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Abstract

This paper reports the photo- and electroluminescence studies of emitting species of one of the first reported blue emitters, the conjugated—
non-conjugated multi-block copolymer, poly[1,8-octanedioxy-2,6-dimethoxy-1,4-phenylene-1,2-ethenylene-1,4-phenylene-1,2-ethenylene-
3,5-dimethoxy-1,4-phenylene]. Because the conjugation length of the emissive center is very well defined (two and half phenylene—vinylene
units) the differences found between the fluorescence profile of the fluorophore in solution, at several concentrations and that in the solid state
allowed us to conclude that in solid the emission comes from associated forms, such as ground-state dimers and/or excimers. Time-resolved
fluorescence in a nanosecond time scale recorded at @y, =24,096 cm ™' showed a monoexponential decay of 1.5 ns, which is compatible

with rigid forms of stilbene derivatives.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Studies on copolymers in which a well-defined emitting
unit is intercalated with non-emitting blocks have demon-
strated that the emitted color is not affected by the
interspacer non-conjugated length. Nevertheless, the EL
efficiency of the single layer LEDs fabricated with this type
of copolymer depends on the length of the non-conjugated
blocks: copolymers where longer spacers yielded higher-
efficiency devices [1-5]. Those conjugated—non-conjugated
copolymers are soluble, uniform in terms of conjugation
length and can be designed to emit in any portion of the
visible spectrum [6-9]. For example, it has been
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demonstrated that the device efficiency increases by up to
30 times in the prototypical polymer poly-(phenylene
vinylene) (PPV) [10] with random interruption of conju-
gation by saturated groups in relation to the corresponding
PPV devices [11].

One of the first reported conjugated—non-conjugated EL
copolymers was the blue emitter containing PPV type
blocks (2,1/2PPV units) interspersed among octamethylene
sequences, that is, poly[l,8-octanedioxy-2,6-dimethoxy-
1,4-phenylene-1,2-ethenylene-1,4-phenylene-1,2-etheny-
lene-3,5-dimethoxy-1,4-phenylene] [8], whose chemical
structure is shown in Fig. 1. The EL properties of a device
produced with this material are well documented, but, to our
knowledge, the exact nature of the emitting centers has not
been explored. In this study we describe some results
obtained by dynamic fluorescence decays and steady-state
fluorescence emission in an effort to identify the species
responsible by the mechanism of photo- and electrolumi-
NESCEeNce Processes.
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Fig. 1. Synthetic route and structures of dialdehyde and multi block conjugated—non-conjugated copolymer.

2. Experimental
2.1. Materials

Dimethylformamide (Vetec, Brazil) was distilled under
vacuum (5 mm Hg) and stored under molecular sieves
“4 A). Ethanol was firstly refluxed with CaO (Vetec, Brazil)
during 24 h and after distilled. 3,5-dimethoxy-4-hydroxy-
benzaldehyde (Aldrich), 1,9-dibromooctane (Aldrich),
p-xylene-bis(triphenylphosphonium bromide) (Aldrich),
metallic sodium, hydrochloric acid, iodine, sodium carbon-
ate (Vetec, Brazil) were used without further purification.

2.2. Monomer synthesis and polymerization

The monomer synthesis was performed according to
published procedures [2,8]. The polymer was prepared by
classical Wittig condensation [2].

2.3. Methods

2.3.1. Molecular weight determination

A Waters gel permeation chromatograph equipped with
two columns HR4E and HRSE (polystyrene), pump model
1500 was used. The solvent was DMF, in a flux of
0.6 ml min— 1, at 27 °C and the columns were connected to a
dual detector (UV, refraction index), and the calibration was
based on PS standards.

2.3.2. Absorption and fluorescence spectroscopies

A UV-Vis Shimadzu model NIR 3101 was used for the
absorption measurements. Steady-state fluorescence spec-
troscopy was performed in a ISS-PC1 spectrofluorimeter
operating with a 300 W Xe arc lamp, with excitation
wavenumber ca. @Weye=27,027 cm ! (370 nm), collecting
the emission from @.,=18,000-26,000 cm”! (560-
400 nm). In addition, excitation spectra were also recorded
from wexe =33,333-20,000 cm ' (300-500 nm) with
@Wem=22,831 cm™ ! (438 nm). Emission and excitation
spectra were performed with a triangular cuvette, as
recommended when concentrated solutions are analyzed,
to minimize the inner filter effect.

Dynamic fluorescence decay, at room temperature, was
performed by single photon counting (Edinburgh Analytical
nF900 system) operating with a pulsed hydrogen lamp at a
repetition rate of 40 kHz. The excitation wavenumber was
coincident with the excitation peak @e,.=27,027 cm™ ! for
the chromophoric block absorption. The emission wave-
number for the collection of counts was in the fluorescence
maximum e, =24,096 cm™ ' (415 nm) for the chromo-
phoric block. The sample solutions were degassed and
maintained in a sealed quartz tube. The sample films were
also degassed and sealed in a rectangular capilar. The
instrument’s response was determined at every measure-
ment using Ludox® as scatterer. At least 10* counts were
collected in the peak channel. Deconvolution of the lamp
pulse was performed by nonlinear least-squares routines
using the software supplied by Edinburg. The best fit was
achieved when the x> is close to one and the residual
distribution is random.

2.3.3. FTIR and 'H and °C NMR

The monomers and the polymer were characterized by
FTIR and NMR and the data are compared with the
literature. Samples for FTIR measurements were prepared
as KBr disks. Spectra were taken in a Bomem MB 100 FTIR
Spectrophotometer, in the spectral range of 600—4,000 cm ™!,
with resolution of 2 cm ™ 1, and 16 scans.

A NMR Briicker 400 MHz Advance series with '*C at
100 MHz and "H at 400 MHz equipment or an AC 200 MHz
Briicker with '*C at 50 MHz and 'H at 200 MHz were used.
All NMR experiments used CDCl; as a solvent and TMS as
internal standard.

2.3.4. Device fabrication

Solutions of polymer (20 mg/ml in chloroform) were
filtered through 0.2 pm Millex-FGS Filters (Millipore Co.)
and were then spin coated onto PEDOT/Indium tin oxide
(ITO)-coated glass substrates (OFC Co.) under nitrogen.
Calcium layer (thickness ca. 400 nm) was evaporated onto
the polymer at about 10~ Torr, followed by a protective
coating of aluminum. The devices were characterized using
a system described elsewhere [12]. PL measurements were
carried out using cast films onto quartz surfaces ‘in situ’.
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Fig. 2. "H NMR and "*C NMR spectrum of dialdehyde and copolymer in CDClj solution; (a) "H NMR of the dialdehyde; (b) '*C NMR of the dialdehyde; (c) 'H

NMR of the copolymer; (d) '>C NMR of the copolymer.

The thickness was adjusted in order to assure an optical
behavior according to Beer’s law.

2.3.5. Quantum chemical calculations

Quantum chemical calculations have been carried out for
the monomer, dimer and trimer sequences. For each
oligomer, geometries have been fully optimized, using the
AM1 Hamiltonian of Dewar and coworkers [13,14]. In this
step, we have used the MOPAC code. Due to the large
number of atoms involved in the calculations, we have
established a residual gradient norm of about 5.0 as a
reasonable figure. Optimization was carried out in Cartesian
coordinates (keyword XYZ), because optimization of
internal coordinates proved too difficult to achieve. For
each optimized structure, electronic absorption spectra have
been simulated with the INDO/S technique as suggested by
Zerner [15,16]: the reference determinant was obtained at
the self-consistent field (SCF) level using the intermediate
neglect of differential overlap (INDO/1) Hamiltonian, and
the electronic spectrum was obtained by a subsequent
configuration interaction (CI) calculation which included
the reference determinant plus singly excitations only. The
usual routine in INDO/S calculations defines the CI active
space in terms of the energy separation between MOs near

the Fermi level in the reference determinant. For instance,
for the monomer one of the largest gaps in highest occupied
molecular orbitals (HOMOs) is 0.023 Hartree between MO
#101 and MO #102. One of the largest gaps in lowest
unoccupied molecular orbitals (LUMOs) is 0.015 Hartree
between MO #121 and MO #122. Therefore, the active
space included all MOs between #102 and #121. We tried
several variations in the size of the CI space, and the
resulting spectrum did not change except for a couple of
wavenumbers. That suggests that our results are consistent.
All calculations have been carried out under FreeBSD
operational system.

3. Results and discussion

3.1. Copolymer characterization

Molecular weight was determined as M,, = 41 kg mol ™!
and M, = 29 kg mol ! with polydispersity index of ca. 1.44.
The copolymer’s structure was characterized by '"H NMR
and '>C NMR spectra. Fig. 2 shows the assigned "H NMR
and "*C NMR spectra for the dialdehyde and copolymer.
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Fig. 3. Normalized fluorescence spectra of the copolymer in CHCl; solutions,
Wexe=27,027 cm ™' (370 nm). Concentrations: 10~ ®mol1™! (-x-x-),
102 mol 17" (—), 10™*mol 17" (---), 10"  mol1~" (-0-0-).

NMR and FTIR (not shown) results are consistent with
those reported in the literature [6].

3.2. Emissive properties

Fig. 3 presents the fluorescence spectra (Wexe.=
27,027 cmfl) of solutions of concentrations 10 °~107°
mol 17", Spectra of polymer solutions showed similar
profiles being composed by a broad band peaking at
Gemn=23,094 cm ™! (433 nm) resulting from the overlap-
ping of vibronic bands, with a higher energy shoulder at
23,980 cm ™' (417 nm). Increasing the concentration up to
10~ mol 1™ ' reduced the relative intensity of the blue-edge
of the emission band and the spectra became narrower. This
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Fig. 5. Absorption spectrum of the copolymer in solution of CHCI;.
Concentration: 10~ mol 1",

observation can be explained by either the presence of the
inner filter effect with reabsorption of the higher energy
emission or by the formation of emitting aggregated species.
As we have employed a triangular cuvette, we have assumed
that although minimized, the inner effect could not be
neglected. On the other hand, the presence of aggregates or
associated polymer chains should increase the relative
intensity of the red-edge, in addition to the decrease of the
blue-edge, if there were fluorescent, which was not the case.
This lead to the conclusion that in solution the aggregates
exhibited a low fluorescence quantum yield or were not
present at all.

The excitation spectrum for all solutions, with e, =
22,780 cm " are shown in Fig. 4. The spectra of the diluted
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Fig. 4. Fluorescence (@ex.=27,027 cm ™ 1y (370 nm) (—) and excitation (Wem=22,780 cm ™~ Y (439 nm) (- - -) spectra of the copolymer in solutions of CHCl;:

(@) 107 %mol 171, (b) 10 3 mol 17", (¢) 10 *mol 17!, (d) 10 3 mol 17"
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Fig. 6. Exciton splitting for a dimer compared to the isolated lumophore.
2 B is the Davidov splitting.

solutions 10~ ¢ and 10™> mol 1~ (Fig. 4(a) and (b)) were
similar to the absorption spectrum (Fig. 5), the band is
centered at @, =27,027 cm ! (370 nm) with a shoulder at
25,580 cm ! (390 nm) and were the mirror image of the
emission spectrum at the same concentration, with a large
Stokes shift (wWexe — @Wem=3,933 cmfl). This behavior is
characteristic of the emission of an isolated chromophore,
the conjugated segment corresponding to two and half
phenylene vinylene units, in this case.

The excitation spectra of concentrated solutions (10~ * M
and 10 > mol 171, Fig. 4(c) and (d)), however, are split into
two bands atw.,.=25,125 and 26,525 cm ™ !. Since the
emission spectra were centered at @em=22,935 cm ™' (Fig.
3), a smaller Stokes shift (@ex.— @em= 3190 cmfl) was
obtained. Simultaneous changes of both excitation and
emission spectra, recorded under conditions that minimize
the inner effect, are usually attributed to the excitonic
splitting observed when ground state dimers are formed
[17]. Similar results have already been obtained with
substituted stilbenes [18].

Assuming that the splitting of the excitation bands were
originated from dimer by an excitonic effect, the Davidov
splitting energy (2 B) [19] could be estimated from the
difference between the excitation maximum of the isolated
chain in diluted solution (@ex=27,027 cm™ ") (Fig. 4(a))
and the excitation maximum of split peak in concentrated
solution (@Wex.=25,125cm™ ') (Fig. 4(d)) as being ca.
1,902 cm ™ ! For illustration, see scheme in Fig. 6. The red-
shift of the excitation spectra suggests, according to the
same exciton splitting model, that the relative orientation of

Counts
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Tirreins

Fig. 7. Fluorescence decay of the copolymer (1073 M in CHCL). wepn=
22,883 cm ™! (437 nm), @y =27,027 cm ™' (370 nm). This includes: lamp
profile and the superimposed best fit to the experimental data.

the two dipole moments of the molecules in the dimer is
parallel and with opposite direction [19]. This exciton
splitting in the range of 1,200-3,000 cm ™' is similar to that
of small molecules and is compatible with an interplanar
distance of 3-5 A [19,20].

The photoluminescence quantum yield of the copolymer
in diluted solutions (measured with 9,10-diphenylanthra-
cene as standard) [17] was ¢r=0.35, substantially higher
than that of trans-stilbene, pr=0.07 in the same solvent.
This could be explained by the increase in the rigidity and
planarity of the polymer-tied chromophore in relation to the
‘free’ stilbene. Longer lifetime of stilbene derivatives were
attributed to the increase of their structural rigidity (i.e.
more rigid forms have higher quantum yields and also
longer lifetimes) [21].

The fluorescence lifetime for the copolymer measured in
107> M chloroform solutions, was 1.19-1.20 ns, (Fig. 7).
Under the instrumental conditions employed here only
decays longer than 0.5 ns could be recorded. Experimental
curve profile can be fitted using a monoexponential
function, with x*=0.991 and good residual random
distribution, but the existence of lifetimes faster than
0.5 ns cannot be excluded. Reported lifetimes for stilbene
and stilbene derivatives have been extensively explored in
the literature [21,22] but an unquestionable agreement is
still needed. Lifetimes spanning from 0.14 to 1.8 ns, with
mono and bi-exponential decays have been found [23,24].
Different emission mechanisms have been also proposed. In
some cases monoexponential decay is suggested [21]
whereas others defend a biexponential decay [25]. Accord-
ing to our data and with the higher value for the quantum
yield for the copolymer in solution, the longer observed
decay ca. 1.20 ns is explained by the larger rigidity of the
polymer chain compared to the free lumophore. As the
temporal resolution of our instrument does not cover
the pico-second scale, excitation with other wavelengths
was not done, since that will not add more information about
the aggregation state of the emitting center.

The profile of the fluorescence band (PL) of the
copolymer in the solid state, shown in Fig. 8, is red-shifted
(Wem=22,124 cmfl) in relation to the spectrum of the
polymer in chloroform diluted (Fig. 4(a)) (@em=
23,094 cm ™ ") and concentrated (Fig. 4(d)) solutions
(Wem=22,935 cm ™ "). Red-shift of the emission band of
conjugated polymers in solid state compared with solutions
can be attributed to several factors: increase of the critical
conjugation length; energy transfer processes from shorter
to longer chains; presence of associated interchain species in
the electronic ground state (dimers) or in the electronic
excited state (excimers) [26-32]. Considering that the
conjugation length of this PPV-type copolymer is defined
by its chemical structure and no further increase of the
length can be imposed by the rigidity of the medium, the
spectral red-shift must be attributed to the presence of
associated interchain species (dimer or excimer). The
vibronic structure of the PL spectrum evidenced by the
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Fig. 8. Photoluminescence (—) and electroluminescence (-x-x-) spectra. EL device: (ITO/PEDOT/copolymer/Ca).

shoulder at 21,053 cm ™' suggests that the ground state
dimer is the most probable associated species.

Differently, the electroluminescence spectrum is cen-
tered at w.,=21,186 cm ™!, coincident with the vibronic
shoulder of the PL spectrum. Although we could explain the
differences between the PL and the EL considering that the
EL is usually generated near the Ca (opaque electrode) and
to be detected should travel throughout the film thickness,
increasing the probability of being partially self-absorbed,
we consider that this possibility does not play an important
role because we are working with very thin films. In
addition, inner effect and radiative energy transfer processes
should decrease the intensity at the blue-edge of the
emission band, which has not been observed. We suggest
that the red shift of the EL spectrum compared to the PL
spectrum is related to the different emission zone in the thin
films. The injected charge carriers may recombine and give
rise to radiative emission in the area close to the polymer/Ca
interface due to the unbalanced double injection possibly
occurring in the devices. The tailing in the long wavelength
region is largely due to defects in the emissive polymer
layer which act as new recombination centers in which
excitons radiatively decay giving emissions different from
those from the pristine polymer backbone [33-35].

However, this is not the only reason for the differences
between EL and PL spectra in the solid state. It is well
known that the fundamental mechanisms generating the
excitonic states in the EL (charge recombination) or PL
(direct excitation) processes differ. The chain segments
involved in these distinct processes may also differ. When
an excitonic species is formed the environment surrounding
these segments has to relax to stabilize the new dipolar
orientation. If both recombination and emission processes
are either faster or slower than the reorientation process then
the EL and PL emanations from a relaxed Franck—Condon

state are expected to be similar. However, if excitonic decay
is faster, and recombination is slower than the average
polymer relaxation time, these two emissions can be distinct
as is the case observed here.

Taking into account the results presented so far
(steady state fluorescence spectra, excitation spectra and
fluorescence decays), we propose that the blue emitting
species in either in PL or in electroluminescent devices
of poly[1,8-octanedioxy-2,6-dimethoxy-1,4-phenylene-1,2-
ethenylene-1,4-phenylene-1,2-ethenylene-3,5-dimethoxy-
1,4-phenylene] are the ground state dimers and
aggregates in the solid state. Since excimers cannot be
directly excited, they cannot be observed by excitation
spectroscopy and although their formation could not be
detected, their occurrence evidently cannot be discarded.

We have already shown [18] that polar substituents bring
about a strong tendency of aggregation in stilbene
derivatives, red-shifting the emission [18]. As with other
substituents, the four methoxy-groups in the aromatic rings
of the conjugated segment of that polymer are probably
acting in same direction, increasing the probability of
aggregation. In addition, the inter-chain interaction and the
creation of new excited state species has been the subject in
recent proposals from the spectroscopic data, mainly related
to PPV [12,36], and PPV derivatives, such as poly(2-
methoxy-1,4 PPV) (MEH-PPV) [12,37] CN-PPV [38-40],
poly(p-pyridyl vinylene) [41,42], acetoxy-PPV [43] and
other light-emitting polymers [44—46] leading to evidences
that interchain excitations play a significant role in the
emission processes.

3.3. Quantum chemical calculations

Energies of the several molecular orbitals have been
determined for the optimized geometry of the monomer,
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Fig. 9. Optimized AM1 geometry of the isolated trimer.

Fig. 10. Optimized AM1 geometry of the two associated trimers.

Table 1
INDO/S calculated absorption spectrum for the trimer, dimer and monomer of the isolated molecules
CI vector Trimer Dimer Monomer

v(em™") Lose. v(em™") Lose. v(em™" Tosc.
2 28,742 2.5230 28,851 0.0003 28,433 0.0004
3 29,520 1.7080 31,746 0.5226 28,851 0.0003
4 33,242 1.2363 32,235 0.8890 31,746 0.5226
5 35,554 0.0072 32,618 0.0027 32,235 0.8890
6 36,047 0.0199 34,733 0.0005 32,618 0.0027
7 38,082 0.3333 37,791 0.2186 34,733 0.0005
8 38,286 0.2036 39,991 0.1016 37,791 0.2186
9 38,525 0.1997 41,961 0.1838 39,991 0.1016
10 38,751 0.1935 43,439 0.1987 41,961 0.1838
11 39,097 0.5828 28,433 0.0004 43,439 0.1987
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Table 2

Summary of quantum chemical calculations. Transition energy, g (from AM1 optimization) and transition assignments (from INDO/S) for monomer, dimer,
trimer forms and the dimeric form of the trimer. NBF=number of basis functions

Oligomer NBF |12l Assignment

So—S; (cm~ ') (nm) So—S3 (cm ™~ ') (nm)
Monomer 208 2.66 28,090 (352) vw 29,032 (310) s
Dimer 408 2.86 29,070 (344) s 32,362 (309) s
Trimer 608 4.64 28,736 (348) s 33,223 (301) s
(Trimer), 1216 4.82 29,763 (336) w 31,348 (319) s

dimer and trimer forms (Fig. 9) of the isolated molecules.
The transition energies for the electronic absorption spectra
were determined using the well known formula '3
E=¢—¢,+J, K, [15,16]. We have also calculated
the oscillator strengths for each transition. Data are
summarized in Table 1. Usually, configuration interaction
(CI) calculations for conjugated polymer systems present CI
vectors with large mixing. In particular, for this copolymer
the calculated absorption spectra show an increasing
resolution with the size of the polymer segment. For
example, the spectrum of the monomer (Table 1) shows the
expected large CI mixing, although it is still possible to
obtain an approximate one electron picture for the spectrum.
Among the three segments, the one composed by two mers
(dimer) presents the calculated INDO/S spectrum with the
closest resemblance to the experimental UV—visible spec-
trum obtained in chloroform (Fig. 5). This calculated
spectrum is composed by two transitions at the same region:
one low lying at 29,070 cm ™' and one higher energy at
23,620 cm ! (Table 2). Finally, it is easy to trace the
character of each transition down to a single excitation
which in the case of the trimer can be assigned to the So—
S, 7t,7v* transition. In all spectra we obtained a quite simple
description in terms of an electron ‘jump’ between neighbor-
ing rings. Most transitions consist of excitations from an
occupied 7 orbital ‘localized’ in a 2,5-dimethoxy-phenoxy
moiety to an unoccupied 7* orbital of a phenyl ring in the next
neighboring monomeric unit. The profile of the MOs involved
in each transition suggests that all excitations tend to transfer
the electron from the middle towards the end of the segment.

As an attempt to represent the absorption spectrum of
aggregates we simulate the spectrum of a 7 stack of two
segments of the trimer, whose geometry has also been
optimized (Fig. 10). The calculated interplanar distance of
species is ca. 4.7 A. Interestingly enough, this distance was
maintained during a full geometry optimization (not even
symmetry constraints were imposed), suggesting that this
association is remarkably stable. This distance is also in
agreement with the experimental data from the Davidov
splitting (3-5 A).

4. Conclusions

The excitonic splitting found in the emission of the

copolymer in concentrated conditions (concentrated sol-
utions and solid state) was assigned to the fluorescence of
associated forms, ca. ground state dimers or excimers, based
on previous results obtained with substituted stilbenes. The
presence of the former was confirmed by excitation spectra
and results from an intermolecular association, since it they
were seen only in concentrated conditions.

The PL of the copolymer films is redshifted in relation to
the concentrated solution spectrum with @, =22,222 cm” !
(450 nm) and a shoulder at w.,=21,053 cm ™' (475 nm).
The electroluminescence spectrum peaks at 21,053 em L,
indicating that the electroluminescence is originated from
the aggregates, that absorbed directly the excitation or were
excited through energy transfer from the excited state of the
isolated absorber. Both the substantially higher measured
quantum yield and the longer monoexponential lifetime of
the copolymer compared to stilbene agree with the greater
rigidity and planarity of the polymer-tied chromophore in
comparison with the free stilbene lumophore. To our
knowledge, the lifetime for stilbene containing polymers
is reported for the first time. Increase in planarity and
rigidity favors the aggregation processes.
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