
PHYSICAL REVIEW B 1 NOVEMBER 2000-IVOLUME 62, NUMBER 17
Quantum molecular dynamics study of polaron recombination in conjugated polymers
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We examine the dynamics of polaron recombination in conjugated polymer systems using mixed quantum
classical molecular dynamics. The model treats the particle-hole pair as a fully correlated two-particle quantum
mechanical wave function interacting with a one-dimensional classical vibrational lattice. This description
allows a natural evolution of the particle-hole wave function from the polaron limit to the exciton limit, and we
have performed real-time simulations of the coupled nuclear and electronic dynamics associated with the
scattering of polarons into exciton states. We use these simulations to calculate cross sections for exciton
formation as a function of spin state, and explore the variation of these cross sections with respect to changes
in the magnitude of the particle-hole Coulomb interaction and the effective masses of the quasiparticles. Our
results indicate that for an optimal choice of parameters the electroluminescence quantum yield may be as high
as 59%, substantially greater than the 25% predicted by simple spin statistics. We interpret these results in a
diabatic framework, and suggest strategies for the design of organic systems for use in electroluminescent
devices.
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I. INTRODUCTION

Since the publication of the first reports indicating t
feasibility of constructing light-emitting diodes~LED’s!
from conjugated polymers,1,2 there has been a great deal
interest in adapting these materials for use in devices.
ganic materials offer many potential advantages over in
ganic semiconductors, including ease of fabrication and
vorable mechanical properties.3,4 However, the relatively low
electroluminescence efficiency of organic materials in LED
has limited their utility,3,5 and as a consequence considera
experimental effort has been devoted to the discovery
more efficient polymer systems.6–8 While these efforts have
led to significant improvements in the electroluminesce
quantum efficiency in test devices, the investigation of n
materials remains an active area of research.

From a theoretical standpoint, the process of photoem
sion from a LED may be divided into three parts. The first
the collision between oppositely charged polarons, the s
ond is the scattering of those polarons into exciton states,
the third is the transition to the ground electronic state, eit
by radiative or nonradiative decay processes. The importa
of understanding the likelihood of a collision stems from t
fact that photoemissive states are quenched by proximit
the conductive electrode surface such that any recombina
event near the surface represents a loss of fluoresc
yield.3 A number of theoretical studies have examined
likelihood of collisions in the bulk polymer under variou
conditions,9–12and the process has been found to be sens
to parameters such as the charge carrier density and mob
the strength of the external field, and the morphology of
polymer sample.

Much less is known about the scattering and decay sta
of the recombination process, and one of the most crit
questions concerns the spin state of the exciton. Transit
between the triplet exciton states and the ground electr
state are dipole-forbidden, and the predominant decay p
ways are therefore non-radiative. Thus, to a first approxim
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tion, any scattering events leading to the formation of trip
exciton states represent a loss of electroluminescence q
tum efficiency. Since the exciton spin space includes o
singlet state and three triplet states, a statistical distribu
of spin states would lead to a maximum quantum electro
minescence quantum efficiencyFEL

FEL5 FPL/4 ~1.1!

whereFPL is the photoluminescence quantum efficiency.3,10

This statistical argument neglects the possibility that s
glet and triplet exciton states may have different cross s
tions with respect to formation, and ignores the possibility
transitions between triplet and singlet electronic states~i.e.,
intersystem crossing!. Recent measurements by Caoet al.13

on the output of a light-emitting diode based on electrolum
nescence from a derivative of poly~p-phenylene vinylene!
indicated that the ratioFEL /FPL may be as high as 50%. T
understand this result, one must move beyond the statis
approximation and examine the details of the recombina
process.

With regard to the decay process, Burin and Ratner5 have
constructed a master equation approach in which both ra
tive and non-radiative decay pathways are included for e
state. Their results indicate that the existence of triplet
singlet crossings in the relaxation of oligothiophenes sign
cantly affectsFEL , though it does not increase it above th
statistical limit ofFPL/4. The Burin and Ratner model doe
not contain any information on the details of the scatter
process, however, and other theoretical treatments of pol
recombination have treated the process pur
phenomenologically.9–12The difficulty in modelling the scat-
tering process itself lies in the fact that the transition fro
polaronic to excitonic states requires simultaneous solu
of both vibrational and electronic dynamics. Convention
calculations of this type are difficult even for sma
molecules,14–16 and rapidly become prohibitive in extende
polymeric systems.
11 473 ©2000 The American Physical Society
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TABLE I. Potential energy parameters employed in this work.

VC~xp2xh!5
2Ux0

Ax0
21~xp2xh!2

U52.72 eV,x051.75 Å

Ti52pi
2/2mi mp5mh51 emu

Vi -latt5S jAi exp@2B(xi2Rj)
2# Ap525.697 eV,Ah55.263 eV

B50.7439 Å22

Ve5eiExi E528.91931024 eV/Å, ep521, eh511

V2r5
2Urx0

Ax0
21~xp2xh!2

Ur521.2431022 eV

Vb5C„exp@2(x2xa)
2/s2#1exp@2(x2xb)

2/s2#… C52.48 eV,s52.77 Å
$xa ,xb% are grid boundaries
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We have recently constructed a methodology based on
particle-hole picture of solid-state physics that allows
simulation of the vibronic dynamics of an extended on
dimensional polymer system. In this approach, the electro
degrees of freedom are modelled as a fully quantu
mechanical particle-hole pair, which is self-consisten
coupled to a classical vibrational lattice representing
polymer backbone. In the present work, we extend t
theory and carry out quantum molecular dynamics simu
tions of the formation of excitonic states from polarons, a
calculate cross sections for the formation of singlet and t
let excitons as a function of exciton binding energy and
strength of the applied voltage bias. Our approach does
address the question of the probability that two polarons
encounter each other in the bulk material, but begins w
two oppositely charged polarons already present on a si
conjugation domain. The time-dependent equations of m
tion are then numerically integrated and the polaron inter
tion is treated explicitly.

II. HAMILTONIAN FOR USE IN POLARON
RECOMBINATION

A. Relationship between parity and spin state

Our goal is to develop a formalism that will allow us
treat the recombination of polarons into excitons. We wr
the particle-hole wave functionuc& as

uC&5(
i j

ci j u i j &ux&, ~2.1!

where i and j are particle and hole states, respectively, a
ux& is the spin state for the particle-hole pair~singlet or trip-
let!. These are given in Ref. 17 as

u1,1&5uavac&, ~2.2!

u1,21&5ubvbc&, ~2.3!

u1,0&5
1

&
~ ubvac&1uavbc&), ~2.4!

u0,0&5
1

&
~ ubvac&2uavbc&), ~2.5!
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where the stateu i , j & denotes the spin and angular momentu
quantum number,a andb denote spin up and spin down fo
the individual quasiparticles, and the subscriptsv and c in-
dicate whether the quasiparticle is in the conduction or
valence band~particle or hole, respectively!.

The Hamiltonian is given by Cho,18 and may be written as

H5ĥp1ĥh1V̂2 , ~2.6!

whereĥp and ĥh are the one-body Hamiltonians for the pa
ticle and hole, respectively, which include both the kine
energy of each quasiparticle and the potential energy
their interaction with the lattice.V̂2 is the potential energy o
interaction between the particle and hole, given as

V̂25
1

2 (
klmnq

uq&ukl&^klu^quVC~xp2xh!

3~ 1̂2X̂!uq&umn&^mnu^qu, ~2.7!

wherek, l, m, andn are indices over coordinate space ba
functions, andq is an index over spin state~singlet or triplet!.
VC(x) is the Coulombic attraction between the particle a
hole. This is modeled as an Ohno potential with parame
given in Table I.17 The exchange operator,X̂, swaps the
labels on the particle and hole,

X̂uC&5(
i j

ci j X̂u i j &ux&5~21!Q(
i j

ci j u j i &ux&, ~2.8!

whereQ is the spin~0 or 1! for the stateux&. The negative
sign arises from the fact that the triplet spin state is antisy
metric under exchange of the particle and hole, while
singlet state is symmetric.19

Let us recast the wave function in coordinate space

uC&5(
i j

ci j u i j &ux&5E dxpdxhc~xp ,xh!uxp&uxh&ux&.

~2.9!

The coordinate space projection of the wave function is n
contained inc(xp ,xh). A similar operation on the wave
function after exchange yields
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X̂uC&5~21!Q(
i j

ci j u j i &ux&

5~21!QE dxpdxhc~xh ,xp!uxp&uxh&ux&.

~2.10!

Thus exchange of the indices on the particle and hole
equivalent to swapping the axesxp and xh in coordinate
space.17,20

Using this coordinate space representation, the expe
tion value for the particle-hole interaction energyE2 may be
written

E25
1

2 E dxpdxhc* ~xp ,xh!VC~xp2xh!

3@c~xp ,xh!1~21!~Q11!c~xh ,xp!#, ~2.11!

where we have assumed the spin of the system is a
state. This implies that forQ51, E250 unlessc(x1 ,x2)
5c(x2 ,x1), and for Q50, E250 unless c(x1 ,x2)5
2c(x2 ,x1). In other words, only components ofc(xp ,xh)
which are symmetric across the linexp5xh may be bound in
a triplet spin state, and only components ofc(xp ,xh) which
are antisymmetric across the linexp5xh may be bound in a
singlet spin state.

To understand the implications of this restriction, we m
look more closely at the one-body terms,ĥp and ĥh . These
may be written

ĥp5Tp1Vp-latt2Ve~xp!,

ĥh5Th1Vh-latt1Ve~xh!, ~2.12!

whereTi is the kinetic energy operator for thei th quasipar-
ticle and Vi -latt is the interaction between the quasipartic
and the lattice sites. The construction of these terms is g
in Ref. 17.Ve(x) represents an interaction between the q
siparticle and an external electric field representing an
plied voltage gap across the polymer which drives electro
minescence. We assume a linear electric field with
magnitude comparable to that employed by Conwell a
Wu21 in their simulations. The functional forms for each
these terms are given in Table I.

The sum of the one-body operators,Ĥ15ĥh1ĥp , can be
decomposed into operators which are symmetric and a
symmetric under the exchange operation,Ĥ15Ĥ1s1Ĥ1a . In
a system where charge conjugation symmetry is preser
Ĥ1a50 and the Hamiltonian is invariant under the exchan
operation. However, the nonlinear form of the quasipartic
lattice coupling breaks charge conjugation symmetry in
polaron limit,22,23 as does the presence of the electric fie
The breaking of charge conjugation symmetry has been
perimentally confirmed in polaron states in conjugated po
mer systems.24,25 Therefore, rather than restricting the sym
metry of the wavefunction in the exciton limit as we did
our previous work,17 here we explicitly include the direct an
exchange terms of the Coulomb potential given in Eq.~2.11!.
This implies that a triplet~singlet! exciton will contain some
contribution from antisymmetric~symmetric! states. How-
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ever, the energy gap between bound states ofV̂2 is much
larger than the values ofH1a so this effect will be negligible
in the exciton limit.

Finally, it will prove convenient to define the total poten
tial energy of the particle-hole pair as

VQM~xp ,xh ,R!5VC~xp2xh!1Vp-latt~xp ,R!1Vh-latt~xh ,R!

2Ve~xp!1Ve~xh!. ~2.13!

In Sec. III, we interpret polaron scattering within a diaba
framework, andVQM plays a key role in such a discussion

B. Treatment of the spin state

Having outlined the treatment of the wavefunction in c
ordinate space, we now address the treatment of the
degrees of freedom. In the limit of asymptotic separat
between the particle and hole, the singlet and triplet s
states are degenerate. However, as the particle and hol
proach each other, the exchange term in Eq.~2.7! breaks the
degeneracy.

In principle, the framework outlined here permits the po
sibility of scattering between singlet and triplet spin states
practice, implementing such a calculation requires the sim
taneous propagation of multiple two-body coordinate sp
wave functions, one corresponding to each spin state, w
spin-orbit interactions coupling the wave functions. Tran
tions between states of singlet and triplet symmetry are u
uitous in conjugated systems,5,26 but are generally mediate
by a doubly-excited singlet state such as the 21Ag state of
polyenes.26 McClure has shown27 that singlet-triplet transi-
tions for states ofBu symmetry inp-conjugated systems ar
very weak, and that the magnitude of spin-orbit coupli
between such states is expected to be less than 1 cm21. Even
in the limit of degenerate singlet and triplet states, this i
plies a multipicosecond time scale for such transitions wh
is sufficiently long relative to our calculation that these tra
sitions may be neglected. We instead restrict the wave fu
tion to remain in a pure spin state throughout the recom
nation process, and perform separate simulations for
singlet and triplet states.

Because the spin state does not change during recomb
tion, the probability that a given scattering event will lead
photoemission is determined by the absolute cross sect
for exciton formation in singlet and triplet spin states. Let
define the cross section,g, to be the population in an excito
state after the recombination event for a given set of ini
conditions. The probability of emission due to the sing
scattering event is then

xEL5
gS

gS13gT
FPL , ~2.14!

where gS and gT are singlet and triplet exciton scatterin
cross sections, respectively.

Because the process of photoemission is complex, i
worth detailing the relationship betweenxEL and the total
electroluminescence quantum yieldFEL . xEL represents the
likelihood that, if two randomly prepared charge carrie
come into contact within the bulk material, they will scatt
into the singlet manifold. If one assumes that~1! collisions
between polarons are uncorrelated~i.e., xEL is the same for
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all collisions in the bulk!, ~2! loss due to interactions with th
electrode surfaces is negligible, and~3! that intersystem
crossing is unimportant, thenxEL5FEL . All three of these
assumptions are inherent in the calculation of the statist
limit on electroluminescence quantum efficiency.3 Indeed, if
one makes the additional assumption that the scatte
cross-sections for singlet and triplet states are equalgS
5gT), Eq. ~2.14! reduces to the statistical limitFEL
5FPL/4. In Sec. III we calculate the values ofgS andgT ,
allowing calculation ofxEL for our model system. This valu
represents an improved estimate on the limit forFEL , and is
a primary objective of this work.

III. RESULTS AND DISCUSSION

The quantum degrees of freedom representing the par
and hole were represented using a discrete coordinate s
grid to allow evaluation of the kinetic energy operator v
fast Fourier transform.28 The quantum time evolution opera
tor was calculated via a short iterative Lanczos procedur29

The nuclear degrees of freedom were modeled as a
dimensional classical harmonic lattice interacting with t
quasiparticle pair, and the coupled quantum and class
equations of motion were simultaneously integrated. Exc
where noted below, the form of the Hamiltonian and all p
rameters employed in the calculation were the same as t
employed in our previous work.17,30

A. Determination of polaron states

Before we begin studying the recombination of polaro
we must construct an initial state consisting of two wide
separated polarons. We use the same relaxation techn
that was used in Ref. 17, in which an imaginary-time pro
gation of the quantum degrees of freedom is coupled t
kinetically damped propagation of the lattice degrees of fr
dom.

The grid employed in this calculation is 138 Å long; o
goal is to generate two polarons on this grid which are
widely separated as possible without being close enoug
the grid boundaries to create artifacts. To this end, we
place the Coulombic interactionV̂2 between the quasiparti
cles with a weakly repulsive potential, denotedV̂2r ~see
Table I!, and enforce periodic boundary conditions on t
quantum degrees of freedom.V̂2r is therefore present both a
the center and the boundary of the grid, insuring the polar
will form halfway between the two limits. While the pres
ence ofV̂2r implies an interaction between the quasiparticl
the perturbation is small and the resultant structure for
polarons should be a sufficiently accurate representatio
the asymptotic polaron limit for our purposes. As in Ref. 1
the classical degrees of freedom were taken to be peri
across the grid domain, and were kinetically damped s
that the resultant configuration for the system correspon
to that of two polarons atT50 K.

The initial quantum wave function was taken to be co
stant everywhere,c(xp ,xh)5C. To insure rapid conver-
gence, the lattice coordinates were displaced from equ
rium such that

DRi50.017 Å sin@2pRi0 /xl #, ~3.1!
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whereRi0 is the equilibrium coordinate of thei th lattice site,
DRi is its displacement from equilibrium, andxl is the length
of the grid.

The equations of motion were then propagated in ima
nary time until the energy converged. The parameters u
for exciton-phonon coupling given in Ref. 17 did not pr
duce a satisfactory form for the polarons; the positive~hole!
polaron was found to have a width comparable to the size
the grid, much larger than polarons observed in other ca
lations, where widths were on the order of 5 Å.31 The diffi-
culty in our calculation was found to lie in the choice
parameters for the exciton-phonon coupling; the original
rameters were based on semi-empirical constants taken
Ref. 32, and when these were replaced with parameters f
Ref. 33 a more reasonable form for the polarons was
tained, shown in Fig. 1. The reason for the improvemen
likely that whereas the parameters in Ref. 32 were optimi
for use in a model which included only nearest neighb
Coulombic interactions between electrons, those in Ref.
were optimized for use with a longer-ranged Coulombic
teraction based on a screened Ohno potential. The more
curate treatment of electronic correlation effects leads t
better fit for electron-phonon coupling parameters, and thu
better description of the polaron state. We do not expect
change in exciton-phonon coupling to qualitatively affect t
results obtained in the exciton limit, however, as the sa
functional form of the coupling still applies. We determine
the total energy for the two asymptotically separated

FIG. 1. Configuration of the polaron pair, as described in
text. Top: Probability density distribution in coordinate space
the particle-hole pair. Contour lines are drawn geometrically, s
that each line is 43 larger than its neighbor. Bottom: Displaceme
of each lattice site from its equilibrium, as a function of position
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larons to lie 1135.3 cm21 below the energy of a free particle
hole pair34 in this system~see Table II!.

This configuration represents the most stable polaro
structure for our model in the absence of an external elec
field. However, the process of electroluminescence ta
place in the presence of an electrical potential. We can
obtain the true form of the polaron in the presence of
field because the energy of the polarons will always be
creased by translation along an electric field, and the
minimum energy polaron state lies at the end of the polym
However, it is also known that polarons in conjugated po
mer systems ‘‘hop’’ between conjugation domains rath
than propagating continuously along the polymer,21 so that
polarons in physical recombination processes may not re
sent steady-state systems. With these ambiguities in m
we take the polaron minimum energy configurationsans
field to be our initial configuration in all the propagation
reported here.

B. Simulation of recombination dynamics

In simulations of electroluminescence, the presence o
external electric field introduces an inherent anisotropy to
potential energy, and periodic boundary conditions canno
employed. This is a particular problem in the propagation
the quantum equations of motion in our system, as the
Fourier transform algorithm used to evaluate the kinetic
ergy assumes a periodic form for the wave function.28 We
therefore forced the amplitude of the wave function to co
verge to zero at the grid boundaries by surrounding the
with a Gaussian barrierVb(x). One may view the existenc
of this boundary as a break in the conjugation of t
polymer35 which prevents the quasiparticles from free
propagating into neighboring regions of the polymer.
keeping with this description, the classical degrees of fr
dom were taken to be periodic, but the three lattice s
nearest each end of the polymer were kinetically damp
This eliminated phonons which reached the grid bounda
without introducing unphysical reflections from the termin
atoms; in essence, we have assumed that phonons prop
through conjugation breaks and do not return.

The initial configuration of the system was taken to be
widely-separated polaron pair described above. The pote
energy surface,VQM(xp ,xh ,R), associated with the initia
form of the lattice is shown in Fig. 2. The distortion of th
lattice creates a potential energy well in the region ofxp
5230 Å, xh530 Å, in which the initial wave function is
localized. This distortion also creates a region which is
pulsive to the wave function at~30,230!, owing to the op-

TABLE II. Free polaron configuration data.

Particle polaron Hole polaron

x0 235.33Å 34.04 Å
RMS width 4.22 Å 5.16 Å

Aggregate data for polaron configuration@34#

^H& 21135.3 cm21

^EQ& 23006.1 cm21

^Vlatt& 1870.8 cm21
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posite sign of the particle and hole lattice interactions. T
potential well created by the Coulomb interaction is cente
on the linexp5xh , and in addition to being deeper than th
well associated with the lattice distortion, it also does n
restrict the motion of the particle-hole center of mass.
deed, the free exciton is delocalized along the entire con
gation domain, leading to a high density of exciton states17

From this initial configuration, the equations of motio
were integrated in time for both the singlet and triplet sp
states. With the exception of the sign of the exchange in
action given in Eq.~2.11!, the numerical treatment of the tw
propagations was identical. As expected, the presence o
electric field and the Coulombic attraction between the p
ticle and hole drew the quasiparticles together. As shown
Figs. 3 and 4, the polarons distorted slightly as they pro
gated, but for the most part retained their configuration;
wave packet remained localized, and the form of the latt
distortion was virtually unchanged at early times.

The dynamics surrounding polaron scattering were sim
for both the singlet and triplet cases: the polarons retai
their shape until they approached the linexp5xh , at which
point they began to overlap. The lattice compression ass
ated with the negative polaron and the expansion associ
with the positive polaron tended to cancel out when th
came into contact, greatly reducing the strength of the in
action between the lattice and the particle-hole pair. In
absence of this coupling, the particle-hole center of m
delocalized along the polymer backbone, while the interp
ticle degree of freedom remained bound by the Coulo
interaction.

The lattice distortions did not dissipate after coming in
contact, but rather passed through each other and contin
propagating in the same direction. This is similar to the b
havior for solitary waves in nonlinear wave equations,36,37

though the profiles of the lattice displacements wh
emerged from polaron recombination were somewhat
torted, whereas true solitary waves retain their shape exa
As may be seen from Figs. 3 and 4, the new configurat
included a small region of compression bordering and pro
gating with the expansion, and a small expansion simila
associated with the compression. This pattern of lattice
havior occurred consistently in our simulations. In both t
triplet and singlet spin states, a portion of the wave pac
remains associated with the lattice distortions, correspond

FIG. 2. Potential energyVQM(xp ,xh ,R) for the initial configu-
ration of the system~assuming favorable exchange interaction!.
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FIG. 3. Triplet state scattering process discussed in Sec. III B. Contour lines are assigned as in Fig. 1.
o
th
wa

in
g

ac
om
ow
is
y
f

ito
ly
s

o-
tw
t o
gh
rg

n

f

ity

he
om,
e
he
as
g to
are

of

ther
lue
ns
-

u-
to components of the polaron wave function which did n
scatter into exciton states. However, the majority of
particle-hole amplitude remained in excitonic states and
not associated with the lattice distortions.

To understand the behavior of the wave function dur
scattering, it is useful to view the lattice motion as drivin
the evolution of a time-dependent potential energy surf
for the quantum degrees of freedom. The transition fr
polaron to exciton state is then a diabatic process, sh
schematically in Fig. 5. The initial polaron wave function
trapped in the stateA associated with the potential energ
well of the lattice distortion. The relatively high density o
states in the translational degree of freedom for the exc
implies that multiple exciton states will lie approximate
degenerate to the incident polaron state; we will term this
of statesB. When the evolution of the lattice brings the p
larons into contact, the energetic barrier between the
wells drops and the eigenstates mix to form a new se
statesAB. When the lattice distortions propagate throu
each other and the polaron potential energy well reeme
in the regionY,0, the statesAB are once again split into
subsetsA and B. The distribution of population betwee
t
e
s

g

e

n

n

et

o
f

es

statesA and B will depend on the relative contributions o
the statesA and B to the character ofAB, which will be a
function of both the exciton-phonon coupling and the dens
of states inB.

This interpretation of the dynamics is born out by t
behavior of the energy of the quantum degrees of freed
EQ5TCM1VQM , shown in Fig. 6. The total energy of th
quantum wave function follows a similar pattern in both t
singlet and triplet states: the energy initially drops slowly
the particle and hole approach each other, correspondin
motion along the gradient of the electric field. Once they
close together~with EQ;25000 cm21!, Coulombic interac-
tions take over and the energy drops rapidly. The overlap
the two potential energy wells creates a newAB-mixed state
with an energy on the order of28000 cm21; however, the
energy rises again as the lattice distortions cancel each o
out. In both the singlet and triplet cases, the asymptotic va
of EQ is comparable to the energy of the incident polaro
prior to mixing of the statesAB. This indicates that the larg
est contributions toAB come from statesB which are most
nearly degenerate withA, as expected based on the arg
ments presented above.
FIG. 4. Singlet state scattering process for Sec. III B. Contour lines are assigned as in Fig. 1.
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While the energies of the final state distributions for t
singlet and triplet excitons may be similar, they possess q
different dynamical characteristics. The wave function
the triplet state att5903 fs, shown in Fig. 3, possesses
dense nodal structure along the linexp5xh , indicating a
large amount of kinetic energy in the exciton center of ma
In contrast, the singlet wave function shown in Fig. 4
slowly varying, indicating a much lower translational kinet
energy. Figure 9 shows that this perception is correct:
asymptotic kinetic energy in the triplet state is roughly 20
cm21 higher than that of the singlet.

To understand the origins of this difference, we consi
the nature of the exciton states in the two cases. If one
glects exciton-phonon coupling, the Hamiltonian is separa
in the interparticle coordinateY5(xp2xh) and Z5(xp
1xh).30 The Coulomb potential represents a binding inter
tion in Y, and the symmetry of the interactions given by E
~2.11! implies that even-numbered states will have the c
rect symmetry for triplet spin states, and odd-numbe
states to singlet states. This is consistent with the forms
the exciton wave functions given in Figs. 3 and 4; wh

FIG. 5. Schematic description of mixing of polaron and excit
states, as described in the text.Y represents the interparticle dis
tance, andVQM is the quasiparticle potential energy.~I! Prior to
scattering,A is the quantum state associated with the well-separa
positive and negative polaron pair, andB indicates the exciton
states localized nearY50. ~II ! Scattering begins when positive an
negative polarons overlap each other. The polaron and exc
states mix to form the combined statesAB. ~III ! After scattering, the
lattice distortions pass through each other and the localized staA
andB reemerge. The population distribution between these stat
determined by the character ofAB.
te
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interactions with the lattice and the electric field introdu
some asymmetry to the wave function, the singlet state p
sesses a node atxp5xh , indicating antisymmetry across tha
line.

One may take advantage of this approximate separab
by writing the wave function in the form

C~Y,Z!5(
m,n

cmnfm~Y!xn~Z!, ~3.2!

wherefm(Y) are eigenstates of the Coulomb potential a
xn(Z) are any complete basis set. While this is only appro

FIG. 6. Total energy~potential and kinetic! for the quantum
degrees of freedom for simulationC.

FIG. 7. Ohno potential~assuming favorable exchange intera
tion! and three lowest-lying eigenstates for parameters from Tab
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11 480 PRB 62MARK N. KOBRAK AND ERIC R. BITTNER
mately true in the total system, we may characterize the
citon states by defining a projection

Pm5E dZU E dYfm* ~Y!C~Y,Z!U2

, ~3.3!

with SmPm51. We use this operator to characterize t
wave functionC(Y,Z) with respect to its projection in a
given statefm(Y). We choose the statesfm to be the eigen-
states of the Ohno potentialVC(Y), shown in Fig. 7, allow-
ing us to characterize the exciton state with respect to
assignments of these states given in Ref. 17.

Projections of the wave function into the lowest-lying si
glet stateS and the two lowest triplets,T1 andT2, are plot-
ted in Fig. 8. As expected, theS state makes up a sizab
fraction of the asymptotic distribution ofPm in the singlet
state, while symmetry restrictions prevent the existence
significant populations inT1 andT2. In the triplet state,S
remains virtually unpopulated whileT1 andT2 make sig-
nificant contributions to the distribution. In each case,
remaining components of the interparticle distribution a
made up of higher-lying bound and continuum states of

FIG. 8. Projections of the wave function into S, T1, and T2
simulationC in the singlet and triplet spin states.
x-

e

of

e
e
e

Ohno potential, as interactions with the highly distorted l
tice and the electric field lead to probability distribution
which are far different from those present in the unmodifi
Ohno potential.

The energies of the statesS, T1 andT2 for this calcula-
tion are given as simulation C in Table III. The relative e
ergies of these three states provide insight into the natur
the scattering process. TheS state lies at24115.8 cm21;
however, the electric field acts to lower the effective ene
of the particle-hole pair by approximately 500 cm21 in the
vicinity of the line xp5xh . Thus, a product stateC(Y,Z)
5fS(Y)x(Z) which is degenerate with the incident polaro
at ;24500 cm21 will possess relatively little kinetic energ
in the Z coordinate, as is the case in Fig. 9. In contrast,
energies ofT1 andT2 are substantially different from that o
the incident polarons, and the interparticle distribution of t
resultant exciton is a mixture of both of these states. T
final triplet exciton state also possesses a kinetic energyZ
which is much higher than that of the incident polarons.

The high translational kinetic energy of the triplet excito
implies that the density of states at the energy of the incid
polarons is lower than that in the singlet case. To see t
consider that the the potential energy surface along the
Y50 is completely flat, bounded at both ends by the h
wall. This implies that to a good approximation the trans
tional degree of freedom of the exciton may be viewed a
particle in a box with energies given by38

FIG. 9. Kinetic energy of the exciton center of mass as a fu
tion of time for the singlet and triplet state in simulation C.
TABLE III. Exciton yield as a function of well depth.~The details of C are given in Sec. III B.!

Case. U (cm21) ET1 (cm21) ET2 (cm21) gT ES (cm21) gS xEL

A 8778.8 24232.3 2429.1 0.970 2829.4 0a 0
B 15364 28513.0 21165.0 0.754 22258.7 0.873 0.278
C 21947 213136.8 22172.5 0.571 24153.5 0.968 0.361
D 27434 217158.9 23189.5 0.649 26004.8 0.940 0.326
E 32921 221293.4 24347.5 0.967 28056.3 0.936 0.244

aSee text for explanation.
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En5p2\2n2/~mtotxL
2!. ~3.4!

As the energy increases, the energy differenceEn2En21
increases, lowering the density of states. By the diabatic
guments presented above, this should lead to an overall y
in the triplet exciton which is lower than that of the singl
exciton.

To estimate the exciton yield, we define the exciton to
any bound state where the particle and hole remain within
Å of each other, and write the projection operator

Pexc5E dxpdxhuxp ,xh&^xp ,xhuQ~20 Å2uxp2xhu!,

~3.5!

whereQ(x) is the Heaviside function. Using the usual ide
tity for projection operators,Pexc5Pexc

2 we may evaluate the
cross sections for exciton formation in singlet and trip
states

gS5^CSuPexcuCS&,

gT5^CTuPexcuCT&. ~3.6!

To minimize any artifacts which might arise from the pre
ence of free particle-hole amplitude within this region, w
averaged this projection over the last 200 fs of the calcu
tion. For this simulationgS50.968 andgT50.571, confirm-
ing our expectation that the cross section for singlet exc
formation should be substantially larger in the singlet s
state. This leads toxEL536.1% based on Eq.~2.14!, which
exceeds the purely statistical limit on the quantum yield.

C. Variation of scattering cross section with Coulomb strength

Based on the arguments presented above,gS and gT
should depend strongly on the energies of the statesS, T1,
andT2. SinceS is near resonance with the incident polaro
a large number of low translational kinetic energy states
resonant with the polaron energy and variation of the
energyES should decreasegS . On the other hand, since th
polaron energy falls between the values ofT1 andT2, one
should be able to increasegT by tuning the potential param
eters to change the energies of these states. Further, the
acter of the triplet exciton should correspond most closely
the triplet state which is closest to resonance with the in
dent polaron.

To test these hypotheses, we systematically varied
strength of the Coulombic interactionU as given in Table III,
and repeated the calculations with all other parameters
fixed. The calculation reported in Sec. III B is included
case C in Table III and will serve as a benchmark in
interpretation of the results of this section. Physically,
parameter2U corresponds to the depth of the Coulom
well. Modifying this parameter would correspond to chem
cally modifying the polymer system to alter the attracti
force between the quasiparticles. The values forU are chosen
such that theT1 state is nearly resonant with the incide
polaron in case A~the lowest value ofU!, and theT2 state is
nearly resonant in case E~the highest value!. The resultant
triplet cross sections,gT , given in Table III, are highes
when eitherT1 or T2 is near resonance with the polaro
state, in accordance with our expectations based on the
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abatic picture discussed above. Further, Fig. 10 indicates
the character of the exciton shifts from predominantlyT1 to
T2 asU increases.

With the exception of case A, the singlet cross sectiongS
changes by less than 10% with the value ofU over the range
studied. It follows the predicted pattern, however, in thatgS
decreases as the state moves out of resonance with the
laron state. The relatively small change in the magnitude
gS may stem from the higher density of states in the sing
degrees of freedom. As discussed above, the even-numb
states of the Ohno potential must correspond to a triplet c
figuration, while the odd-numbered states to a singlet. T
energy difference between adjacent quantum states of
Ohno potential decreases as the energy approaches the
sociation threshold, and sinceT1 always lies belowS, the
density of states in the triplet manifold is always lower th
that in the singlet manifold. The higher density of states
creases the probability of scattering into a singlet state, m
ing gS robust with respect to changes in singlet state ene

Case A is an exception to this trend, owing to the ex
tence of an unusual phenomenon. The dynamics of
simulation are depicted in Fig. 11: Here, the polarons
proach thexp5xh region normally, but rather than scatterin
into an exciton state, the polarons simply stop translating
they come into contact. They form an apparently stable p
in the wave function associated with a distortion of the l
tice, and while the width of these features oscillates in tim
the center does not move.

This structure comes about because for the value oU
employed in this particular case, the energy of theS state is
higher than the energy of the incident polarons. Scatter

FIG. 10. T1 and T2 projections for simulations A and E as
function of time. The initial rise in T2 in simulation A occurs whe
the polaron wave packet overlaps the outer lobe of the T2 w
function, and does not represent scattering into that state.
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FIG. 11. Singlet state scattering process for simulation A. Contour lines are assigned as in Fig. 1.
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into an exciton state would therefore require an input of
ergy, and cannot take place in the absence of thermal e
tation. Energetically, the most favorable process would
for the polarons to pass through each other and cont
propagating along the gradient of the electric field. But
lattice compression associated with the negative polaron
the expansion associated with the positive polaron wo
cancel each other out during such a process, increasing
energy of the quasiparticles. Thus, there is an energetic
rier to such a transition, and the peaked structure in Fig
represents a metastable state.

We determine the characteristics of this state by tak
the configuration of the singlet state propagation at timt
51000 fs and relaxing it according to the scheme outlined
Sec. III A. For this relaxation, we takeU50 but retain the
nonzero value for the electric fieldE given in Table I. The
structure converges to the local minimum, the properties
which are reported in Table IV.

We know of no analogous structure reported in the lite
ture. Superficially, one might view this state as similar to
‘‘breather’’ modes of polyacetylene,39,40 in that both types of
motion involve an oscillatory lattice motion coupled to
localized electronic excitation. In our case, however, the
bilization of the motion is brought about by a competitio
between the action of the external electric field~which drives
the polarons through each other! and the quasiparticle-lattic
coupling ~which prevents the overlap of the polarons!.
Breathers in polyacetylene are independent of any exte
field.

It is difficult to assess the likelihood of observing su
structures in physical systems. While the phenomena res
sible for their existence are certainly present experimenta
these structures may be very unstable in the presence of
turbations not included in this calculation. Without knowin
the magnitude of the energetic barrier preventing the
polarons from passing through each other, we cannot e
mate the lifetime of such a bound structure at finite tempe
-
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ture. Likewise, while spin-orbit coupling is negligible on th
timescale of this calculation, the system would eventua
cross to the triplet manifold and make a transition to theT1
exciton state.

The experimental observation of such a structure wo
seem to be a significant challenge. The state would likely
nonemissive, as the relatively large interparticle distan
would prevent recombination of the particle and hole.
might be detected via absorption, as there may be hig
lying electronic states which are photoaccessible from
state, but we cannot assess the likelihood of this situa
within the context of the present model. It would also
inconvenient to look for such structures experimentally, a
would require the construction of a device equivalent to p
todiode from a polymer which is neither photonor electro
minescent. Thus, we can neither dismiss the existence
such states as an artifact of our method nor suggest a w
defined approach by which their existence could be c
firmed.

D. Variation of the electric field

The most readily variable potential energy parameter
experimental LED systems is the electric bias applied acr

TABLE IV. Metastable configuration of polarons in the absen
of the Coulombic interaction.̂H& contains the effect of the electri
field. Values for the polaron configuration in Table II are taken
the absence of the electric field, as the interparticle distance of
polaron state is not fixed. In our simulations, this pair of ‘‘locked
polarons lies 354.1 cm21 below the initial polaron configuration in
the presence of the electric field.

RMS interparticle distance 17.6 Å
Standard deviation 13.7 Å
^H& 21489.4 cm21

^T& 1167.1 cm21

^Vph-latt& 24567.2 cm21

^Vlatt& 2290.3 cm21
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the polymer LED device. The electric field controls ma
parameters related to charge carrier density
mobility,10,11,12but here we focus exclusively on its role
an individual scattering event. To this end, we carry o
simulations of the scattering process at varying strength
the electric field. SimulationE1 in Table V is the benchmark
simulation discussed in Sec. III B; only two other simulatio
were carried out, as the polarons in this model become
stable whenE;4.531023 eV/Å ~53the value ofE reported
in Table I!. The results, tabulated in Table V, indicate th
the yield in the singlet state varies little with electric fie
strength, decreasing slightly with increasingE. In contrast,
the triplet yield drops substantially when the field is turn
on, but increases slightly as the field is increased.

To interpret this behavior, we must understand how
electric field affects the dynamics of the system. While
presence of the electric field will lead to a small change
the energies of the quantum states, this effect will not
very important as the widths of the polaron and excit
states are small so that the potential does not vary gre
over this domain. A more important effect is in the energy
the incident polaron pair: the stronger the electric field,
more energy will be associated with the motion of the p
laron pair.

Increasing the electric field increases the potential ene
associated with the initial polaron configuration, and with
the context of the simulation this increases the total energ
the system. The energy of the polaron pair interacting w
the electric field is given by

Vfield5E dxpdxhc* ~xp ,xh!c~xp ,xh!

3@Ve~xh!2Ve~xp!#2Vf 0 , ~3.7!

whereVf 0 is the interaction energy at time zero~i.e., Vfield
50 at time 0!. As the propagation progresses, the polaro
move along the gradient of the electric field andVfield de-
creases. As shown in Fig. 12, the slope of the initial rise
the kinetic energy of the lattice nearly matches the slope
uVfieldu, indicating that the energy of the field is almost e
tirely taken up in the motion of the lattice. This implies th
changes in the motion of the lattice will determine t
changes in the dynamics with varying field strength. Fig
13 bears out this interpretation: the large drop in quant
energy associated with the particle-hole collision occurs
earlier times in the presence of a strong electric field, in
cating a more rapid collision. The drop is also larger in t
presence of the electric field; indeed, the singlet state in
absence of the electric field shows almost no drop in ene
The lattice dynamics affect the shape of the potential ene
surface experienced by the particle-hole pair when the

TABLE V. Exciton yield as a function of electric field strength
With the exception of the external electric fieldE, all parameters are
assigned as in Table I.

E ~eV/Å! gT gS xEL

E0 0 0.707 0.979 0.316
E1 28.91931024 0.571 0.968 0.361
E2 21.783831023 0.611 0.957 0.343
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larons overlap~the AB configuration in Fig. 5!, which will
affect the nature of the mixing with exciton states. The d
tails of this mixing are unclear. Thus it is not obvious ho
variation of the electric field will affect the quantum yield fo
a given set of parameters.

FIG. 12. Data for simulationE1 and E2 . Solid: Lattice kinetic
energy as a function of time.Dashed: uVfieldu as a function of time.
See text for discussion.

FIG. 13. Total energy~potential and kinetic! for the quantum
degrees of freedom as a function of time for varying electric fi
strengths.
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E. Variation of the effective masses of the particle and hole

The masses of the particle and hole used in these ca
lations are effective masses, which are determined by
interaction between the the excited electron~or vacancy in
the valence band! and the valence electrons which surrou
it.41 As such, these masses vary with the electronic struc
of the polymer, and may be altered by chemical derivati
tion of a given polymer.

We employed five different combinations of effectiv
masses in this work, reported in Table VI. We have alrea
discussed in the preceding sections of this paper how
relative energies of the polaron and exciton levels affect
dynamics. The exciton energy levels are primarily depend
on the energiesES , ET1 andET2 , which in turn are depen
dent on the reduced mass of the particle-hole pairm
5mpmh /(mp1mh). We may therefore eliminate the res
nance effect by comparing simulations with different qua
particle masses, but identical reduced masses. This prin
guided the choice of the masses used in our simulations

Alteration of the quasiparticle masses necessarily al
the structure of the polarons. The initial polaron configu
tions for each set of effective masses were recalculated u
the procedure in Sec. III A. The results for simulations e
ploying the new parameters are tabulated in Table VI, a
the case where the total massmtot52 corresponds to the
benchmark calculation carried out in Sec. III B. The result
cross sections indicate that the yield is insensitive to
relative masses of the two quasiparticles, but depe
strongly upon the total mass. For the simulations in wh
mtot53, the yield in the singlet state is virtually independe
of the relative mass, while yield in the triplet state chang
by 11%. Formtot51.5 emu, changing the relative masses
the particle and hole change the singlet yield by 7%, and
triplet yield by 13%. The change is due to the change in
configuration in the exciton; formp.mh , the compressed
region of the lattice is narrower than the region of expansi
and vice versa formp,mh . This affects the form of the
potential energy surface experienced by the quasiparticle
the polarons come into contact, which naturally affects
reaction cross section.

This effect is far less significant than the change in d
namics associated with the change in the total mass, h
ever. Where increasing the total mass increased the yie
both the singlet and triplet states, decreasing the overall m
decreased the yield in both states, but reduced the tr
yield to a far greater degree than the singlet. Indeed,xEL is
by far the largest of any of our simulations whenmtot51.5.
The reason for this dependence onmtot stems from the den

TABLE VI. Exciton yield as a function of quasiparticle mas
With the exception of the effective massesmp andmh , all param-
eters are assigned as in Table I.

mp ~emu! mh ~emu! gT gS xEL

2 1 0.900 0.994 0.259
1 2 0.790 0.900 0.275
1 1 0.571 0.968 0.361
1/2 1 0.324 0.912 0.484
1 1/2 0.193 0.842 0.593
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sity of states in the translational degree of freedom for
exciton. The mass dependence of the translational en
eigenstates given in Eq.~3.4! makes this clear: as the mass
the particle-hole pair decreases, the density of states
creases, reducing the reactive cross section. Further, thi
fect is most important at higher translational energies, wh
the density of states is lowest, and the high translational
netic energy associated with the triplet exciton makesgT
more sensitive to the total mass thangS . Thus, by lowering
the total effective mass of the exciton, we sacrifice abso
cross section in the singlet state exciton, but gain in
quantum efficiencyxEL .

IV. CONCLUSIONS

We have simulated the scattering of positive and nega
polarons into both singlet and triplet excitons, and ha
shown that the process may be readily understood in a di
tic representation of the electronic degrees of freedom.
dynamics of recombination hinge on the mixing of excit
and polaron quantum states at the time when the pola
begin to overlap with each other, and the reactive cross
tion is primarily a function of the density of exciton state
near resonance with the incident polaron quantum state.
density of states is sensitive to the strength of the Coulom
interaction between the particle and hole pair, and the ef
tive masses of the quasiparticles. We also find that at
microscopic level discussed here,xEL , is relatively insensi-
tive to the strength of the applied voltage.

The most important aspect of this work is the calculati
of the cross sectionsgS andgT , which demonstrate that th
statistical limit ofFEL51/4FPL is invalid. Indeed, the analy
sis of the mechanism for polaron scattering observed h
may be used to develop a strategy to assist in the searc
highly efficient electroluminescent materials. While in ge
eral FELÞxEL in real devices, optimization ofxEL is one
route to improving the electroluminescence yield in devic
and our work suggests ways in which this may be acco
plished.

The first parameter to consider in such a problem is
energy of the lowest-lying singly-excited singlet relative
the quasiparticle energy of the incident polarons. This is
the exciton binding energy, which contains contributio
from the vibrational degrees of freedom, but rather the
ergy of the localized electronic excitation associated with
distortion of the lattice. This quantity is not readily acce
sible experimentally, and it seems likely that some level
theory must be employed in estimating how those energ
will change on derivatization of the polymer. However, o
simulations have shown that the yield in the singlet state
comparatively insensitive to the exact value of the energy
long as the singlet state lies reasonably close to the pola
quasiparticle energy.

Another consideration is the energies of the two lowe
lying singly-excited triplet states. Once the energy of t
singlet state has been tuned to the desired level, the i
configuration would increase the energy gap between the
glet state and each of the two neighboring triplet states. T
would move the triplet states further out of resonance w
the polaron pair, decreasing the triplet cross section. Thi
not likely to be necessary, however, as the energy gap
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tween neighboring states is typically substantial:
poly~paraphenylene vinylene! ~PPV!, the difference in en-
ergy between the lowest-lying singlet and triplet excito
states is;8000 cm21. This is comparable to the size used i
our benchmark simulation C, which depending on other fa
tors can provide a favorablexEL .

The most significant factor in increasingxEL , however, is
the effective mass of the exciton. Assuming the singlet ex
ton state is near resonance with the quantum energy of
polaron, the states accessible via scattering into the trip
exciton must possess a high translational kinetic energy. T
triplet scattering process is therefore more sensitive to
density of states in the translational degree of freedom, a
when this is lowered by reducing the effective mass of t
exciton,xEL increases. The effective masses are readily
cessible to theoretical treatments, as they simply repres
deviations from the ideal dispersion relationship in the re
evant electronic band.41 In essence, the effective mass of
quasiparticle is the inertia associated with the reorganizat
of s and p electron cloud as the quasiparticle propagat
along the chain. This parameter is controlled by the polar
ability of the polymer and its surroundings, and therefo
represents a controllable parameter.

Altering the parameters discussed above requires cho
ing an appropriate class of polymer and derivatizing it
tune the parameters. Our own work assumes the polyme
be composed entirely of C-H monomers, but the princip
features of the phenomena observed here should apply
more complicated systems so that the strategies devised
will still be relevant. One specific strategy for control o
particle-hole interaction parameters is suggested by the w
of Gartstein, Rice, and Conwell.24,42 The authors have stud-
ied the nature of the electron-hole interaction in phenylen
based polymers using a model based on the symmetry of
phenylene subunit. Their work demonstrates that the para
eters describing the interaction of the particle-hole pair a
influenced by the local symmetry of the monomer, and de
vatization may significantly influence the quasiparticle inte
action by altering this symmetry.42 This suggests a means o
t
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altering the relative and absolute energies of the singlet
triplet states through chemical derivatization, as discus
above.

Another route is suggested by the work of Yaron a
co-workers,43,44 who have studied the influence of the ele
tronic polarization of neighboring polymer chains on partic
and hole behavior. The authors find that the polarization
the surrounding media has a dramatic impact on the ene
of the asymptotically separated particle and hole, and
strongly influence the effective mass of the quasiparticles
is worth noting that the theoretical treatment of the probl
predicts that the influence of the surrounding media sho
be smallest as the system approaches the exciton limit,
is unclear how significant the impact of the surrounding m
dia should be on the polaron scattering process. Likew
the probability of a polaron-polaron collision in the bu
polymer is influenced by the dielectric constant for t
medium,12 so processes which increasexEL may lower the
total efficiencyFEL . Nevertheless, variation of the polariz
ability of the polymer medium may be one route to optim
zation of electroluminescence quantum efficiency.

The model presented here is an idealized model fo
polymer with a nondegenerate ground state. While it clea
lacks crucial physical and geometric features present in
tual polymeric systems, the model captures the salient
ubiquitous dynamical features of the recombination proce
namely: electron-phonon coupling and particle/hole corre
tion. Thus, our treatment provides dynamical insight into
process of polaron recombination. The strategies sugge
here may be combined with knowledge of the frequency
polaron collision within the bulk polymer,9–12 and the sub-
sequent dynamics associated with the return to the gro
electronic state5 to provide insight into the utility of a given
polymer for use in organic LED’s.
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