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The dynamic formation process of a trion by recombination of an on-chain bipolaron with
an off-chain counterion trapped in a radical molecule, under the influence of an external
electric field, has been investigated using a nonadiabatic evolution method. We demon-
strate that the dynamic formation of the trion depends sensitively on the strength of the
applied electric field, the radical potential, and the coupling between the polymer chain
and radical. The trion can be formed efficiently via the bipolaron-trapped counterion reac-
tion under the appropriate conditions. Our simulation provides theoretical evidence for the
trion formation channel proposed by Kadashchuk et al. The bipolaron-trapped counterion
reaction also makes an additional contribution to electroluminescence in conjugated poly-

mers that lies beyond the set of processes involving polaron recombination.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, due to their processing and perfor-
mance advantages for low-cost and large-area applica-
tions, much research has focused on studies of organic
electronic devices [1], especially polymer light-emitting
diodes (PLEDs) and field-effect transistors, i.e., multilay-
ered devices based on organic polymer films sandwiched
between electrodes. Due to strong electron-lattice interac-
tions, electrons or holes injected from the electrodes in-
duce self-localized excitations, such as polarons and
bipolarons. A polaron has spin +1/2 and charge te, whereas
a bipolaron is spinless with charge +2e [2]. Both polarons
and bipolarons are believed to be of fundamental impor-
tance in understanding the operation of the optoelectronic
devices based on conjugated polymers.

The concept of bipolaron formation was advanced al-
most 30 years ago [3]. Since then, a number of experimental
and theoretical studies have shown the existence of bipola-
rons especially in doped polymers. For example, through
theoretical calculations, Brazovskii et al. concluded that
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the formation of a bipolaron is energetically favorable as
compared to the formation of two polarons for weak elec-
tron-electron interactions [4]. The optical data measured
by Lane testified directly to the existence of polarons and
bipolarons in conjugated polymers [5]. Bipolarons can be
created in organic LEDs where charge injection results in
a large concentration of polarons [6]. The dynamics simula-
tions show that the charges injected from a metal electrode
into a nondegenerate polymer chain can favor the forma-
tion of electron (or hole) bipolarons which have better sta-
bility than two polarons [7]. The infrared-active vibrational
modes around a bipolaron have also been discussed within
a two-dimensional Su-Schrieffer-Heeger model [8]. Based
on these previous works, it can be stated that the bipolaron
is a common type of self-localized excitation that has a
large possibility of interacting with other charged defects
or impurities in conjugated polymers. In the present work,
we demonstrate that an on-chain bipolaron with an
off-chain counterion trapped in a radical molecule can be
recombined and form a trion under the influence of an
external electric field. The trion is essentially a three-
particle bound state including two electrons and a hole,
or two holes and an electron. It is easy to understand that
the trion, like the polaron and the bipolaron, is a
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self-localized excitation including both charge and lattice
distortion. The first observation at room temperature of tri-
ons in one-dimensional carbon nanotubes by adding p-type
dopant has recently been reported [9]. Kadashchuk and co-
workers suggested, on the basis of an experimental study of
PPV derivatives [10], that a charged trion can also be cre-
ated by fusion of a free polaron with a neutral polaron pair.
We think the evolution of trions might probably be de-
scribed by our present model irrespectively of rout domi-
nating their formation.

Several theoretical studies have recently pointed out
that significant contributions to electroluminescence in
conjugated polymers beyond those involving polaron
recombination may arise through additional processes,
for example, triplet exciton quenching by a polaron [11-
13] or bipolaron [14], polaron-polaron interaction-induced
bipolaron [15-17], and polaron-bipolaron scattering
[18,19]. In these processes, a new self-localized state, the
excited polaron, that opens a new channel for improving
the electroluminescence efficiency in PLEDs, can be
formed. In fact, the excited polaron is equivalent to a
charged trion, as can be shown through their electronic
states. In the electronic spectrum of a finite polymer chain
containing a trion, there are two localized energy levels in
the gap: the upper one &* and the lower one &. For the neg-
ative trion, & is occupied by one electron, and &' by two;
for the positive trion, & is occupied by one electron, and
¢! is empty. When an electron located in ¢! transits to &,
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Fig. 1. The lattice configuration and the schematic diagram of energy
levels for the positive trion.

a photon can be emitted and the trion decays into a normal
polaron. Fig. 1 shows the lattice configuration and elec-
tronic state of a positive trion. Obviously, as a three-parti-
cle-system, the trion possesses a larger binding energy [20]
and lattice distortion than does the polaron or bipolaron.

Beyond the various processes of trion formation men-
tioned above, analysis of the electronic spectrum of bipola-
rons and trions suggests that trions can also be formed by
bipolaron-counterion scattering in conjugated polymers.
To clarify this point, we investigate the scattering and
recombination of an on-chain bipolaron with a trapped
counterion coming from a side radical, under the influence
of external electric field. The calculations are carried out
using an evolution method based on the Su-Schrieffer—
Heeger (SSH) model. Such a reaction is a dynamical process
accompanied by both charge motion and lattice distortion.
It is therefore valuable to study it using a real time dynam-
ical method. We focus on investigating the products and
their yields in the bipolaron-trapped counterion reaction,
and we especially consider, whether this reaction is an effi-
cient mechanism for giving birth to trions. In our calcula-
tions, an unpaired electron in the side radical molecule
was taken as an off-chain trapped counterion. The dynam-
ics calculations were performed using a nonadiabatic evo-
lution method where electron transitions between
instantaneous eigenstates were allowed in contrast to the
so-called adiabatic dynamics with fixed level occupation.

The paper is organized as follows. Section 2 describes
the model and parameters used. The results are presented
in Section 3. A summary is given in Section 4.

2. Model and method

The model Hamiltonian we use is that of the SSH model
with a Brazoskii-Kirova-type symmetry-breaking term and
including the applied electric field effect:

H = Hssyy + Hext + Hsg- (1)

The first term of Eq. (1) expresses the Su-Schrieffer—
Heeger (SSH) Hamiltonian [21]:

N =R

. M_..
Hssi = =X ta(Ch Crins + 1) + 3 X (Unst — Un) + 5 U2
ns

n 2 n w
(2)

here, t, = to — ot(Upy1 — Uy) + (—1)"t, is the hopping inte-
gral between intrachain sites n and n + 1with t, being the
transfer integral of m electrons in a regular lattice, o is
the electron-lattice coupling constant, and u, the lattice
displacement of the nth site from its equidistant position.
The term t, is introduced to lift the ground-state degener-
acy in nondegenerate polymers [22]. K is the elastic con-
stant due to the o bonds, and M is the mass of a CH
group. Hey: is the additional potential energy induced by
the applied electric field E, and has the form:

1
Hex: = ES_Je|[na + uy] {CILSCM - f} , (3)
ns
where e is the electron charge, and a is the lattice constant.
The contribution to the Hamiltonian from the side rad-
ical is described by:
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Hsg = —t4 (C;,scni,s +h.c)+ VSRCLI._SCn;,& 4)

Here the side radical is taken to be bonded at the pth
site of the chain. In addition, t; is the hopping integral be-
tween the on-chain pth site and the side radical molecule
(labeled as njth site), and Vs the strength of the side
radical potential. Although the parameters used here are
taken as those chosen for polyacetylene [3], i.e., to =2.5
eV, a=4.1eV/A t,=0.05eV, K=21eV/A2 a=1.22 A and
M =1349.14 eV fs?/A?, the results are expected to be qual-
itatively valid for other conjugated polymers with a nonde-
generate ground state.

The temporal evolution of the lattice configuration is
determined by the equation of motion:

Mily = —K(2ttn = Uns1 = Un-1) + 202 [0 111 () = P (0]
— lelEO2Pnn(D), (5)

where the density matrix p is defined as:

Pan(t) = ;QZ.k(f)fk,s‘l)i},k(tL (6)

and fi is the time-independent distribution function
determined by the initial electron occupation. The electron
wave functions ®; ,(t) are solutions of the time dependent

Schrédinger equation:
Thds () = —ta®}, 1 (£) = ta 1D} (£) + VR, (£)Snn,
(7)

The coupled differential Egs. (5) and (7) can be solved
with a Runge-Kutta method of order 8 with step-size con-
trol [23], which has proven to be an effective approach in
investigating polaron [24-26] and soliton [27] dynamics
and photoexcitation dynamics [28] in conjugated polymers.

3. Results and discussions

In our simulations, a polymer chain containing 160 CH-
units with a side radical molecule containing 1 site was
considered. Initially, the bipolaron was located at the 40th
site while the radical was located at the 100th site of the
main chain. They were well enough separated to ensure
they were initially non-interacting. At first, the strength
of the radical potential was taken as Vs = 0.33 eV, and
the coupling between the chain and the radical was
t; = 0.1 eV. Starting from the initial conditions, we investi-
gated the collision processes of a positive bipolaron driven
by the external field with a counterion trapped in the side
radical. For convenience of discussion, we introduce the
bond structure parameter r, defined as:
nUn-1+ u:{l — 2u, (8)

The external electric field with a direction from left to
right was applied. In order to reduce lattice vibrations dur-
ing the acceleration process of the bipolaron, the electric
field was turned on in a smooth way, as described in Ref.
[24].

Fig. 2 shows the lattice configuration evolution for the
bipolaron-radical collision at different electric field

'n = (_1)

strengths. The light gray regions represent perfect dimer-
ization (r, ~ 0.04 A), and the darker gray regions indicate
the center of the bipolaron (before collision) and/or new
states formed via the bipolaron-radical collision. One can
see that the bipolaron is first accelerated and then ap-
proaches its saturation velocity. When the bipolaron meets
the side radical, a collision takes place. After that, they
recombine quickly into a new stable local state with larger
lattice distortion than that of the bipolaron. In the above
processes, the behaviors of both the bipolaron and the
new state depend on the field strength. We identify basi-
cally three regions of the electric field strength.

(1) In a weak electric field (E < 0.26 x 10° V/cm), such as
0.25 x 10° V/cm, the new state is confined and oscillates
around the side radical. See Fig. 2(a). We have examined
this case for a few picoseconds, and find that the new state
has little chance of escaping from the radical and moving
further along the chain. In this case, the wave functions
of the bipolaron and radical have a large overlap, which
makes charge transfer between them easy. In the initial
state, the main polymer contains a charge of +2e trapped
in the bipolaron while the side radical is neutral. As the
bipolaron begins to enter into contact and interact with
the radical, the system becomes unstable and negative
charges start to be injected into the polymer from the rad-
ical. The total charges of polymer and radical then oscillate
as the new state is pinned by the radical. It is easy to see
that the weak field can not offer enough energy for the
new state to depart from the radical.

(2) At an intermediate electric field (0.27 x 10° V/cm
< E< 1.1 x 10° V/cm), such as 0.5 x 10° V/cm, after oscil-
lating around the radical for a short time, the new state
gains sufficient energy from the electric field to enable it
to escape from the radical and moves along the chain.
See Fig. 2(b). The result of this process is clearly seen in
the net charge distributions before and after the collision,
as shown in Fig. 3. As the new state departs from the rad-
ical, its charge decreases to a constant value of about +1.1e
that is close to the charge of a perfect polaron. By compar-
ing the evolution of the lattice configuration with that of
the charge distribution it can be seen that they coincide
with each other in both space and time. Consequently we
can conclude that the bipolaron and the unpaired electron
form a positive-polaron-like carrier. From the lattice con-
figuration shown in Fig. 2, it may be seen there are some
lattice oscillations left after the collision. Such oscillations
are new phonon modes created in the collision process
[29].

Due to the one-dimensional nature of conjugated poly-
mers, the lattice configuration depends sensitively on the
electronic state. Once the latter is changed, the bond struc-
ture of the polymer undergoes distortion. To recognize the
new state we draw the evolution of energy levels inside
and around the gap, as shown in Fig. 4(a). In the initial con-
dition, the levels &}, and &§, with values of +0.415 eV and
—0.415eV come from the positive bipolaron, and are
empty. The level &g comes from the side radical and is
occupied by an unpaired electron. When the bipolaron ap-
proaches and then collides with the radical, the two gap
levels of the bipolaron move toward the midgap and form
a pair of coupling levels with a narrower gap, which
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Fig. 2. Temporal evolution of the lattice configuration r, for the bipolaron-radical collision occuring at different electric field strengths: E = 0.25 x 10° V/cm

(a); E=0.5 x 10° V/cm (b); E=1.5 x 10° V/cm (c).
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Fig. 3. The charge distribution, p,, and, the bond structure parameter, r,
(inset), at different times before and after the collision, E=0.5 x 10° V/
cm.

suggests that the bipolaron-radical interaction results in a
new bound state with larger binding energy and lattice dis-
tortion than those of bipolaron. We denote the gap levels of
the new state by &} and &4. It should be noted that the
oscillation of the intragap levels is associated with the lat-
tice oscillation caused by the interaction between the bipo-
laron and the radical.

By analysis of the temporal evolution of the occupation
numbers shown in Fig. 4(b), we found that the bipolaron-
radical collision induces the unpaired electron to be trans-
fer among the intragap levels &%, &% and &g, and the con-
duction-band with different probabilities. We found that
there are mainly two electronic states, shown in Fig. 5, that
are mixed together in the new state after the collision.
State (a) denotes the initial electronic state containing an
unpaired electron in the radical and a positive bipolaron;
state (b) denotes a charged trion. We do not show the other
possible states as we have found that the yields of other
states are very small compared with these two states.

Using a projection method, i.e., after each evolution
step, projecting the evolved state |®(t)) onto the space of
eigenstates of the system, the relative yield I (t) for a given
eigenstate |¥,) can be obtained from:

I (£) = | (k| @(1)) [ 9
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Fig. 4. Evolution with time of the energy levels inside and around the gap
(a) and the occupation numbers (b), E=0.5 x 10° V/cm.

Fig. 6 shows the time dependence of yields for states (a)
and (b). From the figure, one can see that the yield of state
(a) approximates 100% before 300 fs, which corresponds to
the situation before the bipolaron-side radical collision.
After 300 fs, as the bipolaron begins to interact with the
radical, the yield of state (a) drops and then oscillates over
a wide range. Meanwhile, the yield of state (b) increases
sharply and also oscillates significantly. During this period,
the new state is pinned by the radical molecule and the
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charge oscillates violently between the chain and the side
radical, which results in the yields of state (a) and (b) also
oscillating with the same frequency. After the new state
leaves the vicinity of the radical, the yields of states (a)
and (b), the trion, approach fixed values of 4% and 96%
respectively, from which we can conclude that the trion
becomes the main component of the new state.

The above dynamical process shows that the trion is
likely to be formed via the recombination of a bipolaron
and either a trapped polaron, a charged defect, or an impu-
rity of the opposite sign. This implies that that the model
proposed by Kadashchuk et al. [10] is a feasible mechanism
for trion formation. Furthermore, like other excitations
such as the polaron and bipolaron, the trion can move
along the chain as an entity. Due to its larger lattice distor-
tion, the trion saturation velocity is slower than that of
either the polaron or the bipolaron under the same exter-
nal field. The large yield of trions indicates that it plays
an important role in the electrical and optical processes
of polymers. It is worth noting that trions may decay into
a normal polaron with the emission of one photon. There-
fore, it can be expected that the reaction of the bipolaron
with the trapped counterion can enhance the efficiency
of electroluminescence in conjugated polymers.

The above results suggest the following reaction:

BP* e — T*, (10)
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Fig. 7. Yield of charged trions as a function of electric field strength.

Here BP?* denotes the on-chain bipolaron, e the trapped
counterion coming from a side radical or a charged defect
or impurity, and T* a charged trion. As in the case of a sin-
glet and/or triplet exciton, there are many intrinsic and
extrinsic factors that determine the formation and the sta-
bility of the trion. The yields of trions at different electric
field strengths are depicted in Fig. 7. One can see that the
yield of trions first increases as the external electric field
strength increases from 0.27 x 105 to 0.4 x 105 V/cm,
reaches a maximum value at about E=0.4 x 105 V/cm,
and then decreases as the external electric field becomes
larger. This indicates that the formation of the trion de-
pends sensitively on the applied electric field and that a
larger electric field is disadvantageous for the formation
of trion because of the larger pre-collision velocity of the
bipolaron.

We next consider the effect of the strength of the side
radical potential on the yield of trions by systematically
varying the value of Vg in the presence of an intermediate
electric field. Fig. 8 shows the dependence of the trion yield
on the radical potential with a fixed field strength. We can
see that the yield of trions increases with increasing Vs for
Vsr < 0.3 eV and reaches a broad maximum near Vsg = 0.3
eV, and then decreases with increasing Vsg. For a small va-
lue of Vs the radical energy level &g is far below the bipo-
laron level &3 and the electron located in &g is unlikely to
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Fig. 8. Yield of trions as a function of the strength of the side radical
potential with an electric field of E = 0.8 x 10° V/cm .The inset shows the
yield of trions as a function of the coupling between the chain and radical.

transit to &j, due to the large energy barrier, so the trion
can not be formed efficiently.

As the value of Vgg increases, the electron in &g has a
greater probability of transiting to &j, due to the energy
barrier decreasing. This process facilitates the formation
of a trion, so the yield of trions increases with increasing
Vsg within a range of 0.27 eV <Vszg < 0.3 eV. Increasing
the radical potential continues to reduce the difference be-
tween the energy levels & and € with the result that
there is an even greater coupling between the electronic
states of the chain and the radical, and there is a greater
rate in the charge transfer. In this case, the bipolaron is
likely to be trapped by the radical, so the yield of trions de-
creases as Vsg increases.

The inset in Fig. 8 shows the dependence of the trion
yield on the coupling t; between the polymer chain and
radical. Larger coupling implies a stronger contact between
the radical and the polymer. We can see that the bipolaron
has a large probability to recombine with the trapped
counterion and form a charged trion when t; ranges from
0.05 to 0.45 eV. For a small value of t; (<0.05 eV), an elec-
tron located in the radical has little chance to transit to
the chain due to the weak coupling, the bipolarons pass di-
rectly through the side radical and few trions are formed.
For a larger value of t; (>0.45 eV), the charge transfer be-
tween the chain and radical becomes intense and the bipo-
laron is trapped by the radical, few trions can be formed.
This indicates that the formation of the trion depends sen-
sitively on the parameters described above.

(3) At a stronger electric field (E > 1.1 x 10° V/cm), such
as 1.5 x 10° V/cm, after the bipolaron-radical collision, the
new state oscillates around the radical for a short time and
then departs, continuing to move with more or less the
same velocity as the bipolaron. See Fig. 2(c). In this case,
the yield of bipolarons is larger than that of charged trions,
which indicates that the main component of the new state
is the bipolaron. This process can be regarded as the bipo-
laron passing directly through the radical.

In addition, many theoretical results strongly suggest
that disorder is important to the transport process of pola-
rons in conjugated polymers [30]. The symmetry breaking

supplied by disorder is essential to obtain creation times
[31] and diagonal disorder fosters electronic localization
and small-polaron formation [32]. Therefore, the disorder
may also have a significant influence on the trion forma-
tion and motion. The dynamics in a disorder organic sys-
tem is a complex task. To describe the formation and
dynamics processes of a trion towards the disorder conju-
gated polymers, our model needs to be extended and will
be studied in the further works.

4. Summary

In conclusion, we have simulated the collision processes
of a positive bipolaron driven by the external field with a
counterion trapped in the side radical using a nonadiabatic
evolution method. The bipolaron can pass through the side
radical, recombine with the counterion to form a charged
trion, or be pinned by the radical, depending on the field
strength, the radical potential, and the coupling between
the polymer chain and radical. The trion can be formed
efficiently via the bipolaron-trapped counterion reaction
under the appropriate conditions. Our simulation provides
theoretical evidence for the trion formation channel
proposed by Kadashchuk et al. It is worthy of note that a
trion can decay into a polaron through emission of a
photon, so the bipolaron-trapped counterion reaction
provides a contribution to the electroluminescence in con-
jugated polymers.
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