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epoc ABSTRACT: The title compound (P) was synthesized via Pd- and Cu-catalyzed coupling reactions (Sonogashira
reaction). Two model compounds prepared by similar synthetic routes, 1,4-bis(2,20-bipyridin-50-ylethynyl)-2,5-di(2-
ethylhexyl)oxybenzene (M), and 5,50-[1-ethynyl-4-(2,20-bipyridin-50-ylethynyl)-2,5-di(2-ethylhexyl)oxybenzene]-
2,20-bipyridine (D), were included in the spectroscopic investigations for comparison. As a result of steady-state
and time-resolved absorption and fluorescence investigations in solution and in solid films, we conclude that the �-
conjugation is restricted by torsional motions of the aromatic chain segments at ordinary temperature. It comprises
about 2–3 repetition units in the S1 state as concluded from a comparison of the experimental radiative rate constant
with that calculated from the Strickler–Berg relation. It is even less in the ground state. The theoretical limit obtained
from DFT calculations is about twice as large for the ideal coplanar conformation. Whereas the �–� stacking
interaction in pure polymer films is very weak in the ground state, it is significantly stronger in the S1 state, giving rise
to excimer fluorescence. Energy migration along the polymer backbone is inefficient. Intermolecular energy migration
and transfer to embedded acceptors becomes efficient in solid films. Copyright # 2004 John Wiley & Sons, Ltd.
Additional material for this paper is available in Wiley Interscience.
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INTRODUCTION

Conjugated polymers have recently been the focus of
considerable interest owing to their potential applications
as electroluminescent materials,1 as photoactive materi-
als for the construction of a second generation of solar
cells2 and as molecular wires3 and also because of their
large optical non-linearities.4–6 Polymers with N-hetero-
cycles in the backbone exhibit a higher oxidation poten-
tial, which makes them more stable against oxidation, an
advantage in application as electroluminescent materials.
Among these N-heterocycles, 2,2-bipyridine and 1,10-
phenanthroline are particularly important owing to their
metal chelating properties.7 Ley and co-workers reported
the first synthesis of and photophysical data for a polymer
containing 2,20-bipyridylethynylene in the backbone.8 In
preceding papers,9–11 we reported the absorption and
emission spectra of new linear and angular conjugated
polymers, oligomers and their model compounds, all of

which contain 2,20-bipyridine and diethynylenebenzene
units in their backbone. From the viewpoint of basic
rather than applied research, segmented conjugated poly-
arenes are useful objects for investigating energy migra-
tion along the polymer chain.12,13 For instance, the
antenna effect could be exploited in order to enhance
significantly the sensitivity of a fluorescent chemosen-
sor.14 In particular, fluorescent rigid rod oligomers and
their model compounds are excellent probes for studying
molecular motions in viscous media via static and kinetic
monitoring of the fluorescence anisotropy.

Understanding the photophysics as a function of the
chemical structure is one prerequisite for the chemical
design of optimized luminescent polymers for practical
application. Low molecular weight model compounds and
monodisperse oligomers are indispensible for that
purpose.15

In this paper, we report the synthesis of and photo-
physical data for a polymer and of two low molecular
weight model compounds. The model compounds consist
of one or two repetition units and are end-capped by 2,20-
bipyridin-5-yl units. For convenience we shall call them
‘monomer’ and ‘dimer’, respectively. The structures of
the compounds are shown in Scheme 1.
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EXPERIMENTAL

Synthesis

The syntheses of the ‘monomer’ and ‘dimer’ model
compounds, 1,4-bis(2,20-bipyridin-50-ylethynyl)-2,5-
di(2-ethylhexyl)oxybenzene (M) and 5,50-[1-ethynyl-
4-(2,20-bipyridin-50-ylethynyl)-2,5-di(2-ethylhexyl)oxy-
benzene]-2,20-bipyridine (D), have been described else-
where.16 Poly{2,20-bipyridine-5,50-diylethynylene[2,5-
di(2-ethylhexyl)oxy-1,4-phenylene]ethynylene} (P) was
synthesized via Pd- and Cu-catalyzed Sonogashira cou-
pling reactions. The detailed procedure and analytical
data are given in the supplementary material, available at
the epoc website at http://www.wiley.com/epoc.

Instrumentation

Molar absorptivities were determined in CHCl3 and/or
1,4-dioxane (HPLC quality; Baker) on a Perkin-Elmer

Lambda 19 UV/VIS-NIR spectrometer. Spectroscopic-
grade solvents (Uvasol; Merck) were used for all other
spectroscopic investigations. Absorption spectra were
recorded on a Lambda 16 spectrophotometer (Perkin-
Elmer). Corrected fluorescence emission and excitation
spectra were measured using an LS50B luminescence
spectrometer (Perkin-Elmer). The emission spectra pre-
sented were recorded with excitation at the longest
wavelength absorption maximum. Fluorescence excita-
tion spectra were measured at various emission wave-
lengths in order to prove the purity of the compounds.
The spectral slit widths of both the emission and excita-
tion monochromators were set to 4 nm for all measure-
ments. Low-temperature experiments recorded at 77 K
used the low-temperature accessory of the LS50B spec-
trometer and were performed with samples that had been
placed in fused synthetic silica tubes of 2 mm inner
diameter. Fluorescence quantum yields (error <�10%)
were calculated relative to quinine sulfate (purum; Fluka)
in 0.1 N H2SO4 (pro analysi; Laborchemie Apolda) used as
a standard (�f¼ 0.55).17 The absorbance at the excitation

Scheme 1
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wavelength was kept below 0.05 for the samples and the
reference. The fluorescence kinetics with sub-nanose-
cond time resolution was investigated with a CD900
time-correlating single photon counting spectrometer
(Edinburgh Instruments). The excitation source was a
hydrogen-filled nanosecond flashlamp which allowed the
variation of the excitation wavelength. The instrument
response pulse had an FWHM of 1.3 ns. Polarizers with a
vertical orientation on the excitation side and a 55�

(magic angle) orientation on the emission side were
used to avoid polarization effects. The kinetics of fluor-
escence were recorded at the emission maxima under
excitation at the longest wavelength absorption maxima.
Decay curves were accumulated until 104 counts at the
maximum with at least 103 occupied channels. The
channel width corresponded to 13 ps.

Picosecond time-resolved fluorescence polarization
measurements were performed with an apparatus con-
sisting of a frequency-doubled mode-locked titanium–
sapphire laser (100 fs, 104 MHz, 400 nm) as the
excitation source and a Hamamatsu microchannel plate
photomultiplier (MCP-PMT R3809U-50) and an SPC-
430 single photon counting board (Becker and Hickl,
Berlin, Germany) as the detecting unit. The synchroniza-
tion signal for the SPC circuit was generated by a fast
photodiode (PHD-400) exposed to a small fraction of the
excitation pulses. A 90� excitation/emission geometry
was applied. Identical monochromators (Sciencetech
9030) used for excitation and emission are part of the
optical equipment. A Glan–Tompson prism can option-
ally be inserted between the monochromators and the
sample compartment. The width (FWHM) of the instru-
ment pulse is 35 ps due to the rise time of the photo-
multiplier. Polarized fluorescence decay curves were
accumulated until 64000 counts at the maximum with
at least 3000 occupied channels (channel width 2.44 ps).
4-Dimethylamino-40-cyanostilbene (DCS) in cyclohex-
ane at 25 �C was used as a reference substance for testing
the performance. We found a lifetime of 66.4 ps, which is
in excellent agreement with the literature.18 Emission
anisotropy measurements were performed in the usual
manner as described by Lakowicz.19 The correct align-
ment of the polarizers was tested with the help of a Ludox
suspension (Grace Davison, Columbia, USA) at the
excitation wavelength of 400 nm. We found an emission
anisotropy of r¼ 0.98� 0.02 for the scattered light.

In order to calculate the fluorescence lifetime, the
LEVEL 1 (up to four exponentials) and LEVEL 2
(Distribution Analysis, Spherical Rotor) packages imple-
mented in the Edinburgh Instruments software were used.
(The analysis makes use of the iterative reconvolution
technique and the Marquardt fitting algorithm.) Plots of
weighted residuals and of the autocorrelation function
and values of reduced residuals �2 were used to judge the
quality of the fit, �2 values larger than 1.4 were not
accepted. The error of the lifetimes (single exponential)
was <50 ps and <5 ps for the CD900 and the SPC430

data, respectively. The Edinburgh Instruments software
was used to calculate the fundamental anisotropies from
the experimental time-resolved anisotropy curves.

Films were prepared by spin coating (P6204, Speciality
Coating Systems, Indianapolis, IN, USA) from chloro-
form solutions (1–3 mg ml�1) at 2000 rpm, producing
layers of about 10 nm thickness for the pure films as
estimated from their absorption.

Computations

The Gaussian 98 package20 was used for geometry
optimizations and TDDFT (time-dependent density func-
tional theory) calculations. The hybrid b3lyp/6–31þg(d)
basis set was applied. Frequency calculations confirmed
that true minima were found if not stated otherwise.

RESULTS AND DISCUSSION

Absorption and fluorescence in fluid solution

Absorption spectra. Figure 1 shows the normalized
absorption and fluorescence spectra of M, D and P in
dioxane as solvent at room temperature. Photophysical
data for M, D and P are given in Table 1 for the solvents
dioxane and chloroform.

The molar absorptivities of the longest wavelength
transition increase linearly with the number of repetition
units. The molar absorptivity of P normalized to one
repetition unit is well reproduced with the model com-
pounds M and D. These findings underline that the
repetition unit as depicted in Scheme 1 is indeed the
essential chromophore unit for the absorption at least for
solutions at room temperature. As is obvious from Fig. 1,
the wavelength of the absorption and fluorescence max-
ima of the ‘dimer’ has almost converged to the values for
the polymer. Therefore, additional synthetic effort to
prepare larger oligomers may not be justified. Instead,
we calculated transition data for a slightly larger series of
model compounds 1–4 where the index n in the formula
(Fig. 2) serves as the substance code. The TDDFT results
for the S1 S0 transitions are shown in Fig. 2. Exponen-
tial fits of the theoretical absorption wavelengths extra-
polate to 522 nm for infinite chain length.

Because of low torsional barriers for motions around the
ethynylene linkage,21 the effect of non-coplanarity was
also theoretically investigated. Figure 3 shows the tor-
sional energy profile for 2 around the central ethynylene
linkage. The two parts of the molecule were kept coplanar.
Also included is the position of the absorption maximum.
The oscillator strength parallels qualitatively the curve of
�max with f¼ 3.1 and 1.5 for 0 and 90�, respectively.

The barrier amounts to 5.8 kJ mol�1, which is signifi-
cantly larger than that obtained for tolane calculated
earlier as 3.4 kJ mol�1 [B3LYP/6–31þG(d)].21 This
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clearly demonstrates the conjugation-enhancing effect of
the alkoxy substituents (replaced here by hydroxy groups
for simplicity). The rotational barrier of 2 is about twice
the thermal energy at 164 K. This means even at this
temperature we have to take into account a distribution of
rotationally hot molecules, and in most solid solutions we
will observe a distribution of frozen non-equilibrium
geometries. The TDDFT calculations predict the con-
verged absorption wavelength at a larger number of
repetition units than suggested by the experimental
data. Torsional motion diminishes the �-electron overlap
and reduces the conjugation length, which explains the
increasing difference between the calculated and experi-
mental absorption wavelengths with increasing degrees
of rotational motions. Another consequence is the sub-
stantial bathochromic absorption shift with decreasing
temperature.

The absorption maxima of M and D at 77 K (Fig. S1,
supplementary material) are located in the red edge or
extreme red edge of of the polymer absorption at room
temperature. Therefrom, we conclude that torsional mo-
tion of aromatic units restricts conjugation to less than

Figure 2. Convergence of the absorption wavelength:
comparison between theory and experiment

Table 1. Photophysical data in dioxane and chloroform at
room temperature

Parametera Solvent M D P

�a(nm) Dioxane 389 404 412
CHCl3 390 407 420

"(M
�1 cm�1) CHCl3 52100 110000 40900b

�f(nm) Dioxane 431 445 450
CHCl3 437 452 457

�� (cm�1) Dioxane 2500 2280 2050
CHCl3 2760 2450 1930

�f Dioxane 0.90 0.93 0.77
CHCl3 0.92 0.91 0.64

� (ns) Dioxane 1.35 0.90 0.76
CHCl3 1.25 0.98 0.74

�f/� (ns�1) Dioxane 0.67 1.1 1
CHCl3 0.74 0.93 0.86

kf (SB)/(ns�1) CHCl3 0.47 1.23 0.39
knr¼ (1��f)/� (ns�1) Dioxane 0.074 0.078 0.30

CHCl3 0.064 0.092 0.48

a �a, �f Wavelengths of the absorption and fluorescence maxima, respec-
tively �, molar absorptivity; ��, Stokes shift; �f, � , fluorescence quantum
yield and lifetime, respectively; kf (SB), radiative rate determined after
Strickler and Berg; knr, non-radiative decay rate.
b Calculated for one repetition unit.

Figure 1. Normalized absorption and emission spectra of M, D and P in dioxane solution at room temperature

Figure 3. Energy profile for the rotational motion around
an ethynylene linkage and its effect on the position of the
longest wavelength absorption
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two repetition units in the S0 state of the polymer at room
temperature.

Fluorescence. At room temperature the fluorescence
maxima show a moderate Stokes shift, which decreases
with increasing chain length (cf. Fig. 1). Again, the band
positions and shapes of D and P differ weakly from each
other. The half-widths of the fluorescence bands decrease
slightly with increasing chain length, in contrast to those
of the absorption spectra. The vibrational structure is
better resolved, which confirms the assumption of a more
rigid planarized structure of the molecules in the emitting
state. On lowering the temperature the absorption and
emission spectra become mirror symmetric with a mini-
mal Stokes shift, e.g. 147 cm�1 for D at 77 K (cf. Fig. S2,
supplementary material). The emission maxima undergo
only a very small bathochromic shift upon temperature
decrease, in marked contrast to the absorption spectra.
These findings demonstrate that vibrational relaxation in
the excited state produces nearly the same mainly planar-
ized molecular geometry as is occupied on lowering the
temperature.

The fluorescence kinetics of all model compounds
measured under magic angle conditions is singly expo-
nential and is independent of the emission wavelength.
The fluorescence kinetics of the polymers (magic angle)
shows small deviations from first-order decay only in the
long-wavelength region of the fluorescence band.

The large fluorescence quantum yields and the small
lifetimes are due to large radiative and small non-radiative
deactivation rate constants (cf. Table 1). With M and D the
radiative rates obtained from kf¼�f/� f agree well with the
kf calculated from the Strickler–Berg equation. The molar
absorptivity of P given in Table 1 was determined using
the number of repetition units. With this absorptivity, the
Strickler–Berg equation predicts a radiative rate constant
which is only 40% of the experimental value. If we
assume that both kf agree also for P, then we have to
assume an effective conjugation length of the emitting
chromophore or, in the language of solid-state physics, the
size of the exciton, of roughly 2.5 repetition units.

In contrast with the radiative deactivation, the non-
radiative deactivation is significantly enhanced from D to
P. Energy migration along the chain is expected to
contribute to non-radiative decay in that more quenching
sites become available.

Emission anisotropy and energy migration
in fluid solution

Energy migration along the polymer chain leads to
depolarization of the fluorescence if it goes along with
an alteration of the spatial orientation of the transition
moment. This cannot occur with the polymer molecules
existing as ideal linear rigid rods. We know from
frequency and molecular dynamics calculations that we
have a distribution of bent conformations in the thermal
equilibrium at ambient temperature. Hence investigations
into the stationary and time-resolved fluorescence aniso-
tropy in different solvents can deliver information on
energy migration. Stationary and fundamental anisotro-
pies rstat and r0, and rotational relaxation times �, are
given in Table 2.

The emission anisotropies for M and D obtained from
stationary, rstat, and from time-resolved, rkin, polarization
measurements are consistent with each other. The values
of rstat and � measured in dioxane and chloroform reflect
the viscosity ratio. If we calculate the rotational relaxa-
tion time from the molecular dimensions according to

� ¼ 	Vrot

kT
; Vrot ¼

4�a2b

3

then we obtain a reasonable coincidence with M if we
neglect the contribution of alkoxy substituents to Vrot

(Vrot¼ rotational volume; 	¼ viscosity; a and b¼ long
and short half-axis of the molecule, respectively). The
reason for using a2b instead of ab2 in the above equation
is discussed elsewhere.22 Neglecting the contribution of
alkoxy substituents to the rotational volume of M means
that the rotational diffusion may be interpreted as a
revolution around an axle defined by the alkoxy side

Table 2. Rotational relaxation times, stationary and fundamental anisotropies

M D P

Parameter Dioxane CHCl3 Dioxane CHCl3 Dioxane CHCl3

�exp 0.65 0.32 2.5 1.3 5–6 9.4
(ns)a

�calcd 0.52 0.24 1.44 0.65 128
(ns)b

r0(kin)a 0.39 0.35 0.40 0.374 0.33–0.39
rstat

c 0.11 0.069 0.25 0.19 0.27 0.24–0.19
rkin

d 0.127 0.069 0.29 0.22 0.29–0.35

a From TSCP measurements.
b �calcd¼ 	V/kT; V¼ 4/3�a2b.
c rstat¼ (IVV� IVH)/(IVVþ 2IVH).
d rkin¼ r0(kin)/(1þ � /�exp).
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groups. With D, however, the alkoxy substituents do
contribute to the rotational volume, which results in an
increased rotational relaxation time. The mechanism of
depolarization is a rotation around an axle perpendicular
to the long molecular axis for both M and D. This has to
be concluded consistently from the stationary and time-
resolved measurements in different solvents and the
calculated rotational volumes. The fundamental aniso-
tropy r0 is 0.39 and 0.40, respectively. That means that
the transition moments for absorption and fluorescence
are collinear.

For P in dioxane, a rotational relaxation time of 128 ns
is calculated from the molecular volume, the axial ratio
(a/b¼ 26.3) and the solvent viscosity according to the
equation given above. Hence the depolarization should be
ineffective during the fluorescence liftime of 0.76 ns
[rstat¼ r0/(1þ 0.76 ns/128 ns)¼ 0.99 r0]. However, we
find experimentally a rotational relaxation time of 5–
6 ns and a stationary emission anisotropy of rstat¼ 0.27,
which is significantly smaller than 0.99 r0¼ 0.398. This
means that there must exist another faster depolarization
mechanism which is not caused by rotational diffusion of
the molecule as a whole. The only reasonable explanation
is energy transfer between adjacent chromophores along
a bent polymer backbone.

Molecular dynamics calculations, e.g. with an octamer,
and emission anisotropies derived therefrom assuming
distinct migration distances give evidence that energy
migration is restricted to the next-neighbouring chromo-
phore units. Details will be presented in a forthcoming
paper.

The anisotropy decay curve for P does not extrapolate
to r0¼ 0.4 whereas those for M and D do (Fig. S3,
supplementary material). This and the limiting anisotro-
pies obtained from Perrin plots give further evidence of a
rapid depolarization mechanism not primarily governed
by rotational diffusion.

Another proof of the inefficiency of energy migration
along the polymer backbone comes from fluorescence
quenching experiments with Fe(II), Cu(II) and Ru(II)
(Fig. S4, supplementary material). The quenching con-
stants (static quenching) obtained from Stern–Volmer
plots for P were never found to be larger than twice the
value for M. This is in marked contrast to the results of
Swager and co-workers,13,14 who demonstrated energy
migration over about 50 repetition units of a crown ether-
substituted polyphenylenethynylene with the help of
fluorescence quenching experiments using paraquat as
an electron acceptor.

Absorption, fluorescence and energy transfer
in solid films

M, D and P form transparent glassy films. Whereas films
of M crystallize within a few hours after preparation, the
polymer films remain glassy for months. In comparison
with the solution spectra, the absorption maxima in films

are red shifted and display a shoulder or a second less
intense absorption peak in the red wing of the long-
wavelength band (Fig. S5, supplementary material).
These long-wavelength peaks correspond to those of
the solution at low temperatures. Temperature reduction
not only gradually reduces torsional motion but also
favours aggregation, which mutually requires planariza-
tions. Also �–� stacking interaction may give rise to a
bathochromic shift. In the crystal M shows a card-pack
stacking with an unusually large intermolecular distance
of 614 pm (H. Görls, personal communication, 2002). If
aggregates in solution exhibit a similiar geometry to the
molecular stack in the crystal, then one should expect
from exciton theory a hypsochromically shifted absorp-
tion maximum (H-aggregate) and a vanishing fluores-
cence quantum yield. The longest wavelength absorption
peaks of dissolved M at 77 K and of crystalline M at
room temperature coincide. Although comparatively
weak, the fluorescence is also observable in the film.
Hence we conclude that the �–� interaction is small in the
ground state and the temperature effect on the spectra is
mainly due to the freezing of torsional motion. The
molecular packing in the solid state has a similar effect
to temperature reduction in that it favours more and larger
more planarized species or chain segments giving rise to
longer wavelength absorption peaks Theory also predicts
the weakness of the �–� interaction. DFT calculations
with an aggregate of two molecules of 1 (X¼ bipy) using
the geometry from the crystal structure predict an attract-
ing interaction of 0.6 kJ mol�1. RHF calculations with the
aug-cc-pVDZ basis set predict a repulsive interaction of
1 kJ mol�1.

The fluorescence properties change more than the
absorption features when comparing the solution with
the film. Apart from being red shifted, the fluorescence
spectra are broadened and less structured. The fluores-
cence intensity is strongly diminuished by roughly two
orders of magnitude. The fluorescence kinetics are no
longer singly exponential and they slow with increasing
detection wavelength (Fig. S6, supplementary material).
The decay is faster in the short-wavelength region and
slower in the long-wavelength region of the emission
band in comparison with the (wavelength-independent)
decay in solutions. We have to conclude from the close
similarity of the decay curves for M and P that the same
type of intermolecular interaction is responsible for the
slowing with increasing wavelength.

Obviously, in the films of M, D and P more than one
different emitting species exist. The species emitting in
the short-wavelength region undergo additional deactiva-
tion in comparison with the solution, which is again faster
for the polymer than for the model compounds. However,
in the long-wavelength region the decay is dominated by
species with longer lifetimes which are nearly the same
for M and P.

We are led to suppose from distribution analyses of the
emission kinetics (cf. Fig. S7, supplementary material)
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that the fluorescence behaviour in the glassy film is not
determined by distinct species or aggregates. The experi-
mental data indicate that in films different emitting chro-
mophores exist in a more or less broad distribution which
undergo very effective radiationless deactivation. This
should be due to the enhanced internal conversion in the
aggregates itself and/or intermolecular energy transfer in
connection with quenching sites. From the mutual orienta-
tion of two M molecules in the crystal and from the
spectral data, we calculate the energy transfer rate along
the stacking direction according to the Foerster mechan-
ism as 2.2� 1014 s�1. Even between adjacent stacks the
rate is as high as 1.7� 1012 s�1. We may safely expect
similar transfer rates at least for crystalline domains of the
neat polymer.

In order to investigate the role of energy transfer in the
quenching process, rhodamine B octadecyl ester (RhBE)
was used as an additional energy acceptor for sensitiza-
tion experiments with P as the donor. This dye shows
good spectral overlap of its absorption with the fluores-
cence of P. Furthermore, the absorption spectra of the
donor and the acceptor are well separated to allow
selective excitation of either compound (Fig. S8, supple-
mentary material). The absorption spectrum of the mix-
ture is a linear superposition of both components, hence
there is essentially no interaction in the ground state. No
fluorescence is detectable with the P film when exciting
in the RhBE absorption region, nor is any excitation
intensity measurable in the region of the rhodamine
absorption when taking the fluorescence from the
RhBE emission region. Neat films of RhBE show fully
matching absorption and excitation spectra with no hints
of impurities or aggregation. Excitation in the region of
the donor absorptions yields a negligibly small emission
signal. The fluorescence spectra of the film containing
both P and RhBE (Fig. S9, supplementary material) give
strong evidence of an energy transfer from P to RhBE.
Excitation of the polymer results in a decrease in the
polymer fluorescence together with a marked increase in
the acceptor fluorescence. In particular, the significantly
lower directly excited rhodamine fluorescence in com-
parison with the more intense fluorescence observed upon
irradiation into the polymer absorption proves the energy
transfer. The same conclusion can be drawn from the
excitation spectra. The excitation spectrum of the rhoda-
mine fluorescence is significantly more intense in the
region of the polymer absorption than in the region of the
RhBE absorption.

The mean fluorescence lifetime of P is shortened from
0.83 to 0.47 ns. This gives evidence of a non-trivial
energy transfer, although the lifetimes are somewhat
uncertain because of low count rates. Whether intermedi-
ate energy migration along several donor molecules is
involved in the energy transfer from P to RhBE requires
further investigation.

In order to study the influence of intermolecular inter-
action on the spectral properties in more detail, we have

additionally investigated pure films of P and series of
solid solutions of P in poly(vinyl butyral) (PVBu) with
varying mass ratio (Fig. 4). The absorption spectra of spin
cast films characterized by a maximum at 455 nm and a
broad band between 440 and 390 nm do not show any
systematic variation with the polymer concentration. This
means that aggregation and �–� stacking interaction do
not cause spectroscopically significant effects in the
ground state. The bathochromic absorption shift with
respect to the solution is essentially due to restricted
rotation and a more extended coplanar conformation of
chain segments. This conclusion is confirmed by the
close similiarity of absorption recorded at 77 K in
methylcyclohexane–cumene with the room temperature
absorption of the film.

In marked contrast to the absorption spectra, the
fluorescence spectra of the films depend significantly on
the P concentration. The overall fluorescence quantum
yield of P is highest at the lowest concentration (P :PVBu
1 : 19) and decreases systematically by roughly two
orders of magnitude for the pure P film. The band shape
varies also systematically with increasing P concentra-
tion in that the broad long wavelength emission increases
at the expence of the narrow emission band at 470 nm.
The emission spectrum of P in PVBu solution at highest
dilution differs from that in fluid solution by a bath-
ochromic shift of 11 nm of the maximum. The changes of
the emission spectra as a function of P concentration are
comparatively more pronounced. These observations also
rule out that the concentration invariance of the absorp-
tion spectra might be due to a phase segregation of the
polymer mixture.

Obviously, there are two emitting types of species, (i)
non-interacting polymer backbone chromophores which
essentially determine the character of the solution spec-
trum and (ii) an excimer-like species which gives rise to
the broad long-wavelength emission. The intensity
increase of the excimer emission with increasing con-
centration of P becomes particularly evident from the
difference spectra (not shown) obtained by subtracting

Figure 4. Emission spectra from a series of films of P in
PVBu in comparison with pure P
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the emission spectra of the sample with the lowest
concentration from all other ones after normalizing all
spectra to unity at 470 nm. The emission spectra are
independent of the excitation wavelength and the excita-
tion spectra do not depend on the emission wavelength,
which means that both emissions originate from the same
absorbing species in accord with the excimer hypothesis.

CONCLUSIONS

Poly{2,20-bipyridine-5,50-diylethynylene[2,5-di(2-ethyl-
hexyl)oxy-1,4-phenylene]ethynylene} and its ‘monomer’
and ‘dimer’ model compounds are highly fluorescent in
solution. The excitation energy in the S1 state of the
polymer is delocalized over not more than about 2–3
repetition units. Torsional motion of aromatic chain con-
stituents prevent a larger conjugation length, which is
predicted from theory to be roughly twice as large. Tem-
perature reduction produces essentially the same molecular
coplanar chain segments in the ground state as vibrational
relaxation in the excited state. Intermolecular�–� stacking
interaction is negligibly small in the ground state both in
solution and in solid films. Planarization of larger chain
segments due to temperature reduction or to the molecular
packing in the solid state allow the formation of excimer
species upon excitation. Energy migration along the poly-
mer backbone is inefficient. Intermolecular excitation en-
ergy transfer, however, is efficient. This explains the
reduction of the fluorescence quantum yield with the
polymer in solid films. In spite of the short excited state
lifetime of the polymer, it can efficiently sensitize an
embedded rhodamine dye. Hence, among others, this
type of polymer deserves further consideration as antenna
chromophores for solar energy conversion.
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