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Coupled-cluster approach for studying the singlet and triplet exciton formation rates
in conjugated polymer LED’s
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The coupled-cluster equation of motion approach is applied to describe positively and negatively charged
states as well as exciton states in conjugated polymers. The formation rates for singlet and triplet excitons
associated with intermolecular charge-transfer processes are calculated. It is found that the interchain bond-
charge correlation has a strong influence on the singlet/triplet ratio, since the charge-transfer configuration
contributes differently to the singlet and triplet excitons. In addition, we find that the range of electron
interaction potential has a strong influence on the formation rates. The ratio between the electroluminescence
and photoluminescence quantum yields can exceed the 25% spin-degeneracy statistical limit.
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I. INTRODUCTION

Electroluminescence~EL! in conjugated polymers has a
tracted wide interest because of the huge potential for ap
cation in display devices.1–3 Polyparaphenylene vinylen
~PPV! and its derivatives are among the prominent po
meric materials to demonstrate high EL efficiency. The se
conducting nature of conjugated polymers comes from
delocalizedp-electron bonding along the polymer chain.

A polymer light-emitting-diode~LED! device usually
consists of a layer of a luminescent organic conjugated p
mer sandwiched between two metal electrodes. Switch
the device on results in the injection of electrons and ho
from the electrodes into the polymer layer. The charge ca
ers then migrate through the organic layer, usually via in
chain hopping processes, and eventually recombine to f
intrachain excitons. The radiative decay of singlet excito
gives rise to emission of photons, i.e., luminescence.

The quantum efficiency for EL is defined as the ratio
the number of exciton formation events within the device
the number of electrons flowing in the external circuit. It c
be expressed as a product of three factorshEL5h1h2h3 ,
whereh1 is the ratio of the number of emitted photons ov
the number of optically active singlet excitons, i.e., the e
ciency of radiative decay of the singlet excitons;h2 is the
ratio of the number of optical excitons over the total numb
of excitons, i.e., the fraction of excitons which are formed
singlets; andh3 is the ratio of the number of excitons withi
the device over the number of injected carriers, it is the pr
ability for carrier recombination giving rise to intramolecul
excitons. Since the singlet excitons can decay both ra
tively and nonradiatively,h1,1. The PL quantum efficiency
can be also decomposed ashPL5h1h4 , whereh1 has the
same meaning as for EL andh4 is the ratio of the number o
optical excitons over the number of absorbed photons.
observed by Harrisonet al., almost all the photons absorbe
by a PPV film convert to excitons, which implies thath4
;1.4,5 Sinceh3,1, we havehEL /hPL(5h2h3 /h4),h2 .

On the basis of simple spin multiplicity statistics, it
0163-1829/2002/65~4!/045208~13!/$20.00 65 0452
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often stated thath25 1
4 , i.e., the EL efficiency is limited to

25% of that of photoluminescence~PL!. Since the recombi-
nation of an electron and hole~both spin1

2! pair leads to four
microstates in total with three triplet states and one sing
state and only singlet states contribute to the spin-allow
radiative emission.6,7 Recently, Caoet al. found that the ratio
of quantum efficiencies of EL with respect to PL in a subs
tuted PPV-based LED can reach a value as high as 50%.8 Ho
et al. have also fabricated an efficient device for which th
obtain thath2>0.3520.45.9 Wohlgenanntet al. have been
able to measure directlysS/T by using a spin-dependent re
combination technique for a large number ofp-conjugated
polymers and oligomers. In all cases, they find that the
perimentalsS/T values are significantly larger than 1, thu
h2.0.25.10

In a previous study, we briefly described theoretically
microscopic mechanism of interchain bond-charge corre
tion that was able to explain the violation of the1

4 statistics.11

In this work, we develop a more accurate method and p
vide a more detailed description. We note that Kobrak a
Bittner have developed a methodology based on the part
hole picture of solid-state physics, that allows the simulat
of the vibronic dynamics of a one-dimensional polym
system.12–14 They extended this formalism and carried o
quantum molecular dynamics simulations of the formation
exciton states from polarons. They evaluated the cross
tions for the formation of singlet and triplet excitons as
function of exciton binding energy and strength of the a
plied voltage bias.15 This basically corresponds to an intra
hain dynamical mechanism. Their theoretical results c
firmed that the 25% spin-degeneracy statistical limit
invalid.

Caoet al. attributed the violation of the 25% limit to be
consequence either of a small exciton binding energy o
higher cross section for an electron-hole pair to form a s
glet bound state than to form a triplet. Since the splitti
between the lowest singlet and triplet excitons is arou
0.6–0.7 eV in PPV,15 this appears to prevent any possib
contribution from thermalized triplet excitons to th
©2002 The American Physical Society08-1
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luminescence,16 which favors the second alternative. We no
that the cross section of a singlet is about 20 times as a l
as that of a triplet in the low-energy scattering process
neutrons with protons~both have spin1

2!.
17 Thus, we can

expect a scenario according to which the formation rates
singlet and triplet excitons from free electron-hole pa
~both also have spin12! can be different. If it is easier for the
singlet pair to bind than the triplet pair, thenh2 is not nec-
essarily equal to 25% and the ratio of EL to PL efficiency c
go beyond the 25% limit.11 Considering the difference be
tween the cross sections for singlet and triplet states,
expression forh2 discussed above should be written as

h25sS /~sS13sT!5sS/T /~sS/T13!, ~1!

wheresS(T) is the cross section for singlet~triplet! formation
andsS/T5sS /sT . For sS5sT , we geth2525%, the sta-
tistical limit; for sS53sT ,h2550%; for sT50,h2
5100%.

In our previous work,11 we calculated the formation prob
abilities of singlet and triplet excitons within a single co
figuration interaction~SCI! approach. In order to obtain mor
accurate results, we consider a more sophisticated m
based on the coupled-cluster method. The coupled-clu
method~CCM! has been shown to provide accurate desc
tions of electron correlation in many-body systems.18,19

Bartlett and co-workers have widely extended the applica
scope of CCM to quantum chemistry.20,21 CCM, specifically
CCSD~single and double excitations!, is size consistent, nu
merically efficient, and applicable to a wide range of pro
lems within a single framework.

We first give in Sec. II a brief description of the couple
cluster equation of motion~CCSD-EOM! approach for
charged states and exciton states. In Sec. III, we will pres
a two-chain model to calculate the singlet and triplet exci
formation rates via interchain charge-transfer~CT! pro-
cesses. Finally, the results and discussion are given in
VI.

II. COUPLED-CLUSTER EQUATION-OF-MOTION
METHOD

The CCSD-EDM approach22 is used to describe th
ground state, positively and negatively charged states,
exciton states of a conjugated polymer chain. We h
shown that this approach can provide a very accurate
scription of the electronic structure and optical properti
Here, we give a brief overview of this method.

We adopt the following convention: indicesi , j ,k,l ,...,
refer to occupied molecular orbitals~MO’s!; a,b,c,d,... to
virtual MO’s andp,q,r,s to generic MO’s. The general elec
tronic Hamiltonian for a molecule is expressed as

H5(
pq

hpqp
1q1

1

4 (
pqrs

^pqirs&p1q1sr. ~2!

The first term is the one-electron part, which includes el
tron kinetic energy and electron nuclear interaction. The s
04520
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ond term, the two-electron part, is given in the antisymme
form ^pqirs&5^pqurs&2^pqusr& and the two-electron inte
gral is defined as

^pqurs&5E E dr1dr2wp* ~r 1!wq* ~r 2!
1

r 12
w r~r 1!wS~r 2!

~3!

with w denoting the molecular orbital wave function.

A. Ground state

The CCSD ground-state ansatz has been proposed a18,19

uCC&5exp~T!uHF&, ~4!

where uHF& is the Hartree-Fock~HF! ground-state determi
nant obtained by self-consistent field iteration;T consists of a
linear combination of the single and double excitations:

T5T11T25(
ia

t i
aa1i 1 (

i . i
a.b

t i j
aba1ib1 j ,

with the t’s being the amplitudes of the excitation configur
tions. The ground state is obtained by solving the followi
Schrödinger equations:

HuHF&5EHFuHF&,

H exp~T!uHF&5ECC exp~T!uHF&. ~5!

In order to evaluate physically measurable quantities,
also need the left eigenvector of the CCSD ground state,
the so-calledL state in CCSD gradient theory,23 which is
defined as

^L0u5^HFu~11L!exp~2T!,

where

L5(
ia

la
i i 1a1 (

i . j
a.b

lab
i j i 1a j1b

is the de excitation operator. The amplitudel is determined
by the Schro¨dinger equation of theL state

^L0uH5^HFu~11L!exp~2T!H

5^HFu~11L!exp~2T!ECC. ~6!

B. Excited states

Based on the CCSD ground state, we can construct
configuration space by promoting one and two electro
from occupied to virtual MO’s. We denote the excitation o
erators asut&5$c1k,c1kd1l %. The excited-state wave func
tion is constructed as a linear combination of all the sin
and double excitations on the CCSD ground state

uex&5(
t

Rt exp~T!ut&, ~7a!

^exu5(
t

^tuLt exp~2T!, ~7b!
8-2
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where ut&5tuHF& represents an excitation determinant a
Rt is the corresponding coefficient to be determined. T
excited-state Schro¨dinger equation becomes

Huexu5Euex&; H(
t

Rt exp~T!ut&5E(
t

Rt exp~T!ut&,

~8!

where E is the excited state energy. When multiplying t
above equation by exp(2T) from the left and then by an
excitation ket configuration̂vu, we obtain the following
eigen-equation:

(
v

H̄tvRv5ERv

or

(
v

~H̄tv2ECCdtv!Rv5~E2ECC!Rt , ~9!

whereECC is the CCSD ground state energy, and

H̄5exp~2T!H exp~T!

5H1@H,T#1
1

2
@@H,T#,T#

1
1

6
@@@H,T#,T#,T#1

1

24
@@@@H,T#,T#,T#,T# ~10!

is the Hausdorff similarity transformed Hamiltonian, an
H̄tv2ECCdtv is referred to as the Jacobian. In principle, t
expansion is infinite. However, in CCSD,T is truncated at
the double-excitation level, and the Hamiltonian is at m
two-body term, which contains a product of four gene
fermion operators. Each commutation@H,T# replaces the ge
neric operator by a specific operator from excitationT. Then
the Hausdorff transformation terminates exactly after fi
terms, since all the excitation operators commute.

Since the Jacobian is no longer Hermitian, for each eig
value there exist a right eigenvector and a left eigenvec
The left eigenvector is expressed as

^exu5(
t

^muLt exp~2T!. ~11!

Lt can be determined in a similar way asRt .

C. Charged states

Positively charged state. When an electron is extracte
from a chain, we can obtain the eigenstates by mapping
Hamiltonian into a configuration subspace of the typeus&
5$n,g1no%, where indicesn,o refer to occupied MO’s and
g refers to a virtual MO. Then the eigenstates can be
pressed as

up&5(
s

Xs exp~T!us&, ~12a!

^pu5(
s

^suYs exp~2T!. ~12b!
04520
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To derive the eigenequation, we insert Eq.~12a! into the
Schrödinger equation and extract the CC ground-state ene

~H2ECC!up&5~E2ECC!up&, ~13!

we obtain

~H2ECC!(
s

Xs exp~T!us&5~E2ECC!(
s

Xs exp~T!us&.

~14!

When multiplying the above equation by exp(2T) from the
left and then bŷ su, the following eigenequation is derived

(
r

~H̄sr2ECCdsr!Xr5DEXs , ~15!

where DE5E2ECC is the ionization potential~IP!. The
eigenequation forYs is obtained in the same way

(
s

Ys~H̄sr2ECCdsr!5DEYr . ~16!

The expressions for the matrix elementsH̄sr are somewhat
complex and detailed in the Appendix.

Negatively charged state. When adding an electron to
neutral closed shell, we can construct the configuration sp
as un&5$e1,e1 f 1m%, where indexm refers to occupied
MO’s ande,f refer to virtual MO’s. Then, the eigenstates a
expanded within this subspace as

un&5(
n

Un exp~T!un&, ^nu5(
n

^nuVn exp~2T!.

~17!

For the negatively charged states, we write the eigeneq
tions for Un andVn :

(
m

~H̄mn2ECCdmn!Um5DE8Un , ~18!

(
n

Vm~H̄mn2ECCdmn!5DE8Yn , ~19!

where DE85E2ECC is the electron affinity~EA! and the
expressions for the matrix elementsH̄mn are given in the
Appendix.

III. DESCRIPTION OF THE MODEL

We consider a system consisting of two PPV oligom
whose molecular planes are parallel and separated by a
tance of 4 Å, see Fig. 1. Suppose that initially one ch

FIG. 1. Sketch of the two-chain model considered in this wo
8-3
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carries a positive charge and the other a negative charg~to
mimic the charge injection process in LED’s. The initi
states areu in&5un2&up1& ~or un1&up2&!, whereun& represents
the negatively charged state andup& represent the positively
charged state. This ‘‘free’’ charge pair can be either in
triplet or a singlet configuration. Through a charge-trans
process, this pair can recombine and form an exciton.
final states areu f i &5ugs2&uex1& ~or ugs1&uex2&!. We assume
that the total spin is a good quantum number, i.e., the sin
or triplet ‘‘free’’ pairs only form singlet or triplet excitons a
the final state. This scenario is shown in Fig. 2, in which
only depict the singlet configuration.

The conjugated system is described by the Pariser-P
Pople model

H52 (
^mn&s

tmn~cms
1 cns1h.c.!1U(

m
nm↑nm↓

1 (
m,n

V~r mn!nmnn . ~20!

The first term represents thep-electron~with spins! hop-
ping integral (tmn) between nearest-neighbor carbon sit
the second and third terms are the electron-electron diag
density-density interactions

nms5cms
1 cms , nm5(

s
nms .

The long range interactions for thep-electrons of conjugated
carbon systems is described by the Ohno-Klopman pote
with U511.13 eV~Refs. 24 and 25!

V~r !5
U

A110.5976~«r !2
, ~21!

where r is the internuclear distance~in Å!. The Ohno-
Klopman original parameters corresponds to«51. For «
.1, the potential represents a more localized screened i
action.

FIG. 2. Illustration of the recombination scenario treated in o
model; we only depict the singlet configuration.
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The hopping integrals are set to standard values: wit
the vinylene linkage,ts522.2 eV for the single bonds~1.46
Å! and td522.6 eV for the double bonds~1.35 Å!; in the
phenylene rings, all integrals are set totb522.4 eV. We
then introduce a general interchain coupling term

H85(
pq

hpqp
1q1

1

4 (
pqrs

^pqirs&p1q1sr. ~22!

Each term has mixing of chain 1 and chain 2 spin-orb
indices;hpq is the hopping integral, in the MO representatio

hpq5 (
a1b2

t'~a1 ,b2!Cpa1
Cqb21

, ~23!

^pqurs&5 (
abgh

CpaCqbC rgCsh@agubh#. ~24!

C is the LCAO coefficient of the one-electron wave functio
and @agubh# is the Coulomb integral in the site represen
tion.

We then apply the Fermi golden rule to calculate the
citon formation rate

u^ inuH8ufiu25
^ inuH8ufi&^fiuH8u in&

^ inu in&^fiufi&
,

where uin& and ufi& represent the initial and final states, r
spectively. There are two kinds of initial states and fin
states:

u in1&5~ un2&↑up1&↓6un2&↓up1&↑)/&, ~25a!

u in2&5~ up2&↑un1&↓6up2&↓un1&↓)/&, ~25b!

ufi1&5uex1uugs2&, ~25c!

ufi2&5uex2&ugs1&. ~25d!

The ground stateugs&, negatively charged statesun&, posi-
tively charged statesup&, and exciton statesuex& are obtained
via the CCSD-EOM approach described in the previous s
tion, indices 1,2 refer to chain 1,2, and1/2 is for singlet/
triplet. It can be seen that^ in1uH8ufi1& is the rate of exciton
formed on chain 1 through electron transfer,^ in1uH8ufi2& is
exciton formation on chain 2, etc. We find that for the tw
body interchain coupling, the only relevant integral is of t
type @11u12# or @22u21#, i.e., the interchain charge-bond in
teraction, denotedX in the literature.16 We keep the dominan
contributions that only involve one center in each chain,
noted asX'(m1 ,n2), then

@p1q1ur 1s2#5 (
m1n2

Cp1m1
Cq1m1

C r 1m1
Cs2n2

@m1m1um1n2#

5 (
m1n2

Cp1m1
Cq1m1

C r 1m1
Cs2n2

X'~m1 ,n2!.

~26!

r

8-4
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The X term has been found to reduce the dimerization
polyacetylene26–28and also has been considered by Rice a
Gartstein in the context of photoinduced charge-trans
phenomena.29 For simplicity, we assume an exponential d
pendence on distancee2jr for both thet' andX' terms with
j being chosen as reciprocal ofp-orbital radius~;0.7 Å!:

t'~m1 ,n2!5t'e2zz~m1 ,n2!, ~27a!

X'~m1 ,n2!5X'e2zz~m1 ,n2!, ~27b!

wherez(m1 ,n2) is the distance between two carbon atom
We treat the ratioX'/t' as a variable.

We consider two limiting cases.~i! That of weak intermo-
lecular coupling, the electronic states being localized
single chains@represented by Eqs.~25a!–~25d!#. We can con-
sider that this corresponds to the large static disorder l
because of the disorder aspects of single chains~even though
disorder is not explicitly taken into account in this work!. ~ii !
That of strong coupling, the electronic states being then
herent.

A. Weak coupling

The ratio of singlet to triplet cross-section in the lar
static disorder limit is given for electron transfer~ET! as

sS/T
ET 5u^ in1uH8ufi1S&u2/u^ in1uH8ufi1T&u2

5k
~C1L1C3L1Z1!~C1R1C3R1Z2!

~C1L8 2C3L8 1Z18!~C1R8 2C3R8 1Z28!
, ~28!

sS/T
HT 5u^ in2uH8ufi1S&u2/u^ in2uH8ufi1T&u2

5k
~2C2L1C4L1Z3!~2C2R1C4R1Z4!

~2C2L8 2C4L8 1Z38!~2C2R8 2C4R8 1Z48!
, ~29!

where S/T denotes singlet/triplet and k
5^exSuexS&/^exTuexT&. The detailed expressions and the d
at
b
th

n

04520
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ductive procedure are given in the Appendix. TheZ term
represents the correlation effects from the double-excita
configuration.

C1 represents the hopping of an electron from the LUM
~lowest unoccupied molecular orbital! of chain 2 to all vir-
tual orbitals of chain 1 whileC2 represents the hopping of
hole from the HOMO~highest occupied molecular orbital! of
chain 2 to all occupied orbitals of chain 1. Usually, the ho
ping integral t' is negative andX' is positive. Equation
~A17! in the Appendix indicates that the renormalization e
fect of theX term tends to reducet'. C3 and C4 are pure
correlation effects, that provide the distinction between s
glet and triplet excitations in charge-transfer processes.
C8 terms in the denominators are defined in the same wa
theC terms in the numerators; the former are evaluated w
the triplet exciton wavefunction and the latter with the s
glet.

B. Strong coupling

For strong coupling, the electronic states are coher
combinations of localized states

uD1&5~ ufi1&1ufi2&)/&, ~30a!

uD2&5~ ufi1&2ufi2&)/&, ~30b!

uD3&5~ u in1&1u in2&)/&, ~30c!

uD4&5~ u in1&2u in2&)/&, ~30d!

~note that ^D1uH8uD4&5^D2uH8uD3&50!. In the limiting
case of delocalized excitations, the effects of electron tra
fer and hole transfer are coherently mixed, constructively
D1 and destructively forD2 . The ratio of singlet/triplet for-
mation cross-sections for Davydov states can then be
pressed as follows.
For D1 :

sS/T
D1 5u^D3uH8uD1S&u2/u^D3uH8uD1T&u25k

~C1L2C2L1C3L1C4L1Z11Z3!~C1R2C2R1C3R1C4R1Z21Z4!

~C1L8 2C2L8 1C3L8 1C4L8 1Z181Z38!~C1R8 2C2R8 1C3R8 1C4R8 1Z281Z48!
~31!

For D2 :

sS/T
D2 5u^D4uH8uD2S&u2/u^D4uH8uD2T&u25k

~C1L1C2L1C3L2C4L1Z11Z3!~C1R1C2R1C3R2C4R1Z21Z4!

~C1L8 1C2L8 1C3L8 2C4L8 1Z181Z38!~C1R8 1C2R8 1C3R8 2C4R8 1Z281Z48!
. ~32!
nd
u-
In this case, the correlation effect for the Davydov st
D1 is much more pronounced than in the disorder case,
cause electron and hole contributions are constructive for
correlation terms (C31C4) and destructive for the mea
field terms (C12C2). However, for theD2 excited state, it is
constructive for the mean field terms (C11C2) and destruc-
tive for the correlation terms (C32C4). Thus, correlation
e
e-
e

effects are expected to be much less important forD2 than
D1 .

IV. RESULTS AND DISCUSSION

To estimate the magnitude of the effects in the weak a
strong coupling limits, we have carried out numerical calc
8-5
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lations for two six-ring PPV oligomers interacting in a cof
cial arrangement with an interchain distance of 4 Å. Figu
3 and 4 display the evolution of the ratio of the singlet
triplet cross sections as a function ofuX'/t'u for the disorder
and coherent cases, respectively. For convenience, we
t'521 and change the value ofX'.

In the weak coupling limit, Fig. 3, we find that the ele
tron transfer channel favors triplet exciton formation f
0.2,uX'/t'u,1, while the hole transfer channel favors th
singlet. Since there usually exist deep trap centers that inh
electron transfer in PPV and its derivatives, holes are in m
cases the majority charge carriers.30,31

We emphasize that the ratio becomes large only whenX'

is comparable to2t'; this occurs for hole transfer fo
uX'/t'u;0.8 and for electron transfer foruX'/t'u;1.2.
However, usuallyuX'/t'u!0.8; in this case, there is no
much difference between the formation probabilities of s
glet and triplet excitons in the weak coupling~strong disor-
der! limit.

FIG. 3. Evolution of the ratio of singlet to triple exciton forma
tion ratesS/T for electron~closed circles! and hole~open circles!
transfer as a function ofuX'/t'u.

FIG. 4. Evolution of the ratio of singlet to triplet exciton forma
tion rate sS/T for D1 ~closed circles! and D2 ~open circles! as a
function of uX'/t'u.
04520
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For X'50, the singlet to triplet ratio is around 1.3, the
h2530%, slightly larger than the statistical limit of 25%
This is due to the difference in the CI coefficients for t
singlet and triplet excitons. The contribution from th
HOMO-LUMO excitation configuration for the singlet exc
ton is larger than that for the triplet exciton. It fact, the ma
nitude of the terms such as

(
mns

Lm
singletUnXs^¯&

in the Appendix@Eq. ~A12!# are slightly larger than that o
the terms

(
mns

Lm
tripletUnXs^¯&,

thensS/T.1. The lowest molecular charge transfer state c
be mostly represented by the frontier orbitals, even wit
the CCSD-EOM description.

In the case of full coherence, Fig. 4, the two Davyd
states have different behaviors asuX'/t'u increases. For the
optically active stateuD1&, there occurs a resonance fo
uX'/t'u in the range 0.1 to 0.6. This is the consequence of
amplified correlation effect. For the optically forbidden sta
uD2&, the ratio is around 1.3 in this range and the single
slightly favorable.

To explain this qualitatively, we can simplify Eqs.~A16a!–
~A16d! and ~A21a!–~A21d! in the Appendix as

C1;a1t'1b1X', ~33a!

C2;a2t'1b2X', ~33b!

C3;g1X', ~33c!

C4;g2X' ~33d!

~note thatt'^0,X'&0!, wherea represents the effect of hop
ping of an electron or hole,b represents the renormalizatio
effect, andg represents the pure correlation effects. Th
Eqs.~28!, ~29!, ~31!, and~32! can be written as

sS/T
ET ;S 2a1

S1~b1
S1g1

S!uX'/t'u
2a1

T1~b1
T2g1

T!uX'/t'u D
2

, ~34a!

sS/T
HT ;S a2

S1~2b2
S1g2

S!uX'/t'u
a2

T1~2b2
T2g2

T!uX'/t'u D
2

, ~34b!

sS/T
D1 ;S a2

S2a1
S1~b1

S2b2
S1g1

S1g2
S!uX'/t'u

a2
T2a1

T1~b1
T2b2

T2g1
T2g2

T!uX'/t'u D
2

,

~34c!

sS/T
D2 ;S 2a1

S2a2
S1~b1

S1b2
S1g1

S2g2
S!uX'/t'u

2a1
T2a2

T1~b1
T1b2

T2g1
T1g2

T!uX'/t'u D
2

.

~34d!

For ET, when uX'/t'u→a1
T/(b1

T2g1
T), sS/T

ET reaches a
maximum. For HT,sS/T

HT reaches a maximum whenuX'/t'u
→a2

T/(b2
T1g2

T). In our model for PPV6,a1
T/(b1

T2g1
T)
8-6
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COUPLED-CLUSTER APPROACH FOR STUDYING THE . . . PHYSICAL REVIEW B 65 045208
;1.2 anda2
T/b2

T1g2
T;0.8. We can conclude that the ma

nitude ofa is the same as that ofb, but is significantly larger
thang.

For D1 , sS/T
D1 reaches a maximum when

uX'/t'u→
a2

T2a1
T

b2
T2b1

T1g1
T1g2

T .

We find that the hopping effecta and the renormalization
effect b are destructive, while the correlation effectsg are
constructive. As a consequence, the magnitude ofa2

T

2a1
T) and (b2

T2b1
T) is the same as that of (g1

T1g2
T). The

pure correlation effectg takes a very important role. In ou
model,

a2
T2a1

T

b2
T2b1

T1g1
T1g2

T ;0.4.

For D2 , we find that the hopping effecta and the renormal-
ization effectb are destructive, while the correlation effec
g are constructive. Then, (a2

T1a1
T)@(g1

T2g2
T) and (a2

T

1a1
T)@(g1

T2g2
T). It leads tosS/T

D2 ;1.
In the experiments of Caoet al.,8 electron-transport mate

rials are blended with PPV to ensure balanced injections
holes and electrons. This is expected to improve the co
ence between electrons and holes, so that the scenario
ciated with the limiting case of Fig. 4 becomes applicable
this case,uX'/t'u50.13 givessS/T;3, namely,h2550%.
Figure 5 showssS/T for D1 obtained with PPVn, with n the
number of aromatic rings. We find thatsS/T in the resonance
range increases with the number of phenylene rings.
reason is that the increase of the length of the PPV ch
results in the increase of the pure correlation effectsg. In Eq.
~34c!, the denominator decreases and the numerator
creases; thus,sS/T

D1 increases in the resonance range.
To study the situation intermediate between the weak c

pling limit and the strong coupling limit, we modify the elec
tronic states, Eqs.~30a!–~30d!, as

FIG. 5. Evolution for four PPV oligomers of various length~n
being the number of phenylene rings! of the ratio of singlet to triplet
exciton formation ratesS/T for D1 as a function ofuX'/t'u.
04520
of
r-
so-

n

e
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n-

u-

uD18&5aufi1&1A12a2ufi2&, ~35a!

uD28&5A12a2ufi1&2aufi2&, ~35b!

uD38&5au in1&1A12a2u in2&, ~35c!

uD48&5A12a2u in1&2au in2&. ~35d!

Whena50 or 1, it corresponds to the weak coupling lim
whena50.7, it is the strong coupling limit. Then, Eq.~34c!
becomes

s
S/T
D18 ;S ua2

S2a1
S1~b1

S2ub2
S1g1

S1ug2
S!uX'/t'u

ua2
T2a1

T1~b1
T2ub2

T2g1
T2ug2

T!uX'/t'u D
2

,

~36!

whereu52aA12a2. When

uX'/t'u→
ua2

T2a1
T

ub2
T2b1

T1g1
T1ug2

T ,

s
S/T
D18 reaches a maximum. Figures 6 and 7 display the evo

tion of the ratio of the singlet to triplet cross sections as
function of uX'/t'u for D18 with various coefficientsa in the
range 0.7 to 1. There are four situations.

~1! ua2
T2a1

T.0,ub2
T2b1

T1g1
T1ug2

T.0. As the values
of coefficienta increase,u decreases and the maximum

s
S/T
D18 moves toward the left, see the casesa50.7 and a

50.86 in Fig. 6: the resonance range moves toward the
and becomes narrower with the increase ofa.

~2! ua2
T2a1

T'0,ub2
T2b1

T1g1
T1ug2

T.0. The maximum

of s
S/T
D18 is around zero, see the casea50.88 in Fig. 6; the

resonance range is very narrow.

~3! ua2
T2a1

T,0,ub2
T2b1

T1g1
T1ug2

T.0. s
S/T
D18 remains

small and there is no resonance range~we can imagine that

FIG. 6. Evolution of the ratio of singlet to triplet exciton forma
tion ratesS/T for D18 with coefficienta50.7 ~closed circles!, 0.86
~opened circles!, and 0.88 ~closed triangles! appearing in Eqs.
~35a!–~35d! as a function ofuX'/t'u.
8-7
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the resonance range actually moves into the negative re
of uX'/t'u asa increases!, see the casea50.9 in Fig. 7.

~4! ua2
T2a1

T,0,ub2
T2b1

T1g1
T1ug2

T,0. The maximum

of s
S/T
D18 moves toward the left from̀ to a51, see the case

a50.95 anda51 in Fig. 7.

The evolution ofs
S/T
D18 with a in the range 0 to 0.7 is

similar. UsuallyuX'/t'u is very small, so we do not conside
the situations depicted in Fig. 7 but those in Fig. 6. Sin
uX'/t'u is determined by the property of the polymer, in t
experiment, the electron or hole transfer materials can
blended to change coefficienta to make the resonance rang
coincide withuX'/t'u. It can makesS/T as big as possible.

In our model, we find thats is only affected by the lowes
singlet and triplet excitation states. The other higher exc
tion states do not exert any influence. The results are il
trated in Fig. 8. Kobrak and Bittner indicated that bothsS
andsT depend on the relative energies of the lowest sing
and triplet states.14 In order to find out the dependence of th

FIG. 7. Evolution of the ratio of singlet to triplet exciton forma
tion ratesS/T for D18 with coefficienta50.9 ~closed circles!, 0.95
~opened circles!, and 0.1~closed triangles! appearing in Eqs.~35a!–
~35d! as a function ofuX'/t'u.

FIG. 8. Cross sectionsn for nth lowest singlet~closed circles!
and triplet~open circles! excited states forD1 .
04520
on

e

e
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electroluminescence quantum yieldh2 on the singlet and
triplet state energies, we vary the value of the dielectric c
stant« in the Ohno-Klopman potential@Eq. ~21!#: a larger«
induces a greater exchange energy so that the triplet s
becomes more stabilized. For the sake of simplicity, we p
formed the calculations on the shorter oligomer PPV3.

The lowest excited state can be expressed as

uex&5CH→LuHOMO→LUMO&

1other excitation configurations. ~37!

We illustrate the evolution of coefficientCH→L for singlet
and triplet states as a function of the dielectric constan«
appearing in the Ohno-Klopman potential@Eq. ~21!# in Fig.
9. It is found thatCH→L increases slightly for the single
state as« increases, while it decreases significantly for t
triplet state. This is due to the difference in character
tween the singlet and triplet states, the former being io

FIG. 9. Evolution of coefficientCH→L in Eq. ~37! for singlet
~closed circles! and triplet~open circles! states as a function of the
dielectric constant« appearing in the Ohno-Klopman potential@Eq.
~21!#.

FIG. 10. Evolution for PPV3 of the singlet cross sectionsS

~closed circles! and the triplet cross sectionsT ~open circles! for D1

with uX'/t'u50 as a function of the dielectric constant appearing
the Ohno-Klopman potential@Eq. ~21!#.
8-8
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while the latter is covalent.32 It results in the increase of th
singlet cross-sectionsS and the decrease of the triplet cro
sectionsT as the value of« increases. This is illustrated i
Fig. 10, where we fixuX'/t'u50 such that the contribution
of on-chain correlation to the formation rate is clearly de
onstrated.

When«51, our results are similar to those we obtained
our previous work, where a single CI approach is appli
When increasing the value of«, the value ofsS/T becomes
larger than that obtained by a single CI treatment. The res
are illustrated in Fig. 11, where we set«52. We illustrate the
evolution of the ratio of singlet to triplet exciton formatio
ratesS/T as a function of the dielectric constant« in Fig. 12,
where we takeuX'/t'u50 as an example. This clearly ind
cates the correlation effects coming from excitation dou
configurations cannot be neglected.

To summarize, we have calculated the formation cro
section ratio of singlet to triplet excitons occurring in PP
through interchain charge-transfer~CT! processes. Wohlge
nanntet al. indicated that the CT process is an intermedi
step in which a metastable encounter complex~EC! is
formed.10 uEC& is a superposition of the initial statesuin& and
final statesufi&. Since the statesun& and up& are ionic,uEC& is

FIG. 11. Evolution for PPV3 of the ratio of singlet to triple
exciton formation ratesS/T for D1 obtained by CCSD~closed
circles! and by SCI~open circles! for «52 as a function ofuX'/t'u.
04520
-

.

lts
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ionic. Note that the singlet states are ionic while the trip
states are covalent. This leads to the conclusion thatsS
.sT . We found that correlation effects of bond-charge ty
are an important factor differentiating singlet from triplet e
citon formation rates. The correlation effects are very p
nounced for the optically allowed Davydov exciton sta
where even a small bond-charge interaction can bring a la
difference in singlet and triplet formation cross sections. T
ratio between the electroluminescence and photolumin
cence quantum yields generally exceeds the 25% spin de
eracy statistical limit. Based on the different nature of t
singlet and triplet excitons, the rates of formation of the s
glet and triplet excitons strongly depends on the electr
electron potential.
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FIG. 12. Evolution of the ratio of singlet to triple exciton for
mation ratesS/T for D1 with uX'/t'u50 obtained by CCSD~closed
circles! and by SCI~open circles! as a function of the dielectric
constant« appearing in the Ohno-Klopman potential@Eq. ~21!#.
APPENDIX: THEORETICAL DETAILS

1. H̄ sr matrix elements for the positively charged state

They are evaluated as

H̄SS5^ l 1H̄k&5~ECC2«k!d lk1(
ai

^kiial&t i
a1 (

i
a.b

^ ikiab&t l i
ab1(

abi
^kiiab&t i

at l
b , ~A1!

H̄SD5^k1Hc1ml&5^ lmick&1(
a

^mliac&tk
a1dkl(

ia
^ imiac&t i

a2dkm(
ia

^ i l iac&t i
a , ~A2!

H̄DS5^ l 1m1cHk&5dklg~c,m!2dkmg~c,l !1x~c,k,l ,m!, ~A3!

where
8-9
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g~c,m!5~«c2«m!tm
c 1(

ai
^ iciam&t i

a1 (
i

a.b

^ l i iab&tmi
ab1(

a
i . j

^ j i iam&t i j
ac1(

abi
^ iciab&t i

atm
b 1(

ai j
^ j i iam&t i

at j
c

1(
abi j

^ j i iab&t i
at jm

cb1(
ab
i . j

^ j i iab&tm
a t i j

cb1 (
i j

a.b

^ j i iab&t i
ctm j

ab1(
abi j

^ j i iab&tm
a t j

bt i
c ,

x~c,k,l ,m!5^cki lm&1(
i

^kii lm&t i
c1(

a
^ckiam&t l

a2(
a

^ckial&tm
a 1(

ai
^ ikiam&t i l

ac2(
ai

^ ikial&t im
ac1 (

a.b
^ckiab&t lm

ab

1(
ab

^ckiab&t l
atm

b 1(
ai

^kiiam&t l
at i

c2(
ai

^kiial&tm
a t i

c1(
abi

^ ikiab&tm
a t il

cb2(
abi

^ ikiab&t l
at im

cb

1(
abi

^kiiab&t i
at lm

bc1 (
i

a.b

^kiiab&t i
ct lm

ab1(
abi

^kiiab&t l
atm

b t i
c ,

H̄DD5^n1o1eHd1ml&

5deddnldom~ECC2«n2«o1«e!1dnldomj~e,d!1deddoms~n,l !2deddols~n,m!2deddnms~o,l !1deddnls~o,m!

1domb~d,n,l ,e!2dolb~d,n,m,e!2dnmb~d,o,l ,e!1dnlb~d,o,m,e!1deda~o,n,m,l !1(
a

^mliad&tno
ae , ~A4!

where

s~n,l !5(
ia

^ l i ian&t i
a1(

a
i . j

^ j i iad&t i j
ae1(

abi
^ l i iab&t i

atn
b ,

j~e,d!5(
ai

^ ieiad&t i
a1 (

i
a.b

^ l i iab&t in
ab2(

ai j
^ i j iad&t i

at j
e ,

a~o,n,m,l !5^mlion&1(
a

^mlian&to
a2(

a
^mliao&tn

a1 (
a.b

^ lmiab&tno
ab1(

ab
^mliab&to

atn
b ,

b~d,n,l ,e!5^ leidn&1(
i

^ l i ind&t i
e1(

a
^eliad&tn

a1(
ai

^ i l iad&t in
ac1(

ai
^ l i iad&tn

at i
e .

It should be noted that the excitation configuration is not a spin-symmetry adapted basis. Thez component is either12 or 2
1
2. For S5 1

2 , we need to make the proper linear combination of the basis. There are four types~out of six! of basis forS
5 1

2 andSz5
1
2 (us&↑):

~ i! umb&, ~A5a!

~ ii ! uca
1mamb&, ~A5b!

~ iii ! ~22ucb
1mbl b&1uca

1mal b&1uca
1mbl a&)/A6, ~A5c!

~ iv! ~ uca
1mal b&2uca

1mbl a&)/&. ~A5d!

TheS5 1
2 andSz52 1

2 spin basisus&↓ is obtained by exchanging the indicesa andb of eigenstatesus&↑ in Eqs.~A5a!–~A5d!.

2. H̄ µn matrix elements for the negatively charged state

They are evaluated as

H̄SS5^cH̄d1&5dcd~ECC1«c!1(
ai

^ iciad&t i
a1(

a
i . j

^ i j iad&t i j
ca2(

i ja
^ i j iad&t i

at j
c , ~A6!
045208-10
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H̄SD5^cH̄e1d1k&5^ckide&1(
i

^kiied&t i
c1dcd(

ia
^kiiae&t i

a2dce(
ia

^kiiad&t i
a , ~A7!

H̄DS5^k1deH̄c1&5dcdg8~k,e!2dceg8~k,d!1x8~e,d,c,k!, ~A8!

where

g8~k,e!5~«k2«e!tk
e2(

ai
^ ieiak&t i

a2 (
i

a.b

^ ieiab&t ik
ab1(

a
i . j

^ i j iak&t i j
ae2(

abi
^ ieiab&t i

atk
b1(

ai j
^ i j iak&t i

at j
e

1(
abi j

^ i j iab&t i
at jk

eb1(
ab
i . j

^ i j iab&tk
at i j

eb1 (
i j

a.b

^ i j iab&t i
et jk

ab2(
abi j

^ i j iab&t i
bt j

etk
a ,

j8~e,d,c,k!5^edick&1(
i

^ ieick&t i
d2(

i
^ idick&t i

e1(
a

^deiac&tk
a1(

ai
^ ieiac&t ik

ad2(
ai

^ idiac&t ik
ae1(

i . j
^ i j ikc&t i j

de

2(
i j

^ i j ick&t i
dt j

e1(
ai

^ idiac&tk
at i

e2(
ai

^ ieiac&tk
at i

d1(
i ja

^ i j iac&t i
at jk

de2(
i ja

^ i j iac&t i
et jk

da1(
i ja

^ i j iac&t i
dt jk

ea

1(
a

i . j

^ i j iac&tk
at i j

de2(
i ja

^ i j iac&t i
et j

dtk
a ,

H̄DD5^k1cdH̄f 1e1l &5dkldcedd f~ECC1«d1«c2«k!2(
i

^ l i i f e&t ik
cd1dkla8~d,c, f ,e!1dcedd fj8~k,l !1dkldces8~d, f !

2dkldc fs8~d,e!2dklddes8~c, f !1dkldd fs8~c,e!, ~A9!

where

s8~d, f !5(
ia

^ idia f&t i
a1(

a
i . j

^ i j ia f&t i j
da2(

i ja
^ i j ia f&t i

at j
d ,

j8~k,l !5(
ai

^ l i iak&t i
a1 (

i
a.b

^ l i iab&t ik
ab1(

abi
^ l i iab&t i

atk
b ,

a8~d,c, f ,e!5^dci f e&1(
i

^cii f e&t i
d2(

i
^dii f e&t i

c2(
i . j

^ i j i f e&t i j
cd2(

i j
^ i j i f e&t i

ct j
d ,

b8~ l ,d, f ,k!5^ ldi f k&2(
a

^ ldia f&tk
a1(

i
^ l i ik f&t i

d1(
ai

^ l i ia f&t ik
da1(

ai
^ l i ia f&tk

at i
d .

The four types of spin symmetry adapted basis forS5 1
2 andSz5

1
2 (un&↑) are

~ i! uea&, ~A10a!

~ ii ! uea
1eb

1kb&, ~A10b!

~ iii ! ~22uea
1da

1ka&1uea
1db

1kb&1ueb
1da

1kb&)/A6, ~A10c!

~ iv! ~ uea
1db

1kb&2ueb
1da

1kb&)/&. ~A10d!

The S5 1
2 andSz52 1

2 basis (un&↓) are obtained by exchanging the indicesa andb of un&↑ in Eqs.~A10a!–~A10d!.
045208-11
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3. The deductive procedure forsSÕT
ET

The ratio of singlet to triplet cross-section in the large static disorder limit is given for electron transfer~ET! as

sS/T
ET 5u^ in1uH8ufi1S&u2/u^ in1uH8ufi1T&u25

^fi1SuH8u in1&^ in1uH8ufi1S&

^fi1Sufi1S&^ in1u in1&
Y ^fi1TuH8u in1&^ in1uH8ufi1T&

^fi1Tufi1T&^ in1u in1&
, ~A11!

whereS/T denotes singlet/triplet. Inserting Eqs.~12a!, ~12b!, ~17!, and~25! into Eq. ~A11!, we obtain

^fi1uH8u in1&5
1

&
(

m1n2s1

Lm1
Un2↑Xs1↑^m1

1~11L!H̄8n2↑s1↑&6Lm1
Un2↓Xs1↓^m1

1~11L!H̄8n2↓s1g&, ~A12!

^ in1uH8ufi1&5
1

&
(

m1n2s
Ys1↑Vn2↑Rm1

^s1↑
1 n2↑

1 H̄8m1&6Ys1↓Vn2↓Rm1
^s1↓

1 n2↓
1 H̄8m1&, ~A13!

whereH̄85exp(2T12T2)H8 exp(T11T2) and1/2 refer to singlet/triplet.
By inserting us↑(↓)&5$ma(b) ,double configuration%, un↑(↓)&5$ea(b)

1 ,double configuration%, and um&5$(da
1l a

1db
1l b)/&,double configuration% into Eqs.~A12! and ~A13!, we obtain

^fi1uH8u in1&5C1L6C3L1Z1 , ~A14!

^ in1uH8ufi1&5C1R6C3R1Z2 . ~A15!

The Z term represents the correlation effects from the double excitation configuration. These are of a very compl
that we do not write down explicitly here. TheC terms are defined as

C1L5 (
m1e2d1

Xm1
Ue2

Ld1m1
~ f d1e2

1~@ i 1a1ud1e2#1@ i 2a2ud1e2# !t i
a2@ i 1a1u j 1e2#t i b j a

abda!, ~A16a!

C1R5 (
m1e2d1

Ym1
Ve2

Rd1m1
~ f d1c2

1~@ i 1a1ud1e2#1@ i 2a2ud1e2# !t i
a2@ i 2a2u j 2d1#t i b j a

abea!, ~A16b!

C3L5 (
m1e2d1l 1

Xm1
Ue2

Ld1l 1
~@ l 1d1um1e2#2@ i 1l 1um1e2#t i

d1@d1a1um1e2#t l
a2@ i 1a1um1e2#t i a l a

daaa!, ~A16c!

C3R5 (
m1e2d1l 1

Ym1
Ve2

Ld1l 1
~@ l 1d1um1e2#2@ i 2m1u l 1d1#t i

e1@e2a1u l 1d1#tm
a !, ~A16d!

where

f a1b2
5ha1b2

1 (
i 5 i 1 ,i 2

@ i i ua1b2#5 (
m1n2

H Ca1m1
Cb2n21

t'~m1n2!1 (
i 5 i 1 ,i 2

C im1
C im1

Ca1m1
Cb2n2

X'~m1 ,n2!J . ~A17!

Then,

sS/T
ET 5kS C1L1C3L1Z1

C1L8 2C3L8 1Z18
D S C1R1C3R1Z2

C1R8 2C3R8 1Z28
D , ~A18!

whereS/T denotes singlet/triplet andk5^exSuexS&/^exTuexT&. TheC8 terms in the denominators are defined in the same w
as theC terms in the numerators; the former are evaluated with the triplet exciton wave functionRm(Lm) and the latter with
the singlet.

4. The deductive procedure forsSÕT
HT

The ratio of singlet to triplet cross-section in the large static disorder limit is given for hole transfer~HT! as

sS/T
HT 5u^D3uH8uD1S&u2/u^D3uH8uD1T&u25

^fi1SuH8u in2&^ in2uH8ufi1S&

^fi1Sufi1S&^ in2u in2&
Y ^fi1TuH8u in2&^ in2uH8ufi1T&

^fi1Tufi1T&^ in2u in2&
, ~A19!

where
045208-12
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^fi1uH8u in2&52C2L6C4L1Z3 , ~A20a!

^ in2uH8ufi1&52C2R6C4R1Z4 . ~A20b!

The C terms are defined as

C2L5 (
m2e1d1

Xm2
Ud1

Ld1l 1
$ f l 1m2

1~@ i 1a1u l 1m2#1@ i 2a2u l 1m2# !t i
a1@ i 1a1ub1m2#t i b l a

abba%, ~A21a!

C2R5 (
m2e1d1

Ym2
Vd1

Ld1l 1
$ f l 1m2

1~@ i 1a1u l 1m2#1@ i 2a2u l 1m2# !t i
a1@ i 2a2ub2l 1#t i bma

abba%, ~A21b!

C4L5 (
m2e1d1l 1

Xm2
Ue1

Ld1l 1
~@d1l 1ue1m2#2@ i 1l 1ue1m2#t i

d1@d1a1ue1m2#t l
a2@ i 1a1ue1m2#t i a l a

daaa!, ~A21c!

C4R5 (
m2e1d1l 1

Ym2
Ve1

Ld1l 1
~@ l 1d1ue1m2#2@m2i 1u l 1d1#t i

e1@a2e1u l 1d1#tm
a !. ~A21d!

Then,

sS/T
liT 5kS 2C2L1C4L1Z3

2C2L8 2C4L8 1Z38
D S 2C2R1C4R1Z4

2C2R8 2C4R8 1Z48
D . ~A22!
K.
re

er

R
L.

d

B.
u
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