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Self-trapped exciton dynamics in highly ordered and disordered films of polythiophene derivative
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We measured the time-resolved photoluminescence of highly ordered and disordered films of a poly-
thiophene derivative, poly~3-@2-„~S!-2-methylbutoxy…ethyl#thiophene!. The formation of self-trapped excitons
~STE’s! within 10 ps after photoexcitation and the subsequent migration of the STE’s are common behavior in
both films. The spectral narrowing of the phonon sidebands within 10 ps after photoexcitation is associated
with the formation process of STE’s and the spectral changes on a few hundred ps time scale are explained by
the STE migration and the dependence of the electron-phonon coupling on the effective conjugation length.
te
ra
s
n

on
ra

e
u

lax

ve

-
a
e
.
nc
ve
o
lt

s
of

o
ca
n
tiv

in

i-

t
s
e
ef

i-
tive
ga-
en-

. 1.
the
nge

T-

b-
s

ty

s

p conjugated polymers have received considerable at
tion as a model system for understanding the optical cha
teristics in one-dimensional~1D! materials, where exciton
play an important role in optical properties and electro
phonon coupling is also essential.1–4 In the 1D system, it is
known that there is no potential barrier from a free excit
state to a self-trapped state, and that most of photogene
excitons relax to self-trapped excitons~STE’s! within ex-
tremely short time.5 Since luminescence observed inp con-
jugated polymers is mainly radiation from the STE, tim
resolved photoluminescence spectroscopy gives
information about the self-trapping process and the re
ation process of the STE.

Studies of luminescence dynamics have been extensi
performed on poly~p-phenylenvinylene! and its derivatives
~PPV’s!.6–10 A short-lived luminescence tail on the high
energy side and a slow redshift of luminescence peaks h
been observed in PPV’s. Both observations have been
plained by an exciton migration to lower-energy segments7,8

This migration model has also explained the luminesce
spectrum narrower than the absorption spectrum. Howe
luminescence spectra of PPV’s show large inhomogene
broadening, and it is difficult to analyze experimental resu
in detail. Inhomogeneous broadening in optical propertie
an inevitable feature ofp conjugated polymers because
the following reason: Inp conjugated polymers, thep elec-
tron is localized due to the torsion of the main chain. Micr
scopic optical properties are strongly dependent on the lo
ization length, which is called the effective conjugatio
length. In most cases, samples consist of various effec
conjugation lengths. Therefore the optical properties ofp
conjugated polymers show large inhomogeneous broaden

Polythiophene derivatives~PT’s! can be obtained in the
form of high quality thin film, whose absorption and lum
nescence spectra show clear vibronic structure.11–13 At the
same time, these films have enough luminescence quan
efficiency to allow the investigation of their STE dynamic
Moreover, by a recent advance on the synthesis of polym
it has become possible to control the distribution of the
PRB 620163-1829/2000/62~13!/8580~4!/$15.00
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fective conjugation length.11–13 Therefore it is possible to
study the structural dependence of the STE dynamics.

In this paper, we report on the time-resolved photolum
nescence experiments on films of a polythiophene deriva
with long and short average lengths of the effective conju
tion to reveal the STE dynamics and the structural dep
dence of the STE behavior in PT’s.

We used poly~3-@2-„~S!-2-methylbutoxy…ethyl#thiophene!,
whose chemical structure is depicted in the inset of Fig
This polymer has an advantage of the ability to control
average length of the effective conjugation over a wide ra
by the synthesis and/or fabrication method.12,13 The regio-
regular polymer, which is hereafter abbreviated as H
P~S!MBET, contains exclusively head-to-tail~HT! coupling
of thiophene rings, while the regiorandom one, which is a
breviated as R-P~S!MBET, contains TT and HH coupling a
well, where the side chains collide with each other and thep
conjugation is limited. We can fabricate a high quali
Langmuir-Blodgett~LB! film of HT-P~S!MBET because of
its high HT ratio and hydrophilicity of oxygen atoms in it
side chains. This film has a largex (3) and a large length of

FIG. 1. Absorption spectra of LB film of HT-P~S!MBET and
spin-coated film of R-P~S!MBET at 10 K. Inset: Chemical structure
of P~S!MBET.
8580 ©2000 The American Physical Society
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FIG. 2. Photoluminescence spectra of~a! HT-
P~S!MBET excited at 2.4 eV and ~b!
R-P~S!MBET excited at 3.1 eV at various time
after photoexcitation. The spectra are normaliz
at the maximum of each spectrum and the tim
zero is taken to be the time when the lumine
cence takes its maximum intensity.
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the effective conjugation.14,15 The average length of the e
fective conjugation in HT-P~S!MBET was estimated to be 2
thiophene rings from the absorption andux (3)u spectra at 10
K.15 On the other hand, R-P~S!MBET was obtained in the
form of a spin-coated film. The average effective conjugat
length in R-P~S!MBET is estimated to be a few thiophen
rings from the HT ratio of 56% and the assumption thatp
conjugation is interrupted in the TT and HH couplings.

The absorption spectra of these films at 10 K are show
Fig. 1. The absorption spectrum of HT-P~S!MBET shows a
clear vibronic structure, which consists of the exciton tran
tion ~1.94 eV! and its phonon sidebands~2.12 and 2.29 eV!
associated with the C5C stretching mode. In R-P~S!MBET,
although the vibronic structure is not seen because of
large inhomogeneity, we believe that the broad spectrum
tually consists of the 0-0 transition and its sidebands.

A HT-P~S!MBET solution shows thermochromism
which is a dramatic color change dependent on its temp
ture due to the phase transition of side chains between t
and gauche forms.16,17 The gauche-type side chains disru
the regularity of the main chain and decrease the effec
conjugation length. The structure of the main chain in H
P~S!MBET and R-P~S!MBET films correspond to the or
dered~trans! and disordered~gauche! phases, respectively.

Time-resolved photoluminescence measurements w
performed using a monochromator and a streak camera
a 7-ps time resolution. The samples were kept in a cryo
that was maintained at a pressure of 1025 torr to prevent
chemical changes, and all measurements were made at 1
An optical parametric amplifier seeded by an amplifi
mode-locked Ti:sapphire laser was utilized to produce e
tation pulses at an energy of 2.4 eV. These pulses were s
trally filtered by a grating pair and a slit to obtain pulses w
a spectral width of about 0.02 eV. Pulses from the mo
locked Ti:sapphire laser were frequency doubled in a non
ear optical crystal of beta-barium borate~BBO! to produce
excitation pulses at an energy of 3.1 eV. The duration
these excitation pulses was a few hundreds fs, which is
order of magnitude shorter than the time resolution of
streak camera.

The photoluminescence spectra of HT-P~S!MBET at vari-
ous times after photoexcitation at 2.4 eV are shown in F
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2~a!. The broad luminescence tails are observed at 0 ps
the low-energy~near 1.5 eV! as well as high-energy~near 2.0
eV! sides, but disappeared within 10 ps. The spectral narr
ing of the phonon sideband around 1.7 eV also occurs on
same time scale after photoexcitation. These short-term
tures show evidence for the formation process of STE.
fact, some ultrafast measurements indicate that the forma
of STE’s occurs within a few hundred fs,5,7,18which is much
shorter than the time resolution of our apparatus. A rel
ation process of free excitons is illustrated in Fig. 3~a!. After
photoexcitation, a free exciton immediately induces latt
motion to form hot STE’s. The dissipation of the kinet
energy of atoms takes place within a few hundred fs in P
~Ref. 5! and then a new stable configuration, thermaliz
STE, is formed. From this picture, the observed short-liv
luminescence tails on the both energy sides are assigne
radiation from the hot STE. During the thermalization pr
cess, the distance between carbon atoms varies continuo
and the energy of theC5C stretching mode, which deter
mines the interval energy of the phonon side bands, is mo
lated. This modulation causes the broadening of the sideb
around 1.7 eV at 0 ps. After the hot STE thermalizes,
spectrum of the phonon sidebands narrows.

The hot STE can decay not only radiatively but also no
radiatively through potential crossing and/or tunneling b
tween two potential curves of the STE and the ground s
@the broken arrow in Fig. 3~a!#.5 The nonradiative decay
channel decreases the luminescence quantum efficiency

FIG. 3. Adiabatic potential-energy curves in the configurati
space for~a! HT-P~S!MBET and ~b! R-P~S!MBET.
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A slow redshift of the luminescence peak occurs expon
tially with a time constant of 180 ps. The shift energy
about 60 meV. The redshift is due to the migration of STE
to segments with longer effective conjugation, i.e., lo
energy segments.7,8 It was recently reported that, in
poly„2-methoxy, 5-~2-ethyl-hexyloxy!-p-phenylenevinylene…
~MEH-PPV!, the migration between chains takes place in
few ps and that the migration along the main chain occurs
a time scale of a few hundred ps.19 Therefore the energy shif
seen in Fig. 2~a! has been assigned to the intrachain mig
tion.

The low-energy tail of the 0-0 transition grows on th
time scale of a few hundred ps, although the side ba
remain sharp. This is explained by the following reason: T
sample contains a few segments with extremely long ef
tive conjugation, and radiation from them appears at the lo
energy side of the 0-0 transition. The STE in these segm
no longer migrates, and has to decay with a radiative de
time, which is longer than the migration time constant. T
0-0 transition from these segments does not have its pho
side bands, because the segment with longer effective co
gation has smaller electron-phonon coupling. Therefore
time evolves, the low-energy tail of the 0-0 transition grow
while its phonon sidebands remain sharp.

The photoluminescence spectra of R-P~S!MBET excited
at 3.1 eV are shown in Fig. 2~b!. The broad luminescence ta
is observed only on the high-energy side. The formation p
cess of STE in R-P~S!MBET is illustrated in Fig. 3~b!. In the
LB film of HT-P~S!MBET, the side chains are almost cry
tallized and all main chains are fixed to each other throu
the side chains. After photoexcitation, all atoms in cryst
lized area will have to be reorganized to form thermaliz
STE. Thus it takes a few ps to form the thermalized STE
HT-P~S!MBET. On the other hand, the spin-coated film
R-P~S!MBET has low crystallinity, and the side chains a
relatively free. Only local deformation is required to for
STE. Therefore the thermalization process in R-P~S!MBET
takes a shorter time than in HT-P~S!MBET. As a result, the
free excitons relax to the minimum of the STE potent
along the potential curve without overshooting@Fig. 3~b!#,
which leads to the observation of a short-lived tail only
the high-energy side. The fast thermalization indicates
STE in R-P~S!MBET has a low probability to decay to th
ground state through potential crossing and/or tunnel
This must be a reason why the luminescence quantum
ciency is higher for the disordered phase than for the orde
one in PT’s.20

The redshift of the luminescence peak due to the mig
tion of STE’s is also observed in R-P~S!MBET. The shift
energy is 190 meV. This larger shift is due to shorter con
gation than that in HT-P~S!MBET.

Figure 4~a! shows the time-integrated photoluminescen
spectra of R-P~S!MBET excited at 3.1 and 2.4 eV. The de
pendence of luminescence spectrum on the excitation ph
energy is explained by site selective fluorescence:21 seg-
ments with the resonance energy are selectively excited.
ures 4~b! and ~c! show the photoluminescence spectra a
and 500 ps, respectively. STE’s migrate to the segment w
longer conjugation until they cannot find lower segmen
Finally, the STE’s reach segments with the same conjuga
length at 500 ps in both cases of excitation at 3.1 and 2.4

On the other hand, independence of luminescence s
trum on the excitation photon energy was observed in H
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P~S!MBET ~not shown here!. This independence sugges
another ultrafast relaxation process that occurs before ST
are thermalized. This process might be the interchain mig
tion because, in highly ordered films, the polymer chains
closely packed and the interchain interaction is enhanced
the small stacking distance of the thiophene rings. Rec
advances19 in nanoscale control of polymer morphologie
should enable us to investigate the relaxation dynam
where the STE formation and the interchain migration co
ist.

In conclusion, we measured the time-resolved photolu
nescence on highly ordered and disordered films of a p
thiophene derivative, P~S!MBET, and found that the forma
tion of self-trapped exciton~STE! within 10 ps and the
intrachain migration of the STE to segments with longer
fective conjugation is a common behavior in both films. It
interesting that the STE is formed in even disordered fi
where an average length of the effective conjugation is o
a few thiophene rings. In the disordered film, the therma
zation of the STE occurs within a very short time. On t
other hand, a longer time is required to thermalize the
STE in the ordered film, and this causes the lower lumin
cence quantum efficiency in the ordered film than in t
disordered film. From the experiments on the highly orde
film where the vibronic structure of the luminescence
clear, the narrowing of the phonon sidebands within 10
and broadening of the 0-0 transition on a few hundred
time scale are observed. The narrowing is explained by
thermalization process of STE, and the broadening by
STE migration and the dependence of the electron-pho
coupling on the effective conjugation length.

The authors would like to thank S. S. Yamamoto for t
careful reading of the manuscript. This work was partly su
ported by a Grant-in-Aid from the Ministry of Educatio
Science and Culture.

FIG. 4. ~a! Time-integrated photoluminescence spectra
R-P~S!MBET excited at energy of 3.1 eV~solid line! and 2.4 eV
~broken line!. Photoluminescence spectra at~b! 0 ps and~c! 500 ps
after photoexcitation.



S

ev

s

,

. B

to

a,

.

.

r,

d

ny,

rt,

Y.
H.

ke,

PRB 62 8583BRIEF REPORTS
1B. I. Greene, J. F. Mueller, J. Orenstein, D. H. Rapkine,
Schmitt-Rink, and M. Thakur, Phys. Rev. Lett.61, 325 ~1988!.

2A. J. Heeger, S. Kivelson, J. R. Schrieffer, and W.-P. Su, R
Mod. Phys.60, 781 ~1988!.

3D. Baeriswyl, D. K. Campbell, and S. Mazumdar, inConjugated
Conducting Polymers, edited by H. Kiess~Springer-Verlag,
New York, 1992!.

4S. Mukamel and H. X. Wang, Phys. Rev. Lett.69, 65 ~1992!.
5T. Kobayashi, inHandbook of Organic Conductive Molecule

and Polymers, edited by H. S. Nalwa~John Wiley & Sons, New
York, 1997!, Vol. 4, Chap. 7.

6M. Furukawa, K. Mizuno, A. Matsui, S. D. D. V. Rughooputh
and W. C. Walker, J. Phys. Soc. Jpn.58, 2976~1989!.

7G. R. Hayes, I. D. W. Samuel, and R. T. Phillips, Phys. Rev
52, R11 569~1995!; 54, R8301~1996!.

8I. D. W. Samuel, G. Rumbles, and R. H. Friend, inPrimary
Photoexcitations in Conjugated Polymers, edited by N. S. Sar-
iciftci ~World Scientific, Singapore, 1997!, Chap. 7.

9U. Lemmer and E. O. Gbo¨elin, in Primary Photoexcitations in
Conjugated Polymers, edited by N. S. Sariciftci~World Scien-
tific, Singapore, 1997!, Chap. 9.

10R. Kersting, R. F. Mahrt, K. Leo, H. Kurz, H. Ba¨ssler, and H.
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