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Electropolymerisation is a very useful methodology for conducting polymers synthesis. A total comprehension of this
process will help on the designing of new materials with improved optical and electrical properties. In this sense,
computational simulations can deliver important information at atomic scale. Within a kinetic Monte Carlo scheme,
diffusion rates are crucial to obtain accurate predictions; however, experimental values of this dynamic property for different
oligomers are very scarce among literature. In this study, the diffusion coefficient (D) of thiophene oligomers (1Th–6Th)
has been calculated using molecular dynamics simulations coupled with the Einstein expression. Results are in the order of
experimental values, demonstrating that this methodology is a fast and reliable alternative to calculate diffusion coefficients
with low computational costs.
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1. Introduction

Conducting polymers are flexible and inexpensive

materials for use in electronic applications including

supercapacitors [1,2], batteries [3,4] and low-cost

organic thin-film transistors [5,6]. Electronically conduct-

ing heteroatomic-based polymers, such as poly(pyrrole),

poly(aniline) and poly(thiophene), have been become

studied increasingly in both academic and industrial fields

because of their stability, high conductivity and tunable

optical properties. Oligothiophene and poly(thiophene)

have attracted particular attention due to their high

processability and excellent environmental stability.

Films of these materials can be produced via chemical

or electrochemical synthesis, the last beingmore suitable to

control the polymer deposition in terms of different

experimental parameters. 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 chains

[7,8]. Electropolymerisation starts with the diffusion of

monomers towards 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 a,a-linkage of two oxidised species (monomeric

radical cations). Chain propagation then proceeds by

oxidation of the neutral dimer to form the dimer radical

cation, which can combine with other oligomeric radical

cations to extend the chain. When the oligomerization

process has set in and supersaturation is attained, oligomers

are deposited on the electrode surface as clusters, giving

place to the nucleation and growth process [9].

Because of the high complexity of the electro-

polymerisation, theoretical electrochemical treatments by

ab initio methods are impossible [10]. However, computer

simulations can provide detailed information that is

experimentally inaccessible [11,12]. Simulations of

electrochemical processes at realistic time require stochas-

tic methods such as kinetic Monte Carlo. Diffusion rates are

crucial for this kind of simulation; however, experimental

values of this dynamic property for different thiophene

oligomers are very scarce among literature. Most studies

refer only to the diffusion rate of the thiophene monomer,

and the values differ sometimes in orders of magnitude

[13–15] depending on the experimental technique.

With the aim of obtaining accurate diffusion coeffi-

cients (D) of thiophene oligomers (Figure 1) from 1 to 6

units (1Th–6Th), molecular dynamics (MD) simulations

were performed. The Einstein expression was applied to

obtain this quantity at long time simulations.

2. Models and simulation details

In this study, MD simulations were run using a canonical

ensemble, where the number of particles, the volume and

the temperature were constant during the simulations. The

integration methodology corresponded to the velocity

Verlet [16] algorithm, with a time step of 1 fs. A cubic cell,
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with periodic boundary conditions, was used to obtain the

diffusion coefficient of thiophene oligomers (nTh, n ¼ 1,6)

at different temperatures (300, 400 and 600 K) and different

concentrations (0.01, 0.05 and 0.1 mol L21). The total time

of simulation was 20 ns. All thiophene oligomers were

randomly arranged inside the simulation box.

2.1. Force field

All calculations were performed by a combination of

parameters reported for thiophene and 2,20-bithiophene

with the MM2 [17] and MM4 [18] force fields. The same

force field was applied for longer oligomers, i.e. from

the trimer to the hexamer. With the aim of validating

this approximation, optimised structures of each

thiophene oligomer were obtained using the simulated

annealing methodology. Bond distance parameters for

oligomers longer than two thiophene units were

compared with ab initio values calculated at density

functional theory (DFT) level of theory [19]. Bond

lengths between both methodologies were very close,

showing differences about 2.5%. Then, the selected force

field resulted to be a good approximation to represent

these kinds of systems.

Hydrogens were combined with the carbons they were

bonded to, forming a single interaction site or ‘pseudoa-

tom’ (United Atom Method). A Lennard-Jones (LJ)

potential was used to handle intermolecular interactions,

as well as intramolecular interactions between atoms

separated by four or more bonds

UðrijÞ ¼ 41ij
sij

rij

� �12

2
sij

rij

� �6
" #

; ð1Þ

where rij, 1ij and sij are the separation, LJ well depth and

the LJ size, respectively, for the pair of interaction sites i

and j. Non-bonded parameters [20] are listed in Table 1.

Interactions between unlike pseudoatoms were calculated

with the Lorentz–Berthelot combining rules [21].

sij ¼
ðsii þ sijÞ

2
; ð2Þ

1ij ¼
ffiffiffiffiffiffiffiffiffiffi
1ii1jj

p
: ð3Þ

Conjugation effects and planarity of the thiophene

oligomers were introduced by a LJ potential between the

extreme carbon atoms (next to the S), in oligomers with

more or equal than two thiophene units.

A harmonic potential was implemented to control the

bond stretching and the bond-angle bending:

U ¼
k

2
ða2 a0Þ

2; ð4Þ

where k is the force constant, a can be the measured bond

or bond angle and a0 is the equilibrium bond length or

bond angle. Torsional potentials used to restrict dihedral

rotations were described with a cosine expansion:

Utorsion ¼ c0 þ c1½1 þ cos ðfÞ� þ c2½1 2 cos ð2fÞ�

þ c3½1 þ cos ð3fÞ�; ð5Þ

H

(a) (b)

H H

H
H

H H

H

HH

S
S

S

Figure 1. (a) Thiophene and (b) 2,20-bithiophene structure.

Table 1. Force field parameters for non-bonded interactions.

Atom s (Å) 1 (eV)

C 3.69 0.00435
S 3.60 0.01551

Table 2. Force field parameters for bonded interactions.

Stretching r0 (Å) k (eVÅ22)

CZC 1.40 54.93134
CZS 1.71 40.39330

Bending u0 (8) k u (eV rad22)

CZCZC 112.4 5.61735
CZSZC 92.20 4.24422
CZCZS 111.5 2.37177

Torsion c0 c1 c2 c3

CZSZCZC 0.00000 0.03168 2 0.02328 0.05010
CZCZCZC 0.02955 0.00744 2 0.00945 2 0.02430
CZCZCZS 0.02955 0.00744 2 0.00945 2 0.02430
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where f is the dihedral angle and ci the ith coefficient of

the expansion. The constants c0–c3 were obtained fitting

energy profiles of the internal rotation of hydrocarbons and

sulphurated compounds through the OPLS/UA [22,23]

force field. All parameters of the bonded interactions are

summarised in Table 2.

3. Results and discussion

3.1 Estimation of the diffusion coefficient

The diffusion coefficients of all oligomers at long time

simulations were calculated using the Einstein relation

[24]:

D ¼
1

6N
lim
t!1

d

dt

XN
i

½riðtÞ2 rið0Þ�
2

* +
; ð6Þ

where [ri(t)–ri(0)]2 is the mean squared displacement

(MSD) and N is the number of molecules in the system. In

literature, there is another methodology described to

calculate diffusion coefficients through the Green–Kubo

[25,26] relations. This method is by the far the most

frequently used, possibly because of the interest in the

correlation functions themselves. However, at long time

simulations, like in this case, both methodologies show

consistency, providing similar values [27].

The slope of plots of the MSD versus time has been

measured for each component of the atomic position (i.e.

x, y, and z) at times .18 ns. All plots correspond to the

average of 20 runs, considering a number of six molecules

inside the simulation box; beyond the size of six

molecules, the results were not significantly altered. In

this way, the statistic precision of the estimation of the

diffusion coefficient was improved.

Figure 2 shows the MSD for each axis of the thiophene

molecule versus time, at 0.01mol L21 and 300K. All

graphs presented the same behaviour, where the slope

tends to a constant value at long simulation times.

The slopes of each axis (x, y and z) were then averaged

to calculate the diffusion coefficient for each particular

thiophene oligomer. Table 3 lists these values at different

temperatures (with a concentration of 0.01 mol L21) and at

different concentrations at the same temperature (300 K).

Values from Table 3 were plotted as Figure 3 depicts.

As expected, the diffusion coefficients present lower
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Figure 2. (Colour online) MSD (Å2) of thiophene through the
simulation at 0.01mol L21 and 300K.
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Figure 3. (Colour online) Diffusion coefficient D, for each
thiophene oligomer (nTh, n ¼ 1,6) at different concentrations
and temperatures.

Table 3. Diffusion coefficient (105 cm2 s21) of thiophene (Th) oligomers at different concentrations and temperatures.

0.01mol L21 300K

Th units 300K 400K 600K 0.01mol L21 0.05mol L21 0.10mol L21

1 19.3 22.5 38.5 19.3 21.1 20.4
2 8.57 13.3 18.8 8.57 8.57 7.16
3 5.75 6.56 11.3 5.75 5.75 4.90
4 4.31 5.41 9.43 4.31 4.31 3.55
5 3.42 5.00 7.77 3.42 3.42 2.78
6 2.87 4.36 5.57 2.87 2.87 2.35
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values with higher monomer concentrations and increase

at higher temperatures, which is in agreement with the

Einstein relation [24]:

D ¼ mðrÞkBT; ð7Þ

where kB is the Boltzmann constant, T is the absolute

temperature and m(r) is the mobility of the particles, which

as the simulation results show, are decreasing with the size

of the oligomers.

The diffusion coefficients calculated in this study are

in the order of those reported by Olbrich-Stock et al. [14]

(D337 ¼ 0.7(^0.4) £ 1025cm2 s21, D554 ¼ 0.8(^0.2) £

1025cm2 s21, D670 ¼ 0.5(^0.4) £ 1025cm2 s21) where

spectroscopic measurements were accomplished at differ-

ent wavelengths to obtain the diffusion coefficient of

oligomeric soluble species during the electropolymerisa-

tion process of thiophene.

4. Conclusions

In this study, diffusion rates of thiophene oligomers from 1

to 6 units (1Th–6Th) were calculated at different

temperatures and concentrations, using MD simulations

coupled with the Einstein relation.

All results are in the order of experimental values

previously reported, indicating that the implemented

methodology is a fast and reliable route to calculate

diffusion coefficients when long simulation times are

achieved. The explicit introduction of solvent into the

simulation will improve the accuracy of the results.
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