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The influence of different charge carrier concentrations on the recombination dynamics be-

tween oppositely charged polarons is numerically investigated using a modified version of

the Su-Schrieffer-Heeger (SSH) model that includes an external electric field and electron-

electron interactions. Our findings show that the external electric field can play the role

of avoiding the formation of excited states (polaron-exciton and neutral excitation) leading

the system to a dimerized lattice. Interestingly, depending on a suitable balance between

the polaron concentration and the electric field strength, the recombination mechanism can

form stable polaron-excitons or neutral excitations. These results may provide guidance to

improve the electroluminescence efficiency in Polymer Light Emitting Diodes.
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I. INTRODUCTION

Polymeric materials are now the focus of intensive research in order to expand the current

knowledge about the science and technology of some optoelectronic devices, such as Polymer

Light Emitting Diodes1 (PLEDs) and Organic Solar Cells2 (OSCs). By presenting unique traits,

these materials are favorable to the development of cheaper and more efficient devices than their

inorganic counterparts. In fact, for PLEDs the polaron recombination mechanism forming excited

species is recognized as one of the most important physical process to be fully understood in order

to improve the electroluminescence yield in organic semiconductors. In this sense, relevant effort

has been applied to provide guidelines to the understanding of this mechanism in polymer based

materials.3–12 Nonetheless, a detailed investigation about the impact of the polaronic concentration

on the charge recombination process, albeit crucial, has not yet been performed and, therefore,

requires further investigations.

Recently, Sun and Stafström used the Su-Schrieffer-Heeger (SSH) model to simulate the recom-

bination process between an oppositely charged polaron pair in two coupled conjugated polymer

chains.13 Their results show that the spin-dependent recombination mechanism can form an ex-

citon or a bound interchain polaron pair depending on the interchain coupling and the external

electric field strength. An et al.14 and Li et al.15 have also investigated the polaron recombina-

tion mechanism in the scope of a tight-binging approach. In general, their findings show that the

external electric field can play an important role on the polaron-exciton formation through the

scattering of two oppositely charged polarons. For field strengths smaller than 0.2 mV/Å, the two

polarons recombine directly in an neutral excited state. Considering field strengths that lie in the

range of 0.2–1.2 mV/Å, the polarons scatter into a pair of two independent particles that are com-

posed by a mixed state of polarons and excitons (polaron-excitons). Li and colleagues also briefly

discuss the effect of electron-electron (e–e) interactions in the recombination dynamics between

two oppositely charged polarons. They have reported that, for the products, a triplet exciton is

much more energetically stable than a singlet one in the presence of on-site repulsions. Lei and

collaborators have investigated the spin polarization effect on the formation of excited states via

intrachain recombination of a polaron pair in conjugated polymers, using a version of the SSH

model modified to include an external electric field and Coulomb interactions.16 Their results have

pointed out that, neglecting e–e interactions, the yield of total excitons is independent of the spin

orientation of the polaron pair. Moreover, the presence of e–e interactions shows a depression on

2

Page 2 of 19Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



the yield of singlet excited states in cases where the spin configuration between the polaron pair is

not spin-parallel. As reported by Lei and collaborators, the e–e interaction strength do not changes

the content of the products formed from the recombination mechanism between two oppositely

charged polarons, with spin-parallel or spin-antiparallel configuration, at all. Thus, in the present

work, we can expect that relatively moderated variances in the e–e strength will not change the

final products formed after the collision between the polarons. Very recently, our previous re-

searches have shown that impurity levels17 and temperature effects18 can change dramatically the

recombination dynamics between two oppositely charged polarons. When influenced by impu-

rities, the polaron-exciton formation also occurs for weak electric field strengths. The impurity

levels can significantly improve the excitation yield in order to facilitate the polaron-exciton for-

mation. Regarding the temperature influence on the recombination process, the results show that

there are two possible channels in which (1) a neutral excitation is directly formed for temperatures

bellow a critical regime and (2) a dimerized lattice is the final product of the collisional process

for temperatures higher than the critical value.

From the results of all aforementioned researches, one can see that further investigations of the

polaron recombination mechanism, mainly considering the impact of the polaron concentration to

the excited states formation are strongly desired. We can see that the previous work in the literature

usually deal with the interaction of a single pair of quasiparticles. As features such as electron-

electron interactions as well as impurities showed a major influence over the final products of the

system, one can readily conclude that the effect of different carrier concentrations is also a crucial

issue, particularly when it is desired to study the behavior of the system in a more realistic physical

situation.

In this manuscript, the impact of the charge carrier concentration on the intrachain recombi-

nation dynamics between oppositely charged polarons in conjugated polymers is numerically in-

vestigated considering the influence of an external electric field and Coulomb interactions. In the

scope of a one-dimensional tight-binding approach, an Ehrenfest Molecular Dynamics is carried

out in order to combine the Extended Hubbard Model and a modified version of the SSH model.

The present investigation is aimed to provide a more realistic physical picture about the products

formed after the recombination process by considering the concentration effects on the forma-

tion of excited states, which may provide guidance to improve the internal quantum efficiency in

PLDEs.
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II. METHODOLOGY

The model Hamiltonian is given by H = HS S H + Hee. The first part in this equation is the

SSH-type Hamiltonian19,20 modified to include an external electric field and the Brazovskii-Kirova

symmetry-breaking, in order to simulate a conjugated polymer chain with periodic boundary con-

ditions. The SSH hamiltonian assumes the form

HS S H = −
∑

n,s

(

tn,n+1C
†

n+1,sCn,s + h.c.
)

+
∑

n

K

2
y2

n +
∑

n

p2
n

2M
, (1)

where n labels the chain sites. Here, yn ≡ un+1 − un in which un is the lattice displacement of a

particular site. pn is the conjugated momentum to un, K is the harmonic constant for a σ bond and

M is the mass of a CH group. The operator C
†
n,s (Cn,s) creates (annihilates) a π-electron with spin s

at the nth site. tn,n+1 = e−iγA(t) [(1 + (−1)nδ0) t0 − αyn

]

is the transfer integral, where t0 is the transfer

integral of a π-electron between neighboring sites in the undimerized chain, α is the electron-

phonon coupling, and δ0 is the Brazovskii-Kirova symmetry-breaking term.21 γ ≡ ea/(ℏc), with a

being the lattice parameter, e the absolute value of the electronic charge, and c is the speed of light.

The external electric field is introduced in the model through the time-dependent vector potential,

in which E= −(1/c)Ȧ.22 The last term in the model Hamiltonian denotes the contribution of the

Coulomb interactions and can be written as

Hee = U
∑

i

(

C
†

i,↑
Ci,↑ −

1
2

) (

C
†

i,↓
Ci,↓ −

1
2

)

+ V
∑

i

(ni − 1) (ni+1 − 1) , (2)

where ni = C
†

i,↑
C

i,↑
+ C

†

i,↓
C

i,↓
and U and V are the on-site and nearest-neighbor electron-electron

repulsion strengths, respectively.23 The parameters used here are recognized as standard and have

the following values: t0 = 2.5 eV , M = 1349.14 eV × f s2/Å2, K = 21 eVÅ−2, δ0 = 0.05, α =

4.1 eVÅ−1, and a = 1.22 Å. These values have been used successfully in previous simulations.24–30

The lattice backbone dynamics is described in a classical approach by a newtonian equation

Mün = Fn(t). Where,

Fn (t) = Mün(t) = −K [2un (t) − un+1 (t) − un−1 (t)]

+ α
[

Bn,n+1(t) − Bn−1,n(t) + Bn+1,n(t) − Bn,n−1(t)
]

. (3)

Fn(t) represents the force experienced by a particular site n. Here, Bn,n′(t) =
∑

k,s
′ψ∗

k,s
(n, t)ψk,s (n′, t)

is the term that couples the electronic and lattice parts of the model Hamiltonian.31 The primed
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summation represents a sum over occupied states. The equation (3) can be numerically integrated

using the method

un(t j+1) = un(t j) + u̇n(t j)∆t, (4)

u̇n(t j+1) = u̇n(t j) +
Fn(t j)

M
∆t. (5)

In its turn, the time evolution of the electronic part is performed by solving the time-dependent

Schrödinger equation (TDSE). The wave functions are constructed by means of a linear combina-

tion of instantaneous eigenstates of the electronic Hamiltonian. In this way, the solutions of the

TDSE can be put in the form

ψk,s

(

n, t j+1

)

=
∑

l















∑

m

φ∗l,s

(

m, t j

)

ψk,s

(

m, t j

)















× e(−iεl∆t/ℏ)φl,s

(

n, t j

)

, (6)

where {φl(n)} and {εl} are the eigenfunctions and the eigenvalues of the electronic part for the

Hamiltonian at a given time t j, respectively.32 At time t j the wave functions {ψk,s(n, t j)} are ex-

pressed as an expansion of the eigenfunctions {φl,s}: ψk,s(n, t j) =
∑N

l=1 C s
l,k
φl,s(n), in which C s

l,k

are the expansion coefficients. Thus, the occupation number for each eigenstate φl,s is ηl,s(t j) =
∑

k
′|C s

l,k
(t j)|2, which provides useful information about the redistribution of electrons among the

energy levels.

III. RESULTS AND DISCUSSION

The main focus of the present work is to investigate the combined effects of different charge

carrier concentrations and electric field values over the products of polarons scattering. In order

to do so, we make use of polymer chain lengths of 200, 400, 600, 800, and 1000 sites, depending

on the number of charge carriers initially present. Accordingly, we considered 2, 4, 6, 8, and 10

polarons as the initial state of the system and investigated the dynamics of these quasi-particles

subjected to electric field strengths ranging from 0.1 to 2.0 mV/Å with an increment of 0.1 mV/Å.

In order to better consider interaction between the quasi-particles we included electron-electron

correlation through the extended Hubbard formalism with U = 1.0 eV and V = U/3, in accordance

with values recently used in the literature.33–39

We begin our discussion by presenting schematic diagrams of the energy levels for the different

initial configurations considered in our work. In Figure 1, “H” stands for the Highest Occupied

Molecular Orbital (HOMO) level, “H-1” is the level immediately below it and so on. Analogously,
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a photoexcitation mechanism followed by exciton relaxation, in which a substantial ratio of the

excited states is converted into polaronic states. In polyacetylene lattices, at a half-filling band,

the electronic band gap is approximately 1.8 eV. It was shown that the most probable dipole-

allowed transitions are those from εv
i

to εc
i

(i=1,2,3,), where εv
i

and εc
i

are the ith energy level

in valence (from the top) and conduction (from the bottom), respectively. The transition dipole

moments between εv
i

and εc
i

considering i raging from 1 to 4, for example, are 11.6, 11.1, 10.4,

and 9.5 eÅ, and their transition energies are 1.76, 1.78, 1.81, and 1.85 eV, respectively.29 Thereby,

numerical procedure adopted here, to generate the initial configuration, can represent fairly well

the photoexcitation mechanics and the subsequent exciton relaxation in order to generate free

polarons.

Before we discuss the actual product nature of the polarons scattering, it is interesting to per-

form a general qualitative discussion on the influence of the carriers concentration to the product

formation mechanism. In order to do so, we investigate the 0.5 mV/Å electric field induced dynam-

ics of systems composed of the initial states presented in Figure 1. Figure 2 shows the staggered

bond-length time evolution for this field strength, considering all different concentrations from 2

polarons in part (a) up to 10 polarons in part (e). The first feature that the lattice distortion patterns

suggest is that the product formed after the collisional process is strictly dependent of the initial

polaron concentration. This can be inferred from the different shapes and patterns of the struc-

tures that arise from the scattering of the initial quasi-particles. As it will be further discussed,

these systems can present very different products even when the same initial carrier concentration

is considered. Moreover, as the charge carrier density (NQP/n), in which NQP is the number of

quasi-particles and n is the number of sites, is exactly the same, one can conclude that the prod-

ucts formed after the collisional process are concentration dependent instead of density dependent.

In this work, the term “concentration” stands for a measure of the number of structures present in

each chain, regardless of its length.

It is well known that two acoustic polarons with the same charge and antiparallel spins can

recombine to form an acoustic bipolaron. These structures are spinless charge carriers and possess

charge ±2e. Bipolaron can be created in organic–based materials when the charge injection or

ptohexcitation mechanism result in a large concentration of polarons. Recently, Di et al. have

investigated the combination and scattering of two polarons with same charges and or antiparallel

spin in conjugated polymers in the framework of a tight-binding approach.7 Their results shown

that collisions between polarons with same charge and parallel spin are essentially elastic due
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oppositely charged polaron-excitons, that work as complex products. Figure 3(b) consists on the

collision between four polarons, giving rise to neutral excitations and also to polaron-excitons.

Note that the first collision between the two inner polarons give rises to a pair of polaron-excitons

that subsequently collide with the two remainder outer polarons. After that, the collision between

the polarons and the formed polaron-excitons forms two neutral excited states. This means that

a recombination process between a charged state and a charged excited state tends to form only

one neutral excited state. Interestingly, for the higher concentration regimes, Figures 3(d) and

3(e), mixed final states between polaron-excitons and neutral excitations are achieved. For higher

concentrations, one can see that it is difficult to distinguish between the nature of the products,

but a general pattern is to observe that collisions under higher concentrations tends to favor the

formation of polaron-excitons over neutral excitations. This pattern is confirmed by observing

that, whereas in Figure 3(a) the presence of neutral excitations is dominant, when the higher con-

centration cases of 3(d) and 3(e) are considered, one observes a higher ratio of polaron-excitons

to neutral excitons. It should also be noted that the high degree of symmetry observed for small

concentrations is lost for systems with higher number of initial carriers, as shown in Figures 3(c) to

3(e). This is mainly due to the higher amount of phonon states that is observed in these situations,

and it is in close relation to the observed polarons. It is worth to mention here that the dissipative

dynamics of polarons in conjugated polymers can be considered by including a damping term,

a feature missing in the present work. Furthermore, the electric field is adiabatically turned on,

reaching its full strength at bout 75 fs, and is not turned off in these simulations. Thus, the polaron

can not lose its energy, at least before the collision process. Recently, the polaron dissociation in

an organic molecule was theoretically investigated in the presence of dissipation.41 It was shown

that the polaron’s velocity is inversely proportional to the damping, which means the relation be-

tween mobility and temperature is a power law. The damping term can suppresses the step-like

behavior of the polaron’s velocity regarding to electric fields. Moreover, it was obtained that, in

the presence of a dissipative term, the threshold field that dissociates a polaron is reduced. As the

main goal in this work is to figure out the possible products formed after the recombination mech-

anism between several oppositely charged polarons, we should ensure that these charge carriers

might keep its integrity until the moment of the collision. So, the polaron dissipation mechanism

is avoided in this work.

Another interesting manner to investigate the nature of the final states of the collisional process,

as well as its evolution, is the study of its energy levels. It is well known that neutral excitations are
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FIG. 4. Energy levels time evolution for the systems showed in Figure 2.

5(a) presents the bond-length and Figure 5(b) depicts the mean charge density time evolution of

the system. Apart from the higher electric field applied, this situation is analogous to the simu-

lation presented in Figure 2(c) and, nevertheless, one can see that the formed products are quite

different. After several mutual collisions, the final state is composed of a polaron-exciton and

neutral excitation states. This behavior is completely different to the results presented in Figure

3(c), in which the final state is dominated by neutral excitations. Therefore, one should conclude

that, similar to higher concentrations, higher electric field values also plays the role of shifting the

equilibrium towards the formation of more polaron-excitons rather than excitons.

Figure 6 presents the time evolution of the (a) HOMO and (b) LUMO levels relative to the

systems presented in Figure 2. A quick glimpse to the figures allows one to observe the comple-

mentarity of the occupations between HOMO and LUMO levels. In other words, each HOMO

level gains whatever fraction of electrons lost by the corresponding LUMO and vice versa. After

around 150 fs of simulation, Figure 6(a) shows that the electron begins to leave HOMO towards

other energy levels. A similar pattern is observed for the LUMO in Figure 6(b). As a general

rule, it can be said that the simulations with higher concentrations present the lowest occupation
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FIG. 6. Time evolution of (a) HOMO and (b) LUMO levels of the initial states presented in Figure 2.
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5).

We finish our discussion by presenting the most important result of this work in Figure 7, which

is an extension of the analysis performed in the previous figures for other values of electric field

strengths. Figure 7(a) presents the sum of all the LUMO levels in the gap as a function of the

applied electric field for all the simulated concentrations. Figure 7(b) is the equivalent figure for

HOMO. Thus, Figure 7 consists of an useful tool to summarize our results besides providing new

important results concerning the electric field dependence of the collision products. The first inter-

esting feature of Figure 7 regards the definition of a critical electric field value of 1.0 mV/Å, above

which, for all the simulated systems, a pristine lattice is obtained as the final state of the system.

One can see that, for all values of electric fields greater than 1.0 mV/Å, all the LUMO levels are

back to HOMO position, thus resulting in a lattice free of defects. In other words, for electric

fields higher than this critical value, no exciton nor polaron-excitons are present as the final state

of the system. This is a consequence of the high energy that these electric field strengths impose

to the system. The amount of energy is enough to dimerize the chain, thus yielding the neutral

final state. As already discussed, for electric field strengths between 0 and 1.0 mV/Å, a mixed

final state between excitons and polaron-excitons is achieved. The relation between HOMO and

LUMO also allows one to confirm the aforementioned hypothesis that with higher the concentra-

tions, more polaron-excitons are formed compared to neutral excitations. This can be confirmed by

the evaluation of total HOMO/LUMO ratio which shows that intermediate occupation are dom-

inant for higher concentrations. This, again, is in accordance to the polaron-exciton presence

picture. Therefore, the neutral excitation to polaron-exciton ratio depends directly on the final

quantity of electrons in the LUMO (in relation to HOMO). This dependence, is observed to be

a function of the initial charge carrier concentration. In the works by An et al.14 and Lie et al.16

the yield of the possible products formed from the recombination process between two oppositely

charged polarons has been reported. An and coworkers have shown that the yield of the neutral

excitation firstly increases with the electric field strength, reaching its maximum value (∼47%) for

0.6 mV/.14 For field strengths higher than this critical value, the yield for the neutral exciton de-

creases reaching (∼35%) for 1.0 mV/Å. Lei and collaborators have reported that the total yield of

excitons can reach at most 33.5% for an electric field strength of 0.5 mV/, which indicates that it is

not a complete annihilation of the polaron pair.16 Moreover, their results shown that, for a collision

of spin antiparallel polarons, the yield of singlet excitons reaches the maximum. In such case, the

yields of singlet and triplet excitons are the same, and each is about 16.75%. Just for the sake
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able to determine different regimes in which polaron-excitons or neutral excitations were mainly

formed from the collisional process of different numbers of polarons. These regimes were ob-

served to be dependent on both the electric field strength and on the concentration of the initial

charge carriers. Moreover, it was found that, the higher the concentration of charge carriers the

more probable it is to the collisional process to yield polaron-excitons rather than excitons. Fur-

thermore, higher values of electric field also favor the formation of polaron-excitons until the

critical value of 1.0 mV/Å, above which a dimerized chain is achieved. As actual electronic de-

vices present high concentration of charge carriers, this study is of fundamental importance to

the understanding of the particular conditions in which the desired kind of quasi-particle is to be

formed. Therefore this kind of knowledge is important to improve the performance of organic

photovoltaic devices such as Polymer Light Emitting Diodes.
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