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Dynamics of polarons in branched conducting polymers
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In this paper, we study polarons in branched conducting polymers. For the description of polarons dynamics in such a polymers, we use the modified

SSH-model in combination with quantum graph concept. Applications and possible extensions of the model are discussed.
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1. Introduction

Conducting polymers have attracted much attention in the context of organic electronic and third generation pho-
tovoltaics as basic functional materials. Effective practical implementation of such materials requires understanding
their electronic properties, especially, charge transport. To solve such a task, one needs to develop highly accurate and
realistic models for charge dynamics in conducting polymers. The main charge carriers in conducting polymers are
charged solitons, excitons and polarons. The latter is an electron or hole trapped by phonon cloud. Polarons as charge
carriers appear in different conducting polymers, when the latter is doped or has defects. The dynamics of polarons in
conducting polymers are nicely described within the Su—Schrieffer—Heeger (SSH) model, which is a one dimensional
analog of tight-binding models of the solid state physics. Applying the SSH model allows one to calculate band struc-
ture and transport characteristics of polarons in conducting polymers. So far, different aspects of charge transport in
conducting polymers have been studied within the SSH-model and its modifications (see, Refs. [1-11] for review).
However, despite the certain progress made in the study of charge transport in conducting polymers, some aspects
of the topic are still far from the research focus area. This mainly concerns branched conducting polymers. These
are three or more linear polymer chains connecting to each other at the branching areas. Such polymers have sev-
eral advantages compared to the linear (unbranched) ones. In particular, by choosing optimal branching architecture,
one can tune the functional properties of the materials and devices made of such polymers. Such polymers attracted
certain attention over the past decade. A considerable number of papers have been published in the literature during
past two decades on the synthesis of different branched polymers and study of their optical, electronic and mechanical
properties (see, e.g., [12-29]). A review of the chemistry and physics of hyperbranched polymers is presented in [15].
In [19], a synthesis strategy for a hyperbranched sulfonated polydiphenylamine was developed and electronic proper-
ties have been studied. Synthesis and light-emitting applications of several conjugated polymers have been reviewed
in [21].

In this paper, we address the problem of polaron dynamics in branched conducting polymers. The system is
modeled by means of the quantum graph concept and SSH-model, i.e., by constructing extended version of the latter.
This allows one to derive a system of wave equations on metric graphs. We note that the linear wave equations on
metric graphs have been extensively studied in the Refs. [30-35] and soliton dynamics in networks has been the topic
for extensive research during the past decade (see, e.g., Refs. [36—45]). Modeling such structures in terms of metric
graphs provides powerful tool for effective description of the wave dynamics in branched structures appearing in
different areas of physics. The graph itself is determined as a set of branches, which are connected to each other at the
vertices (branching points) according to some rule. This rule is called the topology of a graph. When branches of a
graph are assigned length it is called metric graph. The topology of a graph is given in terms of the adjacency matrix,
which is defined, e.g., in [30-34].

The paper is organized as follows. In the next section we briefly recall SSH model on a real line. Section 3
presents extension of the SSH-model on graphs and exact solution of the obtained wave equations. Finally, section 4
presents some concluding remarks.



184 K. K. Sabirov, J. R. Yusupov, Kh. Sh. Matyokubov

a)

FI1G. 1. Sketch of branched conducting polymers

2. Polaron dynamics on a linear polymers

Before treating the problem of branched conducting polymers, we briefly recall the linear counterpart of the
problem, following the Ref. [6]. The Hamiltonian of SSH model for linear polymer can be written as: [6, 7]

1) = 5 [ (ule. 00 (2,6) = (2, 000u(z, 1)) da +

+1/ (v(z, 1) 0™ (z,t) — v*(x,t)0v(x, b)) do +

2
ﬂ/ [dAc(;’t)rdx + H/AQ(x,t)dx -

—iﬁ/ (u*(z,t)0pu(x,t) — v*(x,t)0pv(z, t)) do +

+/A(x, t) (u*(z, t)v(x,t) + v (z, t)u(z,t)) dz, (1)

where [ is the effective electron-phonon coupling constant and the pair of the wave functions u(x,t) and v(x,t)
describe effective electron-phonon interaction.
The wave equations following from this Lagrangian can be written as:

—i0u + if0,u — A(x)v =0,
—i0v — B0, v — A(x)u = 0. 2)

Using substitutions u(z,t) = exp(iet)u(z), v(x,t) = exp(iet)v(x), one can separate time and space variables in
these equations:

eu = —if0,u + A(z)v,
ev = if0,v + A(z)u. 3)
Explicit form of the band gap parameter can be written as
A(x) = Ag — ko8 [tanh ko(z + x¢) — tanh ko(x — x)] .

For this system of equations the electron wave functions for the positive-energy localized state can be written
as [6,7]

uo(x) = No [(1 — i)sechko(z 4+ o) + (1 + )sechko(x — x0)] ,
’Uo(SC) = NO [(1 + i)SCChkO(I + Io) + (1 — i)SCChkO(I’ — IQ)} s (4)

with Ny = —ﬂf”. These wave functions are normalized as

/ (2 +02) do = 1, 5)

and ko is found by solving equation tanh(2koxo) = ko3/Ay. For the above wave functions one can estimate polaron
width zy and polaron binding energy Ey [6,7]:
2%0 ~ 8.9@, E() = 0.1A07

where a is the lattice constant. In the next section we extend this model for branched conducting polymer.
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FI1G. 2. Star graph

3. Polarons in branched conducting polymers

Polarons in conducting polymers appear both as a result of photo-generation, as well as a charge carrier in organic
electronic devices when a voltage is applied. An effective way for modeling of polaron dynamics in conducting
polymers is the SSH-model, which treats a polymer chain as a 1D lattice and applies nonlinear version of the tight-
binding model. Here, we consider dynamics of polarons in a branched conducting polymers consisting of three (linear)
polymer chains, which are connected to each other at single monomer (see, Fig.1). The branching is assumed to be
in the form of Y-junction (see, Fig.1). Such system can be mapped onto the basic star graph presented in Fig.2.
Assuming that the length of polymer is much longer than its width, the dynamics of polaron can be described in terms
of the SSH-Hamiltonian given on a star graph with branches b;, j = 1,2,3, by ~ (—00;0], ba 3 ~ [0;+0c0). The
SSH-Hamiltonian on this star graph is given as:

2 +00

H=>Y" / H;(t)dt, (6)
0

Jj=1

where:
: / (g (D)t (2, £) — (2, )y (2, 1)) -+
b;
_|_

%/ vj (2, 1)0v] (, ) — v} (2, ) Byv; (2, 1)) da +
b

dA i (z,1)]?
+'Yj/ [Jd(f)} dx+9j/A§(:c,t)d:c—

bj b;
_iﬂj/ (u;‘(x, t)0pu;(x,t) — v; (z,t)0yv;(z, t)) dx +
bj
/A z,t) (v (2, t)vj (@, t) + v (z, t)u;(w, t)) dx| . @)

Here, (3; is the effective electron—phonon coupling constant for branch b;. Using this Hamiltonian, one can derive
wave equations for polaron in branched polymer, as well as boundary conditions at the branching point. The latter is
derived from the energy conservation, given by H=0. Requiring the first variation of (6) should be zero, and using
duj = 0,0v; =0att = 0and t = 400, u, vi — 0at x — —o0, ug 3, v2.3 — 0 at x — +oo we have wave
equations and boundary conditions on the star graph presented in Fig.2:

—i@tuj + Zb’]azu] — A]"Uj = 0,
77;(()}1)]' — iﬁjf)mvj — AjUj = O, (8)
U OU [g—0 = u50U2|z—0 + uzdUu3|z—0,

ik 1|lz=0 = ; 2|z=0 ; 3|z=0-
vy dvq| 03 0V2| =0 + v5Ivs] )

Using u;(z,t) = exp(iet)u;(x), v;(z,t) = exp(iet)v;(x), a%éul = a%éuz‘ + 0%3(5U3’ and a1 001 |p—0 =
=0 =0

20V |y—0 = a3dvs|y—o one can separate space and time-variables in the wave equation, so that the wave equation
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F1G. 3. (Color online) The profile of the squared modulus of the polaron wave function on a
branched conducting polymer for the values of 3; fulfilling the sum rule in Eq.(16): 51 = 1; 82 =

B3 = /2. The values of o and o are chosen as 2y = 1/3, 0 = 2 (blue) and zp = 1/2, 0 = 4
(red)

takes the forms:

€Uj; = —iﬁj(')wuj + Aj’l}j,
G’Uj = iﬂjazvj + A]‘Uj, (10)

with:

QU |p—0 = QU |p—0 = Q3U3|g—0,

1 1
—1 + —u3

= 7’(}2
aq =0 e%

=0 o2

an

=0

o are nonzero real constants, which will be determined below. We note that in real applications to polymers they can
be chosen on the basis of certain physical properties.

Let us introduce the following notations:

wi(w) = ) ) = ”’/j(f)- (12)

Then, exact analytical solution of the problem given by Eqs.(10) and (11) can be written as:

up(z) = N [(1 — i)sechko(z + o) + (1 + )sechko(z — xo)
vo () (1 + 4)sechkq(z + zo) + (1 — )sechkg(z — zg)
Aj(z) = Agj — koBj [tanh ko(z + x¢) — tanh ko(x — x0)], (13)

N[ }7
N }

)
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where ky is found by solving equation tanh(2kozo) = ko/o, and Ag; = o35, j = 1,2, 3. Requiring that the solutions
given by (13) should fulfill the vertex boundary conditions (11), we get the following constraints for o;:
(65} . Qo Q3

2=2=2% (14)
Bi B2 B
1 1 1
= + , (15)
a1 af  asfs
which make Eq.(13) to be the exact solution of the problem given by: Egs. (10) and (11):
1 1 1
= = =5+ 23, (16)
Bt By B

and N = Lﬁ.

The exact solutions given by Eq.(13) present the wave function of polaron in branched conducting polymer having
the form of Y-junction. In Fig. 3 the plot of the squared modulus of the wave function is presented for the values of

parameters 31 = 1, B2 = B3 = V2.

4. Conclusions

We studied polarons in branched conducting polymers. A model based on the use of a modified SSH-model
leading to the linear wave equations system for polarons dynamics is used in combination with quantum graph concept.
Explicit wave function of the polaron on branched conducting polymer having Y-junction type branching is obtained.
The model proposed in this work can be extended to the case of more complicated branching topologies. Also, it can
be applied for modeling of exciton migration in polymer based thin film organic solar cells, where polymer chains
packed on the cell create complicated branched structures.
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