
not modeled as individual molecules but as a heat bath. We used a three 
dimensional reticular model (Figure 1) with a total of [s·s·(h+r)] positions, each 
representing a cube with an edge length G��The size of G was selected according 

to the crystallographic center-center distance of the rings of bithiophene34 
(G=3.89 Å). The simulation cell contains at the upper end a reservoir of 
monomers, labeled A in Figure 1, with a constant number of particles. During 
the course of the simulation particles were added to A as needed.  A region 
B, the reaction zone, is delimited by region A at the top and at the bottom by 
a box representing the working electrode. Periodic boundary conditions were 
implemented along the code in the x and y directions parallel to the electrode 
VXUIDFH��7KH�UHVHUYRLU�PXVW�EH�SODFHG�DW�D�GLVWDQFH�VXI¿FLHQWO\�ODUJH�VR�WKDW�WKH�
monomers in A do not interact with particles near the surface. Particle entrance 
from zone B to A was not allowed. 

Based on an experimental study of thiophene35 (Th), we took the critical 
chain length as three units. Thus, oligomers with three or more units of length 
will precipitate on the electrode surface.

The simulation starts with the diffusion of monomers from the reservoir to 
the electrode, and follows the rules of kinetic Monte Carlo. Every movement 
is selected randomly, and its probability is directly proportional to the 
magnitude of its rate in the processes catalogue, i.e. higher rate values have 
greater probabilities of being selected. The time corresponding to a movement 
G is calculated from a randomly chosen number m, selected by a code´s 
subroutine41, uniformly distributed between 0 and 1 according to Eq. 1:

                                                            
     
     (1)
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Figure 1: Schematic representation of the simulation box. 

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

:KHQ�D�PRQRPHU�UHDFKHV�WKH�¿UVW�OD\HU�RI�WKH�ER[�RU�JHWV�LQ�FRQWDFW�ZLWK�
already deposited oligomers, is automatically labeled as a radical cation, and 
can diffuse inside the zone B again. This radical monomer can react with other 
activated monomer as depicted in Figure 2a creating a neutral dimer. 

Figure 2: The different thiophene oligomers formed during the simulation. 
Each case is explained within the main text

Dimers can also become radical species in the same way as monomers, 
and can react with cationic monomers or dimers producing neutral trimers and 
WHWUDPHUV��UHVSHFWLYHO\��)LJXUH��E�F���5HDFWLRQV�EHWZHHQ�UDGLFDOV�VDWLV¿HG�WZR�
different criteria:

1. In accordance with experimental evidence, which indicates that the 
¿OP�JURZV�SDUDOOHO�WR�WKH�PHWDO�VXUIDFH36, the generation of oligomeric chains 
with geometry parallel to the z axis was not allowed. In a real system the 
generation of oligomers vertical to the surface occurs, however, the rotation 
of this kind of structures was not implemented with the aim of simplifying the 
FRPSXWDWLRQDO�FRGH��7KLV�FRQVLGHUDWLRQ�ZLOO�EH�UHÀHFWHG�LQ�D�ORZHU�SURGXFWLRQ�
of trimers, tetramers, pentamers and hexamers.

2. 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 
DQG�¿QG�WZR�DFWLYDWHG�ROLJRPHUV�OLQHG�XS�RQ�WKH�HOHFWURGH�VXUIDFH��JHQHUDWLQJ�
trimers, tetramers, pentamers and hexamers (Figure 2d-g). 

When the size of the chain exceeds two units, the oligomer can still 

diffuse inside the zone B, however, upward movements in the z direction are 
not allowed to guarantee the precipitation on the electrode. When insoluble 
oligomers reach the bottom of the simulation box or touch already deposited 
ROLJRPHUV� WKH\� EHFRPH� LPPHGLDWHO\� ¿[HG� DQG� WKXV�� GHQGULWLF� JURZWK� LV�
expected. The diffusion of precipitated species is not permitted.

The size of the simulation box was established taking into account the 
typical monomer concentration in an experimental procedure, 0.01 M. For the 
HOHFWURGH�VXUIDFH�>��[��@�FXELF�XQLW�FHOOV��RI�VLGH�OHQJWK������c��ZHUH�GH¿QHG��
The height of zone A was chosen as 14 unit cells, and the height of zone B 
was optimized as follows: we selected different heights (K) for zone B and 
ran simulations at the same concentration and with the same size of reservoir 
([28x28x14]) till the deposit crossed K/2. The coverage (number of occupied 
VLWHV�SHU�OD\HU��ZDV�FDOFXODWHG�IRU�HDFK�VLPXODWLRQ�DW�WKH�¿QDO�VWHS��3ORWV�RI�WKH�
coverage of the deposit against K�DW�WKH�HQG�RI�HDFK�VLPXODWLRQ�VWHS�ZHUH�¿WWHG�
using Eq.2:   

     (2)

where erfc denotes the complementof the error function. Table 1 
VXPPDUL]HV� WKH� ¿WWLQJ� SDUDPHWHUV� C, K� and L and the root-mean-square 
deviation (RMSD). RMSD values remain almost constant from K=56 onwards.

Table 1: +HLJKW�RI�]RQH�%��LQ�XQLW�FHOOV���¿WWLQJ�SDUDPHWHUV�C, K� and L and 
the root-mean-square deviation (RMSD) using Eq. 2. 

K C K� L RMSD

18 0.103 6.26 3.059 0.16612

28 0.089 12.64 2.801 0.02787

36 0.108 13.48 5.600 0.01871

42 0.098 18.82 7.648 0.01749

48 0.098 19.54 5.545 0.01856

56 0.113 23.03 7.001 0.01644

68 0.102 22.98 6.678 0.01631

78 0.115 23.22 7.345 0.01656

Therefore, this value of K was taken as the height for zone B. The rate 
catalogue included diffusion rates for thiophene oligomers from 1Th to 6Th. 
To reduce computational costs and calculation time, only the rates of the 
selected oligomer and its neighbors are upgraded in the computational code.

Since this is an exploratory study, all rates were set to 1.00 nm/s, which 
means that all processes have the same probability of being chosen; therefore 
the VLPXODWLRQ�WLPH�KDV�QR�DEVROXWH�PHDQLQJ��,Q�SULQFLSOH��GLIIXVLRQ�FRHI¿FLHQWV�
for each oligomer (1Th-6Th) in condensed phase at different temperatures 
can be calculated from Molecular Dynamic simulations through the (LQVWHLQ�
6WRNHV expression. The introduction of these values in to our KMC simulations 
will be analyzed in a subsequent work. 

3. FIRST RESULTS

Results are averages over twenty runs. For all calculations a reservoir of 
[28x28x14] unit cells and a zone B of [28x28x56] unit cells were employed. 
$OO�VLPXODWLRQV�¿QLVKHG�ZKHQ�WKH�GHSRVLW�FURVVHG�K/2 in zone B; therefore all 
¿OPV� KDYH� WKH� VDPH�KHLJKW� EXW� WKH� VLPXODWLRQ� WLPH� YDULHV� GHSHQGLQJ� RI� WKH�
parameters selected.

,Q� WKLV�6HFWLRQ�� WKH� LQÀXHQFH�RI� WKH�FRQFHQWUDWLRQ�RQ� WKH�¿OP�JURZWK� LV�
analyzed and contrasted with previous experimental studies reported by our 
group. 

In this exploratory study we focused on the effect of the monomer 
FRQFHQWUDWLRQ�RQ�WKH�VWUXFWXUH�RI�WKH�GHSRVLWHG�¿OP��$�ZLGH�UDQJH�RI�PRQRPHU�
concentrations was selected (0.01 M, 0.1 M, 0.5 M and 1.0 M) to simulate the 
electro-polymerization process. 

According to experimental evidence, at higher monomer concentrations 
we expect an increase in the number of radical cations37. Then, insoluble 
VSHFLHV�ZLOO�DSSHDU�IDVWHU�LQ�WKH�VROXWLRQ��DQG�WKH�QXFOHDWLRQ�WLPH�Ĳ��ZKHQ�WKH�
¿UVW�QXFOHXV�DSSHDUV��VKRXOG�EH�VKRUWHU�

Indeed, as Figure 3 depicts, the number of cationic oligomers grew as 
the initial concentration increased. Because of the higher number of activated 
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oligomers, there was more production of longer oligomers, 3Th and 4Th, as 
Figure 4 shows. 

Figure 4: Number of thiophene trimers (a) and tetramers (b) during the 
simulation time in logarithmic scale

,Q�DOO�UXQV��WKH�QXPEHU�RI��7K�UHPDLQHG�VPDOO��DQG�FKDLQV�RI�¿YH�DQG�PRUH�
units were not observed during these simulations. Probably the introduction 
of realistic diffusion rates for all involved species will provide a more diverse 
growth. In all simulations trimers and tetramers diffused into the solution 
before precipitation, forming a high density oligomeric region (HODR) as 
observed in experiment. 

$�SORW�RI�WKH�QXFOHDWLRQ�WLPH�Ĳ�DJDLQVW�WKH�PRQRPHU�FRQFHQWUDWLRQ��)LJXUH�
���JLYHV�DQDORJRXV�UHVXOWV�WR�WKH�H[SHULPHQWDO�HYLGHQFH��Ĳ��GHFUHDVHV�DV�WKH�
concentration grows.

Figure 3: Number of thiophene cationic monomers (a) and dimers (b) 
during the simulation time in logarithmic scale.

Figure 5: 7KH�WLPH�DW�WKH�¿UVW�ROLJRPHU�SUHFLSLWDWHV �Ĳ��DW�HDFK�PRQRPHU�
concentration.

Schrebler et al.38, described the effects of different experimental factors 
on electro-polymerization. They conclude that as the monomer concentration 
progressively grows, the deposit mass (at equal deposition times) increase. 

Figure 6 illustrates the total number of deposited tiophene units against 
WLPH��)RU� WKH�VDNH�RI�FRPSDULVRQ�� WKH�VDPH�¿QDO� WLPH�RI� VLPXODWLRQ�ZDV�VHW�
XS� IRU� DOO� FRQFHQWUDWLRQV�� Ĳ�ZDV� VXEWUDFWHG� IURP� DOO� FXUYHV�ZLWK� WKH� DLP� RI�
KDYLQJ�HTXLYDOHQW�VWDUWLQJ�SRLQWV��L�H��WKH�PRPHQW�ZKHUH�WKH�¿UVW�ROLJRPHU�LV�
deposited. At higher initial monomer concentration, the number of deposited 
thiophene units increased, as the experimental evidence previously indicated. 
A larger amount of thiophene units means higher deposited mass.  
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Figure 6: Total number of thiophene units deposited during the simulation 
WLOO�WKH�VDPH�¿QDO�WLPH��DW�GLIIHUHQW�FRQFHQWUDWLRQV

 
Comparing the percentage of coverage degree (number of occupied sites 

per layer) against height (K) (Figure 7a) for all concentrations at the end of the 
VLPXODWLRQV��ZKHQ�WKH�¿OP�UHDFKHG�D�KHLJKW�RI�K/2), it can be seen that as the 
FRQFHQWUDWLRQ�JURZV�XS��WKH�¿OP�SUHVHQWV�OHVV�GHQVLW\�RI�WKLRSKHQLF�XQLWV�IURP�
approximately K=18. 

Figure 7: Coverage degree at tf of each layer of the deposit (a) and the 
number of thiophene units on the electrode surface YV�the simulation time (b), 
at different concentrations

The deposits formed at 0.5 M and 1.0 M are less compact presenting 
GHQGULWLF� JURZWK�� 7KLV� FDQ� EH� FRQ¿UPHG� FRPSDULQJ� WKH� VQDSVKRWV� �)LJXUH�
8) obtained for every concentration at the end of the simulation. At higher 
concentrations more radicals are generated near the surface of the electrode 
RU�WKH�MXVW�IRUPHG�FRQGXFWLQJ�SRO\PHU��7KH�SUREDELOLWLHV�RI�SURGXFLQJ�ORQJHU�
oligomeric species with short-range diffusion are higher, giving place for a 
massive and less structured precipitation phenomenon.

Figure 8: Snapshots of the eletro-polymerization simulation of thiophene 
at different concentrations

Experimental studies regarding the nucleation and growth mechanism 
of the electro-polymerization of thiophene, show the presence both of 
instantaneous (2D and 3D) and of progressive contributions. The authors 
concluded that at higher concentrations of monomer, the prevalent growth 
mechanism is the progressive one, observing a diminution of the contribution 
of the instantaneous mechanism39.

:H�KDYH�SORWWHG� WKH�QXPEHU�RI� WKLRSKHQH�XQLWV� RI� WKH�¿UVW� OD\HU� RI� WKH�
¿OP�DJDLQVW�WKH�HYROXWLRQ�RI�WKH�VLPXODWLRQ��WLOO�WKH�VDPH�¿QDO�WLPH�DW�WKH�UDQJH�
RI�FRQFHQWUDWLRQV�EHIRUH�PHQWLRQHG��)LJXUH��E���$JDLQ��Ĳ�KDV�EHHQ�VXEWUDFWHG�
from all curves with the aim of having equivalent nucleation starting points. 
The plots correspond to a progressive nucleation, and as in the experimental 
study, a higher monomer concentration increases the appearance rate of nuclei 
with diffusion control.  

The electro-polymerization process involves a reaction sequence in which 
HDFK�FRXSOLQJ�VWHS�KDV�WR�EH�DFWLYDWHG�E\�WZR�VSHFLHV��7KH�¿OP�IRUPLQJ�SURFHVV�
needs two electrons per molecule, that is 2 F·mol-1 40. Then, it is possible to 
simulate plots of the number of transferred electrons against the simulation 
time with theoretical expressions for the nucleation and growth mechanism. 
3ORWV� RI� )LJXUH� �E� ZHUH� ¿WWHG� XVLQJ� WKH� SURJUHVVLYH� QXFOHDWLRQ� H[SUHVVLRQ�
(PN3D) under diffusional control, y(t)=at-0.5[1-exp(-bt2)]. Figure 9 shows the 
DGMXVWHG�SUR¿OH�REWDLQHG�ZLWK�D�FRQFHQWUDWLRQ�RI�PRQRPHU�RI�����0��SUHVHQWLQJ�
YHU\�JRRG�FRUUHODWLRQ��FRQ¿UPLQJ�WKH�SURJUHVVLYH�QXFOHDWLRQ�SURFHVV��

Figure 9: 1XPEHU�RI�HOHFWURQV� WUDQVIHUUHG� WR� IRUP� WKH�¿UVW� OD\HU�RI� WKH�
¿OP�DJDLQVW�WKH�VLPXODWLRQ�WLPH��DQG�WKH�VLPXODWLRQ�RI�WKLV�FXUYH�XVLQJ�31�'�
under diffusional control

)LJXUH����VKRZV�WKH�FRYHUDJH�GHJUHH�RI�WKH�¿UVW�OD\HU�RI�WKH�GHSRVLW�WKURXJK�
WKH�VLPXODWLRQ�WLPH��$OO�SUR¿OHV�UHDFKHG�D�¿[HG�YDOXH�RI�DSSUR[LPDWHO\�����
of coverage degree due to the absence of diffusion after precipitation. As new 
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WKLRSKHQH�ROLJRPHUV�DUH�DGGHG�WR�WKH�FRQGXFWLQJ�¿OP��WKH\�EORFN�DYDLODEOH�VLWHV�
at the bottom of the simulation box.  With the programmed approximations, the 
¿UVW�OD\HU�ZLOO�QHYHU�UHDFK�D�FRPSOHWH�FRYHUDJH��

Figure 10: Coverage degree at tf�RI�WKH�¿UVW�OD\HU�RI�WKH�¿OP�DJDLQVW�WKH�
simulation time (in logarithmic scale) at different concentrations

,Q�VSLWH�RI�DOO�VLPSOL¿FDWLRQV�DSSOLHG�WR�WKH�VWRFKDVWLF�PRGHO��ZH�EHOLHYH�
WKDW� WKH� ¿UVW� UHVXOWV� DUH� TXLWH� HQFRXUDJLQJ�� WKHUH� ZDV� JRRG� DJUHHPHQW� ZLWK�
experimental observations. The introduction of accurate rates or diffusion after 
precipitation will improve the current model and will provide more details 
WR� YHULI\� DQG� FRQ¿UP� WKH� QXFOHDWLRQ� DQG� JURZWK�PHFKDQLVP� RI� FRQGXFWLQJ�
polymers. 

4. CONCLUSION

With the aim of verifying experimental theories about the nucleation and 
growth process of the electrochemical conducting polymers synthesis, we 
have developed a new simulation scheme using stochastic methodologies. 
/LNH�DOO�VLPXODWLRQ�PHWKRGV��RXU�ZRUN�GHPDQGV�D�GUDVWLF�VLPSOL¿FDWLRQ�RI�WKH�
real system. Neither the solvent nor the supporting electrolyte was explicitly 
considered because of the size of the system. Despite all approximations 
WKH�¿UVW� UHVXOWV� DUH� TXLWH� IDYRUDEOH�� ,QWURGXFWLRQ�RI� QHZ�FRQVLGHUDWLRQV�� OLNH�
DFFXUDWH�GLIIXVLRQ�FRHI¿FLHQWV�RU�WKH�GLIIXVLRQ�RI�ROLJRPHUV�DIWHU�SUHFLSLWDWLRQ��
will improve the current model. New runs on other polymeric systems, other 
temperatures and rates will provide more details to corroborate the already 
proposed electro-polymerization mechanism.  
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