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The internal electroluminescent quantum efficiency of organic light-emitting diodes is largely determined by
the yield of singlet excitons formed by the recombination of the injected electrons and holes. Many recent
experiments indicate that in conjugated polymer devices this yield exceeds the statistical limit of 25% expected
when the recombination is spin independent. This paper presents a possible explanation for these results. We
propose a theory of electron-hole recombination via intermolecular interconversion from intermolecular
weakly bound polaron pair®r charge-transfer excitonto intramolecular excitons. This theory is applicable
to parallel polymer chains. A crucial aspect of the theory is that both the intramolecular and intermolecular
excitons are effective particles, which are described by both a relative-particle wave function and a center-of-
mass wave function. This implies two electronic selection ruligsThe parity of the relative-particle wave
function implies that interconversion occurs from the even parity intermolecular charge-transfer excitons to the
strongly bound intramolecular excitor@.) The orthonormality of the center-of-mass wave functions ensures
that interconversion occurs from the charge-transfer excitons to the lowest branch of the strongly bound
exciton families, and not to higher lying members of these families. The interconversion is then predominately
a multiphonon process, determined by the Franck-Condon factors. These factors are exponentially smaller for
the triplet manifold than the singlet manifold because of the large exchange energy. As a consequence, the
interconversion rate in the triplet manifold is significantly smaller than that of the singlet manifold, and indeed
it is comparable to the intersystem crossing rate. Thus, it is possible for the singlet exciton yield in conjugated
polymers to be considerably enhanced over the spin-independent recombination value of 25%.
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I. INTRODUCTION couples states of the same ionicity. Since the interchain

The internal electroluminescent quantum efficiency of or-Charge transfer states are predominately ionic, while the in-
ganic light-emitting diodes is largely determined by the yieldtrachain triplet exciton has more covalent character than the
of singlet excitons formed by the recombination of the in-intrachain singlet exciton, the rate for the singlet exciton for-
jected electrons and holes. Singlet exciton yields in light-mation is correspondingly greater.
emitting polymers exceeding the spin-independent recombi- Most of the recent experimental and theoretical work is
nation value of 25% have now been reported by a largeeviewed in Refs. 18 and 19. In this paper we develop a
number of groups;” although its value remains controver- model of interchain electron-hole recombination between
sial. Lin et al2 claim that the singlet yield only exceeds the pairs of parallel polymers that involves intermediate, loosely
statistical limit in large electric fielddwhile Segalet all®  bound (“charge-transferj’ states that lie energetically be-
report a singlet exciton yield of only 20%. A photo- tween the electron-hole continuum and the final, strongly
luminescence-detected magnetic resonance investi§atiobound exciton states. We argue that as a consequence of
suggests that interchaifor bimoleculay recombination is electronic selection rules, intermolecular interconversion oc-
spin dependent. curs from the charge transfer to the lowest energy exciton

Many theoretical attempts have been made to explain thetates. This process is then limited by multiphonon emission,
enhanced singlet exciton yield. Bittner al11-**assume that which decreases approximately exponentially with the en-
intrachain electron-hole recombination occurs via vibrationakrgy gap between the pair of states. Since the lowest singlet
relaxation through the band of exciton states between thand triplet exciton energies are split by a large exchange
particle-hole continuum and lowest bound excitons. Sinceenergy(of ca. 0.7 e\?%), while the charge-transfer states are
vibrational relaxation is faster in the singlet channel than thequasidegenerate, the triplet exciton formation rate is consid-
triplet channel, because the lowest singlet exciton lies higheerably smaller than the singlet exciton rate.
in energy than the lowest triplet exciton, a faster formation Multiphonon emission has already been discussed as a
rate for the singlet than the triplet exciton is predicted. Hongpossible factor in determining the overall singlet exciton
and Meng* argue that a multiphonon process in the tripletyield in intramolecular processé$?! However, our model
channel also leads to faster intramolecular singlet excitorliffers from these works by emphasizing the important role
formation. of the intermediate interchain charge-transfer states.

The different rates for singlet and triplet exciton forma- In Sec. Il we introduce the relevant rate equations and
tion predicted in the literature for interchain recom- derive an expression for the singlet exciton yield as a func-
bination>17 arise largely from the assumption that an inter-tion of the characteristic relaxation times. In Sec. lll the mi-
chain density-dependent electron transfer term is an impowroscopic model of intermolecular interconversion is de-
tant factor in the recombination mechanism. This termscribed and the interconversion rates are calculated.
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% /////////////////////////////////// sessing even electron-hole parity—also experience weak ex-

electron-hole continuum change interactions as necessarily the electron and hole are
on different repeat units, and thus, singlet and triplet states
are also quasidegenerate. Furthermore, since the charge-
> 2 Ter transfer excitons are also weakly bound with relatively large
. Fisc electron-hole separations, there exist efficient spin-flipping
Ser mechanisms, such as spin-orbit coupling, or exciton dissocia-
tion via the electric field or by scattering from free carriers
and defects. In this paper we focus on interconversion to the
A intramolecular excitons from the interchain charge-transfer
excitons.
E(Scr) Ts, ) Te g Bller) The strongly bound exciton§; and Ty, are intramolecu-
E(Sy) lar states. The interconversion process fr8g to S¢ and
from Tcr to Ty depends on the nature & and T¢y. The
mechanism for bimolecular interconversion is described
more fully in Sec. lll. In this section we describe the kinetics
by classical rate equations. The use of classical rate equa-
Y tions is justified if rapid interconversion follows the ISC be-
ground-state tween Tct and Sqt1, as then there will be no coherence or
recurrence betweeficr and Sc1.2” We also note that since
FIG. 1. The energy-level diagram of the quasidegenerate singléhterconversion is followed by rapid vibrational-relaxation
and triplet charge-transfer excitodenoted byScr and Ter, re- (in a time of ~1071% s), these processes are irreversible.
spectively and the lowest singlet and triplet excito(denoted by We first consider the case where ISC occurs directly via
Sk andTy, respectively. Scr andTer may be either intramolecular  the spin-orbit coupling operator. This operator converts the
odd-parity excitons or intermolecular even-parity excitqis.each S,=+1 triplets into the singlet and vice versa. LeNg,
case these correspond to the lowest pseudomomentum memberlef ; Nix' and Ni:T denote the number 8, Ser, and the

each exciton family, as described in Sec.)IAlso shown are the c . . .
respective lifetimes(or inverse rates for the interconversions S,=+1 Ty andTcy excitons, respectivelf/ 7 is the number

within the same spin manifolds and intersystem crossigy) e_Iectron-hoIe pairs created per second. Then the rate equa-
between the spin manifoldd is the exchange energy betwegp ~ tions are
and Ty.

A

TTer

T E(Ty)

Il. BASIC MODEL AND THE RATE EQUATIONS at 4t o T Ne ot (1)

Figure 1 shows the energy-level diagram for this model.
The electrons and holes are injected into the polymer device .
with random spin orientations. Under the influence of the dN?CT_ N Ng, 1 1
electric field the electrons and holes migrate through the de- dt 27 ro Nier :
vice, rapidly being capture@n less than 102 s) to form the
weakly bound charge-transfer singlet and triplet excitgns
andTcT, respectively. We assume that no spin mixing occurs dN N N
during this process, and thus, the ratioR# to Tt is 1:3 — S S —SX,
(Ref. 22. If the intersystem-crossingSC) betweenTr and dt 1, T
St (with a rate 1hgc) competes with the interconversion
from T to the triplet excitonTy, (with a rate 1/rTCT) and and
1/rTCT is smaller than the interconversion f?iﬂﬁ'TsCT) from
St to the singlet excitorSy, then the singlet yield is en- dN’%X N%CT N%X
hanced. T=_‘_-
The charge-transfer states might be either intramolecular
loosely bound excitons or weakly bound positive and neganote that theS,=0 component of thelo; exciton is con-
tive polarons on neighboring chains. Intramolecular chargeyerted directlyto theS,=0 component of th&y exciton and
transfer states are Mott-Wannier excitons whose relativgannot contribute to the singlet exciton yield.
electron-hole wave functions are odd under electron-hole \When these equations are solved under the steady-state
exchangé? A crucial characteristic of these states is thatconditions that
because of their odd electron-hole parity, the probability of

2)

Tisc Tisc  TTer

3

(4)

Ter Ty

finding the electron and hole on the same molecular repeat dNE d
unit is zero. Thus, they experience very small exchange in- dNSCT - NTCT - dNS>< - N$x =0, (5)
teractions, and therefore, the singlet and triplet states are dt dt dt dt

quasidegenerat&:?* Similarly, the intermolecular weakly
bound positive and negative polarons—although now poswe obtain the singlet exciton yielgs defined by
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1 the Coulomb interactions between threelectrons on neigh-
boring chains.Hj,., describes electron transfer between
chains. For parallel chains with nearest-neighbor electron

transfer this is
1 _ Dt .2 2t (1
Hinter - tinterz (Ci(g') Ci(g') + Ci(g) Ci(g) ’ (10)
lo

Whel’eCi(f;)T (ci(f;)) createqdestroy$ a  electron on siteé of

chain € andt;,,, is the interchain hybridization integral. If
the chains are weakly coupled, then we may reg-da,’ﬁgr as
a perturbation on the approximate Hamiltonian

2

- € 2
H= Hi(nt)ra + Hinter' (11
=1
y Within the Born-Oppenheimer approximation the elec-

tronic and nuclear degrees of freedom are described by the
FIG. 2. The singlet exciton yieldjs versus y=nsc/7r_. 8 Born-Oppenheimer states. A Born-Oppenheimer $fstés a
=g,/ 1 Solid curves from Eq(7); dashed curves from E@).  direct product of an electronic stat@;{Q}), and a nuclear
state associated with that electronic stétg),

Ng /7 Ng /7
- s S S (6) |A) = [a;{Qb)]va). (12)
N%(/TSX-’- NTX/TTX N/’T

7s

The {Q} label indicates that the electronic state is param-
as etrized by the nuclear coordinates.
The stationary electronic states are the eigenstates of the

+ ~

773:4(13;—,[;;)' (7)  approximate HamiltoniarH. Thus, the perturbatiom!,.

Y mixes these electronic states. In particular, it causes an inter-
where 8= TSCT/TTCT and y= TISC/TTCT- conversion .from the ir)terchair) excit(_)mer weakly boun(_j

Alternatively, we might consider ISC via a spin- polaron pair$ to thel intrachain excitons by transferring

randomization process, whereby the charge-transfer excitorf§1arge from one chain to another. N
are scattered into charge-transfer triplets with a probability of Ve take the initial electronic state to be a positive polaron
3/4 and charge-transfer singlets with a probability of 1/4.0n chain 1 and a negative polaron on chain 2
Then the rate equations are those of the Appendix of Ref. 9 et e
and the singlet exciton yield beconigs iy=1P".P"Qu.Q2.
The interchain Coulomb interaction between the chains cre-
—_— (8)  ates a weakly bound charge-transfer exciton, to be described
1+3p+4y below. The label®); andQ, indicate the independent normal

In practice, as we shall showqc > e SO B~0. We coordinates. of chainsll and 2, respectively. . _
note thatys s a function only of the relative lifetimes &1 We consider the situation where the negative polaron is

andTer, and the ISC rate. The singlet yield is plotted in Fig. ransferred from chain 2 to chain 1 e Thus, the final

2 as a function ofy. We now describe the calculation of the state is an intranjol.ecular exciton on chai(dénoted bya)),
relative rates leaving chain 2 in its ground electronic state

(13

l+y
Ns=

) =a;Q0™M[1A5; Q2. (14)
Ill. DERIVATION OF THE INTER-MOLECULAR Before proceeding it will be useful to review the theory of
INTER-CONVERSION RATE excitons in conjugated polymers. In the weak-coupling limit

(namely, the limit that the Coulomb interactions are less than
or equal to the band widjhthe intramolecular excited states
of semiconducting conjugated polymers are Mott-Wannier
excitons described By

2;,Q) =2 ¢n(r;Q¥;(R)|r,R). (15
R

The Born-OppenheimgiB-O) Hamiltonian for a pair of
coupled polymer chains is

2
H= E Hi(rft)ra + Hinterr (9)
€=1

where Hi(,ft)ra is the intrachain B-O Hamiltonian for théth
chain andH;, is the interchain B-O Hamiltonian. We split |r,R) is an electron-hole basis state constructed by promoting
the interchain Hamiltonian into two components: the inter-an electron from the filled valence band Wannier orbital at
chain one-electron Hamiltoniat,., and the interchain two- R-r/2 to the empty conduction band Wannier orbitalRat

electron HamiltonianH2,,. HZ.. predominately describes +r/2,

205204-3



WILLIAM BARFORD PHYSICAL REVIEW B 70, 205204(2004

€ € 4 4 — —-.
Ir R = 3(CRero Crz,  CRurre, Crirr )1 1A (16) 1) =1P*,P7;Q1, Q)| vpr) 1)@ (23
9" and " are the valence and conduction Wannier or-and
bital operators, respectively, approximately defined b —la- .
P & 1@W<m Y Y IF) = laiQu™1A; Q) P v Plrisa )P, (24
v -1 4 4
Cro = \E(CZm—lo-+ Cijo-) (17) respecti\/e|y_
and
(OF — 1L, 0F  _ JOF A. Electronic matrix elements
C:‘:n(r - \E(CZm—la C2mo" (18)

) ] . ) The corresponding electronic matrix element is
wherem is the unit cell index. Thet symbol in Eq.(16)

refers to singlet+) or triplet (—) excitons. (fIHied 1) = P(1AG; Qo P(@; Qo Hired P*, P73 Q1, Q).
R is the center-of-mass coordinate, ands the relative (25)
coordinate of the effective particles,(r; Q) is a hydrogen- _ o
like electron-hole wave function labeled by the principle Using Egs.(15) and(20) this is
quantum numben, which describes the effective-particle. 2
This has the property that under electron-hole reflection (fIHE 1Y = —— > ¢ (r';Qsin(B'R’)
(namely, r—-r) ,(r;Q=un(-r;Q) for odd n and N+1

nlls )=-— n(—T; f ) d Wy i
Un(r; Q) == (-r; Q) for evenn, an x X U (r:Q1,Q,)siN(AR)
rR

[ 2 .
\If](R)z mS”’KﬁR) (19) X(2)<11Ag,Q2|(1)<r/'R/|H|Z|hter|r’R,2> (26)

is the center-of-mass wave function, which describes the moThis matrix element is evaluated by expressidfj, in
tion of the effective-particle on a linear chai.is the num-  terms of the valence and conduction Wannier orbital opera-
ber of unit cells. For each principle quantum numbethere  tors. Retaining terms that keep within the exciton subspace,
is a band of excitons with different pseudomomentugp  we have
=aj/(N+1)d, wherej satisfies E=j<N andd is the unit-
cell distance. Thus, every exciton-state labetorresponds Hinter = ~ tinter2 (G Cine + Cig’ Cina) + H.C. (27
to two independent quantum numbemnsandj. As described m
in Ref. 23,n=1 corresponds to th&, and Ty families of  Then,
intrachain excitons, whilea=2 corresponds to th&1 and )
Tt families of intrachain excitons. The lowest energy mem- 1 fiy—_y % AN (r-
bgr of each family has the smallest pseudomomentum, ([ Hined) t"“‘”N+ 1% Y (1" Qu) (1 Q1, Q2)
namely,j=128 ’
It is also convenient to describe the intermolecular weakly X E sin(,B’R’)sin(,BR)(l)<r’,R’|r, RW.
bound polaron pairs as charge-transfer excitons described by R',R

(28)

P*,P7Q1,Q2) = 2 (1 QL QYR R;2), (20) N _ _ _
R By exploiting the orthonormality of the basis functions
where ¥, represents the interchain effective-particle wave (r',R'[r,R =66 (29
function.n=1 (i.e., even electron-hole parjtyor the lowest
energy interchain excitong:,R;2) is an electron-hole basis
state constructed by promoting an electron from the filled 2 . .
valence band Wannier orbital &-r/2 on chain 1 to the NT12 sin(8'R)SIN(BR) = &g, (30)
empty conduction band Wannier orbitalRtr/2 on chain 2, R

I R;2) = S(CRAD, CR 2 + CRA 2, )| 1A 1A, B
(22) (fHined) = = tinter v (1;Q0) i (1;Q1, Q). (3D)

r
With this background to the theory of excitons we now

proceed to derive the transfer rate. The isoenergetic intercon- Fduations(30), (19), and(31) demonstrate the very sig-
version rate from the initial to the final states is determinedMificant result that interconversion vid,,., is subject to two

by the Fermi Golden Rule expression, electronic selection rules. . .
(i) Interconversion occurs between excitons with the

as well as the siiBR) functions

we have the final result for the electronic matrix element

27,1 same center-of-mass pseudomomenjgm
kHF‘?<F|Himer||> S(Er-E), (22) (i) Interconversion occurs between excitons with the
same electron-hole parity. Thus, —n|=even.
where the initial and final B-O states are Since the lowest energy interchain excitons have even
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electron-hole parity, this implies théth,., connects them to D(E) =D F? S(AEZ +E) (39)

S andTy and not to the intramolecul&- and T-1.2° More- ”y 0v, z

over, since the interchain exciton will have relaxed to its

lowest momentum state{?, ., converts it to the intrachain and

exciton in its lowest momentum state amolt to higher-lying

momentum states AE) =2, Fglglé(AEfl -E), (40)
r1

B. Vibrational overlaps respectively, we have the familiar rate expression for bimo-

We now discuss the contribution of the vibrational wavelecular electron transfer
functions to the total matrix element. Intermolecular inter- )
conversion is an isoenergetic process that occurs from the _2m 1
lowest pseudomomentumgstatepof the charge-transfer mani- Kip = 7|<f|Himef|'>|2J D(E)A(E)E.
fold and the lowest vibrational levels of this state to the o . . ) .
lowest pseudomomentum state of the intramolecular excitons A Useful simplification to this expression arises by noting
at the same energy as the initial level. Thus, the vibrationaihat the geometric distortions of the polarons and exciton
levels in Eq.(23) are vp+=0 andvp-=0. However, the vibra- Polarons(namely, the 1B, or 1°B, states from the ground-

tional levels in Eq(24) are determined by the conservation Staté structure are very siryil%?r]’hus, the Huang-Rhys pa-
of energy. rameter(proportional toAQj, as defined in Fig. 3for the

Using Eq.(22) the rate is thus, 1'B, and £B, states relative to the positive polaron is neg-
ligible. Therefore,

(41)

2T .
(RGN X F)FG) AR~ E)

ki_F= 0v,
viv2

FOVl -~ 501/11 (42)

27 . y ’ and thus, the change of energy of chain 1 is
= ?|<f|Hi1nter|l>|22 Fglu)ng)?za(AEll +AE?), g 9y

vivp v1 — A0
(32) AE'= AE;, (43
where whe(eAE? is. the 0-0 energy differ_e_nce on chain 1. b(_atvyeen
the final exciton state and the positive polaron. This is illus-
Fgly)lz |<1)<0P+|Va)(1>|2 (33) trated in Fig. 3. By the conservation of energy, we therefore
have
and Y o
Fn, = 240p-| va1a)®? (34 AEEAR 9

The vibrational levelv, of the final 11Ag state of chain 2
are the Franck-Condon factors associated with the vibrato which interconversion from the negative polaron initially
tional wave function overlaps of chains 1 and 2, respectivelyoccurs is given by

Likewise,
vy = (AEY - AER)/how = (AES + AEY) /fw
AE = E (a;v,) - E4(P*;0p4) (35) 2= (A 7 L 2 .
= (Ex(P7;0p-) — Ex(1 Ag§011Ag) +Ey(P";0p-)
and
-E;(a;0y))/how
AEZl = Ez(llAg, VllAg) - Ez(P_;Op—) (36) — (AECT_ AEa)/ﬁa), (45)

are the changes in energy of chains 1 and 2, respective%here
These changes in energy are illustrated in Fig. 3.

USing the |dent|ty, AECT - [El(P+, OP‘*') _ El(llAgyO]_lAg)]

Ax+y) = f S(x - 2)8ly + 2)dz (37) +[E(PT0p) ~Eo1'Agi0up)]  (46)
we can rewrite Eq(32) as and
AE,=E;(a;0,) — Ey(1'Ag; 0414 ) (47)
2 ) , a— E1 1 117
= 2l | 3 PRFQ 0B -E) 9
v1vp are the 0-0 transition energies of the charge-transfer exciton
X S(AEZ + E)dE. (3g)  and the statéa), respectively.

The condition expressed in E¢3) implies that the en-
Defining the spectral functions for the don@hain 2 and  ergy integral in Eq.(38) is restricted to the value oE
acceptor(chain 1 as :AE(l’, and thus, the rate becomes
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metry, we now only discuss interconversion to the lowest
£ excitons,Sy or Ty. (As remarked in footnoté interconver-
sion to higher-lying exciton states is allowed, but if this hap-
BT A £07) pens recombination is an intramolecular process via the in-
tramolecular charge-transfer excitoriBhus, the state label

is now eitherS, or Ty, and the number of phonons emitted,
vy, IS eithervg or vy, as determined by E@45).

Within the Mott-Wannier basis the exciton wave function
overlaps are easy to calculate. Usiyg,=0.1 eV}’ the in-
terchain distance as 4 A and standard semiempirical Cou-
- lomb interactions gives

Encrgy
S
&

o 0

FIG. 3. Bimolecular electron transfer from chain 2 to chain 1. 2 ‘/’%((r)'vbsm(r) ~10 (52)
The initial state is a positive polaron on chain 1 and a negative '
polaron on chain 2, each in their lowest vibrational level. The elec-
tron transfer creates an exciton state in chain 1, with chain 2 in it&nd
ground state. The energy differences between the final and initial
states areAE}¢ for the ¢th chain. If AQ,;=0 then AE}*=AE? and

thus AE2=-AE. E Yr (Nir_ (1) = 0.9. (53)
2w . ) - i
K= _|<f|Hﬁner|'>|22 ngy) 5(AE22+AE?) The polarqn Huar_19. Rhys paramet8y, is not accurate_ly
h P known for light-emitting polymers. However, we expect it to

5 be similar to theS; exciton Huang-Rhys parameter. The re-
= _77|<f|Hijﬁter|i>|2F((:)2V) pi(E). (4g) laxation energy of the5, exciton has been experimentally
h 2 determined as 0.07 eV in PPYwith a similar value calcu-
lated for ‘ladder’ PPP in Ref. 32. From the figures in Ref. 33,
we estimate the relaxation energy to be 0.12 eV in ladder
p(E) = SAER+ AE({), (49) PPP(where the pher_1y| rings are planand 0.25 eV_in PPP
(where the phenyl rings are free to rotat€hus, taking the

o ) ) ) relaxation energy as 0.1 eV anflw=0.2 eV implies that
which is usually taken to be the inverse of the vibrationalg . 5

energy spacing. Inserting the expression for the Franck-pNOW using iw=0.2 e\,(ngl) S,~0.5 and assuming
Condon factor, that the energy difference between the strongly bound singlet

p+(E) is the final density of states on chain 2, defined by

V2

exp— S,)S"2 exciton (Sy) and theintramolecularcharge-transfer excitons
F&, = |P(0p-1a)? 2= —'pp— (500  of ~0.8 eV is approximately the energy difference between
’ Vo the singlet exciton and thiatermolecularcharge-transfer ex-
we have the final result that citons, we can estimate the interconversion rate for the sin-

, glet exciton. This iskg_ g ~7.5X 10" s (or 75 ~1 ps.
K o= 2—77|(f|H-1 Iy (E)exp(— Sp)Sy? (51) Similarly, using an exchange gap o0f0.7 eV gives
=FT R intert’/1 Pt v, ' kr., .1, ~1x10° s (or 7r_ ~10 ny. Thus, the triplet in-

: . . . terconversion rate is much slower than the singlet intercon-
This equation, along with the definition ¢f|HZ,.li) in Eq. veer?s(i)oner:;g ale 15 mtich slower than the singiet nterco

(31), is our final expression for the interconversion r&gis The ISC rate is also not accurately known, with quoted
the Huang-Rhys factor for the polaron relative to the gro“nQ/alues of 0.3 ngRef. 21, 4 ns(Ref. 34, and 10 nsRef.
state, defined a&q/%iw, whereE, is the reorganizatioior  3g Nevertheless, despite this uncertainty, we see that the
relaxation energy of the polaron relative to the ground state.qgjimateq triplet interconversion rate is comparable to or

Af_ter thehls?energepk;: tr_an5|;t||()n, ;thefrié[s V|brat|o?alhrglax-s|ower than the ISC rate, which from E,) implies a large
ation to the lowest vibrational level of theA, state of chain singlet exciton yield.

2 via the sequential emission ©f phonons. The number of Generally, the ratio of the rates is
phonons emitted corresponds to the difference in energies ’
between the initial charge-transfer and final exciton states,

given by Eq.(45). This is a multiphonon process. In Sec. IV, ~ 2 §S_S
we estimate these rates. Ksers, 24, 45 (1), () Pexpl= ) vg 54

TerTy ~ ST

IV. ESTIMATE OF THE INTERCONVERSION RATES ST |2, i (N (1)]Pexp(- Sp);;’—!

Since interconversion from the intermolecular to the in-
tramolecular charge-transfer excitons is forbidden by symThus,
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kScﬁ& vl chain length(or more correctly, conjugation lengtis com-
PR = 1.2§;<VT‘”S)—I. (55 parable to the particle-hole separation. In this case separation
Ter—=Tx Vs of the center-of-mass motion and the relative-particle motion

This ratio increases a$, decreases because then mul-1S no longer valid. Then the quantum numbersndj, which
tiphonon emission becomes more difficult. The ratio also in-describe the relative-particle wave function and center-of-

creases as the exchange endrgfv;—vo) increases for any Mass wave function, respectively, are no longer independent
vsor v if Sp<1. quantum numbers. Interconve_rsmn is then expected to take
place between all the states lying between the charge-transfer
state and the lowest exciton state. However, as the chain
V. DISCUSSION AND CONCLUSIONS length increases interconversion to higher lying states is sup-
aDressed in favor of the lowest-lying exciton. This prediction

intermolecular interconversion from intermolecular weakly'> confirmed bg% a recent quantum-mechanical calcuation by
Beljonneet al>° The second reason that the singlet exciton

bound polaron pairéor charge-transfer excitons intramo- . . . .
P pairéo 9 n yield is enhanced in polymers over molecules is that the

lecular excitons. This theory is applicable to parallel polymer: ) .
chains. A crucial aspect of the theory is that both the in__Huang-Rhys parameters decrease as the conjugation length

tramolecular and intermolecular excitons are effective parlncreases, and thus, the relative regesen by Eq.(54)] in-

ticles, which are described by both a relative-particle wavye€ases. . . S .
We note that the effective-particle description is still valid

function and a center-of-mass wave function. This implies hen th ) It : In thi th ter-of
two electronic selection rules. when there is self-trapping. In this case the center-of-mass

(i) The parity of the relative-particle wave function im- Wave fuctions are not the particle-in-the-box wave functions

plies that interconversion occurs from the even parity inter_appropriate for a linear chain&q. (19)], but they are the

molecular charge-transfer excitons to the strongly bound in2rtho-normalized functions appropriate for the particular po-
tramolecular excitons and not to the intramolecular charget-entlal well trapping the effective part.|cle. The !<ey point is
transfer excitons(namely, the first odd-parity exciton that because these are orthonormalized functions intercon-
(However, if the interchein charge transfer excitons IieVerSion occurs between a pair of stat_es W!th the same center-
higher in energy than the second family of even-parity intra—Of'_rPr?SSﬂ?uanu?]m ntL)meefrs as ldetzsgrlfbed |n_(tjh|sl_pager. ¢
chain exciton, recombination will be an intramolecular pro- . IS theory has been formulated for an 10€alized case o
sufficiently long, parallel polymer chains. The applicability

cess ) . o ; )
(ii)) The orthonormality of the center-of-mass wave func_of this theory for polymer light-emitting displays needs veri-
ing by performing calculations on oligomers of arbitrary

tions ensures that interconversion occurs from the charg . ) )
ngth and arbitrary relative conformations.

transfer excitons to the lowest branch of the strongly boun : . .
gy Finally, we remark that this theory presents strategies for

fegrfwlﬁ?ens families and not to higher lying members of theseenhancing the singlet exciton yield. Ideally, the polymer

These selection rules imply that interconversion is theri{‘:h""ms should be well conjugated, closely packed, and paral-

We propose a theory of electron-hole recombination vi

predominately a multiphonon process determined by th el. The last two conditions ensure that the interchain charge-

Franck-Condon factors. These factors are exponentiall)é"’mSfer excitons lie energetically below high-lying even-

smaller for the triplet manifold than the singlet manifold be- arity _fam_|I|es_ of !ntramol_ecglar excitons, and thus,
cause of the large exchange energy. recombination is an interchain interconversion process and

There is also a contribution to the rates from the °"e”a‘ﬁgtn:fne:né;iwgrl?:Ir?t?a?rim%?i?&;ﬁé@i&:ﬁ?ﬂﬁﬁ:l?nzafzaeg?_
of the relative-particle wave functions, which again are :

smaller in the triplet manifold because the triplet exciton has,‘slble because althopgh mterconverspn f“’”? the |ntra}cha!n
a smaller particle-hole separation and has more Covalerﬁ:'large-transfer excitons is slower in the triplet manifold;
t

character than its singlet counterp&rs a consequence, the than :L\e Isslrglettmz%rr]]lfoldi t;.Oth _ra:tes arle e>ipe_ct:ad to be fa_ster
interconversion rate in the triplet manifold is significantly an the rate. The relalive intermolecular interconversion

smaller than that of the singlet manifold, and indeed, it isrates are also increased when the electron-lattice coupling is
comparable to the ISC rates. Thus, it is possible for the siniéduced. This suggests that the singlet exciton yield is en-

glet exciton yield to be considerably enhanced over the spinhanced in rigid, well-conjugated polymers.
independent value of 25% in conjugated polymers.

Any successful theory must explain the observation that
the singlet exciton yield is close to 25% for molecules and The author thanks N. Greenham, A. Koéhler, and C. Silva
increases with conjugation lengtfi This theory qualitatively ~ (Cambridge for useful discussions. W.B. also gratefully ac-
predicts this trend for two reasons. First, the effective-knowledges the financial support of the Leverhulme Trust
particle description of the exciton states is only formally ex-and thanks the Cavendish Laboratory and Clare Hall, Cam-
act for long chains. This description breaks down when thdoridge for their hospitality.
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