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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.

[. INTRODUCTION tion, any scattering events leading to the formation of triplet
exciton states represent a loss of electroluminescence quan-
Since the publication of the first reports indicating thetum efficiency. Since the exciton spin space includes one
feasibility of constructing light-emitting diode$LED’s)  singlet state and three triplet states, a statistical distribution
from conjugated polymers? there has been a great deal of Of spin states would lead to a maximum quantum electrolu-
interest in adapting these materials for use in devices. Ofhinescence quantum efficiendyg,
ganic materials offer many potential advantages over inor-
ganic semiconductors, including ease of fabrication and fa- b =Dy /4 (1.7
vorable mechanical propertiéd However, the relatively low
electroluminescence efficiency of organic materials in LED'swhere®p, is the photoluminescence quantum efficieficy.
has limited their utility>® and as a consequence considerable This statistical argument neglects the possibility that sin-
experimental effort has been devoted to the discovery oflet and triplet exciton states may have different cross sec-
more efficient polymer systenis® While these efforts have tions with respect to formation, and ignores the possibility of
led to significant improvements in the electroluminescencdransitions between triplet and singlet electronic stéies,
quantum efficiency in test devices, the investigation of newintersystem crossing Recent measurements by Ceipal 13
materials remains an active area of research. on the output of a light-emitting diode based on electrolumi-
From a theoretical standpoint, the process of photoemisnescence from a derivative of péyphenylene vinylene
sion from a LED may be divided into three parts. The first isindicated that the ratidg /P p_may be as high as 50%. To
the collision between oppositely charged polarons, the seainderstand this result, one must move beyond the statistical
ond is the scattering of those polarons into exciton states, amgpproximation and examine the details of the recombination
the third is the transition to the ground electronic state, eitheprocess.
by radiative or nonradiative decay processes. The importance With regard to the decay process, Burin and Rathave
of understanding the likelihood of a collision stems from theconstructed a master equation approach in which both radia-
fact that photoemissive states are quenched by proximity ttive and non-radiative decay pathways are included for each
the conductive electrode surface such that any recombinatigstate. Their results indicate that the existence of triplet to
event near the surface represents a loss of fluorescenseglet crossings in the relaxation of oligothiophenes signifi-
yield2 A number of theoretical studies have examined thecantly affectsdg, , though it does not increase it above the
likelihood of collisions in the bulk polymer under various statistical limit of ®p /4. The Burin and Ratner model does
conditions’*2and the process has been found to be sensitivaot contain any information on the details of the scattering
to parameters such as the charge carrier density and mobilitprocess, however, and other theoretical treatments of polaron
the strength of the external field, and the morphology of theecombination have treated the process purely
polymer sample. phenomenologically-*?The difficulty in modelling the scat-
Much less is known about the scattering and decay stagdsring process itself lies in the fact that the transition from
of the recombination process, and one of the most criticapolaronic to excitonic states requires simultaneous solution
questions concerns the spin state of the exciton. Transitionsf both vibrational and electronic dynamics. Conventional
between the triplet exciton states and the ground electronicalculations of this type are difficult even for small
state are dipole-forbidden, and the predominant decay pattmolecules:*~¢ and rapidly become prohibitive in extended
ways are therefore non-radiative. Thus, to a first approximapolymeric systems.
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TABLE I. Potential energy parameters employed in this work.

-U

vc(xp—xh)=—xo U=2.726V,x,=175A
VXG+ (Xp—Xp)?
T,=—p?2m, m,=m,=1 emu
Vian=32 A exd —B(x—R)?] A,=—5.697eV,A,=5.263 eV
B=0.7439 A2
Ve=e&X; £=-8.919<10 “eV/IA, e,=—1,e,=+1
-u
Vo= 0 U,=—1.24x102eV
VXG+ (Xp—Xn)?

V= C(exfd — (x—x,)d?]+exd — (x—xp) 4 ?]) C=2.48eV,0=2.77A

{Xa,X,} are grid boundaries

We have recently constructed a methodology based on thehere the statf,j) denotes the spin and angular momentum
particle-hole picture of solid-state physics that allows thequantum numberg and 8 denote spin up and spin down for
simulation of the vibronic dynamics of an extended one-the individual quasiparticles, and the subscriptandc in-
dimensional polymer system. In this approach, the electronidicate whether the quasiparticle is in the conduction or the
degrees of freedom are modelled as a fully quantumvalence bandparticle or hole, respectively
mechanical particle-hole pair, which is self-consistently The Hamiltonian is given by Chtf and may be written as
coupled to a classical vibrational lattice representing the
polymer backbone. In the present work, we gxtenq this H=h_+h,+V,, (2.6
theory and carry out quantum molecular dynamics simula- P
tions of the formation of excitonic states from polarons, and N A o
calculate cross sections for the formation of singlet and trip¥/nereh, andhy, are the one-body Hamiltonians for the par-
let excitons as a function of exciton binding energy and thd/cle and hole, respectively, which include both the kinetic
strength of the applied voltage bias. Our approach does n&"€rdy of each quasiparticle and the potential energy for
address the question of the probability that two polarons wiltheir interaction with the lattice/, is the potential energy of
encounter each other in the bulk material, but begins wittinteraction between the particle and hole, given as
two oppositely charged polarons already present on a single
conjugation domain. The time-dependent equations of mo- .
tion are then numerically integrated and the polaron interac- V=5 > lay|kI(KI(aVe(xp—Xp)
tion is treated explicitly. kimnq

X(1=X)|a)[mm(mn(q], 27
1. HAMILTONIAN FOR USE IN POLARON
RECOMBINATION wherek, I, m, andn are indices over coordinate space basis
functions, andj is an index over spin statsinglet or triplej.
Vc(x) is the Coulombic attraction between the particle and

Our goal is to develop a formalism that will allow us t0 hole. This is modeled as an Ohno potential with parameters

treat the recombination of polarons into excitons. We W“tegiven in Table 17 The exchange operatoX, swaps the

the particle-hole wave functiopy) as labels on the particle and hole,

A. Relationship between parity and spin state

‘\Ij‘ — i i , . ~ ~
)= ealiDlx 22 X)=3 e, Kiio=(-1°F elivly. 29

wherei andj are particle and hole states, respectively, and
|x) is the spin state for the particle-hole pé&inglet or trip-  whereQ is the spin(0 or 1) for the statey). The negative

let). These are given in Ref. 17 as sign arises from the fact that the triplet spin state is antisym-
metric under exchange of the particle and hole, while the
11, =|e,ac), (2.2 singlet state is symmetric.
Let us recast the wave function in coordinate space
11,-1)=1[8,Bc), (2.3
1 )= 61 0= | dxdxasng xnlxp -
|1,0>— 5(|lgvac>+|al}ﬂc>)l (2.9 2.9

1 The coordinate space projection of the wave function is now
10,00=—(|B,ac)—|a,Be)), (2.5  contained inyg(xp,xp). A similar operation on the wave
v2 ot ’ function after exchange yields
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N . ever, the energy gap between bound state¥.ofs much
—(—1)% .
X[w)=(-1) ; Cij i) 1x) larger than the values ¢, so this effect will be negligible
in the exciton limit.
Finally, it will prove convenient to define the total poten-
—(—1)% . . .
(=1 f A0 /(X Xp) [Xp) X0} | X) - tial energy of the particle-hole pair as

(210 Vau(xp X R) =V (X Xn) + Vpan(Xp , R) + Vi agXn , R)
Thu_s exchange of the indices on the pa(ticle anql hole is — V(%) + Vo(Xp).- (2.13
equivalent to swapping the axeg and x;, in coordinate P
space-"?° In Sec. lll, we interpret polaron scattering within a diabatic
Using this coordinate space representation, the expectéramework, andVqy plays a key role in such a discussion.
tion value for the particle-hole interaction enerfgy may be
written B. Treatment of the spin state

1 Having outlined the treatment of the wavefunction in co-
EZ:EJ dXpdXn ™ (Xp . Xp) Ve (Xp— Xp) ordinate space, we now address the treatment of the spin
degrees of freedom. In the limit of asymptotic separation
X[d/(xp,Xh)+(—1)(Q”)1//(Xh,Xp)], (2.11) between the particle and hole, the singlet gnd triplet spin
states are degenerate. However, as the particle and hole ap-
where we have assumed the spin of the system is a pufsroach each other, the exchange term in @di) breaks the
state. This implies that foQ=1, E,=0 unless(X;,X5,) degeneracy.
=i(X,,X1), and for Q=0, E,=0 unless (Xy,Xy)= In principle, the framework outlined here permits the pos-
—(X2,X1). In other words, only components @f(x,xp) sibility of scattering between singlet and triplet spin states. In
which are symmetric across the ling=x, may be bound in  practice, implementing such a calculation requires the simul-
a triplet spin state, and only componentsydi, ,x,) which  taneous propagation of multiple two-body coordinate space
are antisymmetric across the limg=x, may be bound in a wave functions, one corresponding to each spin state, with
singlet spin state. spin-orbit interactions coupling the wave functions. Transi-
To understand the implications of this restriction, we musttions between states of singlet and triplet symmetry are ubig-

look more closely at the one-body ternfi, andhy,. These  Uitous in conjugated systems? but are generally mediated

may be written by a doubly-excited singlet state such as tHé\ngtate of
polyenes’® McClure has showif that singlet-triplet transi-
ﬁp=Tp+Vp-|an— Ve(Xp), tions for states oB,, symmetry in7-conjugated systems are
very weak, and that the magnitude of spin-orbit coupling
A= T+ Vit Ve(Xp), (2.12 between such states is expected to be less thar 1. &wen

in the limit of degenerate singlet and triplet states, this im-
whereT,; is the kinetic energy operator for théh quasipar- plies a multipicosecond time scale for such transitions which
ticle andV;.¢ is the interaction between the quasiparticleis sufficiently long relative to our calculation that these tran-
and the lattice sites. The construction of these terms is givesitions may be neglected. We instead restrict the wave func-
in Ref. 17.V(x) represents an interaction between the quadtion to remain in a pure spin state throughout the recombi-
siparticle and an external electric field representing an apration process, and perform separate simulations for the
plied voltage gap across the polymer which drives electrolusinglet and triplet states.
minescence. We assume a linear electric field with a Because the spin state does not change during recombina-
magnitude comparable to that employed by Conwell andion, the probability that a given scattering event will lead to
Wu?t in their simulations. The functional forms for each of photoemission is determined by the absolute cross sections
these terms are given in Table I. for exciton formation in singlet and triplet spin states. Let us

The sum of the one-body operatoks, = hy,+h,, can be define the cross sectiory, to be the population in an exciton
symmetric under the exchange operatifig= .+ F . In conditions. The probability of emission due to the single

a system where charge conjugation symmetry is preserve&?attermg event is then

I:lla=0 and the Hamiltonian is invariant under the exchange Ys
operation. However, the nonlinear form of the quasiparticle- XEL:+—3(DPL1
lattice coupling breaks charge conjugation symmetry in the ysTevT
polaron limit?>?® as does the presence of the electric field.where ys and y; are singlet and triplet exciton scattering
The breaking of charge conjugation symmetry has been exross sections, respectively.

perimentally confirmed in polaron states in conjugated poly- Because the process of photoemission is complex, it is
mer system$*25 Therefore, rather than restricting the sym- worth detailing the relationship betweeyy, and the total
metry of the wavefunction in the exciton limit as we did in electroluminescence quantum yield, . xyg represents the
our previous work,” here we explicitly include the direct and likelihood that, if two randomly prepared charge carriers
exchange terms of the Coulomb potential given in @dqlL1). come into contact within the bulk material, they will scatter
This implies that a tripletsingled exciton will contain some into the singlet manifold. If one assumes tlat collisions
contribution from antisymmetri¢symmetrig states. How- between polarons are uncorrelaig@., xg, is the same for

(2.19
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all collisions in the bulk, (2) loss due to interactions with the
electrode surfaces is negligible, arid) that intersystem 60
crossing is unimportant, thepg = ®g, . All three of these

assumptions are inherent in the calculation of the statistical 30
limit on electroluminescence quantum efficierfidndeed, if

one makes the additional assumption that the scattering —_
cross-sections for singlet and triplet states are equal ( - 0
=vy1), EQ. (2.14 reduces to the statistical limitbg, Ry
=®p /4. In Sec. Il we calculate the values ¢f and yt,

allowing calculation ofyg, for our model system. This value -30
represents an improved estimate on the limitdgy , and is
a primary objective of this work.

-60

lll. RESULTS AND DISCUSSION -60 -30 0 30 60

The quantum degrees of freedom representing the particle
and hole were represented using a discrete coordinate space 10
grid to allow evaluation of the kinetic energy operator via
fast Fourier transform® The quantum time evolution opera-
tor was calculated via a short iterative Lanczos proce@fure.
The nuclear degrees of freedom were modeled as a one-
dimensional classical harmonic lattice interacting with the
guasiparticle pair, and the coupled quantum and classical
equations of motion were simultaneously integrated. Except -10
where noted below, the form of the Hamiltonian and all pa- -60 -30 0 30 60
rameters employed in the calculation were the same as those x (A)
employed in our previous workK:*°

-5

AR (%10 2R)
o

FIG. 1. Configuration of the polaron pair, as described in the
text. Top: Probability density distribution in coordinate space for
A. Determination of polaron states the particle-hole pair. Contour lines are drawn geometrically, such

Before we begin studying the recombination of polaronsthat each line is X larger than its neighbor. Bottom: Displacement

we must construct an initial state consisting of two Widely-Of each lattice site from its equilibrium, as a function of position.
separated polarons. We use the same relaxation technique
that was used in Ref. 17, in which an imaginary-time propawhereR;, is the equilibrium coordinate of thigh lattice site,
gation of the quantum degrees of freedom is coupled to AR, is its displacement from equilibrium, axgis the length
kinetically damped propagation of the lattice degrees of freeof the grid.
dom. The equations of motion were then propagated in imagi-
The grid employed in this calculation is 138 A long; our nary time until the energy converged. The parameters used
goal is to generate two polarons on this grid which are ass exciton-phonon coupling given in Ref. 17 did not pro-
widely_ separated_ as possible without being cllose enough tg,ce a satisfactory form for the polarons; the positivele)
the grid boundaries to create f\rtn‘acts. To this end, we "€0laron was found to have a width comparable to the size of
place the Coulombic interactiov, between the quasiparti- the grid, much larger than polarons observed in other calcu-
cles with a weakly repulsive potential, denot®, (see lations, where widths were on the order of 5AThe diffi-
Table I, and enforce periodic boundary conditions on theculty in our calculation was found to lie in the choice of
quantum degrees of freedoM,, is therefore present both at parameters for the exciton-phonon coupling; the original pa-
the center and the boundary of the grid, insuring the polaronsameters were based on semi-empirical constants taken from
will form halfway between the two limits. While the pres- Ref. 32, and when these were replaced with parameters from

ence ofV/,, implies an interaction between the quasiparticles Ref. 33 a more reasonable form for the polarons was ob-
the perturbation is small and the resultant structure for théained, shown in Fig. 1. The reason for the improvement is
polarons should be a sufficiently accurate representation dikely that whereas the parameters in Ref. 32 were optimized
the asymptotic polaron limit for our purposes. As in Ref. 17,for use in a model which included only nearest neighbor
the classical degrees of freedom were taken to be periodiCoulombic interactions between electrons, those in Ref. 33
across the grid domain, and were kinetically damped suclvere optimized for use with a longer-ranged Coulombic in-
that the resultant configuration for the system correspondetéraction based on a screened Ohno potential. The more ac-
to that of two polarons at =0 K. curate treatment of electronic correlation effects leads to a
The initial quantum wave function was taken to be con-better fit for electron-phonon coupling parameters, and thus a
stant everywherey(x,,x,)=C. To insure rapid conver- better description of the polaron state. We do not expect the
gence, the lattice coordinates were displaced from equilibehange in exciton-phonon coupling to qualitatively affect the
rium such that results obtained in the exciton limit, however, as the same
functional form of the coupling still applies. We determined
AR;=0.017 A sin27R;o/x], (3.1) the total energy for the two asymptotically separated po-
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TABLE II. Free polaron configuration data.

Particle polaron Hole polaron
Xo —35.33A 34.04 A
RMS width 422 A 5.16 A

Aggregate data for polaron configuratify|

(H) -1135.3cm*!
(Eq) —-3006.1cm?
(Viaw) 1870.8cm*

larons to lie 1135.3 cm' below the energy of a free particle-
hole paif® in this system(see Table I\.

This configuration represents the most stable polaroni(r:ati
structure for our model in the absence of an external electric
field. However, the process of electroluminescence takes . o )
place in the presence of an electrical potential. We cannd?osite sign of the particle and hole lattice interactions. The
obtain the true form of the polaron in the presence of thepotential well created by the Coulomb interaction is centered
field because the energy of the polarons will always be deon the linex,=x,, and in addition to being deeper than the
creased by translation a|ong an electric f|e|d, and the tru@le” .aSSOCiated.With the |att|C.e distortion, it also does not
minimum energy polaron state lies at the end of the polymerfestrict the motion of the particle-hole center of mass. In-
However, it is also known that polarons in conjugated po|y_deed, the free exciton is delocalized a}long the.entlre conju-
mer systems “hop” between conjugation domains ratherdation domain, leading to a high density of exciton states.
than propagating continuously along the polyrfleso that Fro_m this |n|t|_al (_:onflguratlon, the _equat|0ns of motlon
polarons in physical recombination processes may not reprévere integrated in time for both the singlet and triplet spin
sent steady-state systems. With these ambiguities in mingfates. With the exception of the sign of the exchange inter-
we take the po|ar0n minimum energy Configuratimns action given in Eq(21]), the numerical treatment of the two

field to be our initial configuration in all the propagations Propagations was identical. As expected, the presence of the
reported here. electric field and the Coulombic attraction between the par-

ticle and hole drew the quasiparticles together. As shown in
Figs. 3 and 4, the polarons distorted slightly as they propa-
gated, but for the most part retained their configuration; the
In simulations of electroluminescence, the presence of awave packet remained localized, and the form of the lattice
external electric field introduces an inherent anisotropy to thelistortion was virtually unchanged at early times.
potential energy, and periodic boundary conditions cannot be The dynamics surrounding polaron scattering were similar
employed. This is a particular problem in the propagation offor both the singlet and triplet cases: the polarons retained
the quantum equations of motion in our system, as the fasheir shape until they approached the lige=x;, at which
Fourier transform algorithm used to evaluate the Kinetic enpoint they began to overlap. The lattice compression associ-
ergy assumes a periodic form for the wave functioVe  ated with the negative polaron and the expansion associated
therefore forced the amplitude of the wave function to con-with the positive polaron tended to cancel out when they
verge to zero at the grid boundaries by surrounding the gridame into contact, greatly reducing the strength of the inter-
with a Gaussian barriev,(x). One may view the existence action between the lattice and the particle-hole pair. In the
of this boundary as a break in the conjugation of theabsence of this coupling, the particle-hole center of mass
polymer® which prevents the quasiparticles from freely delocalized along the polymer backbone, while the interpar-
propagating into neighboring regions of the polymer. Inticle degree of freedom remained bound by the Coulomb
keeping with this description, the classical degrees of freeinteraction.
dom were taken to be periodic, but the three lattice sites The lattice distortions did not dissipate after coming into
nearest each end of the polymer were kinetically dampectontact, but rather passed through each other and continued
This eliminated phonons which reached the grid boundariepropagating in the same direction. This is similar to the be-
without introducing unphysical reflections from the terminal havior for solitary waves in nonlinear wave equatiéhg’
atoms; in essence, we have assumed that phonons propaggieugh the profiles of the lattice displacements which
through conjugation breaks and do not return. emerged from polaron recombination were somewhat dis-
The initial configuration of the system was taken to be thetorted, whereas true solitary waves retain their shape exactly.
widely-separated polaron pair described above. The potentisls may be seen from Figs. 3 and 4, the new configuration
energy surfaceVou(Xp.Xn,R), associated with the initial included a small region of compression bordering and propa-
form of the lattice is shown in Fig. 2. The distortion of the gating with the expansion, and a small expansion similarly
lattice creates a potential energy well in the regionxgf associated with the compression. This pattern of lattice be-
=-30A, x,=30A, in which the initial wave function is havior occurred consistently in our simulations. In both the
localized. This distortion also creates a region which is redriplet and singlet spin states, a portion of the wave packet
pulsive to the wave function &80,—30), owing to the op- remains associated with the lattice distortions, corresponding

FIG. 2. Potential energyou(Xp.Xn,R) for the initial configu-
on of the systenfassuming favorable exchange interaction

B. Simulation of recombination dynamics
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FIG. 3. Triplet state scattering process discussed in Sec. lll B. Contour lines are assigned as in Fig. 1.

to components of the polaron wave function which did notstatesA and B will depend on the relative contributions of
scatter into exciton states. However, the majority of thethe statesA and B to the character oAB, which will be a
particle-hole amplitude remained in excitonic states and wafunction of both the exciton-phonon coupling and the density
not associated with the lattice distortions. of states inB.

To understand the behavior of the wave function during This interpretation of the dynamics is born out by the
scattering, it is useful to view the lattice motion as driving behavior of the energy of the quantum degrees of freedom,
the evolution of a time-dependent potential energy surfac&qy=Tcy+ Vom, shown in Fig. 6. The total energy of the
for the quantum degrees of freedom. The transition fromguantum wave function follows a similar pattern in both the
polaron to exciton state is then a diabatic process, showsinglet and triplet states: the energy initially drops slowly as
schematically in Fig. 5. The initial polaron wave function is the particle and hole approach each other, corresponding to
trapped in the staté associated with the potential energy motion along the gradient of the electric field. Once they are
well of the lattice distortion. The relatively high density of close togetheftwith Eq~ —5000 cm'1), Coulombic interac-
states in the translational degree of freedom for the excitotions take over and the energy drops rapidly. The overlap of
implies that multiple exciton states will lie approximately the two potential energy wells creates a n&&mixed state
degenerate to the incident polaron state; we will term this sewith an energy on the order 6f8000 cm !; however, the
of statesB. When the evolution of the lattice brings the po- energy rises again as the lattice distortions cancel each other
larons into contact, the energetic barrier between the twaut. In both the singlet and triplet cases, the asymptotic value
wells drops and the eigenstates mix to form a new set obf Eq is comparable to the energy of the incident polarons
statesAB. When the lattice distortions propagate throughprior to mixing of the state#B. This indicates that the larg-
each other and the polaron potential energy well reemergeasst contributions teAB come from state® which are most
in the regionY <0, the stateAB are once again split into nearly degenerate witih, as expected based on the argu-
subsetsA and B. The distribution of population between ments presented above.

60
B 30 ©)
¢ @P
'’
&= y
-60 t=415 fs t=610 fs ’j £=903 fs
-60-30 0 30 60 -60-30 0 30 60 -60-30 0 30 60 -60-30 0 30 60
2 (A) 2 (A) 2h (R) 2p (A)
g 10 ‘
"5 h
o
| I I (Al " |||| 1l I i, I i,
90 1||”||| |||”|||I| . wl | oy ; -|||r'""“" , |II||.|”"""|_,
~ -5
&% -10

“60-30 0 30 60 -60-30 0 30 60 -60-30 0 30 60 -60-30 0 30 60
x (A) x (A) x (A) x (A)

FIG. 4. Singlet state scattering process for Sec. Ill B. Contour lines are assigned as in Fig. 1.
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FIG. 6. Total energy(potential and kinetic for the quantum
degrees of freedom for simulatiad.

interactions with the lattice and the electric field introduce

> some asymmetry to the wave function, the singlet state pos-
Y sesses a node gf=x;,, indicating antisymmetry across that
line.

FIG. 5. Schematic description of mixing of polaron and exciton  One may take advantage of this approximate separability
states, as described in the textrepresents the interparticle dis- by writing the wave function in the form
tance, andVqy is the quasiparticle potential energyt) Prior to
scatteringA is the quantum state associated with the well-separated
positive and negative polaron pair, amlindicates the exciton \y(y,z)zz Con®Pm(Y)xn(Z), (3.2
states localized neaf=0. (Il) Scattering begins when positive and m,n
negative polarons overlap each other. The polaron and exciton
states mix to form the combined sta#&B. (Il ) After scattering, the Where ¢,(Y) are eigenstates of the Coulomb potential and
lattice distortions pass through each other and the localized #tates y,(Z) are any complete basis set. While this is only approxi-
andB reemerge. The population distribution between these states is
determined by the character AB. 25

While the energies of the final state distributions for the
singlet and triplet excitons may be similar, they possess quite 20
different dynamical characteristics. The wave function for
the triplet state at=903fs, shown in Fig. 3, possesses a
dense nodal structure along the limg=Xy, indicating a

large amount of kinetic energy in the exciton center of mass. 15 |

In contrast, the singlet wave function shown in Fig. 4 is 5

slowly varying, indicating a much lower translational kinetic g /\
energy. Figure 9 shows that this perception is correct: the k%

\

asymptotic kinetic energy in the triplet state is roughly 2000 10r j k T
cm ! higher than that of the singlet.

To understand the origins of this difference, we consider
the nature of the exciton states in the two cases. If one ne- 5|
glects exciton-phonon coupling, the Hamiltonian is separable
in the interparticle coordinatey=(x,—x,) and Z=(x,
+xp).2% The Coulomb potential represents a binding interac-
tion in Y, and the symmetry of the interactions given by Eq. 0 ‘ ‘

I . ~100 -50 0 50 100
(2.12 implies that even-numbered states will have the cor- Y (A)
rect symmetry for triplet spin states, and odd-numbered
states to singlet states. This is consistent with the forms of FIG. 7. Ohno potentialassuming favorable exchange interac-
the exciton wave functions given in Figs. 3 and 4; whiletion) and three lowest-lying eigenstates for parameters from Table I.
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Ohno potential, as interactions with the highly distorted lat-
tice and the electric field lead to probability distributions
FIG. 8. Projections of the wave function into S, T1, and T2 for Which are far different from those present in the unmodified

simulationC in the singlet and triplet spin states. Ohno potential.
The energies of the stat& T1 andT2 for this calcula-

mately true in the total system, we may characterize the extion are given as simulation C in Table lll. The relative en-

t (fs)

citon states by defining a projection ergies of these three states provide insight into the nature of
the scattering process. THstate lies at—4115.8 cm®;

. 2 however, the electric field acts to lower the effective energy
PmZJ dZ [ dYérn(Y)¥(Y.2)| , (83 of the particle-hole pair by approximately 500 chin the

vicinity of the line x,=x;. Thus, a product stat#(Y,Z)

with % P,=1. We use this operator to characterize the= ¢¢(Y)x(Z) which is degenerate with the incident polarons
wave functionW(Y,Z) with respect to its projection in a at~—4500 cm* will possess relatively little kinetic energy
given statep,,(Y). We choose the statef, to be the eigen- in the Z coordinate, as is the case in Fig. 9. In contrast, the
states of the Ohno potenti®l-(Y), shown in Fig. 7, allow- energies off 1 andT2 are substantially different from that of
ing us to characterize the exciton state with respect to théhe incident polarons, and the interparticle distribution of the
assignments of these states given in Ref. 17. resultant exciton is a mixture of both of these states. The

Projections of the wave function into the lowest-lying sin- final triplet exciton state also possesses a kinetic enerdy in
glet stateS and the two lowest triplets[1 andT2, are plot-  which is much higher than that of the incident polarons.
ted in Fig. 8. As expected, th® state makes up a sizable  The high translational kinetic energy of the triplet exciton
fraction of the asymptotic distribution d®,, in the singlet implies that the density of states at the energy of the incident
state, while symmetry restrictions prevent the existence opolarons is lower than that in the singlet case. To see this,
significant populations i1l andT2. In the triplet stateS  consider that the the potential energy surface along the line
remains virtually unpopulated whil€1 andT2 make sig- Y=0 is completely flat, bounded at both ends by the hard
nificant contributions to the distribution. In each case, thewall. This implies that to a good approximation the transla-
remaining components of the interparticle distribution aretional degree of freedom of the exciton may be viewed as a
made up of higher-lying bound and continuum states of theoarticle in a box with energies given ¥y

TABLE lll. Exciton yield as a function of well depth(The details of C are given in Sec. Il B.

Case. U (cm™) Er (cm™) Er, (cm ™) T Es (cm™) Ys XEL
A 8778.8 —4232.3 —429.1 0.970 —-829.4 G 0
B 15364 —8513.0 —1165.0 0.754 —2258.7 0.873 0.278
C 21947 —13136.8 —2172.5 0.571 —4153.5 0.968 0.361
D 27434 —17158.9 —3189.5 0.649 —6004.8 0.940 0.326
E 32921 —21293.4 —4347.5 0.967 —8056.3 0.936 0.244

aSee text for explanation.
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E,= 72h2n%/ (Miex?).

(3.9

As the energy increases, the energy differeige-E,_
increases, lowering the density of states. By the diabatic ar-

guments presented above, this should lead to an overall yield

in the triplet exciton which is lower than that of the singlet

exciton.

1

0.8

0.4

To estimate the exciton yield, we define the exciton to be

any bound state where the particle and hole remain within 20

A of each other, and write the projection operator

Pexc:f dX,dXn|Xp Xk ) (Xp . Xn| @ (20 A—|xp—Xn|),

(3.5

where® (x) is the Heaviside function. Using the usual iden-
tity for projection operatorsRo,.= ngc we may evaluate the

cross sections for exciton formation in singlet and triplet

states
Ys= <‘I’s| Pexc] ‘I’s>:

Yr= <‘PT| Pexcl\PT>'

(3.6

To minimize any artifacts which might arise from the pres-
ence of free particle-hole amplitude within this region, we

averaged this projection over the last 200 fs of the calcula-

tion. For this simulationys=0.968 andy;=0.571, confirm-

C. Variation of scattering cross section with Coulomb strength

Based on the arguments presented aboue,and yr
should depend strongly on the energies of the st&tddl,

polaron energy falls between the valuesTdf andT2, one

dent polaron.

strength of the Coulombic interactidhas given in Table I,

force between the quasiparticles. The valuedfare chosen

polaron in case Athe lowest value ob), and theT2 state is
nearly resonant in case e highest value The resultant
triplet cross sectionsyt, given in Table lll, are highest
when eitherT1 or T2 is near resonance with the polaron employed in this particular case, the energy of $&ate is

state, in accordance with our expectations based on the diigher than the energy of the incident polarons. Scattering

0.8

0.6

0.4

0.2

QUANTUM MOLECULAR DYNAMICS STUDY OF POLARON. ...

11481

r Simulation A §
—— T1 State Projection l4
| ——- T2 State Projection |
h
L L o I l\ L
0 200 400 600 800 1000
- Simulation E '\\ I ]
i b
L | toy | 4
'I;M ﬂ4n||,1“\'|
ARy R
TRV EHTHINERY
i AR ERVANRT IR
nA byl ,}“ IR
U TRAIAT 5' {
L lv ) ‘ ? I i
Y |
/ \l
| ‘/ W
0 200 400 600 800 1000

t (fs)

FIG. 10. T1 and T2 projections for simulations A and E as a

. . . k .. function of time. The initial rise in T2 in simulation A occurs when
ing our expectation that the cross section for singlet excnoqhe polaron wave packet overlaps the outer lobe of the T2 wave

formation_ should be substantially larger in the singlgt Spinfunction, and does not represent scattering into that state.
state. This leads tqg, =36.1% based on Eq2.14), which

exceeds the purely statistical limit on the quantum yield.

abatic picture discussed above. Further, Fig. 10 indicates that
the character of the exciton shifts from predominantly to
T2 asU increases.
With the exception of case A, the singlet cross sectign
changes by less than 10% with the valudJobver the range
andT2. SinceSis near resonance with the incident polaron, studied. It follows the predicted pattern, however, in that
a large number of low translational kinetic energy states arelecreases as the state moves out of resonance with the po-
resonant with the polaron energy and variation of the thdaron state. The relatively small change in the magnitude of
energyEg should decreasgs. On the other hand, since the y5 may stem from the higher density of states in the singlet
degrees of freedom. As discussed above, the even-numbered
should be able to increasg by tuning the potential param- states of the Ohno potential must correspond to a triplet con-
eters to change the energies of these states. Further, the chfiguration, while the odd-numbered states to a singlet. The
acter of the triplet exciton should correspond most closely tenergy difference between adjacent quantum states of the
the triplet state which is closest to resonance with the inci-Ohno potential decreases as the energy approaches the dis-
sociation threshold, and sindel always lies belows the
To test these hypotheses, we systematically varied thdensity of states in the triplet manifold is always lower than
that in the singlet manifold. The higher density of states in-
and repeated the calculations with all other parameters helcreases the probability of scattering into a singlet state, mak-
fixed. The calculation reported in Sec. IlI B is included asing ys robust with respect to changes in singlet state energy.
case C in Table Il and will serve as a benchmark in the Case A is an exception to this trend, owing to the exis-
interpretation of the results of this section. Physically, thetence of an unusual phenomenon. The dynamics of this
parameter—U corresponds to the depth of the Coulomb simulation are depicted in Fig. 11: Here, the polarons ap-
well. Modifying this parameter would correspond to chemi- proach thex,= x,, region normally, but rather than scattering
cally modifying the polymer system to alter the attractiveinto an exciton state, the polarons simply stop translating as
they come into contact. They form an apparently stable peak
such that theTl state is nearly resonant with the incidentin the wave function associated with a distortion of the lat-
tice, and while the width of these features oscillates in time,
the center does not move.
This structure comes about because for the valu®) of



11482 MARK N. KOBRAK AND ERIC R. BITTNER PRB 62

60
30
<
" ©
-30
-60 t=415 fs t=610 fs t£=-1488 fs
-60 -30 0 30 60 -60 -30 0 30 60 -60 -30 0 30 60
%h (A) Xn (A) xn (A)
10
i I I ||||
9 0 'I|‘ Ull il |||” ||||,,,....||| ™ " |||w|.| ||||..“""“"
<]
-10
-60 -30 0 30 60 -60 -30 0 30 60 -60 -30 0 30 60
x (A) x (A) x (A)

FIG. 11. Singlet state scattering process for simulation A. Contour lines are assigned as in Fig. 1.

into an exciton state would therefore require an input of enture. Likewise, while spin-orbit coupling is negligible on the
ergy, and cannot take place in the absence of thermal exciimescale of this calculation, the system would eventually
tation. Energetically, the most favorable process would beross to the triplet manifold and make a transition to THe

for the polarons to pass through each other and continugXxciton state.

propagating along the gradient of the electric field. But the The experimental observation of such a structure would
lattice compression associated with the negative polaron anggem to be a significant challenge. The state would likely be
the expansion associated with the positive polaron wouldlOnemissive, as the rglatl_vely large mte_rparncle distance
cancel each other out during such a process, increasing ti{geuld prevent recombination of the particle and hole. It
energy of the quasiparticles. Thus, there is an energetic b night be detected via absorption, as there may be higher-

rier to such a transition, and the peaked structure in Fig. 1 ying electronic states which are p_hot.oaccessible_ frqm this
represents a metastable state state, but we cannot assess the likelihood of this situation

We determine the characteristics of this state by takin%Ithln the context of the present model. It would also be

the configuration of the sinalet state propagation at time convenient to look for such structures experimentally, as it
9 Y propag . . would require the construction of a device equivalent to pho-

; . ) Nodiode from a polymer which is neither photonor electrolu-

Sec. IlIA. For this relaxation, we take =0 but retain the  minescent. Thus, we can neither dismiss the existence of
nonzero value for the electric fielfl given in Table I. The  g,ch states as an artifact of our method nor suggest a well-
structure converges to the local minimum, the properties Ofjefined approach by which their existence could be con-

which are reported in Table IV. firmed.
We know of no analogous structure reported in the litera-
ture. Superficially, one might view this state as similar to the D. Variation of the electric field
3 7 ,40' . . . .
breather” modes of polyacetyleri&;*in that both types of The most readily variable potential energy parameter in

motion involve an oscillatory lattice motion coupled to a experimental LED systems is the electric bias applied across
localized electronic excitation. In our case, however, the sta-

bilization of the motion is brought about by a competition ~ TABLE IV. Metastable configuration of polarons in the absence
between the action of the external electric fighhich drives of the Coulombic interactioqH) contains the effect of the electric
the polarons through each othand the quasiparticle-lattice field. Values for the polaron configuration in Table Il are taken in
coupling (which prevents the overlap of the polargns the absence of the electric field, as the interparticle distance of the

Breathers in polyacetylene are independent of any extemgplaron state is not fixed. In our simulations, this pair of “locked”
polarons lies 354.1 cht below the initial polaron configuration in

fleld'. e T . the presence of the electric field.

It is difficult to assess the likelihood of observing such
structures in physical systems. While the phenomena respon- RMS interparticle distance 17.6 A
sible for their existence are certainly present experimentally, Standard deviation 13.7A
these structures may be very unstable in the presence of per- (H) —1489.4cm?!
turbations not included in this calculation. Without knowing (M 1167.1cm?
the magnitude of the energetic barrier preventing the two (Vonan) —4567.2cmt
polarons from passing through each other, we cannot esti- (Vi) 2290.3cm’t

mate the lifetime of such a bound structure at finite tempera
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TABLE V. Exciton yield as a function of electric field strength. 2000
With the exception of the external electric figldall parameters are

i i Tripl
assigned as in Table I. riplet State

& (eVIA) T Ys XEL

& 0 0.707 0.979 0.316
& —8.919x 104 0.571 0.968 0.361
& —1.7838< 10 ° 0.611 0.957 0.343

—— Lattice KE
——- —<&>

1000

E (cm™)

the polymer LED device. The electric field controls many 0 200 400 600
parameters related to charge carrier density and
mobility,’®*12put here we focus exclusively on its role in
an individual scattering event. To this end, we carry out
simulations of the scattering process at varying strengths in
the electric field. Simulatiod; in Table V is the benchmark
simulation discussed in Sec. Il B; only two other simulations
were carried out, as the polarons in this model become un-
stable wherf~4.5x 10 2 eV/A (5Xthe value of¢ reported

in Table ). The results, tabulated in Table V, indicate that -
the yield in the singlet state varies little with electric field 0 ===
strength, decreasing slightly with increasiéigIn contrast, 0 200 400 600
the triplet yield drops substantially when the field is turned t(fs)

on, but increases slightly as the field is increased.

To interpret this behavior, we must understand how th : - - :
electric fielz affects the dynamics of the system. While th(;eggzr?gxﬁoi g:ggjg;oorf tim@ashed Ve as & function of time.
presence of the electric field will lead to a small change in '
the energies of the quantum states, this effect will not be i L ) )
very important as the widths of the polaron and exciton/a/ons overlapthe AB configuration in Fig. § which will
states are small so that the potential does not vary greatf§{f€ct the nature of the mixing with exciton states. The de-
over this domain. A more important effect is in the energy of(@lS Of this mixing are unclear. Thus it is not obvious how
the incident polaron pair: the stronger the electric field, thevariation of the electric field will affect the quantum yield for
more energy will be associated with the motion of the po-& 9iven set of parameters.
laron pair.

Singlet State

1000

FIG. 12. Data for simulatiorf; and & . Solid: Lattice kinetic

Increasing the electric field increases the potential energy Triplet State

associated with the initial polaron configuration, and within —3000 1
the context of the simulation this increases the total energy in
the system. The energy of the polaron pair interacting with -5000
the electric field is given by —.;

ﬁ -7000

Vfield:f AXpdXn ™ (Xp s Xp) P(Xp , Xn)
-9000
X[Ve(xh)_ve(xp)]_vf01 (37)

where Vi, is the interaction energy at time zefoe., Ve ~11000 0 560 1600
=0 at time Q. As the propagation progresses, the polarons .
move along the gradient of the electric field avig,y de- -3000 |- Singlet State
creases. As shown in Fig. 12, the slope of the initial rise in
the kinetic energy of the lattice nearly matches the slope of _5000
|Vied, indicating that the energy of the field is almost en-
tirely taken up in the motion of the lattice. This implies that 7000
changes in the motion of the lattice will determine the
changes in the dynamics with varying field strength. Figure
13 bears out this interpretation: the large drop in quantum 9000
energy associated with the particle-hole collision occurs at
earlier times in the presence of a strong electric field, indi- -11000 o 560 10‘00

cating a more rapid collision. The drop is also larger in the
presence of the electric field; indeed, the singlet state in the
absence of the electric field shows almost no drop in energy. FIG. 13. Total energypotential and kineticfor the quantum
The lattice dynamics affect the shape of the potential energyegrees of freedom as a function of time for varying electric field
surface experienced by the particle-hole pair when the postrengths.
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TABLE VI. Exciton yield as a function of quasiparticle mass. sity of states in the translational degree of freedom for the
With the exception of the effective masses andm,, all param-  exciton. The mass dependence of the translational energy

eters are assigned as in Table I. eigenstates given in E(3.4) makes this clear: as the mass of
the particle-hole pair decreases, the density of states de-
m, (emy my (emu i s XEL creases, reducing the reactive cross section. Further, this ef-
2 1 0.900 0.994 0.259 fectis most important_ at higher translatior_1al energie;, wher_e
1 > 0.790 0.900 0.975 the density of states is lowest, and the high translational ki-
' ' netic energy associated with the triplet exciton makes
1 1 0.571 0.968 0.361 = 4
more sensitive to the total mass thag. Thus, by lowering
12 1 0.324 0.912 0.484 the total effective mass of the exciton, we sacrifice absolute
1 1/2 0.193 0.842 0.593 ’

cross section in the singlet state exciton, but gain in the
quantum efficiencyyg, -

E. Variation of the effective masses of the particle and hole

The masses of the particle and hole used in these calcu- IV. CONCLUSIONS

lations are effective masses, which are determined by the \We have simulated the scattering of positive and negative
interaction between the the excited elect(on vacancy in  polarons into both singlet and triplet excitons, and have
the valence bandand the valence electrons which surroundshown that the process may be readily understood in a diaba-
it.** As such, these masses vary with the electronic structuréic representation of the electronic degrees of freedom. The
of the polymer, and may be altered by chemical derivatizadynamics of recombination hinge on the mixing of exciton
tion of a given polymer. and polaron quantum states at the time when the polarons

We employed five different combinations of effective begin to overlap with each other, and the reactive cross sec-
masses in this work, reported in Table VI. We have alreadytion is primarily a function of the density of exciton states
discussed in the preceding sections of this paper how thgear resonance with the incident polaron quantum state. This
relative energies of the polaron and exciton levels affect thelensity of states is sensitive to the strength of the Coulombic
dynamics. The exciton energy levels are primarily dependenihteraction between the particle and hole pair, and the effec-
on the energie&g, Et; andE+,, which in turn are depen- tive masses of the quasiparticles. We also find that at the
dent on the reduced mass of the particle-hole pair microscopic level discussed hergs, , is relatively insensi-
=m,m,/(my+my). We may therefore eliminate the reso- tive to the strength of the applied voltage.
nance effect by comparing simulations with different quasi- The most important aspect of this work is the calculation
particle masses, but identical reduced masses. This principlsf the cross sectiongs and y1, which demonstrate that the
guided the choice of the masses used in our simulations. statistical limit ofdg = 1/40p, is invalid. Indeed, the analy-

Alteration of the quasiparticle masses necessarily altersis of the mechanism for polaron scattering observed here
the structure of the polarons. The initial polaron configura-may be used to develop a strategy to assist in the search for
tions for each set of effective masses were recalculated usirtgghly efficient electroluminescent materials. While in gen-
the procedure in Sec. lll A. The results for simulations em-eral d, # yg,_ in real devices, optimization ofg, is one
ploying the new parameters are tabulated in Table VI, andoute to improving the electroluminescence yield in devices,
the case where the total mass,=2 corresponds to the and our work suggests ways in which this may be accom-
benchmark calculation carried out in Sec. Il B. The resultanflished.
cross sections indicate that the yield is insensitive to the The first parameter to consider in such a problem is the
relative masses of the two quasiparticles, but dependsnergy of the lowest-lying singly-excited singlet relative to
strongly upon the total mass. For the simulations in whichthe quasiparticle energy of the incident polarons. This is not
my,:=3, the yield in the singlet state is virtually independentthe exciton binding energy, which contains contributions
of the relative mass, while yield in the triplet state changesrom the vibrational degrees of freedom, but rather the en-
by 11%. Form,=1.5emu, changing the relative masses ofergy of the localized electronic excitation associated with the
the particle and hole change the singlet yield by 7%, and thelistortion of the lattice. This quantity is not readily acces-
triplet yield by 13%. The change is due to the change in theible experimentally, and it seems likely that some level of
configuration in the exciton; fom,>m,, the compressed theory must be employed in estimating how those energies
region of the lattice is narrower than the region of expansionwill change on derivatization of the polymer. However, our
and vice versa fom,<m,. This affects the form of the simulations have shown that the yield in the singlet state is
potential energy surface experienced by the quasiparticles ammparatively insensitive to the exact value of the energy, so
the polarons come into contact, which naturally affects thdong as the singlet state lies reasonably close to the polaron-
reaction cross section. quasiparticle energy.

This effect is far less significant than the change in dy- Another consideration is the energies of the two lowest-
namics associated with the change in the total mass, howying singly-excited triplet states. Once the energy of the
ever. Where increasing the total mass increased the yield isinglet state has been tuned to the desired level, the ideal
both the singlet and triplet states, decreasing the overall mag®nfiguration would increase the energy gap between the sin-
decreased the yield in both states, but reduced the triplejlet state and each of the two neighboring triplet states. This
yield to a far greater degree than the singlet. Indaggl,is  would move the triplet states further out of resonance with
by far the largest of any of our simulations wher,,=1.5.  the polaron pair, decreasing the triplet cross section. This is
The reason for this dependence g, stems from the den- not likely to be necessary, however, as the energy gap be-
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tween neighboring states is typically substantial:
poly(paraphenylene vinylengPPV), the difference in en-
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inaltering the relative and absolute energies of the singlet and

triplet states through chemical derivatization, as discussed

ergy between the lowest-lying singlet and triplet excitonabove.

states is~8000 cm . This is comparable to the size used in

Another route is suggested by the work of Yaron and

our benchmark simulation C, which depending on other facco-workers}>**who have studied the influence of the elec-

tors can provide a favorablgg, .
The most significant factor in increasing, , however, is

the effective mass of the exciton. Assuming the singlet exc

ton state is near resonance with the quantum energy of t

polaron, the states accessible via scattering into the tripl
exciton must possess a high translational kinetic energy. ThE
triplet scattering process is therefore more sensitive to th
density of states in the translational degree of freedom, an
when this is lowered by reducing the effective mass of the

exciton, yg_ increases. The effective masses are readily a

C_
cessible to theoretical treatments, as they simply represe
deviations from the ideal dispersion relationship in the rel-
evant electronic bantf. In essence, the effective mass of a

tronic polarization of neighboring polymer chains on particle
and hole behavior. The authors find that the polarization of

ithe surrounding media has a dramatic impact on the energy

i : : le, a
atrongly influence the effective mass of the quasiparticles. It

the asymptotically separated particle and hole, and can

IS worth noting that the theoretical treatment of the problem
redicts that the influence of the surrounding media should
Ee smallest as the system approaches the exciton limit, so it
s unclear how significant the impact of the surrounding me-
dia should be on the polaron scattering process. Likewise,
me probability of a polaron-polaron collision in the bulk
polymer is influenced by the dielectric constant for the
medium!? so processes which increage, may lower the

guasiparticle is the inertia associated with the reorganizatioH)tal efficiency®g, . Nevertheless, variation of the polariz-

of o and 7 electron cloud as the quasiparticle propagatesa
along the chain. This parameter is controlled by the polariz
ability of the polymer and its surroundings, and therefore

represents a controllable parameter.

bility of the polymer medium may be one route to optimi-
zation of electroluminescence quantum efficiency.

The model presented here is an idealized model for a
polymer with a nondegenerate ground state. While it clearly

Altering the parameters discussed above requires choog"’!Cks crucial physical and geometric features present in ac-

ing an appropriate class of polymer and derivatizing it to <" F - T
9 pprop poly J fgbiquitous dynamical features of the recombination process,

tune the parameters. Our own work assumes the polymer

tual polymeric systems, the model captures the salient and

be composed entirely of C-H monomers, but the principlenamely: electron-phonon coupling and particle/hole correla-

features of the phenomena observed here should apply
more complicated systems so that the strategies devised h
will still be relevant. One specific strategy for control of

particle-hole interaction parameters is suggested by the wo

of Gartstein, Rice, and Conwélt:*? The authors have stud-

ﬁi]on. Thus, our treatment provides dynamical insight into the
[ocess of polaron recombination. The strategies suggested
ere may be combined with knowledge of the frequency of

Rolaron collision within the bulk polymet;*? and the sub-

sequent dynamics associated with the return to the ground

ied the nature of the electron-hole interaction in phenyleneSeleCtroniC statréto_ providg insight into the utility of a given
based polymers using a model based on the symmetry of tr{:éolymer for use in organic LED’s.

phenylene subunit. Their work demonstrates that the param-
eters describing the interaction of the particle-hole pair are
influenced by the local symmetry of the monomer, and deri-

vatization may significantly influence the quasiparticle inter-

action by altering this symmetA?.This suggests a means of
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