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First, abrief review is given of recent experimental and theoretical progress in the determination of the
spin-dependent exciton formation rates in electroluminescent n-conjugated polymers. We then describe our
recent development of the coupled-cluster equation of motion method and present its application to the theo-
retical study of singlet and triplet exciton formation rates and polymer light-emitting diode quantum effi-
ciency. Itisfound that, in general, singlet excitons can be formed with ahigher yield than triplet excitons. The
underlying mechanismisstill amatter of debate. Here, we exploretherole of inter-chain charge-bond correla-

tion effects.
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INTRODUCTION

Since the discovery of electroluminescence (EL) in n-
conjugated polymers by Burroughes et al.* in 1990, poly-
mer-based light-emitting diodes (L EDs) have become atopic
of major interest, in both industry and academia. A major mo-
tivation is the large potential market for flat display technol-
ogy based on ‘plastics' . From the point of view of basic re-
search, m-conjugated polymers display fascinating electronic
and electro-optic properties.

I'n conventional inorganic semiconductors, theintrinsic
EL efficiency can below because of high mobility and (some-
times) the presence of an indirect band gap; in the former
case, the electron and hole move fast, and the probability of
forming a bound state and eventually to recombineislow; in
the case of indirect band gap, the electron and hole pair forms
a state which is not optically allowed, and its decay to the
ground state is mainly non-radiative. However, more elabo-
rate systems such as double heterostructures lead to devices
with internal efficiencies over 90%.? On the other hand, or-
ganic materials present key advantages related to the possi-
bility of tailored synthesis, processability, deposition over
large areas, and high emission efficiency. The n-conjugated
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polymers derive their semiconducting properties from their
delocalized n-electron clouds aong the polymer backbones,
which support charge transport. In the charged state (through
chemical or electrochemical doping), conjugated polymers
can display high electrical conductivities at room tempera-
ture.®

In a typical polymer LED, the emissive polymer is
sandwiched between two electrodes. The electrons and holes
are injected into the emissive material and can form bound
states, either singlet or triplet excitons, through Coulomb in-
teraction. The radiative decay of the excitons gives rise to
emission of photons, i.e., luminescence. The internal EL
guantum efficiency can be defined as a product of three fac-
tors: nez = Min2ns, wheren: istheratio of the number of emit-
ted photons over the number of optically active excitons; n.
istheratio of the number of optically active excitons over the
total number of excitons; and nz istheratio of the number of
excitons over the number of injected charge carrier pairs.
Photoluminescence (PL), the process of light emission after
optical excitation is similar to the EL process; the PL quan-
tum efficiency can be defined as np. = nims, Where na isthe
same as for EL and n4 is the ratio of the number of optically
active excitons over the number of absorbed photons due to
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the photoexcitation. It has been shown that in conjugated
polymers, nearly 100% of absorbed photons can give rise to
excitons,* namely 14 = 100%.

Both electron and hole possess spin 1/2. Thus, the
bound state of an electron-hole pair hasspin 1 or 0. Thespin 1
state consists of three microstates (triplet states) because of
the 3 z-components of the spin momentum; the spin O state
has only one microstate (singlet state). Thus, statistically
upon charge injection which is normally spin un-polarized
onecan havethreetriplet statesand one singlet state. Usually,
in hydrocarbon systems, the triplet states do not lead to light
emission due to vanishing spin-orbit coupling. Thus, on the
basis of spin statistics, EL efficiency isexpected to belimited
to 25% of PL efficiency: ngr / M =Man3/ Ma <2, andnzis
thefraction of singlet excitonsout of thetotal exciton popula-
tion, one microstate out of four.

One recent breakthrough in improving organic/poly-
meric EL quantum efficiency isto harvest thetriplet emission
by using materials that have significant spin-orbit coupling,
for instance, organometallic complexes® or dendrimers.®
Such complexes are usually doped into wide energy gap or-
ganic hosts where balanced charge injection and efficient
transport and recombination can occur. Recent work by
Adachi et al. indicates that internal phosphorescence effi-
ciency can be as high as 87%.” However, under the working
conditions of large-areaflat displays, high current densities
can induce triplet-triplet annihilation, which eventually re-
duces light emission.

Another breakthrough is the discovery that the electri-
cal excitation of conjugated polymers can lead to the genera-
tion of higher numbers of singlet excitons than would be ex-
pected from single spin statistics. We will briefly review
some recent experimental findings and theoretical controver-
sies on thisissue in the following sections; we will then dis-
cuss our recent results based on highly correlated quan-
tum-chemical calculations.

OVERVIEW OF EXPERIMENTAL WORK

The validity of the 25% limit on singlet excitons from
spin statistics has been tested in Algs-based organic LED de-
vices, where a singlet fraction of (22 + 3)% was obtained.?
However, Cao et al. have found that for phenylene-based con-
jugated polymers, upon improving the electron transport
presences, the ratio of external EL quantum efficiency with
respect to PL can be as high as 50%.° Later, Ho et al. have
shown that after engineering the molecular interface in poly-
mer LEDs, theinternal EL quantum efficiency can be ashigh
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as45%.'° Thesefindings have triggered much interest aswell
as scrutiny. Wohlgenannt et al. have designed an experimen-
tal scheme by which they are able to measure the photo-
induced absorption (PA) and the photo-induced absorp-
tion-detected magnetic resonance (PADMR) in conjugated
polymer thin films. The PA is usually carried out with two
light beams, one to excite the sample, the other to probe the
changes in transmission, i.e., AT/T; it can detect long-lived
photogenerated charge-carriers and triplet excitons.'! The
spin-dependent recombination can be studied by the spin 1/2
PADMR technique, which measures the changes (6T) in
transmission modulation (AT) induced by the 1/2 magnetic
resonance. Thischangeisproportional to the change of popu-
lation of the photo-excited species. Under saturated magnetic
resonance conditions, the charge carrier (polaron) densities
with parallel and antiparallel spins become equal. Thus, by
measuring the changes in polaron and triplet exciton popula-
tions, the ratio of formation rates for singlet excitons over
triplet excitons, r = Z—S, can be determined. Wohlgennant et
T

al. havefoundthat: (i) theratio r isstrongly dependent onthe
nature of the polymeric material; and (ii) r is close to 1 for
short conjugation lengths, which isin agreement with the re-
sultsin Algs,® while r is significantly larger than 1 in ex-
tended n-systems.

Wilson et al. have recently studied the singlet/triplet ra-
tio directly in working PLED devices, one with a plati-
num-containing polymer as the active layer, the other with
the corresponding monomer.** Due to spin-orbit coupling in-
duced by the platinum sites, the triplet states also giveriseto
light emission; thus, in PL and EL measurements, both triplet
and singlet states can be investigated. By comparing the PL
and EL efficiencies, Wilson et al. found an average singlet
formation fraction of about 22% in the monomer, and on the
order of 57% in the polymer. Furthermore, they found that the
ratio isindependent of the electric field, the temperature, and
the film thickness.

Lin et al. have measured thetriplet-induced absorptions
with optical and electric excitations at the same singlet exciton
density,™ and they found that the singlet and triplet formation
ratio is strongly dependent on the strength of the electric
field, in sharp contradiction to Wilson et a. Most strikingly,
they found that at low field, the ratio is much less than 25%,
only at relative strong field, the ratio can be slightly higher
than 25%.

Very recently, Dhoot et a. have studied the infrared ab-
sorptions of polarons and triplet excitonsin aworking PLED.™
The polaron population was extracted from the field depend-
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ence of the space-charge-limited current while the triplet
population was measured from the triplet absorption spec-
trum (that was compared to the results of coupled-cluster
eguation-of-motion quantum-chemical calculations). Com-
bining this information with the triplet exciton lifetime, the
triplet exciton generation rate could be deduced: at low tem-
perature, it was found that about 83% of the excitons are
formed as singlets.

Thisshort overview illustratesthat the experimental re-
sults indicate a large variation in singlet formation rates,
ranging from 22% to 83%. Thereason behind thisdisparity of
resultsis still unclear. However, it is now generally accepted
that the singlet and triplet excitons can be formed at different
rates and the 25% spin statistics limit can usually be over-
come in conjugated polymers.

OVERVIEW OF THEORETICAL WORK

From a theoretical point of view, the observation of
such high singlet exciton populations is quite intriguing.
However, we recall that in the low energy scattering of neu-
trons and protons (both possessing spin 1/2), the cross-section
for thesinglet pair formation isabout 20 times aslarge asthat
for the triplet state. Indeed, as noted by Wohlgenannt et al.,
the singlet exciton is an ionic state™ that can be depicted asa
spatially charge-separated state, while the triplet state has a
mostly covalent nature in a correlated electron system and
can be viewed as a spin-flip excitation. Thus, the injected
charge carriers can tend to form the ionic singlet pairs, rather
than covalent triplet states.

Shuai et al. haveinvestigated the spin-dependent exciton
formation cross-sections. os and ot for singlets and triplets,
respectively, to examine the possibility that singlets and trip-
lets can form with different probabilities.'® They applied a
Fermi-Golden rule formalism to calculate the matrix ele-
ments for the exciton formation process in a coupled two-
chain model. They concluded that intermolecular bond-
charge correlation induces spin-dependent exciton formation
rates; in model systems of polyparaphenylene vinylene (PPV),
they found that singlet excitons are usually formed with a
higher yield than triplet excitons. In the next section, we will
briefly introduce the methodol ogy and describe the most rele-
vant results.”’

Tandon, Ramasesha, and Mazumdar have developed a
model based on calculations performed for two interacting
hexatriene molecules, a problem that can be solved exactly.™
Higher-lying excited states as well as the lowest exciton in
both singlet and triplet manifolds have been found to be im-
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portant for the charge carrier recombination processes. The
importance of higher-lying excited statesis strongly depend-
ent on the bond-order alternation parameter 5: for either
small & (where the lowest excited state contributes the most)
or large & (where ahigher-lying excited state dominates), the
ratio » was predicted to belarge, while» wasfound to be small
in intermediate cases. They stated that the material depend-
ence of » can be explained by the structural parameter §.
Later, in amore extended manuscript,*® the same authors al so
applied a time-dependent first-order perturbation approach
and concluded that the formation rate is inversely propor-
tional to the exciton binding energy (which corresponds to
the denominator in the first-order wavefunction expansion).
Wenotethat if their expressionisintegrated over timefrom 0
to infinity, the Fermi-Golden ruleis recovered and the bind-
ing energy denominator becomesthe Dirac-6 function, which
insures energy conservation; so, the formation rate does also
depend on the amount of energy to dissipate under theform of
lattice vibrations, i.e., phonons.

Kobrak and Bittner™® have simulated intrachain colli-
sion of positive and negative polarons through amixed quan-
tum/classical molecular dynamics approach. Due to ex-
change energy, the lowest triplet state lies below the lowest
singlet excited state and both states lie below the free elec-
tron-hole pair state. As expected, their dynamics simulations
lead to formation rates from free polaron pairs to singlet
excitonsthat are larger than theratesfor triplet exciton gener-
ation. Later, Karabunarliev and Bittner® have explicitly em-
ployed an electron-phonon coupling model for PPV; they de-
rived a formulation, under the Markov approximation for
one-phonon transitions, for theinternal conversion rates, that
isthe conversion rates from the charge separated state (by as-
suming two charges at both ends of the chain) to the lowest
singlet and triplet exciton states. They found that the rateis
nearly inversely proportional to the energy separation. Thus,
theratio » can be approximated as‘zi, whereer(g isthetriplet

N

(singlet) exciton binding energy. Thisis consistent with the
first-order perturbation results of Tandon et al. when the in-
fluence of electronic coupling is neglected.*® By employing a
parameterized Hamiltonian for PPV oligomers, Karabunarliev
and Bittner havefound that theratio of singlet over triplet for-
mation rates is linearly proportional to the conjugation
length, whichisin qualitative agreement with the experimen-
tal findings.

Hong and Meng have provided atotally different view.?*
They suggested a so-called phonon bottleneck mechanism.
Their physical pictureissuch that initially 25% of free carri-
ers go to the singlet manifold and 75% go to the triplet; how-
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ever, on the basis of energetic arguments, they assume that
the singlets form directly into the S; state, while the triplets
first form into a higher lying T, state (with T close to but
slightly higher in energy than S,). In their model, the gap be-
tween T, and T, is large and forms a phonon bottleneck:
namely, the T, state would prefer to intersystem cross to the
S, state by spin-orbit coupling rather than decay down the
triplet ladder to the T, bottom state. Thus, dynamically, there
form more than 25% singlet states. Two points are worth not-
ing at thisstage: first, the spin-orbit coupling in hydrocarbons
is usually quite weak; second, the excited state structure for
thetriplet manifoldisusually not that simple, in the sensethat
afew triplet states can be present between T; and S;, which
would invalidate the “ bottleneck” picture. We discuss below
some theoretical calculations related to the electronic struc-
ture in the triplet manifold of conjugated polymers. A major
result from Hong and Meng is that if the Si/T; splitting is
morethan 0.8 eV or lessthan 0.3 eV, the singlet yield can be
appreciably larger than 25%. Note that for many conjugated
polymers and PPV specifically, the singlet-triplet splitting is
around 0.7 eV .?? Thus, according to this mechanism, the sin-
glet and triplet exciton would form at about the same rate, in
contradiction to experiment.

Thus, aclear and commonly accepted theoretical un-
derstanding has yet to appear. It is expected that both elec-
tron-electron correlation and electron-phonon coupling can
play an important role. In this contribution, we will discuss
the electron correlation aspects. We will first introduce our
development of the coupled-cluster equation of motion ap-
proach and apply it to study the spin-dependent exciton for-
mation rates and the description of singlet and triplet excited
states.

COUPLED-CLUSTER EQUATION OF MOTION
APPROACH

The coupled cluster single and double excitation (CCSD)
equation of motion (EOM) approach has been shown to be ac-
curate, efficient, and size-consistent for both the molecular
ground state and low-lying excited states. It can provide the
ground state, the excited states, and the charged statesin a
single, unified frame. We will now give a brief summary of
our development of the CCSD/EOM method. Hereafter, we
adopt thefollowing convention: indicesi, j, &, /, ... refer to oc-
cupied molecular orbitals (MOS); a,b,c¢,d, ... to virtual MOs;
and p,q,rs, ... to generic MOs. The two-electron part is given
in antisymmetric form: <pq||rs> = <pq|rs>-<pg|sr> and the
two-electron integral is defined as:
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. . 1
(palrs) = [[ drdro, ()0, () =0, ()0, () (1)
12
with ¢ denoting the molecular orbital (MO) wavefunction.

Ground State
The CCSD ground-state ansatz has been proposed as:*

|CC) = exp(T)| HF) (2

where [HF> is the HF ground-state determinant; and T con-
sists of single and double excitations: 7=7, + T, = tha*iwt

Zt;;”a*ib* Jj, with t's being the amplitudes of the excitation
i>j
a>b

configurations. The exponential ansatz by nature guarantees
size-consistency. The ground-state energy and the excitation
amplitudes are determined by the Schrédinger equation:

H|¥)=E.|¥); Hexp(T)|0)= E..exp(T)|0)  (3)

Multiplying the latter equation by <0|, we obtain the CCSD
energy expression:

E.. =(0|Hexp(T)|0) = E,,. + Y (if||ab) (t;" +1't2 —117) (4)
o

Multiplying Eq. (3) by <0|i“a and <0|j"bi"a consecutively,

we obtain two nonlinear equations through which the ¢-am-

plitudes can be solved iteratively, for instance, starting from

aninitial solution:

(i ab)

b
1 =0, ¢ =
g +te,—¢,—¢,

; ®)
From Egs. (4) and (5), it is seen that the initial solution ex-
actly corresponds to the M P2 approximation.

In order to evaluate physically measurable quantities,
we also need the left eigenvector of the CCSD ground state,
i.e., the so-called A-state in the CCSD gradient theory,24
which isdefined as:

<Lo|=<0|(1+ A)exp(-T), where A=Y Ali'a+Y A)i'aj'b
ia i>j
a>b

isthe de-excitation operator.

Excited States

Based on the CCSD ground state, we can establish the
Heisenberg equation of motion in the Hilbert subspace, con-
structed by promoting one and two electrons from occupied
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tovirtual MOs.? We denote the excitation operatorsasp,v,o,
etc. The excited-state wavefunction is constructed as alinear
combination of all the single and double excitations on the
CCSD ground state:

lex)=>" R, exp(T)|n) (68)

(ex|= X {ult, exp-1) (6b)
n
where |u) = u|HF) represents an excitation determinant and
R, isthe corresponding coefficient to be determined. The ex-
cited-state Schrodinger equation becomes:

H|ex)=El|ex); HY R, exp(T)|v)=EY R, exp(T)|v) (7)

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

> HwR, =ER,, where

H =exp(-T)H exp(T)

=H+ [H,T]+%[[H,T],T}%[[[H,T],T},T]

+i[[[[H,T],T] T].7] (8)

isthe similarity transformed Hamiltonian, that isthe Jacobian.
The expansion terminates exactly after 5 terms, because the
two-electron term of the Hamiltonian consists of 4 generic
Fermion operators and each commutation with the excitation
operator eliminates one generic index; thus, the last term of
Eq. (8) hasno genericindex left and commutes with any exci-
tation operator. In fact, in all the mathematics manipulations,
the fact that all the excitation operators commute has been
widely exploited.

The similarity-transformed Hamiltonian is no longer
Hermitian, or under thereal basis, itsmatrix representationis
no longer symmetric. Then, corresponding to each eigen-
value, there exist aright eigenvector and a left eigenvector.
The left eigenvector is expressed as:

(ex| =2 (n|L, exp(-T) ©)

My

L, can be determined in asimilar way asfor R,.

Positively Charged States
When an electron isionized from a polymer chain, its
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eigenstates within the CCSD-EOM approach can be con-
structed in the excitation space |o) ={n,g " no}, whereindices
n, o refer to occupied MOs and g refer to virtual MOs. Then,
the eigenstates are:

|p)=2.X, exp(T)[o) (10)

(p|=2 (o], exp(-T) (11)

c

To derive the eigen-equation, we insert Eqg. (8) into the
Schrodinger equation and take the coupled-cluster ground-
state energy as the zero point for energy:

(H-E.)

p)=(E-E,)

p) (12)
whichyields

(H-E.)) X, exp(T)|o)=(E~E,)) X, exp(T)|o)(13)
When multiplying the above equation by exp(-T) from the
left and then multiplying by <o|, we obtain the following
eigen-equation:

> (Hop — E(8,,) X, = AEX, (14)
P

where AE = E - E_.. istheionization potential (I1P).
Similarly, we can obtain the eigen-equation for Y ,:

Y (Hop — Ec8,,) = AEY, (15

Hereafter, we adopt the following conventionsfor simplicity:

i) f(4,B)=f(a,b)-f(b,a) (16a)

i) f(4,B,C)= f(a,b,c)+ f(b,c,a)+ f(c,a,b) (16b)

iii) f(4,B,C,D)= f(a,b,c,d)- f(b,a,c,d)
—f(a,b,d,c)+ f(b,a,d,c) (16c)

The Jacobian (ﬁcp) can be expressed within the single
and doubl e excitation space as:
Hss = <l+ﬁk>
= (Bcc =)0 + 2 (ki al) + 3 (k| ab) ;"

a>b

+ Z <ki | | ab> t,.“t,b (17)

abi
Hsp = <k+Hc+ml>
=8, > (iM||ac)t; +<lm||ck>+z<ml||ac>t,f (18)
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os =(I'm"cHk) =8,y (c, M)+ x(c.k,l,m) — (19)

where
y(c,m)=(e, —¢,)t, +Z<ic||am>tf +Z<Zi||ab>t,‘ff;
“ L>b

z<jl||am>t‘" +Z<lc||ab> ‘)

a abi
i>j

+z<]1||am>tt +z<]1||ab>, o

aij abij

+ 2 illab)’+ 2 Liill k)it
a>b

z>/

+z<ji||ab>tmt,t,

abij

x(c,k,l,m)—(ck”lm) Z<kl||lm>t +z<ck||aM>
+Z lk||aM Y+

a>b

+Z<ck||ab>t,t +Z<kl||aM> ot
+Z Ik||ab)t;,t; +Z ki||ab)tt

abl

+ Y (ki||ab) /1)t

abi
Hop = <n+o+eHd+ml> =4,,5,0,,(Ecc —€,—€,+€,)
+8,,00,0(N,L)+6,9,,E(e,d)+8,,0(0,n,m,l)
+80B(d,N,L,e)+ Y (ml||ad)ti (20)

a>b

where
o(nl)= Z(li”an)ti“ +Z<ji||ad>t;e +Z<li||ab>ti“t,f
ia a abi

i>]
Ele,d) = (ie||lad) !+ (li||ab)ty = (if||ad )t
ai i aij

a>b

a(ormm, 1) = (mijon)+ S (mi| )i + S (im]|ab)
Yoy

Bdont )= ] >+Z<li||nd>tf+z<el||ad>tj
i)+

ai

Within the single and double excitation space, for S, =
1/2, there are six microstates, which can belinearly combined
to form the spin-adapted basis. There are two vectorsfor S =
3/2, which we do not consider in this work, and four vectors
forS=1/2:
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i) [m), (219)
iy |cim.my), (21b)
i) (2]cgmydy)+|com,dy)+|cimyl, ) )6

(withm>I), (21c)
iv) (|eimy) c;msla>)/\/§

(withm>I) (21d)

The S, = -1/2 spin eigenstates |c). is obtained by ex-
changing theindices o and 3 of eigenstates |o)+.

Negatively Charged States

When attaching an electron to amol ecule, we obtain the
eigenstates by using [v) ={e", e’ f"m}, whereindices m refer
to occupied MOs and e,f refer to virtual MOs. Then, the
eigenstates are;

:ZV:UV eXp(T)|v>, <n|:z<v

v

(22)

Inthe same way asfor the positively charged states, we
can obtain the eigen-equationsfor U, and V:

Z(ﬁw ~E.8,)U, =AE'U, (23)
ZV (Huw —Ec8,,)=AE'Y, (24)

where AE'= E - E.. isthe electron affinity (EA).
Thematrix elementsfor the similarity-transformed Hamiltonian
Hw are evaluated in the sasmeway asin the positively charged

case, which we omit here.
Therearefour typesof S = 1/2 eigenstates [v)1:

) e,), (254)
i) e*e*k> (25b)
iil) (2lesd.k.)+|eidyhy ) +|eyd,k,) )/NB(d>8),  (250)
v) (eidiky)-|erd ks )/f (d>e). (25d)

The S. = -1/2 spin eigenstates |v), is obtained by ex-
changing theindices o and B of eigenstates |v)1.

SINGLET AND TRIPLET EXCITON FORMATION
RATES IN CONJUGATED POLYMERS

We now apply the above approach to calculate the ma-
trix elements for exciton formation rates in polymer LED
structures. We suggest an interchain coupling mechanism:
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upon chargeinjection, the electrons and holes mostly migrate
from one polymer chain to another. Suppose that two poly-
mer chains are coupled, e.g., by H'. A general expression for
H' (that includes both one-€electron and two-e€lectron parts)
reads:

' + 1 + +
H =thqp q+ZZ<pq||rs>p q sr (26)
)24 pars
Each term has a mix of chain 1 and chain 2 spin-orbital indi-
ces; h,, isthe hopping integral, ¢ *, in the MO representation:

h,=>t" (ulyvz)‘l’wl‘}’% and

Hyv2

<pq|rs> = Z ‘I’W‘I’qv‘l’m‘l’sT [ucs |v17:|
uvot
¥ isthe LCAO coefficient of the one-electron wavefunction
and [polvt] isthe Coulomb integral in the site representa-
tion.

We then apply the Fermi Golden-rule to calculate the
_ SinlH'| fol S |in)
(inlin)( filfy
Here, wefocus only on the electronic tunneling factor and do
not consider the energy dissipation factor. However, we note
that, since the energy of thetriplet state is usually lower than
that of the singlet, it will be more difficult to form the triplet
state since more phonons are needed, either to be released
fromtheinitial state or to be absorbed by thefinal state. Thus,
electron-phonon interaction is expected to favor singlet for-

LUMOL ﬂ LUMO2
HOMOl—i— ﬂ—} HOMO2

Chainl

exciton formation rate: |(in|H'| fi)

Chain2
(a)

LUMOL —F—— LUMO2

HOMOlm HOMO2

Chainl Chain2

~=
(b) ﬁ
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mation over triplet formation.

We consider amodel system consisting of two PPV oli-
gomerswhose molecular planesare parallel and separated by a
distanceof 4 A, seeFig. 1. Supposethat initially one chain car-
riesapositive charge and the other anegative charge (to mimic
the charge injection processin LEDs). This scenario is shown
in Fig. 2, inwhich we only depict the singlet configuration.

The conjugated system is described by the Pariser-
Parr-Pople model:

H==>t,(chc,+hc)+UY. nan, + D V(r)nn, (27)
<uv>s u u<v

The first term represents the r-electron (with spin s)

hopping integral (t..) between nearest-neighbor carbon sites;

the second and third terms are the el ectron-electron diagonal

density-density interactions: n,, = c;.c,., n, = an. Thelong-

range interactions for the n-electrons of the conjugated car-

OO OO OO

4A

OO

Fig. 1. Schematic configuration of two interacting
PPV chains.

LUMO2

ﬂ_‘# HOMO2

Chain2

LUMO1 4—
|

| www— hv

HOMOlﬂ—V‘—

Chainl

Fig. 2. Sketch of interchain charge transfer and formation of excitons.
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bon systems are described by means of the Ohno-Klopman po-
tential with U = 11.13 eV.*°

U

J1+0.5976(cr)’

where r is the inter-nuclear distance (in A). The Ohno-
Klopman original parameters correspond to ¢ = 1. For € > 1,
the potential represents a more localized screened interac-
tion. The hopping integrals are set to standard values: within
thevinylenelinkage, ts=-2.2 eV for thesinglebonds (1.46 A)
and tq = -2.6 eV for the double bonds (1.35 A); in the phenyl-
enerings, al integralsaresettot, =-2.4 eV.

For the electronic contribution, there are two kinds of
initial statesand final states:

V(r)= (28)

Jim) = qn2> |21), £[72), | 1) T)/\/— (299)
liny) = (22)s [ m)s £ p2), ), /N2 (29b)
| fir) =[ex;)| gs,) (29¢)
| /i) =ex,)| gs,) (29d)

The ground state |gs>, negatively charged states |n>,
positively charged states [p>, and exciton states |ex> are de-
scribed at the CCSD/EOM level. The indices 1, 2 are for
chain 1, 2; +/- is for singlet/triplet. It can be seen that
<in;|H’|fi;> is the rate of exciton formed in chain 1 through
electron transport, <in;|H'|fi»> is exciton formation in chain
2 through hole transport, etc. We find that for the two-body
interchain coupling, theonly relevant integral isof the type of
[11|12] or [22]21], i.e., corresponds to interchain charge-
bond interaction, denoted as X in theliterature. Hereafter, we
keep the dominant contributions with only one center in each
chain, denoted as X" (u, v2). For simplicity, we assume an
exponential dependence on distance e for both the 1+ and
X" termswith & being chosen asreciprocal of t-orbital radius

(~0.7A):

tL (MLV2 ): tle*CZ(quvz)

Xl (”'1,\}2 ): XLe—QZ(Mv"z)

where we have assumed along-range interaction between the
two chains, and z(u1,v2) is the distance between atom p; in
onechain and atom v, in another chain. Wetreat theratio X"/
L asavariable.

The X-term has been found to reduce the dimerization
in polyacetylene.?” It has also been considered by Rice and
Gartstein in the context of photoinduced charge transfer phe-
nomena.”®

We consider two limiting cases: (i) weak intermolecular
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coupling: the electronic states are localized on single chains
(represented by Eqgs. 33a-d); and (ii) strong coupling: the
electronic states are a coherent combination of the two
chains.

Weak Coupling

The ratio of cross-sections for singlets and tripletsin
the large static disorder limit is given for electron transfer
(ET) as:

G = <ﬁ1s|HI|m1><m1|H‘|ﬁls>/
o (fiss| fiss ) Cimy|imy)

where S/T for singlet/triplet.
Inserting (29) into (30), we obtain:

| i i 1 i)
Ui firYinim) )

(| Hiny) = \/— X LU, c¢<”1 (1+A)HV2T01¢>

H1v203

+L“1Uv2iX <u; (1+A)ﬁ'v2¢6ﬁ> (31)
<m1|H |f1 Z oy va p1< LVQTF“J
p,lvzcr
XV, R, <01+¢V;¢ 1'_1'“1> (32)

where H' = exp(~Ty — To)H'exp(T1 + T») and +/- for singlet/trip-
let.
Now, inserting

|csm)> = {mﬁ(u),double conﬁguration}
|V¢(¢)> = {e;(ﬁ) ,double conﬁguration}
|u)= {(d;la +dgl, )/\/E,double conﬁguration}

into (33) and (34), we obtain:

(fi|H'|in)=Cy +Cy + 7, (33)
(im|H'| fiy) = Cip £ Cyp + Z, (34)

The Z-termsrepresent correlation terms due to double excita-
tions and have avery complicated form. The C-terms are de-
fined as:

G, = ZX U.L;, (fd ot ([llal‘dlez:l [’zaz‘d132:|)’ [’1“1‘/1‘32][0 e ) (353)

med

Cr= Zd Y.V.R,, (fd,e2 + ([llal‘ d162] I:lzaz ‘ dlez])i - I:lzaz‘ /zdlj tAB,,G ) (35b)

C, = Zd: X, UL, ([l1d1‘m1ez:| —[illl‘mlezjtid +[d1a1‘m162:|t1"
med|

- I:i1a1‘ me, :I tzi';: ’ ) (35C)
Cyp = Z Y.V.Ly ([lldl‘ mlez:l _I:izm1‘lld1:|tf +|:eza1‘ l1d1:| L ) (35d)
med!
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where

f;libz = h‘hbz + Z [”| a1b2:|

i=iy,ip
_ 1
h‘llbz - Z ¥ iy Lsz"z tH1V2
V2
.. _ 1
I:llj1| kllz :| - Z \Ijillll‘PhHl‘Pklul\Plez Xlli"z
Hva

Then, we obtain:

o | Cu+Cy +Z ) Cp+ Gy + 7,

=x| = . . : , , 36
o [C].L_C3L+le[ClR_C3R+22j ( )

where

K = (exg|exs)/(ex; |ex; )

The C’ termsin the denominators are defined in the same way
as the C terms in the numerators; the formers are eval uated
with the triplet exciton wavefunction R, (L,) and the latter
with the singlet exciton wavefunction.

For holetransfer (HT):

HT _ <ﬁ15H'in2><in2H'ﬁ1s>/<ﬁ1T ‘H"in2><inz‘H"ﬁ1r>
S <ﬁ1s ‘ﬁlS><ln2 ‘in2> <ﬁ1T ‘ﬁlT> <in2 ‘in2>

(37)
where

<ﬁ1|H'|in2> =-C,, £C, +Z,
(iny|H'| fiy) = =Cpy £ Cop + Z,

The C terms are defined as:

C, = zd XUL, (f, o+ (it tmy ]+ [y | hamy T+ [ oy, ] ) (38)
Cpp = ; Y,V.R, (f, + (| tmy )+ [ty | hamy Ty + [ | Jo ) (39)
C, = Zd:, X, UL, ([dlll\elmzj i em, ]t +[ day|eym, ]z
T[ilal\elmzjzg;;u) (40)
Cpp = mz,, Y,V Ly ([s| e, |- [ myis| Ly J15 +[ aze|bd, |2 ) (41)

Then:

o —¢ _CZL + C4L +Zy _CZR + C4R +Z, (42)
o _ClZL _CzltL + Zé _CIZR _CzltR + Zzlt

C1(C>) represents the hopping of electron (hole) from
LUMO (HOMO) of chain 2 to all the virtual (occupied)
orbitalsof chain 1. Usually the hopping integral ¢* isnegative
and X" ispositive. So, from (18), it is seen that the renormali-
zation effect of the X-term tendsto reduce ¢*. Cs and C, con-
stitute pure correlation effects, which allow one to distin-

J. Chin. Chem. Soc., Vol. 50, No. 3B, 2003 699

guish singlet from triplet excitations in charge transfer pro-
Cesses.

Strong Coupling
For strong coupling, the electronic states are coherent
combinations of localized states:

D> = ([fir>+[fi>)N2 (433)
D> = (fir>-|fi2>)N2 (43b)
\Ds> = (|ing>+|iny>)N2 (43c)
D> = (|iny>-|in>)IN2 (43d)

(Notethat <D1|H'|Ds> = <D,|H'|D3s> = Q)

In the other limiting case of del ocalized excitations, the
effects of electron transfer and hole transfer are coherently
mixed, constructively for D; and destructively for D,. Thera-
tio of singlet/triplet formation cross-sections for Davydov
states can then be expressed as:

For D1 :

Gf}r:<Dm|H'|Da><DalH'IDls>/<DuIH'IDT><DslH'IDls>
(Dis| Dy )(Ds] D) (Dyr| Dy ) (D5 | D)
:K[Cu -C,, +C;, +C,, +Zl+Z3J
C,-C,+Cy +Cy +Z,+ Z,
Cr—Cp+Cyp +Cip+2,+2,
.(Cl'R ~Coy +Cop +C,p +Z'2+ZJ

For D5:

o, :<DzsIH'|D4><D4|H'IDzs>/<DzrIH‘IDA><D4|H'IDzT>
I (Dys | Dy )(Dy| D) (Dyr | Dy ) (D4 Dy)
:K[Cu +Cyy +Cyy —Cyy +Zl+23j
C,+C,, -C,, +C, +Z,+Z,
Cp+Cop+Co —C i +Z,+ 27,
'(c;R+c;R+c;R—c;R+z;+z;j

The expressions of o, show that the cross-sections for
forming singlet and triplet excitons can be very different if
the interchain bond-charge correlation X is taken into ac-
count. The correlation effect for the Davydov state D; is
much more pronounced than in the disorder case, because
electron and hole contributions are constructivefor the corre-
lation terms (Cs + C4) and destructive for the mean-field
terms (C1-C2). However, for the D, excited state, it is con-
structive for the mean-field terms (C:1 + C») and destructive
for the correlation terms (Cs-C4). Thus, the correlation effect
is expected to be much lessimportant for D, than D;.
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The basic reason for the X-induced spin dependent for-
mation rate can be rationalized that the X-term in the inter-
molecular interaction gives rise to an exchange term in the
charge transfer process. The situation is very similar to the
singlet-triplet splitting, where the exchange energy playsthe
central role. Here, the interchain interaction determines the
formation rate, thus the bond-charge correlation induced ex-
change term can distinguish the singlet and triplet formation
processes.

For the two cases, we depict the numerical resultsin
Fig. 3 and Fig. 4. It is observed that in the weak coupling
limit, the electron transfer channel usually favors the triplet
exciton formation, while hole transfer favors the singlet. For
strong coupling, the two Davydov states behave very differ-
ently. Within awide range of parameters, the triplet state for-

10

—&— electron transfer
O hole transfer

0o
6000000000
0000000000000007

0.0 2 4 .6 8 1.0 12 14 1.6 1.8 2.0

[XPerP/PerP|

Fig. 3. Ratio of singlet to triplet exciton formation
rates as afunction of X/t: weak coupling.

-e-D,
o Db,

o

00QQ
00000000000 ©0000000000000000
o)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 18 2.0
|Xperp/tperul

Fig. 4. Ratio of singlet to triplet exciton formation
rates as afunction of X/t: strong coupling.
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mation can be almost suppressed.

We notethat evenfor X =0, theratioisnot exactly 1. In
fact, it is about 1.3. This is due to the fact that the wave-
functionsof thesinglet and triplet states have different contri-
butionsfrom the HOMO to LUMO transition. Thisistruefor
both the single Cl and CCSD-EOM methods: roughly speak-
ing, HOMO represents the hole level and LUMO represents
the electron level.

We have also investigated the conjugation-length de-
pendence, taking PPV oligomers as an example. Wefix X, /¢,
= 0.1 and calculate the formation rate as a function of the
number of phenylenerings. TheresultsareshowninFig. 5. It
is clearly seen that for the D; case, we find that the ratio in-
creases with the conjugation length, in agreement with the
experimental findings of Wohlgenannt et al.*? and Wilson et
aI .13

We al so note that the intermol ecular bond-charge corre-
lation isusually very small. If we suppose X = 0, as we men-
tioned previously, the ratio is not exactly 1. We find that in
this case theratio is strongly dependent on the on-chain elec-
tron interaction potential, see Fig. 6. It is understood that the
potential form determines the nature of the singlet and triplet
excitons; if the potential is short-ranged, then the HOMO —
LUMO contribution is lessened. In Fig. 7, we illustrate the
singlet and triplet formation rates as a function of the poten-
tial range: the larger the parametere, the shorter the potential
range.

We also briefly mention that in the CCSD/EOM ap-
proach, an approximation in cal culating the excited stateisto
restrict the configuration space to single excitations, while
keeping the ground state as CCSD. In principle, thisis a

74 —e— electron transfer (X/t=0.1) A
O holetransfer (X/t=0.1) - -
6 —v— D1 (X/t=0.1) /
—v - D2 (X/t=0.1) _
5 s
/v/
qu ~
-
-
P4
3 —~ -
~
-
- —

21 S o

Y e g g . g g __ g
1T:;____ﬂr v Y, Y, U
0+ T T T T T

2 4 6 8 10 12 14

No. of rings

Fig. 5. Chain-length dependence of the cg ratio for
the four cases discussed in the text.
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Fig. 8. Comparison of CCSD with SCI for the ratio of
the singlet-triplet formation rate for different
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better approach than either the Random Phase A pproxima-
tion (RPA) or single configuration interaction (SCI), since
the ground state is highly correlated (in RPA, there exists a
double counting problem for the ground statein evaluating its
characteristics, whilefor SCI, thereisno correlation at all for
the ground state). This approach, referred to as CCS/EOM is
highly efficient (asfast as SCI or RPA) and based on the (cor-
rect) CCSD ground state. |ndeed, when comparing the results
of exciton formation rates based on both CCSD/EOM and
CCS/EOM methods, we only find minor differences, seeFig.
8. Thus, we believethat for the description of large molecul ar
systems, the CCS/EOM is a method of choice for evaluating
the excited states.

SUMMARY

We have reviewed recent experimental and theoretical
developments on the spin-dependent exciton formation rates
in organic molecular and polymeric light-emitting materials.
We have described our development of the CCSD/EOM
method for the excited states and charged states. We have ap-
plied this method to study the exciton formation ratesin con-
jugated polymers and found that electron correlation effects,
namely the interchain bond-charge correlation terms, favor
singlet exciton formation in most cases.

We stress, however, that these conclusions are based on
the sol e consideration of the matrix elementsto form the low-
est singlet and triplet excited species. We are now extending
our model to account for the possibility of generation of
higher lying singlet and tripl et states and the rel ease of excess
energy under the form of phonons emission.”
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