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1. INTRODUCTION

Recently photofunctional polymers such as photoresist, photochromic, photoconductive,

electroluminescent, photorefractive polymers have been extensively investigated. To

improve photophysical and photochemical properties of such polymers, the sensitization can

be utilized to extend spectral range and to enhance the sensitivity. The sensitization takes

place through electronic energy transfer process. As for the characteristics of polymers

having chromophores in the solids, the chromophore concentration is rather high and the

intra- and inter-chromophore interaction in polymer chains gives rise to various electronic

energy trap sites, which govern the electronic energy transfer process. In this report, the

singlet and triplet exciton behaviors of the polymers containing carbazole (Cz) or

phenanthrene (Ph) chromophores as the side

group were studied in the solid state. The

role of electronic energy traps in energy

transfer process will be discussed and

controlling factors of

processes will be given.

energy transfer

2. ENERGY TRANSFER/MIGRATION

PROCESSES AND ROLE OF ENERGY

TRAPS

Energy transfer is expressed in eq 1. Fig. 1 Energy migration and transfer in
polymer solid. E: excimer—forming site, A:
acceptor
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When Mi is equal to M2, the energy transfer is called energy migration. There are two types

of energy transfer and migration: one is Foerster type energy transfer that occurs mainly in the

excited singlet state and the other is Dexter type one that takes place in the excited triplet state.

The former is the long range energy transfer due to the dipole-dipole interaction whose

interaction range is of the order of a few nm and the latter is the short range one due to the

electronic exchange interaction whose range is less than 1.5 nm. The lifetime of excited

triplet state is in the range of microseconds to a few tens of seconds and much longer than that

of excited singlet state whose lifetime is in

the range of picoseconds to a few hundred

nanoseconds.

As one of the characteristics of

polymers having chromophores, the

chromophore density is rather high and the

intra- and inter-chromophore interaction in

polymer chains gives rise to various trap

sites, one of which is an excimer-forming F j 2 Structura
site. Fig. 1 shows exciton migration and samples, energy acceptor (perylene) and0 ° electron acceptor (DMTP)

transfer in the solid. Exciton migrates

along the chromophores and reaches an

acceptor site. When the acceptor is an

electron-acceptor, electron transfer takes

place and forms a charge carrier. If the

acceptor is a photostabilizer, exciton

energy is converted into heat and no

photochemical reaction takes place. A

mark E in the figure is an excimer-forming

site whose energy is lower than that of the

monomeric chromophore, then it catches

exciton and the excimer fluorescence is

emitted. In amorphous polymer solids,

such a photophysical process is efficient 300 400 500
. Wavelength/nm

and the main component 01 the
fluorescence spectra consists of excimer Fig. 3 Absorption and fluorescence spectra

of PVCz and PCzEMA f i Ims. Dotted Iines show
emission with almost no monomeric one. exc i p I ex em i ss i on with DMTP.
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3. SINGLET ENERGY MIGRATION HAVING NO EXCIMER-FORMING SITE (1,2)

Chromophore concentration in polymer films is rather high, then inter- and intramolecular

excimer is easily formed and the excimer-forming sites interrupt the energy migration. For

example, poly(N-vinylcarbazole) (PVCz) forms more than two types of excimers and almost

no normal fluorescence is observed (Fig. 3). The polymer, poly[2-(9-carbazolyl)ethyl

methacrylate] (PCzEMA) in which Cz chromophore is introduced to the main chain with a

long spacer, does not form an excimer and gives only the monomer emission (Fig 3). Fig. 4

shows the spectra of perylene-doped PCzEMA films, where perylene (Pe) is an energy

acceptor. Although the concentration of Pe is extremely lower than the Cz concentration,

strong sensitized emission from Pe was

observed. This means that the energy

transfer from Cz to Pe is enhanced by the

energy migration between Cz chromophores.

According to the random hopping

model, the ratio of the quantum yield of

acceptor, 4> A and that of donor, <£> o is

expressed by eq 2.

V)
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where <P AO, ® DO, and r D0 are the

quantum yields of acceptor, donor and the

lifetime of donor without any quencher,

respectively. The rate constant km\% is the

probability of energy transfer to a

neighboring lattice point, CA is the existence

probability of acceptor on a lattice point, (1-

F) is the probability that the destination of

migration is a new site and this value is

normally 0.66 for a 3D-lattice system.

Using eq 2, &mjg can be obtained from the

slope of the <£> A/ $ D plots against cA.

Then the energy diffusion coefficient D, the

step number n of excited states among the

lattice points and mean migration length L

Fig. 4 Sensitized fluorescence spectra for
Pe-doped PCzEMA fi Itns.

Table I Step number of singlet exciton n and
diffusion length L during the excited
I ifetime.

/ t / 1 0 3 L/nm

PVCz

PCzEMA

NIPCz"
(doped)

NIPCz2)

(crystal)

0 .3 - I 10-20

4.8

2

41

50

25

135

1) G. E. Johnson, Macromolecules, 13, 145 (1980).
2) W. KlSpffer, J. Chem. Phys., 50, 1689 (1969).
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within the donor decay time z D are given by,

*mig rDD
2

(3)

(4)

(5)

The result gives £mig = 9.7 x 101' s'1 and D = 8.4 x 10"4 cm2 s"1 with rDD = 0.72 nm. Table I

shows the step number n within the donor decay time r D, and mean migration length L for

PCzEMA. The energy migration L = 50 nm for PCzEMA is three times larger than the value

L = 10-20 nm for PVCz having excimer-forming sites. The value L = 50 nm is about a half

of the 135 nm for the N-isoprpylcarbazole (NIPC) crystal. PCzEMA of [Cz] = 4.41 mol/1 is

considered to give the upper limit of energy

diffusion in the amorphous system. This

could be realized by suppressing deep trap

formation.

4. TRIPLET ENERGY MIGRATION

WITH A SHALLOW TRAP (3,4)

For chromophoric polymer films, the triplet

state interaction is classified into two types:

excimer-type and trap-type. The

interaction energy at the trap-site is weaker

than that at the excimer-site. Here, we

will discuss the polymer having a shallow

trap-site, poly[(9-phenanthrylmethyl

methacrylate)-co-(methyl methacrylate)]

(P(PhMMA-co-MMA)) (Fig. 5). Fig. 6

shows the phosphorescence spectra for the

films of P(PhMMA-co-MMA) at 77 K.

The spectra of the films were shifted to a

longer wavelength with increasing

chromophore concentration, but the band

shape remained the same with no excimer

emission. The excited triplet state is

stabilized by the interaction between

Acceptor

P(PhMMA-co-MMA)
1,4-DibromonaphthaIene

(DBN)

Sample x
mol %

Mw
103

[Ph]
mol L 1

D
nm

P(PhMMA-co-MMA)L 0.78 1.30 0.09 2.63
P(PhMMA-co-MMA)H 18.6 1.20 1.67 1.00

Fig. 5 Structural formula and compositions
for copolymer samples.

en
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I

• P(PhMMA-co-MMA)L
• P(PhMMA-co-MMA)H

15 K

400 500
Wavelength / nm

Fig . 6 Phosphorescence spectra o f PCPhMMA-
co-MMA) f i l m s at 77 K.

322



: Exciton Low Temperature
High Temperature

.-. v

chromophores, but the interaction is not so strong as to give a broad excimeric emission.

The phosphorescence decay gave a single exponential curve below 45 K, but it became multi-

exponential above 60 K. The time-resolved phosphorescence spectrum at 100 K showed a

gradual shift to longer wavelengths with the elapse of time.

Fig. 7 shows schematically the time and space relaxation of triplet exciton according to

Baessler's model (5). The migration exciton is captured by a 3T* site with a barrier lower

than the surrounding sites. At lower

temperatures, the triplet exciton cannnot

go over the energy barrier and migrates

within a narrow range. At higher

temperatures, the exciton may run over

the barrier and migrates over a wide

range. When an acceptor is doped in

the film, the probability that the triplet

exciton reaches the acceptor site

increases with temperature.

Experimental results of the time

dependence of phosphorescence spectra

at various temperatures were well

simulated by using Baessler's model.

The width of the trap energy distribution

increases with temperature and saturates

above 75 K. The diffusion distance of

exciton also shows a similar behavior.

Higher temperatures accelerate exciton

migration.

Fig. 8 shows the phosphorescence

spectra of P(PhMMA-co-MMA)H film

doped with a triplet acceptor DBN. At

15 K, the phosphorescence from only Ph

chromophore (485, 522, 564 nm) was

observed. With increase in temperature,

the Ph phosphorescence decreased, and

the DBN phosphorescence (507, 545,

588 nm) appeared. In P(PhMMA-co-

MMA)L film, sensitized

Fig. 7 Energy migration scheme for the system
with a broad energy distribution.

500 550 600
Wavelength / nm

Fig 8 Phosphorescence spectra of the DBN-
doped P (PhMMA-c<r-MMA) H film at various
temperatures. [DBN] = 5 x 10 3 mol/l
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phosphorescence from DBN was not observed. The result shows that higher temperature

assists the energy migration, but the chromophore concentration must be high for triplet

energy migration.

5. CONCLUSION

We have discussed the role of energy traps for singlet exciton and triplet exciton migration in

polymer solids. It was elucidated that for singlet exciton, energy transfer takes place through

a long range Coulomb interaction and a deep trap such as excimer-forming site becomes a

governing factor, while for triplet exciton, energy transfer occurs through a short range

electronic exchange interaction and both shallow and deep traps determine energy migration

efficiency (Fig. 9). What kind of structures the energy trap sites or the excimer-forming sites

have is a future problem to be solved.

Singlet Energy TVansfer

Excimer

Triplet Energy TVansfer

Q C^i\ Excimer

Fig. 9 Role of traps for singlet and t r i p l e t
exciton migration.
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