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Abstract : A n exp ression f or energy t ransf er p robability (η) between host ( TPD) and guest ( Ir (pp y) 3 ) p hosp ho2
rescent systems is p rop osed ,and t he energy t ransf er p rocess in dop ed organic elect rop hosp horescent ( EP) devices

is discussed. The results show t hat (1) The rate of t he t rip let energy t ransf e r ( KHG and KGH ) exp onentially increa2
ses wit h t he host2guest molecula r distance ( R) , and KHG decreases quickly as t he intermolecula r distance of t he

guest ( RGG ) increases . In addition , t he KHG / KGH ratio of t he dop ant system increases when R or RGG is reduced ;

(2) The energy t ransf e r p robabilit y app roximately linearly decreases as R increases f rom 018 t o 112nm , and t he

variation of RGG can be neglected w hen R < 111nm. For 111nm < R < 112nm , RGG ( < 116nm) plays an increasingly

imp ortant role w hen ηdrops wit h t he lat te r ; (3) η i ncreases w hen t he Forster energy t ransf e r rate increases or

Gibb’s energy declines .
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1 　Introduction

Molecularly doped host2guest ( H2G) p hos2
p horescent blends have recently been exploited to
facilitate t he understanding of t he p hysics of organ2
ic materials and improve the efficiency of organic2e2
mitting devices (OL EDs) [1 ,2 ] . These at t ributes re2
sult f rom the p hosp horescent molecule’s harness2
ing of bot h t riplet and singlet states , leading to
OL EDs wit h internal quant um efficiencies approac2
hing 100 %[3 ,4 ] . The doped p hosp horescent guest e2
mission usually originates f rom t he t riplet energy
t ransfer in t he donor material [5 ] . Furt hermore , t he
energy t ransfer rate depends on the intermolecular
distance of t he guest s and t he molecular distance
between t he host and guest doped systems. When
t he energy acceptor is located at a p roper distance ,
t he energy t ransfer dominates in t he process[6 ] .
However ,a serious p roblem in maximizing t he EL
quant um efficiency of p hosp horescent L EDs is an
inefficient energy t ransfer p roba2

bility : (1) The energy of t he ho st excited singlet
state falls in t riplet states t hrough intersystem
crossing ( ICS) ,forming long2living t riplet states ,
which block t ransfer f rom the host material to t he
guest acceptor . Moreover , t hey can be easily
quenched in t riplet2t riplet or t riplet2charge carrier
annihilation processes[7 ,8 ] . ( 2) The excited t riplet
energy is stored in t he host sublat tice and can be
ret urned to the acceptor t riplet s under a p roper en2
ergetic condition. (3) Triplet dynamics in a guest2
ho st system : t he forward and back t ransfer rates
are determined by t he variation of t he Gibb’s ener2
gy and t he overlapping of t he molecules. In addi2
tion , t he Forster energy t ransfer plays a cent ral
role in the energy t ransfer p rocess between t he
ho st2guest singlet states. To study t he energy
t ransfer mechanism between host and guest in t he
doped organic elect rop hosp horescent devices , we
define an expression of energy t ransfer p robability
and discuss the energy t ransfer p rocess based on
t he TPD ∶Ir (ppy) 3 p ho sp horescent doped system.
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2 　Model and formula

The radiative and non2radiative decay proces2
ses of t he elect rop hosp horescent system are shown
in Fig. 1. The excited molecules of the ho st ( S H )

have a relatively short lifetime due to t he ISC for2
mation ( KISC

H ) of host t riplet s ( TH ) and rapid For2
ster energy t ransfer ( KS

H G) to doped molecules of
guest s pop ulating t heir singlet states ( S G ) . The

Fig. 1 　Kinetic scheme of photophysical processes in

the elect rophosphorescent system

guest t riplet states ( TG) ,pop ulated initially by the
ISC f rom t he excited singlet s ( S G ) with a rate

KISC
G ,are complemented with time by the back Dex2

ter t ransfer f rom host t riplet s. The overall radiative
and non2radiative monomolecular decay rate con2
stant s for singlet excited species are determined by
KS

H and KS
G . The t riplet excitation exchanges be2

tween host ( H) and guest ( G) are rep resented by
KH G and KGH , respectively. KH and KG are t he re2
spective rate constant s for the monomolecular de2
cay of the t riplet state of t he host and guest .

Corresponding to t he scheme in Fig. 1 ,we de2
fine the energy t ransfer p robability ,

η =
KS

HG + KHG - KGH

KS
HG + KS

H + KISC
H

(1)

where KS
HG is t he Forster energy t ransfer rate ,

KS
HG = τ- 1

S ( R0

R
) 6 (2)

Here ,τS is t he host f luoresce nce lif eti me , R is t he

donor2accep t or molecula r dista nce , a nd R0 is t he

Forste r ra dius , w hic h ca n be i ndep e nde ntly ob2
t ai ned by t he f luoresce nce sp ect rum of t he host

a nd t he a bsorp tion sp ect rum of t he guest . The ex2
p ected relation is

R6
0 = 818 ×10 - 23 × K2 <D n - 4∫

∞

0
FD (ω)εA (ω)ω- 4 dω

(3)

w here K2 is a n orie ntation f act or (2/ 3 f or ra ndom

orie ntation) , n is t he ref ractive i ndex of t he host ,

<D is t he f luoresce nce qua nt um eff icie ncy of t he

guest , FD (ω) is t he normalized fluorescent spec2
t rum of the host ,εA (ε) is t he molar decadic extinc2
tion coefficient spect rum of t he guest ,and ω is t he
energy in wave number . The mat hematical meaning

of t he formula∫
∞

0
FD (ω)εA (ω)ω- 4 dωis t he exchange

integral of the emission spect rum of t he donor and
t he absorption of t he acceptor .

The one t riplet energy t ransfer f rom t he host
occurs by t he Dexter mechanism , which is under2
lain by t he short2range elect ron exchange interac2
tion ,and can be expressed by the rate constant [9 ] :

KGH = KG exp [γGH ( R -
3
2

R H H ) ] (4)

where RHH is t he intermolecular distance between
t he molecules of the host wit hout consideration t he
formation of t he molecular clusters ,andγGH = 2/ L ,

w here L is t he B ohr ra dius , w hich cha racte rizes

t he inte raction ra nge (ove rlapp i ng betwee n t he e2
lect ronic orbits of t he reacta nts) . The t rip let e ne r2
gy t ra nsf e r f rom host t o guest is i mp ede d by t he

e ne rgy ba r rie r ΔE. Thus ,
KHG = 4πD Rexp ( - ΔE/ k T) / R3

GG (5)

where RGG is t he average separation between guest
molecules.

U nlike KGH in Eq. (4) , KHG contains t he t riplet
exciton diff usion coefficient ,

D =
1
6
ν0 R2

H H exp ( - γHH R HH ) (6)

whereγH H is a consta nt t ha t scales t he dista nce de2
p e nde nce of t he e ne rgy coup li ng betwee n host

molecules , a ndν0 is t he usual f requency factor fall2
ing in t he range of 1012～1013 s - 1 .

According to the data derived f rom Ref . [ 5 ] ,
we select a very efficiently doped system based on
an excitation energy donor ,a diamine derivative N ,
N′2dip henyl2N , N′2bis ( 32met hylp henyl )21 ,
1′2bip henyl24 , 4′2diamine ( TPD) , and an efficient
p hosp horescent complex fac t ris (22p henylpyridine)

iridium [ Ir (ppy) 3 ] used in high2efficiency elect ro2
p hosp horescent systems. The t riplet energy t rans2
fer between t hese molecules is subject to modifica2
tion by t he variation in t heir relative concent rations
in a bisp henol A polycarbonate ( PC) mat rix. The
material parameters used in the calculation are lis2
ted in Table 1.

576



半 　导 　体 　学 　报 第 27 卷

Table 1 　Parameters used in calculation
γ

GH
(2/ L GH )

/ nm

γ
HH

(2/ L HH )

/ nm

RHH

/ nm

R0

/ nm

KS
H (τ- 1

S
)

/ s - 1

KG

/ s - 1

ν
0

/ s - 1

ΔE

/ eV

17. 5 8. 5 1. 0 1. 05 109 6. 5 ×105 1013 0. 1

I n t he calculation , we assumed KS
HG µ KISC

H ,

w hich is exp e ri me ntally underlai n by t he lack of

f luoresce nce ba nd (≈400nm) i n TPD i n measured

e mission sp ect rum [ 10 ] .

3 　Results and discussion

For a device wit h an elect rop hosp horescent
dopant system ,t he t riplet state energy t ransfer rate
constant in the TPD ∶Ir ( ppy) 3 p hosp horescent
dopant system as f unctions of t he intermolecular
distance of Ir (ppy) 3 , RGG , and t he molecular dis2
tance between TPD and Ir (ppy) 3 , R ,are shown in
Fig. 2. KHG is exponential p roportional to R and de2
creases wit h increasing RGG . Moreover , t he change
of RGG dominates t he t ransfer rate. When t he mo2
lecular distance between ho st and guest increases ,
t he occurrence of t riplet2t riplet annihilation is less
p robable ,benefiting the t riplet energy t ransfer . As
defined[5 ] by RGG = 107 ×( M/ cρNA ) 1/ 3 ( c is t he con2
ce nt ration of guest by weight ,ρis t he density , M is
t he molecular weight of the guest , and N A is t he
Avogadro’s number) . A bigger RGG means a smal2
ler doping concent ration of t he guest . Therefore ,if
RGG decreases ,t here is less molecular Ir (ppy) 3 t hat
is surrounded by molecular TPD. The decreased
chance for t hem to interact reduces t he energy
t ransfer rate f rom TPD to Ir (ppy) 3 .

There is a linearly exponential dependence in
t he Forster energy rate ( KS

HG ) and t riplet energy
t ransfer rate ( KGH ) on the molecular distance R ,as
shown in Fig. 3. It can be observed f rom Eq. (3)

t hat a bigger R will make KS
H G decrease. However ,

T2T annihilation occurs at a lesser p robability
when t he molecular distance of host2guest rises.
This is good for t he energy t ransfer f rom guest
t riplet to host t riplet .

The t riplet energy t ransfer ratio KH G/ KGH in
t he dopant system versus the host2guest molecular
distance , R , and t he intermolecular distance of
guest s , RGG ,are analyzed and shown in Fig. 4. Here
KH G/ KGH increases as R or RGG drop s. As discussed

above ,t here is a slight increase as R rises ,resulting
in a t remendous decrease in KGH . The t riplet ener2
gy t ransfer rate shows a different change direction

Fig. 2 　Model of t riplet energy transfer f rom TPD to

Ir (ppy) 3 , KHG , versus intermolecular distance of Ir
(ppy) 3 , RGG , and TPD2Ir (ppy) 3 molecular dstance ,

R ,as calculated according to the data given in Table 1

Fig. 3 　Triplet energy transfer f rom Ir (ppy) 3 to TPD ,

KGH ,and Forster energy transfer , KS
HG , versus R , mo2

leculars distance for TPD2Ir (ppy) 3

in when t he intermolecular distance of Ir (ppy) 3 in2
creases. Triplet energy t ransfer f rom TPD to Ir
(ppy) 3 , KH G , falls with increasing RGG , while t he
change of RGG cont ributes lit tle to the t riplet ener2
gy rate of KGH . Therefore , KHG/ KGH safely drop s as
RGG increases f rom 110 to 310nm.

Figure 5 shows the energy t ransfer p robability
(η) f rom TPD to Ir (ppy) 3 versus the host2guest
molecular distance , R , and the intermolecular dis2
tance of guest s , RGG . It is seen t hatηincreases line2
arly when R is reduced f rom 018 to 112nm , and
changes in RGG can be neglected for R < 111nm. The
sit uation changed for 111nm < R < 112nm. RGG

plays an increasingly important role when ηchan2
ges and decreases with t he lat ter . The effect s are
obvious when RGG < 116nm. KH G declines with in2
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Fig. 4 　Triplet energy transfer ratio KHG/ KGH of the

dopant system versus TPD2Ir ( ppy ) 3 molecular dis2
tance , R , and RGG , the intermolecular distance of

Ir (ppy) 3

Fig. 5 　Relation of the energy transfer p robability (η)

versus TPD2Ir (pp y) 3 molecula r distance , R , and inte r2
molecular distance , RGG , of Ir (pp y) 3

creasing RGG . Compared wit h t he cont ribution f rom
R , KH G can be neglected , especially wit h a longer
guest intermolecular distance. A bigger RGG means
a small doping concent ration into t he guest s , and
t hen the energy t ransfer p robability is determined
by t he Forster energy t ransfer rate in a singlet
state f rom TPD to Ir (ppy) 3 . However ,if RGG de2
creases , t he energy t ransfer of t he host2
guest t riplet system may greatly affectη. Thus , a

smaller RGG is good for η. A similar t rend is ob2
served f rom Fig. 4 ,in which KH G/ KGH drop s as R

or RGG increases.
Figure 6 shows KH G at R = 019nm , RGG =

2147nm , which exponentially increases wit h in2
creasing Gibb’s energy. If t he excited t riplet state
of t he guest is higher t han t hat of the host ,a good
energy t ransfer will not occur ,even with a good o2
verlapping of host emission and guest absorption.
This holds t rue for charge t ransfer systems as
well ,since a lower level in t he host could allow en2
ergy to be t ransferred f rom the excited guest mole2
cule to the host af ter charge recombination. By de2
signing host s wit h a higher first excited t riplet
state ( T1 ) ,t he p hosp horescent guest will lo se less
energy t hrough non2radiation.

Fig. 6 　 Triplet energy transfer rate f rom TPD to

Ir (ppy) 3 versus Gibb’s energy change

4 　Conclusion

The dependence of the energy t ransfer rate
and probability on t he molecular distance between
ho st and guest , R ,and t he guest intermolecular dis2
tance RGG , are numerically investigated. The fol2
lowing conclusions are obtained : ( 1 ) The t riplet
energy rate ( KH G and KGH ) exponentially increases
with increasing R. However , KH G and KGH have op2
posite t rends when RGG increases ; (2) The energy
t ransfer p robability (η) and the ratio KHG/ KGH de2
crease when R or RGG rises. If R < 111nm ,a smaller
RGG plays a cent ral role in η; ( 3) Gibb’s energy
change and t he Forster energy have st rong effect s
onη. In the p rocesses of optimizing EP devices ,t he
above factors should be considered caref ully.
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有机掺杂电致磷光器件中主客体间的能量转移几率 3

李宏建1 ,2 , 　欧阳俊1 　代国章2 　戴小玉2 　潘艳芝2 　谢 　强2

(1 中南大学物理科学与技术学院 , 长沙　410083)

(2 湖南大学应用物理系 , 长沙　410082)

摘要 : 提出了有机掺杂电致磷光器件中主体 ( TPD)与客体 ( Ir (ppy) 3 )间的能量转移几率表达式 ,并对能量转移过
程进行了讨论. 结果表明 : (1)三态激子能量转移率 ( KHG , KGH ) 随主客体分子间距离 R 指数增加 , KHG随客体分子
间距离 RGG增加有一个快的减少 ,且 KHG/ KGH随 R 或 R GG减少而增加 ; (2) 当 R 为 018～112nm 时 ,能量转移几率
接近线性降低 ,而当 R < 111nm 时 , RGG的变化能够被忽略 ,对于 111nm < R < 112nm 的情况 , RGG ( < 116nm)对η起
着越来越重要的作用 ; (3)当 Forster 能量转移率增加或 Gibb’s 能减小时 ,η将会增加.
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