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Measuring the size of excitons on isolated phenylene-vinylene chains: From dimers to polymer
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We have determined the excess polarizability of the relaxed first excited-singlet-stateS1 on isolated chains
of phenylene-vinylene oligomers and polymers by measuring the transient change in the microwave dielectric
constant that occurs on flash photolysis of dilute solutions. The isotropic value of the excess polarizability
volume, Da8(S1), increases from 250 Å3 for a dimer to 960 Å3 for an octamer, and 1600 Å3 for high
molecular weight polymers. The value for the isolated polymer is close to that found for the unrelaxedS1 state
in electroabsorption~Stark effect! measurements on solid samples of poly~phenylene-vinylene!, indicating that
exciton delocalization is not strongly influenced by either post-excitation relaxation of the polymer backbone
geometry, or by interchain interactions.
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The nature of photoexcitations on conjugated polym
chains is a subject of continuing study and debate.1–4 Ques-
tions of particular current interest concern the extent of
localization and the binding energy of the relaxed sing
exciton,S1 . Such questions are of more than just acade
interest sinceS1 is the intermediary in molecular electron
devices such as electroluminescent displays5–7 and photovol-
taic cells.8–10 A parameter directly related to these questio
is the polarizability of the exciton,a(S1), since this is a
measure of the effective degree of delocalization and of
dipolar coupling betweenS1 and other states within the sin
glet manifold.

In the past, the polarizabilities of the singlet excited-sta
of conjugated polymers have been estimated by measu
the Stark effect, i.e., the effect of an applied electric-field
the optical absorption spectrum.11 From such electroabsorp
tion measurements on single crystals of polydiacetylene
rivatives, values of the polarizability of the 1Bu exciton in
the direction of the conjugated backbone within the ran
4000 to 8000 Å3 have been determined.11 For solid films of
polyphenylene-vinylenes values from 2400 to; 10 000 Å3

have been reported.11–13 Polarizabilities determined in thi
way are related to the vertically excited unrelaxed state
bulk polymer matrix for which interchain interactions cou
be important. In this paper, we report measurements of
excess polarizability of therelaxed S1 excited-state oniso-
lated phenylene-vinylene chains varying in length from tw
to several hundred monomer units. The measurements
made by determining the transient change in the dielec
constant of a dilute benzene solution on flash photoexcita
of the molecules.

The molecular structures of the phenylene-vinylene
oligomers and polymers studied are shown in Fig. 1 and t
first optical absorption and emission band maxima are lis
in Table I. All of the compounds, including; 500 monomer
unit polymers could be dissolved in benzene. Low conc
tration solutions~; 10 ppm or 1024 molar PV units! were
investigated under conditions for which no intermolecu
PRB 620163-1829/2000/62~3!/1489~3!/$15.00
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solute aggregation occurred. The solutions were flash ph
lyzed using single 7-ns, 10-mJ/cm2 pulses of 308-nm light
from a Lumonics HyperEx 400 excimer laser. The tim
resolved microwave conductivity technique~TRMC! was
used to monitor the changeD«8 occurring in the relative
dielectric constant of a solution on flash photolysis.14–16

Changes in«8 as small as 1 ppm could be detected.
A change in«8 is related to a change in the polarizabili

of the solute molecules on photoexcitation,Da by

D«85@«812#2DaN/9«0 . ~1!

In Eq. ~1!, N is the concentration of excited molecules and«0
is the permittivity of vacuum. In the present experiments
transient change in power reflected by a microwave ca
containing the solution,DR, was monitored at the upper an
lower half-power frequencies of the cavity resonance. T
difference between the two transients,D65DR22DR1 is
related toD«8 and henceDa by

D65CD«81DdD«8/dt ~2a!

5@«812#2Da@CN~ t !1D$dN~ t !/dt%/9«0 ~2b!

with C andD determined by the characteristics of the cav
resonance. The differential term in Eq.~2!, which leads to an
oscillatory component in theD6 transients, results from a
nondissipative change in the energy stored in the ca
when«8 changes. Typical transients are shown in Fig. 2
the da-PVn series of oligomers.

The time dependence of the concentration of exci
statesN(t) was calculated by a convolution procedure th
included the laser pulse shape, the incident light inten
and solute optical density, and the lifetime of the relaxedS1
excited state. The last parameter was determined by ti
resolved fluorescence measurements using the 0.8-ns p
from an LN1000 nitrogen laser and a 150 ps risetim
channel-plate photomultiplier. The lifetimes determined a
listed in Table I and are considered to be accurate to wit
1489 ©2000 The American Physical Society
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650 ps. Examples of fits to the experimentalD«8 transients
from which Da was determined, are shown in Fig. 2.

Since the molecules are orientated randomly in soluti
Da is the isotropic value of the polarizability, i.e.,Da
5(Daxx1Dayy1Dazz)/3. Its magnitude is most conve
niently discussed in terms of the excess polarizability v
ume,Da85Da/4p«0 in units of Å3. The values determined
for the excess polarizability volume of the singlet excit
denotedDa8(S1) are listed in Table I for all of the com
pounds studied. For both series of oligomers,Da8(S1) in-
creases with increasing chain length from approximately
Å3 for the dimers up to a value close to 1000 Å3 for the
longest oligomeric chains. A further substantial increase

FIG. 1. Molecular structures of the phenylene-vinylene olig
mers and polymers studied.

TABLE I. The fluorescence decay timetFL , excess polarizabil-
ity volumea8(S1), volume of the PVn backboneVm , first absorp-
tion band maximumEAB , and the 0,0 band emission maximu
EFL .

Compound
tFL

~ps!
a8(S1)a

~Å3!
Vm

b

~Å3!
EAB

~eV!
EFL

~eV!

tb-PV2 980 300650 438 3.43 3.12
tb-PV3 950 530670 597 3.20 2.88
tb-PV4 740 8106100 756 3.07 2.76
tb-PV5 670 9306120 915 3.00 2.70
da-PV2 1000 250640 438 3.18 2.79
da-PV4 800 660680 756 2.88 2.55
da-PV6 700 9006110 1074 2.77 2.45
da-PV8 610 9606130 1392 2.72 2.42

MEH-PPV 250 16006400 2.47 2.20
dMOM-PPV 300 16006400 2.47 2.23
(dMO)2-PPV 250 15506400 2.48 2.22
,

-

0

o

1600 Å3 is found on going to the high molecular weigh
polymers. These values are orders of magnitude larger
the polarizabilities of ground-state molecules similar in s
to the phenylene-vinylene unit, e.g.,a8(S0)'10 Å3 for ben-
zene.

Since the exciton polarizibility is expected to be high
anisotropic and aligned mainly along the conjugated chai~z
axis!, the value ofDa8(S1)51600 Å3 found for the poly-
mers corresponds toDazz8(S1)'4800 Å3. This is within the
range ofz axis polarizability values, from 2400 to 10 000 Å3,
previously determined by electroabsorption measurem
on solid PPV films.11–13 We conclude from this that the de
gree of delocalization of the singlet exciton does not cha
substantially on relaxation from the vertically excited sta
and that interchain interactions in the bulk solid have onl
minor influence, if any, on exciton delocalization.

Using a semiclassical hydrogen atom model Horv
Bässler, and Weiser,12 derived the relationshipa8(S1)
'4R3 for the polarizability volume of a singlet exciton o
orbital radiusR. This indicates that the polarizability volum
should be an approximate measure of the actual volume
closed by the exciton wave function. In view of this, w
compare in Table I the present measured values ofDa8(S1)
with the actual molecular volumes of the conjugated ba
bones of the oligomersVm . As can be seen,Da8(S1) and
Vm are in fact similar in magnitude. This could be taken
indicate that the exciton wave function is delocalized ov
almost the entire phenylene-vinylene chain even for
longest oligomers. In the case of the polymers the value
Da8(S1)51600 Å3 can be compared with the volume of
single PV unit of 159 Å3. This would suggest that the excito
wave function is delocalized over approximately 10 mon
mer units. This is in agreement with previous estima
within the range 1065 based on trends in the optica
properties.17–21

-

FIG. 2. FP-TRMC difference transients,D6 @see Eq.~2a!#, pro-
portional to the change in the dielectric constant on photoexcita
of dilute benzene solutions of the da-PVn oligomers withn52, 4,
6, and 8 from bottom to top. The base lines of the transients
displaced vertically for clarity. The dotted curves are calculated
from which the exciton polarizability is determined using Eq.~2b!
and measured fluorescence decay times of 1.00, 0.80, 0.70, and
ns, respectively. The noise level corresponds to a change in
relative dielectric constant of 0.531026.
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Rather than taking the polarizability to be a measure
the spatial extent of an exciton as suggested by the semi
sical approach, it should more correctly be discussed
terms of the dipolar coupling with other available quantu
states as given by22

a~S1!52SnÞ1~ um lnu2/DEln!/3 ~3!

5e2\2SnÞ1$ f ln /DEln
2%/me . ~4!

In Eq. ~3!, m ln is the transition dipole moment,f ln the oscil-
lator strength,DEln the energy difference betweenS1 and the
staten, e, andme are the charge and mass of the electr
and\ is the Planck constant/2p. From Eqs.~3! and~4! it can
be concluded that the large polarizabilities measured in
present work are a consequence of strong dipolar couplin
lar
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the relaxed singlet exciton to an upper state or states ly
close in energy. The polarizability is, therefore, expected
be related to the exciton binding energy, which is a para
eter of considerable interest and discussion at present.2–4,23,24

Theoretical calculations similar to those presented rece
for polythiophene,25 aimed at quantifying this relationshi
are underway and will be the subject of a future publicatio

We would like to acknowledge Professor A. B. Holm
and Dr. D-H. Hwang~University of Cambridge, UK! and Dr.
E. G. J. Staring and Dr. H. F. M. Schoo~Philips Research
Laboratories, The Netherlands! for providing the polymeric
materials, and Dr. P. van Hutten for helpful discussions. T
investigation was supported by the Netherlands Organiza
for Scientific Research Chemical Sciences Division and P
ority Program for Materials.
as,
em.

M.
-H.

y,

,

H.

.

y,

-
el

s,
1Primary Photoexcitations in Conjugated Polymers: Molecu
Exciton versus Semiconductor Band Model, edited by N. S. Sar-
iciftci ~World Scientific, Singapore, 1997!.

2J. L. Brédas, J. Cornil, and A. J. Heeger, Adv. Mater.8, 447
~1996!.

3J. L. Brédas, J. Cornil, D. Beljonne, D. A. Dos Santos, and
Shuai, Acc. Chem. Res.32, 267 ~1999!.
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11G. Weiser and A´ . Horváth, in Primary Photoexcitations in Con
jugated Polymers: Molecular Exciton versus Semicondu
Band Model, ~Ref. 1, Chap. 12!.
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