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Based on the energy transfer process from host to dopant in an organic electrophosphorescent (EP) device, the

expression of energy transfer probability (n) between the host (TPD) and guest (Ir(ppy)s) EP systems was proposed.

The results show that: (1) The rate of the triplet energy transfer (Kgg and Kgpg) increases exponentially with increasing

donor-acceptor molecular distance (R), whereas decreases as the intermolecular distance (Ryp) increases from 0.8 to

2.4 nm. Furthermore, Kgy changes more quickly than Ky, (2) The energy transfer probability (n) increases as R

reduces, and the Rgy changes can be safely neglected for R <0.9 nm. The situation changes for 0.9nm< R < 1.1nm,

Rpm (< 1nm) plays an essential role when 1 changes and increases with the latter. However, if R > 1.1nm, the

transfer probability will be below zero.

Here, the energy transfer principle may be less important, and the high

electroluminescence (EL) quantum efficiency of phosphorescent system will be attributed to the direct electron-hole

recombination in phosphorescent molecules. (3) The n will increase when the Forster radius (Rg) increases or Gibb’s

energy decreases.
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1. Introduction

with

dopant is of interest due to their ability to harness

Organic  electrophosphorescence (EP)
both triplet and singlet states, leading to organic light-
emitting devices (OLEDs) with internal quantum effi-
ciencies of approaching 100%.!'~3] It is a form of elec-
troluminescence (EL) where the optical emission origi-
nates from triplet excitons, relaxing radiatively to the
ground singlet electronic state (Sg). In contrast to
normal LEDs,!*~¢ the emission of such LEDs orig-
inates from the radiative decay of the triplet states
produced by direct electron—hole recombination in
phosphorescent molecules or excited by triplet energy
transfer from a donor material.[”l Also, energy transfer
from the phosphorescent triplets may lead to the ex-
citation of singlet states of another fluorescent dopant
material. When the energy acceptor is located at a
proper distance, the energy transfer becomes a dom-

inant process.!8! However, a serious problem in max-

imizing the EL quantum efficiency of phosphorescent
LEDs is due to the inefficient energy transfer probabil-
ity. On the one hand, the energy of the host’s excited
singlet state falls in triplet states through intersys-
tem crossing (ISC), and forms the long-living triplet
states, the triplet host levels will become the “energy
reservoir” for the phosphorescent guest triplet (Tq)
states and block the transfer from the host material
to the guest acceptor. Moreover, they can be easily
quenched in the triplet—triplet and / or triplet-charge
carrier annihilation processes.[?1% On the other hand,
the excited triplet energy is stored in the host sublat-
tice and can return to acceptor triplets under a proper
energetic condition. Triplet dynamics in a guest—host
system, i.e. the rates of forward and backward trans-
fer, is determined by the Gibb’s energy change and
the molecular overlap. In addition, the Forster energy
transfer radius (Rp) plays an important role in the
energy transfer processes between host-guest singlet

states.
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In this paper, we define a formula for energy
transfer probability and discuss the energy transfer
process between the host—guest phosphorescent sys-
tems.

2.Model and formula

Radiative and non-radiative decay processes of
electrophosphorescent system are illustrated in Fig.1.
The excited singlet (Sg) state of the host molecule has
a relatively short lifetime due to the ISC formation
(K€ of host triplets (Ty) and rapid Forster energy
transfer (K}SIG) to dopant molecules of guest populat-
ing their singlet states (Sg). The guest triplet states
(Tg), populated initially by the ISC transition from
the excited singlets (Sg) with a rate K5 are com-
plemented with time by the back Dexter transfer from
host triplets. The overall radiative and non-radiative
monomolecular decay rate constants for excited sin-
glet species are designated respectively by KIS{ and
K(S; The triplet excitation exchange between host and
guest is represented by Kyg or Kgg. Ky and Kg are
respectively the rate constants for the monomolecular
decays of triplet state of host and guest.

Corresponding to the scheme in Fig.1, we define

the energy transfer probability as

_ K5¢ + Kug — Kan
7T Ko+ Ky T KRC

(1)

where K3 is the Forster energy transfer rate

1( R
Kia =75 (00" @

Here, 75 is the host fluorescence lifetime, R is the
molecular distance between donor and acceptor, Ry
is the Forster radius which can be calculated indepen-
dently by comparing the fluorescence spectrum of the
host with the absorption spectrum of the guest. The

expected relation is

)
RS =8.8 x 10_23K2¢Dn_4/ Fp(w)ea(w)w*dw,
0

(3)
where K? is an orientation factor (2/3 for random
orientation), n is the refractive index of the host, ¢p
is the fluorescence quantum efficiency of the guest,
Fp(w) is the normalized fluorescent spectrum of the
host, ea(w) is the molar decadic extinction coeffi-
cient of the guest, and w is the energy in wave

number. The mathematic meaning of the formula

/ Fp(w)ea(w)w *dw is the exchange integral of the
0

emission spectrum of donor and the absorption of the

acceptor.
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Fig.1. Kinetic scheme illustrating the photophysical

processes of electrophosphorescent system.

The triplet energy transfer from host to guess
occurs in the Dexter mechanism which is under-
lain by the short-range electron exchange interaction,
and can be expressed in virtue of the following rate

constant: 1]
V3
Kgg = Kgexp {’yGH <R - TRHH>:| ) (4)

where Ryy is the intermolecular distance between the
molecules of the host, when molecular cluster forma-
tion is neglected, and ygg = 2/L with L being the
so-called Bohr radius which characterizes the interac-
tion range (overlap between the electronic orbits of
the reactants). The triplet energy transfer from host

to guest is impeded by the energy barrier AE. Thus,
Kng = AnDRexp(—AE/kT) /R, (5)

where Rgg is the average separation between guest
molecules.
In contrast to Kgn (4), Kug contains the triplet

exciton diffusion coefficient,

1
D= 6 oRimexp(—vunRun), (6)

where ygp is a constant representing the distance
dependence of the energy coupling between host
molecules, and v is the usual frequency factor with
its value in the range of 1012-10%3 /s~ 1.

According to the data derived from Ref.[8], we se-
lect TPD:Ir(ppy)s the phosphorescent dopant system,
and the molecular structures of Ir(ppy); and TPD are
shown in Fig.2. The material parameters used in the

calculation are listed in Table 1.
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Fig.2. Molecular structures of Ir(ppy)s and TPD.
Table 1. The parameters used in calculation.
Yeu(2/Lgu)/nm yuu(2/Lyg)/nm Rgg/nm Ro/nm K%(Tgl)/s_l Kg/s™1! vo/st AFE/eV
17.5 8.5 2.47 1.05 10° 6.5x10° 1013 0.1

In the calculation, we assume K}SIG >> KII{SC.
This assumption is experimentally underlain due to
the lacking fluorescence band (=~ 400nm) of TPD in

measured emission spectrum.!1?

3. Results and discussion

The rate constant of the triplet-state energy
transfer of the TPD:Ir(ppy)s phosphorescent dopant
system is shown as a function of the intermolecular
distance Rpgy of TPD and the molecular distance R
between TPD and Ir(ppy)s, in Fig.3 (a) Kug and (b)
Kgu. The rate of the triplet energy transfer is an

exponential function of R and decreases with Rpy

Furthermore, Kgy

increasing from 0.8 to 2.4nm.

changes more quickly than Kpg. When the molecu-
lar distance between the host and guest increases, the
triplet—triplet annihilation will occur with a small pos-
sibility, which is good for the triplet energy transfer.
However, a larger Ry means a higher concentration
of guest, which easily leads to the formation of triplet
excimers and quenching in guest. The annihilation of
the triplet excimers would reduce the rate of energy
transfer, whether it is from TPD to Ir(ppy)s , Kug,
or inverse Kqgp. Since the “energy reservoir” is for the
phosphorescent Ir(ppy)s triplet states (Tg) on triplet
TPD levels (Ty), Kgu is more important than Kug
when R or Rgp changes.

Fig.3. The model of triplet energy transfer from TPD to Ir(ppy)s, Kgu, and inverse, Kgy, versus TPD-Ir(ppy)s

molecular distance, R, and intermolecular distance, Ryy, between molecules of TPD as calculated according to the

data given in Table 1.
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Figure 4 shows the energy transfer probability (1)
versus the molecular distance between the host and
guest, R, and the intermolecular distance of the host,
Ryp. Here, n is reduced with increasing R and can
be safely neglected for R < 0.9nm when Ryy changes.
The situation changes for 0.9nm< R < 1.1lnm, Rygpg
(< 1nm) plays a central role, when 7 changes and
However, if R > 1.lnm, the

transfer probability will be below zero. Here, the en-

increases with Rpg.

ergy transfer principle may be less important. As dis-
cussed above, Kgg changes more quickly than Kyg
when R increases. Thus, the total effects make 7 de-
crease. As far as the singlet energy transfer is con-
cerned, the Forster energy transfer from host singlet
states to guest singlet states, K}SIG, falls with increas-
ing R. Kj will have a larger rate if R becomes
smaller, and the effect of Rgg on n is comparatively
small. However, when R approaches Ry, the Forster
energy transfer will not be dominant in 7. However, a
suitable increase in Rgy (< 1.0nm) will affect n signif-
icantly, which gives rise to more interactions between
TPD and Ir(ppy)s molecules. If R is large enough
to extend the distance for energy transfer, the energy
transfer principle may be less important and the high
EL quantum efficiency of the phosphorescent system
can be attributed to the electron-hole recombination

in phosphorescent molecules.

Fig.4. The energy transfer probability (n) versus the
distance between TPD-Ir(ppy)s molecules, R, and the
intermolecular distance, Rgpg, of TPD.

Figure 5 shows the triplet energy transfer ra-
tio K = Kpug/Kgu of the dopant systems versus
Gibb’s energy change. It is seen that at R=0.9nm,
Ryp=1.0nm, Ky¢ increases exponentially for the EP
dopant materials as Gibb’s energy increases; and if the

excited triplet state of the guest is higher than that

of the host, good energy transfer between TPD and
Ir(ppy)s will not occur, even if good overlap of host
emission and guest absorption occurs (Fig.6). This
holds true for charge transfer systems as well, since a
lower level in a host could allow energy to be trans-
ferred from the excited guest molecule to the host af-
ter charge recombination. By designing hosts with a
higher first excited triplet state (T;), the phosphores-
cent guest will lose less of its energy in a non-radiative

way.
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Fig.5.
Ir(ppy)s versus Gibb’s energy change.

Triplet energy transfer rate from TPD to

Poor energy transfer Efficient guest-host transfer system

Fig.6.

alignment between suboptimal and optimal guest—host

Comparison of guest—host T; energy level

electrophosphorescent systems.

It is noticed that there is an approximately linear
exponential dependence of the Forster energy transfer
rate, KIS{G on Forster radius, Ry, as shown in Fig.7,
suggesting that Ry plays an important role in the in-
crease of 7. It can be observed from Eq.(3) that a
bigger Ry would be obtained when the donor has a
higher phosphorescent quantum efficiency, the accep-
tor gains a larger molar decadic extinction coefficient
or more overlap areas between the emission spectrum
of donor and the absorption of the acceptor, which

can make energy transfer efficiently.
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Fig.7. Singlet transfer rate from TPD to Ir(ppy)s,

KS

Hq» versus Forster radius.

4. Conclusion

We have shown that the molecular distance be-
tween the host and guest R, and the intermolecule dis-
tance of the host Ryy in EP dopant system strongly
affect both the rate and the probability of the triplet
energy transfer. By calculation, we find the rate of
the triplet energy (Kng and Kgp) increases exponen-

tially with increasing R and decreases with increas-

ing Ryg. However, the energy transfer probability
(n) increases with decreasing R, and the changes of
Ryup can be safely neglected for R < 0.9nm. For
0.9nm< R < 1.lnm, Rgy (< 1nm) plays the central
role in 1 and increases with 7. However, if R > 1.1nm,
the transfer probability will be below zero. Here, the
energy transfer principle may be less important, and
the high EL quantum efficiency of the phosphores-
cent system will be attributed to the direct electron-
hole recombination in phosphorescent molecules. As
defined® by Ruym = 107 x (M/cpNp)'/? (c is the
concentration of the host by weight percent, p is the
density and M the molecular weight of host, and Ny
Actually, Ryy reflects the

dopant concentration in the host. The higher the con-

is Avogadro’s number).

centration, the smaller the Ryy will be. We also show
that the triplet energy transfer ratio K of the dopant
systems versus Gibb’s energy change Fq — Fy and the
dependence of the Forster energy transfer rate KEIG
on Forster radius Rg, moreover Eq — Fy and Ry have
great effect on n also. As a result, in the processes
of optimizing EP devices, the above factors should be

considered seriously.

References

[1] Adachi C, Baldo M A, Thompson M E and Forrest S R
2001 J. Appl. Phys. 90 5048

[2] Li F, Zhang M, Cheng G et al 2004 Appl. Phys. Lett. 84
148

[3] Xie Y Q, Guo J H, Peng J B, Cao Y and Wang R 2005
Acta Phys. Sin. 54 3424 (in Chinese)

[4] Liu T H, Iou CY, Wen S W and Chen C H 2003 Thin
Solid Films 441 223

[5] Liu T H, Iou C Y and Chen C H 2005 Curr. Appl. Phys.
5 218

[6] Ma SY, Xiao Y and Chen H 2002 Chin.Phys. 11 960

[7] Baldo M A and Forrest S R 2000 Phys. Rev. B 62 10958

[8] Kalinowski J, Stampor W, Cocchi M et al 2004 Chem.
Phys. 297 39

[9] Baldo M A, Adachi C and Forrest S R 2000 Phys. Rev. B
62 10967

[10] Kalinowski J, Stampor W, Cocchi M et al 2002 Phys. Rev.
B 66 235321

[11] Kloffer W 1982 Electronic Properties of Polymers (New
York: Wiley) p161

[12] Kalinowski J, Cocchi M, Giro G, Fattori V and Marco P
D 2001 J. Phys. D: Appl. Phys. 34 2274



