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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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[. INTRODUCTION often stated that),=%, i.e., the EL efficiency is limited to
25% of that of photoluminesceng¢PL). Since the recombi-

ElectroluminescencéEL) in conjugated polymers has at- nation of an electron and holboth spin3) pair leads to four
tracted wide interest because of the huge potential for applimicrostates in total with three triplet states and one singlet
cation in display devicek.® Polyparaphenylene vinylene state and only singlet states contribute to the spin-allowed
(PPV) and its derivatives are among the prominent poly-radiative emissiofi.” Recently, Caet al.found that the ratio
meric materials to demonstrate high EL efficiency. The semiof quantum efficiencies of EL with respect to PL in a substi-
conducting nature of conjugated polymers comes from théuted PPV-based LED can reach a value as high as®%5@e6.
delocalizedm-electron bonding along the polymer chain. et al. have also fabricated an efficient device for which they

A polymer light-emitting-diode (LED) device usually obtain thats,=0.35-0.45° Wohlgenanntet al. have been
consists of a layer of a luminescent organic conjugated polyable to measure directlyg+ by using a spin-dependent re-
mer sandwiched between two metal electrodes. Switchingombination technique for a large number ®fconjugated
the device on results in the injection of electrons and holepolymers and oligomers. In all cases, they find that the ex-
from the electrodes into the polymer layer. The charge carriperimentalogr values are significantly larger than 1, thus
ers then migrate through the organic layer, usually via inter-,>0.252°
chain hopping processes, and eventually recombine to form In a previous study, we briefly described theoretically a
intrachain excitons. The radiative decay of singlet excitonsmicroscopic mechanism of interchain bond-charge correla-
gives rise to emission of photons, i.e., luminescence. tion that was able to explain the violation of thstatisticst*

The quantum efficiency for EL is defined as the ratio ofin this work, we develop a more accurate method and pro-
the number of exciton formation events within the device tovide a more detailed description. We note that Kobrak and
the number of electrons flowing in the external circuit. It canBittner have developed a methodology based on the particle-
be expressed as a product of three factpgs= 717,73, hole picture of solid-state physics, that allows the simulation
where 7, is the ratio of the number of emitted photons overof the vibronic dynamics of a one-dimensional polymer
the number of optically active singlet excitons, i.e., the effi-system!?=4 They extended this formalism and carried out
ciency of radiative decay of the singlet excitong; is the  quantum molecular dynamics simulations of the formation of
ratio of the number of optical excitons over the total numberexciton states from polarons. They evaluated the cross sec-
of excitons, i.e., the fraction of excitons which are formed astions for the formation of singlet and triplet excitons as a
singlets; andy; is the ratio of the number of excitons within function of exciton binding energy and strength of the ap-
the device over the number of injected carriers, it is the probplied voltage bias® This basically corresponds to an intrac-
ability for carrier recombination giving rise to intramolecular hain dynamical mechanism. Their theoretical results con-
excitons. Since the singlet excitons can decay both radigirmed that the 25% spin-degeneracy statistical limit is
tively and nonradiativelyy,<1. The PL quantum efficiency invalid.
can be also decomposed &g, = 7,74, Where ; has the Caoet al. attributed the violation of the 25% limit to be a
same meaning as for EL ang, is the ratio of the number of consequence either of a small exciton binding energy or a
optical excitons over the number of absorbed photons. Asigher cross section for an electron-hole pair to form a sin-
observed by Harrisoet al, almost all the photons absorbed glet bound state than to form a triplet. Since the splitting
by a PPV film convert to excitons, which implies thaj between the lowest singlet and triplet excitons is around
~14% Since 73<1, we haveng | 7p(= 7273 74) < 75. 0.6—0.7 eV in PPV? this appears to prevent any possible

On the basis of simple spin multiplicity statistics, it is contribution from thermalized triplet excitons to the
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luminescencé® which favors the second alternative. We noteond term, the two-electron part, is given in the antisymmetric
that the cross section of a singlet is about 20 times as a larderm (pq||rs)=(pq|rs)—{pg|sr) and the two-electron inte-
as that of a triplet in the low-energy scattering process ofyral is defined as

neutrons with protongboth have sping).!” Thus, we can 1

expect a scenario according to which the formation rates for (pqlrs)zf f dridroep (ry)eg (1) — ¢(ry) es(ra)
singlet and triplet excitons from free electron-hole pairs f12 3)
(both also have spif) can be different. If it is easier for the

singlet pair to bind than the triplet pair, thep, is not nec- with ¢ denoting the molecular orbital wave function.
essarily equal to 25% and the ratio of EL to PL efficiency can

go beyond the 25% limit' Considering the difference be- A. Ground state

tween the cross sections for singlet and triplet states, the

_ 9
expression forp, discussed above should be written as The CCSD ground-state ansatz has been proposédas

|CC)=exp(T)[HF), (4)

where |HF) is the Hartree-FockHF) ground-state determi-
nant obtained by self-consistent field iteratidirconsists of a
linear combination of the single and double excitations:

ny=0gl(ost307)=0g7/(0g7+3), 1)

whereo g1y is the cross section for singlétiplet) formation

andogr=o0gl/or. Forog=ot, we getn,=25%, the sta-

tistical limit; for og=307,7,=50%; for o1=0,7,

=100%. T=T,+T,=> tfa’i+ > t&a’ib*j,
In our previous work! we calculated the formation prob- a ash

abilities of singlet and triplet excitons within a single con- with thet's being the amolitudes of the excitation confiaura-
figuration interactioSCI) approach. In order to obtain more 9 P ; ) gur
ns. The ground state is obtained by solving the following

accurate results, we consider a more sophisticated mOdgz:hr"cdin or equations:
based on the coupled-cluster method. The coupled-cluste 9 q '

method(CCM) has been shown to provide accurate descrip- H|HF)=Eyg|HF),

tions of electron correlation in many-body systeffi&®

Bartlett and co-workers have widely extended the application H exp(T)|HF)=Ecc exp(T)|HF). (5)
scope of CCM to quantum chemistd?! CCM, specifically

CCSD(single and double excitationds size consistent, nu- In order to evaluate physically measurable quantities, we
merically efficient, and applicable to a wide range of prob-also need the left eigenvector of the CCSD ground state, i.e.,
lems within a single framework. the so-calledA state in CCSD gradient theofy,which is

We first give in Sec. Il a brief description of the coupled- defined as
cluster equation of motion(CCSD-EOM approach for
charged states and exciton states. In Sec. Ill, we will present
a two-chain model to calculate the singlet and triplet excitonyhere
formation rates via interchain charge-transf@T) pro-
cesses. Finally, the results and discussion are given in Sec.

(Lol=(HF|(1+A)exp(—T),

V. A= Aita+ D Aitajtb
“ a=b
Il. COUPLED-CLUSTER EQUATION-OF-MOTION is the de excitation operator. The amplituxlés determined
METHOD by the Schrdinger equation of the\ state
The CCSD-EDM approaéh is used to describe the (Lo|H=(HF|(1+ A)exp — T)H

ground state, positively and negatively charged states, and
exciton states of a conjugated polymer chain. We have
shown that this approach can provide a very accurate de-
scription of the electronic structure and optical properties. B. Excited states

Here, we give a brief overview of th.'s m_eth_od_. . Based on the CCSD ground state, we can construct the
We adopt the following convention: indicasj.k.l.....  configuration space by promoting one and two electrons
refer to occupied molecular orbita(¥10's); a,b,c,d,... 10 fom occupied to virtual MO's. We denote the excitation op-
virtual MO's andp,g.r,sto generic MO's. The general elec- grators agr)={c"k,c*kd*l}. The excited-state wave func-
tronic Hamiltonian for a molecule is expressed as tion is constructed as a linear combination of all the single
and double excitations on the CCSD ground state

=(HF|(1+A)exp(—T)Ecc. (6)

1
— + - +~+
H=2% MoaP"at 3 2 (pallrsipTaler. @ 9= RoexiT)|), (7a
The first term is the one-electron part, which includes elec- <e)4:z (L, exp(—T) (7b)
tron kinetic energy and electron nuclear interaction. The sec- 7 ! ’
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where|7)= 7|HF) represents an excitation determinant and
R, is the corresponding coefficient to be determined. The
excited-state Schadinger equation becomes

CEP PP ED D

4A

EP NP PP EP D

Hlex=Elex); HY, R.expT)|r)=E> R,expT)|7),
’ ’ (8 FIG. 1. Sketch of the two-chain model considered in this work.

whereE is the excited state energy. When multiplying the 14 gerive the eigenequation, we insert Et23 into the

above equation by exp(T) from the left and then by an  gcpiginger equation and extract the CC ground-state energy
excitation ket configuratiofw|, we obtain the following

eigen-equation: (H—Ecd)|p)=(E—Eco|p), (13)
E H R =ER we obtain
or (H=Ecd 2 X,exp(T)|o)=(E—Ecc) 2 X, expT)|o).

> (Hpo~Eccdrw)Ry=(E~EcoR,, (9) (14

¢ When multiplying the above equation by expl) from the
whereEc is the CCSD ground state energy, and left and then byo], the following eigenequation is derived:

H:eXF(_T)H quT) E (ﬁgp_Ecc5gp)Xp:AEXU, (15)

1 p
=H+[H,T]+3[[H.TLT] where AE=E—Ec is the ionization potentiallP). The

eigenequation fol, is obtained in the same way

1 1
+ g H.TLTL T+ o [IIH, TL T TLT] (10 > Yo (Hyp—Eccd,,) =AEY,. (16)

is the Hausdorff similarity transformed Hamiltonian, and o
H,,—Eccd., is referred to as the Jacobian. In principle, the The expressions for the matrix elemehts, are somewhat
expansion is infinite. However, in CCSD, is truncated at Ccomplex and detailed in the Appendix.
the double-excitation level, and the Hamiltonian is at most Negatively charged stat&Vhen adding an electron to a
two-body term, which contains a product of four genericneutral closed shell, we can construct the configuration space
fermion operators. Each commutatifi, T] replaces the ge- as [v)={e",e"f"m}, where indexm refers to occupied
neric Operator by a Speciﬁc operator from excitatiormhen MQO'’s and e,f refer to virtual MO’s. Then, the eigenstates are
the Hausdorff transformation terminates exactly after fiveexpanded within this subspace as
terms, since all the excitation operators commute.

Since the Jacobian is no longer Hermitian, for each eigen- Iny=> U, exp(M|v), (n|=2 (¢|V,exp—T).
value there exist a right eigenvector and a left eigenvector. v v

The left eigenvector is expressed as (17)
For the negatively charged states, we write the eigenequa-
(ex= 27 (|l exp(—T). (1) tions foru, andV,:
L, can be determined in a similar way RBs. o ,
" y B3 > (H,,~Eccd,,)U,=AE'U,, (18)
y23
C. Charged states
Positively charged stateWhen an electron is extracted > V,(H,,~Eccd,,)=AE'Y,, (19
from a chain, we can obtain the eigenstates by mapping the A .

Ham"‘?”'a” Into a g:on_flguratlon subspace .Of the 'f)hﬁ) where AE' =E—E is the electron affinity(EA) and the
={n,g" " no}, where indices,o refer to occupied MO'’s and _ for th o el — . in th
g refers to a virtual MO. Then the eigenstates can be ex_expresg;ons or the matrix elemertts,, are given in the
pressed as Appendix.

Ip)=2>, X, exp(T)|o), (129 lIl. DESCRIPTION OF THE MODEL
We consider a system consisting of two PPV oligomers
(p| => (oY, exp—T). (12b) whose molecular planes are parallel and separated by a dis-
- 7 tance of 4 A, see Fig. 1. Suppose that initially one chain
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The hopping integrals are set to standard values: within
LuMO1 L lFLUMOZ the vinylene linkagets=—2.2 eV for the single bondd..46
A) andty=—2.6eV for the double bond&l.35 A); in the

HOMOt —f~— ——- Homoz phenylene rings, all integrals are settip=—2.4eV. We

i then introduce a general interchain coupling term
ain Chain2

(a) \X LUMO1 —I— LUM02 1

o H'=2 hop'at 7 2 (palrs)p’a’sr. (22
HOM01~i—'—v H HOMO2
) /7

Each term has mixing of chain 1 and chain 2 spin-orbital

Chain1 Chain2
Luvor ——— Lumoz indices;h, is the hopping integral, in the MO representation
Homﬂﬂ—k HOMO2
h,,= tH(ay, v, v , 23
Chaint Chain2 Pq C%z (a1,B2) Pay + 4Byy (23

FIG. 2. lllustration of the recombination scenario treated in our
model; we only depict the singlet configuration. (pqlrs)= E qua\pqﬁ\pwxpw[aﬂ'gn]_ (24)
aByn

carries a positive charge and the other a negative ch#rge
mimic the charge injection process in LED’s. The initial
states argin)=|n,)|p,) (or |n1)|p2)), where|n) represents

- " tion.
the negatively charged state ajml represent the positively .
charged state. This “free” charge pair can be either in a We then apply the Fermi golden rule to calculate the ex-

triplet or a singlet configuration. Through a charge-transfercr[On formation rate

T is the LCAO coefficient of the one-electron wave function
and[ay|B7] is the Coulomb integral in the site representa-

process, this pair can recombine and form an exciton. The (in|H[fi)(filH'[in)
final states aréfi)=|gs,)|ex;) (or |gs;)|ex)). We assume |(in|H’|fi|2= LA b ,
that the total spin is a good quantum number, i.e., the singlet (inin)(filfi)

or triplet “free” pairs only form singlet or triplet excitons as where [in) and [fi) represent the initial and final states, re-

the final state. This scenario is shown in Fig. 2, in which wWege cively. There are two kinds of initial states and final
only depict the singlet configuration.

t :

The conjugated system is described by the Pariser—Par?—ates
Pople model lingy=(n2)1p1) = Nn2) P1)1)/V2, (254
H=— 2 t,.(CiC,s+hec)+UD n,n, ling)=(|p2)1[n1), = [p2)[n1) )1V2, (25b)

(uv)s Iz
Ifi)) =|ex||9%), (259
+ 2, V(r,,)n,n,. (20) .

ner |fi2) = |ex;)|gs). (250

The first term represents theelectron(with spins) hop-  The ground statégs), negatively charged states), posi-
ping integral €,,) between nearest-neighbor carbon sitestively charged statelp), and exciton statefex) are obtained
the second and third terms are the electron-electron diagongia the CCSD-EOM approach described in the previous sec-
density-density interactions tion, indices 1,2 refer to chain 1,2, angl— is for singlet/

triplet. It can be seen thdtn,|H’|fi,) is the rate of exciton
N formed on chain 1 through electron transf@n,|H’|fi,) is
Nus=CusCus: nM:E Nys- exciton formation on chain 2, etc. We find that for the two-
° body interchain coupling, the only relevant integral is of the

The long range interactions for theelectrons of conjugated type[11/12] or[2221], i.e., the interchain charge-bond in-

carbon systems is described by the Ohno-Klopman potentideraction, denotei in the literature'® We keep the dominant
with U=11.13 eV(Refs. 24 and 26 contributions that only involve one center in each chain, de-

noted asX* (u4,v,), then
)

V(r)=
oL J1+0.597Ger)?’

where r is the internuclear distancén A). The Ohno-

21
@) [P10lr1s,]= > ’\I,plﬂlwaﬂlwrl/.Ll’\IfSZVZ[Iu’llu’ﬂMlyz]
H1v2

Klopman original parameters correspondsste 1. For e = Voo Ve Ve X (11, v2).
> 1, the potential represents a more localized screened inter- iz
action. (26)
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The X term has been found to reduce the dimerization inductive procedure are given in the Appendix. Thderm
polyacetylen®~22and also has been considered by Rice andepresents the correlation effects from the double-excitation
Gartstein in the context of photoinduced charge-transfeconfiguration.
phenomend’® For simplicity, we assume an exponential de- C, represents the hopping of an electron from the LUMO
pendence on distanes ¢ for both thet™ andX* terms with  (lowest unoccupied molecular orbitaf chain 2 to all vir-

¢ being chosen as reciprocal eforbital radius(~0.7 A): tual orbitals of chain 1 whil&, represents the hopping of a
N Lo 2 ve) holg from the HOMO_(highe_st occupied_ molecular orbitaf
t(py,vp)=tre 8k (273 chain 2 to all occupied orbitals of chain 1. Usually, the hop-
N L L2 ) ping iptegraltl is n.eg.ati\_/e andX! is positive. Equa_tion

X (p,vp) =X o0rnr2), (279 (A17) in the Appendix indicates that the renormalization ef-
wherez(u;,v,) is the distance between two carbon atoms fect of theX term tends to reduce’. C; andC, are pure

We treat the ratio<*/t- as a variable. correlation effects, that provide the distinction between sin-

We consider two limiting caseé) That of weak intermo- glet and triplet excitations in charge-transfer processes. The
lecular coupling, the electronic states being localized or=’ terms in the denominators are defined in the same way as
single chaingrepresented by Eq&25a—(25d)]. We can con- the C terms in the numerators; the former are evaluated with
sider that this corresponds to the large static disorder limithe triplet exciton wavefunction and the latter with the sin-
because of the disorder aspects of single ch@imen though ~ dlet.
disorder is not explicitly taken into account in this wirki)

That of strong coupling, the electronic states being then co- B. Strong coupling

herent. For strong coupling, the electronic states are coherent

) combinations of localized states
A. Weak coupling
The ratio of singlet to triplet cross-section in the large ID1)=(|fiy)+|fio))/v2, (303
static disorder limit is given for electron transf@T) as

. e . e |D,) = (|fiy)—|fio))/v2, (30b
G'E/TT:|<'n1|H [fivg)| 27| (ing[H[fi17)|? ? ! 2
(C1 +C3 +2Z1)(CirtCartZy) 28) |D3)y=([iny) +[iny))/v2, (309

=K ! ! ! ! ! ! 1

(C1L—C5.+Z1)(C1r—Csrt+Zy)

|D4y=(liny) —[inz))/v2, (300

HT _ 1/ e NI27)/G g \|2
agr=|(inz[H' [fiys)|?/|(ing| H' [fiy7)| (note that(D,|H’|D,)=(D,|H'|Ds)=0). In the limiting
(=CoL+CyL+Z3)(—CortCyurtZy) case of delocalized excitations, the effects of electron trans-
= K(—C’ —Ch +2Z5)(—Cha—Chnt Zh)’ (29 fer and hole transfer are coherently mixed, constructively for
2L AL s 2R AR T T4 D, and destructively foD,. The ratio of singlet/triplet for-
where  S/IT denotes singlet/triplet and « mation cross-sections for Davydov states can then be ex-
= (exgexg)/(exr|exr). The detailed expressions and the de-pressed as follows.

ForD:

(Cit—=Cy +Cq +Cy + 21+ Z3)(Cir— Cort Cart+ Curt 25+ Z4)

2l=|(D3|H'|D1g)|/|[(D3/H’|D 7Y%= 31

7or = ORI DS 1D = (G =g e, ¥ G+ 21+ 22) (Cin Con Cart i 23720
ForD,:

D , , (CoL+CoL+CaL—Cy  +Z3+2Z3)(Cirt+ Copt+ Car—CartZo+2Z4)

0g2=[(DaH"|Ds)|?/[(D4/H’|Dor)|?= (32)

K ! ! ! ! ! ! ! I I I ! ! -
(C1L+ C2|_+ C3|__ C4|_+ Zl+ 23)(C1R+ C2R+ CsR_ C4R+ Zz+ 24)

In this case, the correlation effect for the Davydov stateeffects are expected to be much less importantCfgrthan
D, is much more pronounced than in the disorder case, bed;.
cause electron and hole contributions are constructive for the

correlation terms €C3;+C,) and destructive for the mean IV. RESULTS AND DISCUSSION
field terms C,—C,). However, for theD, excited state, it is
constructive for the mean field term€{+ C,) and destruc- To estimate the magnitude of the effects in the weak and

tive for the correlation termsGs;—C,). Thus, correlation strong coupling limits, we have carried out numerical calcu-
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—&— electron transfer
-+ Q- hole transfer

5000000000000
000000000000000Y

0.6

08 1.0

|XP9'P/tP5fPI

1.2 1.4 1.6 1.8 20

FIG. 3. Evolution of the ratio of singlet to triple exciton forma-
tion rate oyt for electron(closed circles and hole(open circleg
transfer as a function gix*/tt|.

lations for two six-ring PPV oligomers interacting in a cofa-
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For X1 =0, the singlet to triplet ratio is around 1.3, then
17,=30%, slightly larger than the statistical limit of 25%.
This is due to the difference in the CI coefficients for the
singlet and triplet excitons. The contribution from the
HOMO-LUMO excitation configuration for the singlet exci-
ton is larger than that for the triplet exciton. It fact, the mag-
nitude of the terms such as

,;g L/Sj“g'eU XKoo
in the Appendix[Eqg. (A12)] are slightly larger than that of
the terms

gg- L;zlp|8tU VXg—<' . .>,
thenogr>1. The lowest molecular charge transfer state can
be mostly represented by the frontier orbitals, even within
the CCSD-EOM description.
In the case of full coherence, Fig. 4, the two Davydov
states have different behaviors [ /t*| increases. For the

cial arrangement with an interchain distance of 4 A.. Figuresptically active statelD,), there occurs a resonance for
3 and 4 display the evolution of the ratio of the singlet to|x/t!| in the range 0.1 to 0.6. This is the consequence of an

triplet cross sections as a function|of-/t*| for the disorder

amplified correlation effect. For the optically forbidden state

and coherent cases, respectively. For convenience, we fjp,), the ratio is around 1.3 in this range and the singlet is

th=—

1 and change the value of".

In the weak coupling limit, Fig. 3, we find that the elec-
tron transfer channel favors triplet exciton formation for
0.2<|X*/t*|< 1, while the hole transfer channel favors the

singlet. Since there usually exist deep trap centers that inhibit

slightly favorable.
To explain this qualitatively, we can simplify Eq#16a)—
(A16d) and(A21a—(A21d) in the Appendix as

electron transfer in PPV and its derivatives, holes are in most

cases the majority charge carriéPst

We emphasize that the ratio becomes large only when
is comparable to—tt; this occurs for hole transfer for
[X*/t+]~0.8 and for electron transfer fopX*/t*|~1.2.
However, usually|X*/t*|<0.8; in this case, there is not

Ci~agth + 81X, (339
Co~ apth + BoX", (33b)
Ca~ 71X, (339
Cy~ X" (330

much difference between the formation probabilities of sin-(note thatt*(0,X*)0), wherea represents the effect of hop-

glet and triplet excitons in the weak couplifigirong disor-
den limit.

10

9 -

-e- Dy
oD,

o

o
' 000Q2
0000000000 ,0O000000000000000

] T T T
0.0 0.2 0.4 06

T T

1.0 1.2 1.4 1.6 1.8

[XPePjPere)

08 2.0

FIG. 4. Evolution of the ratio of singlet to triplet exciton forma-
tion rate gt for D; (closed circles and D, (open circleg as a
function of | X*/tt].

ping of an electron or holg3 represents the renormalization
effect, andy represents the pure correlation effects. Then,
Eqgs.(28), (29), (31), and(32) can be written as

ET (—af+(,8f+'yf)|xllti|>2 (349
g -~ ’
ST\ —ag+(Br—y) X ]
b [ @S (= B+ YS)X I ) ? (34b)
g -~ ’
ST Vag+ (== vp) X
D1 N( a3—ai+(Bi- Bt it ) |X It ) ’
ST \ag—ai+(B1—B3—yi— w) X It
(340
02 N( —ai— a3t (BT B3+ i va)IX ] ) ?
ST\ —aj—az+(B1+ B~ v+ )X
(349
For ET, when|X'/t'|—a]/(B{— 7)), o5 reaches a

maximum. For HT,c5} reaches a maximum whed*/t|
—ayl(B3+vs). In our model for PPV6,ai/(B1— vi)
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. : 0 S—rr : : . . : : . ' '
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FIG. 5. Evolution for four PPV oligomers of various lengif FIG. 6. Evolution of the ratio of singlet to triplet exciton forma-
being the number of phenylene rings the ratio of singlet to triplet ~ tion rateogy for D1 with coefficienta=0.7 (closed circlel 0.86
exciton formation raterg for D, as a function of X*/t*|. (opened circles and 0.88(closed triangles appearing in Egs.

(358—(35d) as a function of X*/t*|.
~1.2 anday/ B4+ y5~0.8. We can conclude that the mag-

nitude ofa is the same as that ¢ but is significantly larger |D}Yy=alfi,)+ V1—a?|fi,), (353

than y.
For D, gt reaches a maximum when |D4)=V1—a?|fi,)—alfi,), (35b)
|XLIt | — @ |D3)=alin;)+1-a%lin,), (350

Ba=Bit vty . _
We find that the hopping effeat and the renormalization D)= V1-alling) —alin;). (35d
effect B are destructive, while the correlation gﬁec;tsare Whena=0 or 1, it corresponds to the weak coupling limit;
constructive. As a consequence, the magnitude @ ( whena=0.7, it is the strong coupling limit. Then, EB40)
—ay) and (8;— ) is the same as that ofy{ + y;). The  becomes
pure correlation effecy takes a very important role. In our s s < < s S )
model, p; [ Baz—ait(Br— 0B+ yi+ 0yy) X/t
o1 7577\ gal— o]+ (B]— 68— y]— 6yD)IXL]
az_al 4 (36)

Tt .t .7 04
Pa= Pt it where §=2a./1—a%. When
ForD,, we find that the hopping effeet and the renormal-
ization effect are destructive, while the correlation effects e fay—aj
y are constructive. Then,af+aj)>(y;—v5) and (a; Xt = 0B81— BT+ Y1+ 071’
+ aD>(yI— y;) It leads tOO'glzT'v 1. )
In the experiments of Caet al.® electron-transport mate- ang reaches a maximum. Figures 6 and 7 display the evolu-

rials are blended with PPV to ensure balanced injections ofion of the ratio of the singlet to triplet cross sections as a
holes and electrons. This is expected to improve the cohefction of [X*/t*| for D} with various coefficients in the

ence between electrons and holes, so that the scenario as?&ﬁge 0.7 to 1. There are four situations.
ciated with the limiting case of Fig. 4 becomes applicable. In (1) 6al—al>0,081— BT+ 1+ 61>0. As the values
2 1 ’ 2 1 1 2 .

this case|X*/t*|=0.13 givesogr~ 3, namely, 7,=50%. - - .
. ! : . 192 f ff t 0 d d th f
Figure 5 showsrg 1 for D, obtained with PPY, with n the oD(,:oe icienta increase,f decreases an € maximum o

number of aromatic rings. We find that,t in the resonance g% moves toward the left, see the cases 0.7 anda
range increases with the number of phenylene rings. The=0.86 in Fig. 6: the resonance range moves toward the left
reason is that the increase of the length of the PPV chaiand becomes narrower with the increaseof

results in the increase of the pure correlation effect®l Eq.  (2) oy~ aj~0,08;— B1+ yi+ 0y;>0. The maximum
(340, the denominator decreases and the numerator in-. b;

Dy - . of o} is around zero, see the caae 0.88 in Fig. 6; the
creases; thusrg increases in the resonance range.

o . resonance range is very narrow.
To study the situation intermediate between the weak cou- 9 y

D! .
pling limit and the strong coupling limit, we modify the elec-  (3) fa;—a;<0,08;—B1+y1+0y;>0. o L remains
tronic states, Eq94309—(30d), as small and there is no resonance rarige can imagine that
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10 T - 1.00
l o
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7 —v— a=1 | ;
v 0.85 -
6 1 ' \g C
O, | ]' \'\ "t os0d
|I 0.75 .
+ 0.70 - o
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0.60 . . . ; T
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€

FIG. 9. Evolution of coefficienC,,_,, in Eq. (37) for singlet

FIG. 7. Evolution of the ratio of singlet to triplet exciton forma- (closed circlesand triplet(open circle§ states as a function of the
tion rate oyt for D; with coefficienta=0.9 (closed circles 0.95  dielectric constant appearing in the Ohno-Klopman potenti&q.
(opened circles and 0.1(closed trianglesappearing in Eq935a— 21)].
(350) as a function of X*/t*|.

electroluminescence quantum yielg on the singlet and

the resonance range actually moves into the negative regidfiplet state energies, we vary the value of the dielectric con-
of | X'/t*| asa increasey see the case=0.9 in Fig. 7. stante in the Ohno-Klopman potentiéEq. (21)]: a largers

(4) ga;_ aI<0r9ﬁ;—ﬁI+ J’IJF gy;<0_ The maximum induces a greater exchange energy so that the triplet state
D} _ becomes more stabilized. For the sake of simplicity, we per-
of o7 moves toward the left frome to a=1, see the ases ¢, meq the calculations on the shorter oligomer PPV3.

a=0.95 anda=1 in FiQ- 7. The lowest excited state can be expressed as

The evolution ofcrzllT with a in the range 0 to 0.7 is
similar. Usually| X" /t*| is very small, so we do not consider |€9=Cp_.. [HOMO—LUMO)
the situations depicted in Fig. 7 but those in Fig. 6. Since +other excitation configurations.  (37)
[X*/tt| is determined by the property of the polymer, in the
experiment, the electron or hole transfer materials can bgVe illustrate the evolution of coefficier@y_., for singlet
blended to change coefficieatto make the resonance range and triplet states as a function of the dielectric constant
coincide with|X*/t*]. It can makeogt as big as possible. appearing in the Ohno-Klopman potentj&q. (21)] in Fig.

In our model, we find thatr is only affected by the lowest 9. It is found thatC,_,, increases slightly for the singlet
singlet and triplet excitation states. The other higher excitastate ass increases, while it decreases significantly for the
tion states do not exert any influence. The results are illustriplet state. This is due to the difference in character be-
trated in Fig. 8. Kobrak and Bittner indicated that beth  tween the singlet and triplet states, the former being ionic
and o1 depend on the relative energies of the lowest singlet

and triplet state&’ In order to find out the dependence of the ~ 1soxo®
Ax10% 160x10
L
3x10°¢
140x109
3x10% i —e— D,(singlet) L
-O-- D(triplet) S 120x10% »
3x10% { & )
% ge0ed G 100x10° - o
2x10% - O o
sox104 O [
1%10 4
— 60x10°° T T T T
X 1.0 1.5 2.0 25 3.0 3.5
o Y o SO — M‘g €

1 2 3 4 5 6 7 8 9 10
FIG. 10. Evolution for PPV3 of the singlet cross sectiog

(closed circlesand the triplet cross sectian; (open circlegfor D4
FIG. 8. Cross sectionr, for nth lowest singletclosed circles  with |[X!/t|=0 as a function of the dielectric constant appearing in
and triplet(open circles excited states foD; . the Ohno-Klopman potentigEq. (21)].

nth lowest singlet(triplet) excited state
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10 30
p
9 -
. —e— D,(CCSD) 251
7 0. DySCl
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O G,
S/T1‘5 i
108
—e— D,(CCSD)
0. D(SCh
0.5 A
0 . . . . . . T 00 . . i i
000 004 008 012 016 020 024 028 10 15 20 25 20 35

IXPEFP/tPeTP[ ¢
FIG. 11. Evolution for PPV3 of the ratio of singlet to triplet  F|G. 12. Evolution of the ratio of singlet to triple exciton for-
exciton formation rateosr for D, obtained by CCSD(closed  mation rateog for D, with |X:/t-| =0 obtained by CCSllosed
circles and by SClopen circlesfor =2 as a function ofX*/t*[.  circleg and by SCl(open circles as a function of the dielectric
constants appearing in the Ohno-Klopman potenti&q. (21)].
while the latter is covalent It results in the increase of the
singlet cross-sectionrg and the decrease of the triplet cross
sectiono as the value ot increases. This is illustrated in
Fig. 10, where we fi¥X*/t*|=0 such that the contribution

of on-chain correlation to the formation rate is clearly dem-*’. ) .
onstrated. citon formation rates. The correlation effects are very pro-

Wheneg =1, our results are similar to those we obtained innounced for the optically aIIoweq Davy_dov excitgn state,
our previous work, where a single Cl approach is appliedW.here even a§mall bond-pharge mteracnon can brllng alarge
When increasing fhe value ef the value ofgy becomes difference in singlet and triplet formation cross sections. The

T : . e
larger than that obtained by a single CI treatment. The resultrsatIO between th_e electroluminescence and %hoto_lumlnes
are illustrated in Fig. 11, where we set 2. We illustrate the Cence quantum yields generally exceeds the 25% spin degen-
evolution of the ratio of singlet to triplet exciton formation eracy stat|st|gal I|m|t.. Based on the different hature of the
rate o as a function of the dielectric constantn Fig. 12 singlet and triplet excitons, the rates of formation of the sin-
whereS/Jve takdX"/t*|=0 as an example. This cIearI.y in,di- glet and triplet excitons strongly depends on the electron-

cates the correlation effects coming from excitation doubleelectron potential.
configurations cannot be neglected. ACKNOWLEDGMENTS

To summarize, we have calculated the formation cross-
section ratio of singlet to triplet excitons occurring in PPV~ The work was partly supported by the Belgian Federal
through interchain charge-transfé€T) processes. Wohlge- Services for Scientific, Technical, and Cultural Affafister-
nanntet al. indicated that the CT process is an intermediateUniversity Attraction Pole, Program No. PAIl 4)1the Bel-
step in which a metastable encounter compl&C) is gian National Fund for Scientific Resear¢BNRS/FREC,
formed?° |EC) is a superposition of the initial statéis) and  and the U.S. National Science Foundati@rant No. CHE-
final statedfi). Since the state) and|p) are ionic,|EC) is ~ 0078819.

APPENDIX: THEORETICAL DETAILS

ionic. Note that the singlet states are ionic while the triplet
states are covalent. This leads to the conclusion that

>or. We found that correlation effects of bond-charge type
are an important factor differentiating singlet from triplet ex-

1.H,, matrix elements for the positively charged state

They are evaluated as

Hss= (1" HK) = (Ecc— e it 2 (Killal)ti+ X (ikllab)ti*+ >, (kiflab)tity, (A1)
a>b

Hsp=(k"Hc mly=(Im|lck)+ X, (mlllac)td+ 64>, (im|ac)t®~ sm> (ilac)t?, (A2)

Hps=(I*m*cHK)= 8 y(c,m)— Semy(c.))+ x(c,k,1,m), (A3)

where
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asC
4

yiem)=(ec—emtnt 2 (iclamti+ 3 (lifab)tii+ 3 (ilamti+ 3 (iclabitin+ 2 (jilamt
al 1 La. api al]

a>hb i>]

+ 2 (jillab)titin+ 2> (jillab)tits™+ 2 (jillab)titi+ > (jillab)titits,
ab1j ab ] abij

i>] a>b

x(c,k,1,my=(cK|[Im)+ X, (ki[lm)ts+ > (cklamptf—>, (ck|al)td+ >, (ik|amytic— > (ik|alytac+ Eb (ckl|ab)t2®
+Eb (cKlab)tPth+ >, (kilamtiti—>, <ki||al>tﬁ1ti°+2b_ <ik||ab>t%tﬁb—2b, (ik[lab)t?ti

+a2bi (il ab)t?PS+ Z <|<i||a|c:;>ti°t,an?+aEbi (Ki[ab)t?PtS,

a>b

Hpp=(n"o"eHd"ml)

= 8edOniOom(Ecc—en— 80t €6) T 611 0omé(€,d) + SeqSoma(N,1) = 8e¢d610(N,M) = 8¢ 40nma(0,1) + Se g (0,mM)
+ SomB(d,N,1,8) = 85, 8(d,n,m,e) — 5,mB(d,0,1,€) + 5y B(d,0,m,e) + Sega(0,n,m, 1)+ >, (ml|ad)t3®,  (A4)
a
where

o(n,h=2 (lifanyt?+ > (ji ||ad)tﬁe+% (li]labyt3t?,

i>]

fed)=2, (eladit?+ 2 (lilab)tiy— 2 (ijlad)tity,

a>b

a(o,n,m,l)=(mlllony+ >, (mifan)t?— > (mljaojt®+ Zb (Im||ab>tﬁg+2b (ml[|abytat?,

B(d,n,1,e)=(le|dny+ >, (li|lnd)te+ > (el|adytd+ >, (illlad)yt3s+ >, (lifadytat?.

It should be noted that the excitation configuration is not a spin-symmetry adapted basis:éFhgonent is eithe} or —

3. For S=3%, we need to make the proper linear combination of the basis. There are four(tyesf siX of basis forS
=3 andSZ=%(|a>T):

(i) [mg), (ASa)

(i) |c,m,mpg), (A5b)

(iii) (—2lcimgl g +]cimyl g)+[cmgl )6, (A5c)

(iv) (Jcgmyl g)—|cympgl ))/V2. (A5d)

TheS=3 andS,= — 3 spin basido), is obtained by exchanging the indicesind 3 of eigenstatefo); in Egs.(A5a)—(A5d).

2. H_u,, matrix elements for the negatively charged state

They are evaluated as

Hss=(cHd")=0cd( Ecctoo) + 2, (iclad)tf+ 2 (ijlad)ti®~ 2 (ijlad)tit, (A6)

i>]
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Hsp=(cHe"d"k)=(ck|de)+ >, (ki[edtt+ 5.4, (kilaeyt?— s>, (kijad)t?, (A7)
I Ia 1a

Hps=(kTdeHc™)= 8.4y’ (k,€)— S.ey' (k,d) + x'(e,d,C k), (A8)

where

Y (k@)= (e eo)ti= 2 (iefak)ti= 2 (ieflab)til+ 2 (ijlakyti®= 2, <ic-:‘||ab>t?t*k’+aEij (ijflakytits

a>b i>]

+ 2 (ijlabytitie+ > (ijllabytRee™+ 2 (ijllab)ttie— >, (ijllab)tPtits,
abij ‘ab ijb abij
a>

i>]

g'(e,ol,c,k)=<eo|||c|<>+2i (ie]ckytd->, (id||ck>t$+2a <de||ac)t§+§ (ie|acytid—> (id||ac)t?ke+i2>j (ijlkeytge

i ai

=2 (iilleRtitf+ 2 (dlactit?- 2 (elacit!+ 2 (ijlacytitie- 2 (ijlaciitit+ 2 (ijflactiti

+ 2 (ijlactiti= 2 (ijflactitits,

i>]

Hpp=(k*cdHf Te"1)= 84 8cedai(Ecct sgt ec— 1) — > (li[fe)tio+ Sqa’(d,c,f,e)+ 8eedgré’ (K1) + S cea’ (d,f)
I

— 0y 0ct0”' (d,8) — 6040 (C, T )+ 5y 6450 (C,€), (A9)

where

o' (d.f)=2 (idlaDtf+2 (illaft®~ 2 (ilanet,

i>j

& (k=2 (lijakit?+ >, (li ||ab>tﬁ(b+2b_ (li]labytatp,

a>b

a'(d,c,f.e)=(dc|fe)+ > (cillfe)yt!— > (diffeyts— > (ij[feyts®—> (ijffeptit?,
i i 1>] 1]

B'(1,d,f,k)=(Id|fk)— >, (Id|afytd+> (li|k)td+ D (lifaf)tia+ D (lijaf)ytatd.

The four types of spin symmetry adapted basisSers andS,= 3 (| v),) are

(i) lea), (A10a)

(i) leseskg), (A10b)

(i) (—2lefdik)+lerdike) +esdikg))/\6, (A100)
(iv) (lefdike)—|esd ke Iv2. (A10d)

The S=3 andS,= —; basis (v)|) are obtained by exchanging the indicesnd 8 of |v); in Egs.(A10a)—(A10d).
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3. The deductive procedure fora5;

The ratio of singlet to triplet cross-section in the large static disorder limit is given for electron tré&$jeas

(firgH'[ing)(ing|H"[fiyg) / (figr|H'[ing)(ing|H'[fi;7)

ot ing[H'[fi o) |?/|(ing|H' [fiy7)| %= , A1l
S/T =[(inalH7fia ) []Cing|H” [fi1 ) (figglfiyg)(inyfiny) (figrlfiyr)(ing|ing) (Al1)
whereS/T denotes singlet/triplet. Inserting Eq4.2a, (12b), (17), and(25) into Eq. (A11), we obtain
<f|1|H |In1>— FMJ%C’]- 'ulU VZTXU.:LT(/,LI(J._"A)H’ VZTo-lT)i L#1U vy, Gll<Ml 1+A)H V2l0-17> (AlZ)
(ing[H’ |f|1>—7 E Yo, Vo, ,u1<a-lTV2TH pi)* YUHVVZLRM(UILVZE’Ml)- (A13)

whereH’ =exp(—T,—T,)H' exp(T;+T,) and +/— refer to singlet/triplet.
By inserting |o()))={m, s double configuration |v;())={e, doubleconfiguration and |u)={(d;l,
+dﬁ p)/v2,double configurationinto Egs.(A12) and (A13), we obtain

<fi1|H’|in1>=C1|_tC3|_+Zl, (A14)
<in1|H,|ﬁ1>:C1RiC3R+Zz. (A15)

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

Cii= 2 XmUeLlam (fae +([i1al|d192]+[izaz|d192])t?_[ilal|j1ez]tiaﬁ-d“), (Al16a)
mleZdl 1 2 11 1=2 B]a

Cir= > Ym,Ve,Ra,m, (fa,c,+ ([1121]d1€5]+[i8,]ds ;)17 — ['232|12dl]ta e“) (A16b)
myeyd;

— : d a . d,a,

CSL_m 92:‘1 | Xm,Ue,Layi,([11d1mye;]—[i415|mse;]t7+ [dyag myes]t _['1al|m192]tia|a ), (Al6c)
1=241'1
CBR:m eE | Yo, Ve,Layi,([11d1mye;]—[iomy[l1d1 JtF+[ea4]1,d, ]t5), (A16d)
152411

where

falb;halb;i;liz[ii|a1b2]=2 [\P%\Ifbm (pav)+ 2 Wi, Wi, Vo, Wo, XE(ug,vp) . (AL7)

r1v2 i=ip,ip
Then,
Cy +Cy +Z Cirt+Cyrt+Z
O'EITT ( 1L 3L 1 1R 3RT 42 , (A18)

! ! ! ! ! !
Ci—C5. +Z;) | Cig—Csart2Z;

whereS/T denotes singlet/triplet and= (exg/exs)/(exr|ex;). TheC’ terms in the denominators are defined in the same way
as theC terms in the numerators; the former are evaluated with the triplet exciton wave fuit{dn),) and the latter with
the singlet.

4. The deductive procedure forog}

The ratio of singlet to triplet cross-section in the large static disorder limit is given for hole trahferas

(figs/H'[inp)(iny|H' [fiys) (figr[H'[ing)(ing|H'[fiy1)

HT _ , 2 / 2_
o57=KDslH'[D1g)[¥|(DlH'ID 1) (firglfizg)(inyfiny) (figrlfigr)(ing|ing)

, (A19)
where
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(fia|H'|ing) = —Cy = Cy +Z3, (A20a)
<in2|H'|fi1>= _CZRt C4R+ZA' (AZOb)
The C terms are defined as
. . . b
CZL:mgd XmZUdlLdlll{fI1m2+([|1a1||1m2]+[|232||lmz])t?‘l'['1a1|b1m2]tia5:}r (A21a)
2181
. , . b
Cor= > YmVala{fim +(['1al||1m2]+[|2az||1m2])t?+['2az|bz|1]tiaﬁm”}, (A21b)
mied, T2 drdalatthme Me
. . d
C4L:m ;j | meUelLdlll([dll1|elm2]_[|1|1|elm2]t?+[dlal|elm2]t|a_['lallelmZ]tijia)v (A210)
2149111
C4R:m ;i | Yo, Ve, La,i, ([11d1]€1mp]—[maiy|l1d; Jt7+ [@zes|l1d JtT). (A21d)
251911
Then,
) K( —CoLtCy+Z3| [ —Cort CyrtZy (A22)
ST —Co—Cu+Z5)\ —Cor=Curt 2,/
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