PHYSICAL REVIEW B VOLUME 54, NUMBER 8 15 AUGUST 1996-II

Solid-state-concentration effects on the optical absorption and emission
of poly(p-phenylene vinyleng-related materials

C. M. Heller} 1. H. Campbell, B. K. Laurich, and D. L. Smith
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

D. D. C. Bradley
Department of Physics and Centre for Molecular Materials, University of Sheffield, Sheffield S3 7RH, United Kingdom

P. L. Burn
Dyson Perrins Laboratory, Oxford University, Oxford OX1 3QY, United Kingdom

J. P. Ferraris
The University of Texas at Dallas, Richardson, Texas 75080

K. Mdullen
Max-Planck-Institut fu Polymerforschung, Mainz, Germany
(Received 13 November 1995

We present measurements of the optical absorption and emission properties pfpudylylene vinylene
(PPV) -related materials focusing on the differences between molecules isolated by dispersion in an inert host
and concentrated molecular films. Optical absorption spectra, photolumines&énapectra, PL efficiency,
and time-resolved PL spectra of dilute blends of PPV oligomers with 2—-5 phenylene-phenyl rings are com-
pared with those of dense oligomer and polymer films. In dilute oligomertpaihyl methacrylage(PMMA)
blends with high PL efficiency, the PL decay is exponential, independent of both temperature and oligomer
length. This implies that the fundamental radiative lifetime of PPV oligomers is essentially independent of
oligomer length. Concentrated spin-cast oligomer films and polymers have a faster and strongly temperature-
dependent PL decay that approaches that of the dilute oligomer results at low temperature. The differences in
PL decay correspond to changes in PL efficiency. The efficiency of the oligomer-PMMA blend is high and
only weakly temperature dependent, whereas that of concentrated films is lower and strongly temperature
dependent, decreasing by more than a factor of 3 from 10 to 350 K. The quenching of the PL efficiency in
concentrated films is due to migration to extrinsic, impurity related centers as opposed to an intrinsic intermo-
lecular recombination process. The PL spectrum of a dilute oligomer blend redshifts substantially, both as the
excitation energy is decreased and as the emission time increases. This spectral redshift is due to disorder-
induced site-to-site variation and not to diffusion to lower-energy sites. In contrast, no spectral shift with
excitation energy or emission time was observed for dense oligomer fi88463-18206)03132-3

I. INTRODUCTION sion properties of dilute blends and concentrated, spin-cast
films of a series of poly§-phenylene vinylene(PPV) oligo-

Since the invention of efficient, low-molecular-weight, or- mers and compare these results with those of pure polymer
ganic light-emitting diode$_ED’s) by Tang and Van SlyKe  films. By studying dilute blends of oligomers we distinguish
there has been considerable progress toward using orgartite intrinsic properties of isolated molecules from those ef-
materials for display applicatiorfsPolymer-based organic fects involving intermolecular interactions. Since conjugated
LED's were discovered by Burroughest al. some years polymers generally contain conformational defects that ef-
later and have stimulated a new wave of interest in thidectively segment the polymer into a set of smaller conju-
field2 Polymer devices have now been demonstrated witlgated units, investigating the properties of the oligomers as a
internal quantum efficiencies of up to 4%gperating volt-  function of their length and concentration provides a basis to
ages below 5 V, emission wavelengths throughout the visibleinderstand the properties of related polymer materials.
spectrunt~’ and operating lifetimes beyond 120C® fthe In dilute oligomer-polymethyl methacrylaje (PMMA)
simplest organic LED’s consist of a thin, light-emitting or- blends with high photoluminescen¢eL) efficiency, the PL
ganic film sandwiched between two metal electrodes. Evedecay is exponential, independent of both temperature and
in these structures there is a need for a better understandimijgomer length. Thus the fundamental radiative lifetime of
of the mechanisms of operation and methods to control th€PV oligomers is essentially independent of oligomer length.
electrical and optical properties of the organic film to opti- By contrast there is a substantial redshift of the absorption
mize charge injection, charge transport, charge recombinand emission energies as a function of oligomer length. Con-
tion, and light-emission processes. centrated spin-cast oligomer films and polymers have a faster

In this work we focus on the optical absorption and emis-and strongly temperature-dependent PL decay that ap-
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proaches that of the dilute oligomer results at low tempera-
ture. The differences in PL decay correlates with changes in
PL efficiency. The efficiency of the oligomer-PMMA blend

is high and only weakly temperature dependent, whereas that
of concentrated films is lower and strongly temperature de-
pendent, decreasing by more than a factor of 3 from 10 to
350 K. The quenching of the PL efficiency in concentrated
films is due to migration to extrinsic, impurity related cen-
ters. The PL spectrum of a dilute oligomer blend redshifts =
substantially, both as the excitation energy is decreased andg’
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to disorder-induced site-to-site variation and is not due to
diffusion to lower-energy sites. No spectral shift with exci-
tation energy or emission time was observed for dense oli-
gomer films.

Poly(1,4-phenylene vinylengPPV) and poly2-methoxy,
5-(2'-ethyl-hexyloxy-1,4-phenylene vinylene(MEH-PPV)
polymers have properties characteristics of both oligomer
blends and concentrated oligomer films. The PL lifetime and
efficiency of PPV is similar to that of the concentrated oli-
gomer films, while MEH-PPV is analogous to the isolated
oligomers in PMMA blends. MEH-PPV, with its bulky side
groups that serve to isolate the polymer chains, behaves
more like the oligomer blend samples than PPV for which no
side groups are present.

The paper is organized as follows. Section Il describes the FIG. 1. Transient photoluminescence decay at 77 and 300 K of
materials studied, their chemical synthesis, the film formingfilms of OPV- (with n=3-5 PMMA blends. The curves are dis-
procedures, and the apparatus used in obtaining the absorpaced for clarity. The chemical structure of the oligomers is shown
tion and emission spectra. Section Il reviews the basic propin the inset.
erties of the investigated materials and presents the absorp-
tion, PL spectrum, PL transient decay, and integrated PL
intensity of dilute blends and concentrated films. Section IVplends were investigated. Due to their low solubility homo-
discusses these results in the context of disorder and the dgeneous blends could not be produced from oligomers with
gree of interaction among the molecular sites. Section \gix or more phenylene-phenyl rings. Pure oligomer films,
summarizes the paper. 30-70 nm thick, were spin cast from THF solutiofis-5
wt% oligome). Thin films of MEH-PPV, 100 nm thick,
were spin cast onto sapphire or infrasil substrates from
p-xylene solutiong1—2 wt % polymey. PPV films were pre-
pared by thermal conversion of films of precursor polymers

We investigated the properties wansstilbene, PPV oli-  gpin-cast from methanol solutions. The conversion to PPV
gomers containing between three and five phenylene—pheny\gs performed under dynamic vacuum at 250 °C for 12 h.
rings and with tertiary butyl substituents at the 3 and 5 popre fims of PPV oligomers and PPV are polycrystalline
sitions of the terminal phenyl ring®PV), MEH-PPV, and it crystal sizes of the order of 10 nm for PPY The

©ligomer blends and MEH-PPV were amorphdtisAll
esamples were fabricated in an argon glove box and measured
in vacuum cryostats preventing exposure to ambient oxygen
and water.

Transient photoluminescence measurements were per-

Photoluminescen:
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Il. EXPERIMENTAL APPROACH

inset of Fig. 1. PMMA was used as the host material for th
oligomer blends.

The shortest oligometrans-stilbene, was purchased from
Aldrich. The synthesis of thé-butyl substituted olig@phe-
g%fr?j xlr?géeir;éa (;/:/;;r;rikk);zt(\j/v i?;e\;{vhhrgfé-_gg deEVS_IES{e/n{nge formed using the second harmonic of a model-locked Ti:sap-
synthesized by treating 1-methoxy|2-ethylhexyloxy, 2,5- phire laser producing 100-fs pulses at 100 MHz and a micro-
bis{chloromethy) benzene in the presence of 10 mol % an-channel plate mounted on a 0.75-m monochromator. The
thracene with a threefold excess of potassium-tert butoxid€YStem response was roughly exponential with a decay time
in anhydrous tetrahydrofuran at 0°C for 18 h followed by©f 70 ps. The same setup was used with either phase-
precipitation into methanol. Polp(phenylene vinylenewas sensitive detection or photon-counting techniques for cw PL
prepared via the standard tetrahydrothiophenium leavingmeasurements. For photoluminescence excitation measure-

group precursor polyméf.

Films of oligomer-PMMA blends, 0.5-1.5um thick,
were spin cast from tetrahydrofuraifHF) solutions[0.1
wt % trans-stilbene or 1 wt % oligomern(=3-5, 10 wt%

ments outside the range of the second harmonic of the
Ti:sapphire lase(2.75—-3.1 eV, a setup consisting of a tung-

sten lamp, two 0.25-m monochromators, and a photomulti-
plier tube was used. The transient PL spectra have been

(PMMA)] onto sapphire substrates. Only homogeneousmoothed and all spectra are corrected for system responses.
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FIG. 2. Photoluminescendgeft) and the complement of trans- 1L | L L L
mission (1-T) and photoluminescence excitati¢RLE) spectra 0 ! Ti%ne (ns) ? !

(right) of thin films of an oligomer-PMMA blendupper pangland
a concentrated oligomer filflower panel at 77 K. The PLE spec-

tra have been scaled arbitrarily. The inset in the lower panel is the FIG. 3. Tran§|ent photolumlnesc_ence decay of a five-ring oligo-
. . mer as a pure film and as a blend in PMMA, of MEH-PPV and of
photothermal deflection spectrum of the pure film.

PPV, at 300 K(upper panegland 77 K(lower panel. All curves are

normalized to the same peak.
. RESULTS

to the pure film(0.184 eV. There are several vibronic modes
coupled to the electronic transitibtthat are not resolved in
The optical spectra of the studied oligomers have beeghese spectra and a redistribution of weight among the dif-
published previously>'* The absorption and PL spectra ferent contributing modes could cause the apparent peak
shift to lower energy with increasing oligomer length. The shift. For the blend, the PL excitation spectrum is identical to
spectra have strong vibronic side bands and apparent Stokife complement of the transmission except for photon ener-
shifts of approximately 0.15 eV. The effective Huang-Rhysgies below the absorption threshold and at very high photon
factor of the PL spectra steadily decreases with increasingnergy. Below the absorption threshold, the transmission is
oligomer length, i.e., the relative oscillator strength of themodulated by interference effects in the thin film. At higher
zero-vibronic mode peak increases. For the absorption speghoton energies, the difference is due to reduced PL effi-
tra the Huang-Rhys factor remains essentially constant.  ciency and/or to increased scattering. The pure film has a
The transient PL decays for blends of the-3,4, and 5  strong tail in the complement of the transmission for photon
oligomers are shown in Fig. 1 at both room temperature andnergies significantly below the absorption threshold that is
77 K. The weak structure in the decay curves is an artifachot reproduced by the PL excitation spectrum. The photo-
due to optical reflections. The PL lifetime of the oligomer- thermal deflection spectrunfPDS of the pure oligomer
PMMA blends is exponential with a decay time of 1.1 ns.films is shown in the inset of the lower panel. The photother-
The PL decay is largely independent of both temperature anghal deflection spectrum measures the heat produced by ab-
oligomer length. sorption and is therefore not sensitive to reflection or scatter-
ing. The absence of the low-energy tail in the PDS of the
pure film indicates that the tail observed in the complement
of the transmission spectrum of the concentrated film is due
Figure 2 compares the optical absorption and emissiomo a combination of reflection and scattering and does not
spectra of ann=5 oligomer when prepared as a dilute correspond to absorption.
oligomer-PMMA blend(upper pangland as a concentrated  Figure 3 displays the transient PL decays ofran5 oli-
film (lower pane). The left curves show the PL spectra, the gomer when prepared as a dilute oligomer-PMMA blend and
solid lines show the complement of the transmissionas a concentrated film, MEH-PPV, and PPV at both 300 K
(1—T), and the dotted lines show the PL excitation spectrgupper pangland 77 K(lower panel. The behavior of the
recorded at the peak of the first vibronic emission line. Thepure oligomer film and of the PPV film is similar. Unlike the
spectra of the pure film have decreased linewidths; this igxponential behavior of the oligomer-PMMA blends, they
especially pronounced in the absorption spectrum. The apsoth exhibit a very fast initial decay followed by a much
parent vibronic spacing increases from the blédd75 e\  slower decrease. The initial decay is strongly temperature

A. Basic properties

B. Concentration effects
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FIG. 4. Integrated photoluminescence intensity vs temperatur@xcItatlon spectra for the indicated emission energies.

for then=4 oligomer as a pure film and as a blend, for MEH-PPV ) ) . . .
and for PPV. creased into the tail of the absorption. Changing the excita-

tion energy from 2.88 e\(zero vibronic peakto 2.68 eV

dependent with a slope decay time of 0.23 and 0.47 ns at 30((5’°tt°m of absorptio_n gd@ecauses a shift of roughly 70 .
and 77 K, respectively. The slope decay time at long times ineV. No spectral shift is observed for the concentrated oli-
roughly 1.4 ns, decreasing slightly at low temperature. Théomer film. , . . o

behavior of the MEH-PPV is intermediate between the dilute The PL decay collected at the first vibronic peak emission

oligomer-PMMA blends and the concentrated oligomer and"neray of PPV oligomers dispersed in PMMA is exponential
polymer films. and independent of both temperature and oligomer length.

Figure 4 displays the temperature dependence of the spe@‘-S a function of emission energy, however, we observe non-

trally integrated PL intensity of an=4 oligomer when pre- exponential behavior. Figure 6 shows the transient PL decay
pared as a dilute oligomer-PMMA blend and as a concen®f the n=4 oligomer in PMMA for three different emission
trated film, MEH-PPV, and PPV. The graphs are normalize _nergies at 77. K. There is a more rapid ‘F““a' _decay on the
to their intensity at 4 K only the relative changes with igh-energy siddupper pangl of the first vibronic peak in

temperature are significant. The smallest decrease in PL igmission and a slower initial decay for the luminescence on

tensity with increasing temperature is observed for the oIigoEhe .Iow-energy sidelower pane)_. T.h's nonexpor)entlal be-
(%awor corresponds to a redshift in the emission spectrum

f 4 K. PPV h l film With time. Figure 7 shows PL spectra for four different emis-
rom 4 to 300 and the concentrated oligomer Imsion time windows: 0.0-0.2, 0.2-0.5, 0.5-1.0, and 2.0-5.0

both exhibit a rapid decrease in PL efficiency above 60 K . : . .
followed by a slower rate of decrease above 200 K. Theyps' The spectra are normalized to give the same intensity at

both have about a 65% decrease in relative efficiency from 41€ first vibronic peak. The first vibronic peak has redshifted
to 300 K. MEH-PPV exhibits features of both the oligomer by a_b_out 35 ”.‘e\./ aﬁer a few ngnosecon_ds._There IS alsp a
blend and the concentrated film. Below 250 K, the change ir?|gn|_f|ca.nt variation in the relative contribution Of. the vi-
PL efficiency is similar to that of the oligomer blend. Above bronic sidebands. The spectra were computed by integrating

250 K, however, there is a sharp decrease in PL efficienct'me windows of a set of time decays measured at different
comparable to that seen in the pure films above 60 K.

mission energies.

N . IV. DISCUSSION
C. Excitation energy dependence and redshift

of the emission with time A. Radiative lifetime vs oligomer length

Figure 5 shows the PL excitation spectra and a series of Knowledge of the fundamental radiative lifetime not only
normalized PL spectra at different excitation energies for thés important for estimating the PL efficiency from the ob-
n=5 oligomer both as a blen@pper pangland as a pure served PL decay time, but it is also directly related to the
film (lower panel, all at 77 K. The luminescence from the electronic structure of the organic molecule. The PL lifetime
blend redshifts substantially as the excitation energy is deef the oligomer-PMMA blends with three to five phenylene-
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FIG. 6. Transient photoluminescence decay of a four-ring oligo-

mer in PMMA at 77 K. The center panel shows the exponentialyjiqomer in PMMA at 77 K. The spectra were obtained by integrat-
decay with the emission collected at the first vibronic peak. TheIng the counts of a set of decay curves over the given time win-

other panels show the effects of the transient redshift of the emisgq\ys. The normalized factors for the time windows are indicated to
sion spectrum, when the emission is collected 40 meV abapeer 4 fight of the legend.

pane) and 30 meV belowlower panel the first vibronic emission
line.

FIG. 7. Time-resolved photoluminescence spectra of a four-ring

impurity-related recombination centers is an important

. . . . ) quenching mechanism in PPV-related materials.
phenyl rings is exponential with a decay time of about 1.1 ns™ | gg)ated oligomer molecules have high PL efficieH&}

(Fig. 1). A decay time of 1.10 ns and a quantum efficiency of3n4 an exponential PL decay independent of the oligomer

94% was reported for the isopropyl-substituted three-ringength and nearly independent of temperature. In solid films
oligomer in cyclohexané. Our measured lifetime is similar of these molecules, high PL efficiency can be maintained

to these observations in related molecules where the PL efy it there are few nonradiative recombination sites and/or
ficiency was determined to be close to unity. This impliesit 4ccess to nonradiative sites is impeded. In concentrated
that the PL efficiency in the oligomer blends is also nNeargnin_cast oligomer and PPV films, rapid, nonexponential PL
unity and that the decay is determined by the intrinsic radiadecay is observe(Fig. 3 and the PL efficiency is strongly
tive lifetime of the oligomer molecule. Férans-stilbene, the temperature dependefiEig. 4. The rapid nonexponential
radiative Iifetime was indirect'ly determined to be appro>§i— decay and temperature-dependent PL efficiency are due to
mately 1.5 ns im-alkane SO,IUt'Onigalgd followed a quadratic yonradiative recombination processes. Because isolated mol-
relation with the refractive inder.™ ™ This leads to an es- gcyjles do not act as nonradiative sites, quenching must arise
timate of 1.3 ns for blends in PMMAN(~1.5). These results fom eijther an intrinsic intermolecular nonradiative process
imply that the radiative lifetime is largely independent of o; from extrinsic nonradiative recombination centers. In
oligomer length. By contrast there is a significant decrease Qf5cyum evaporated five-ring PPV oligomer films, highly ef-
the absorption and emission energies of the oligomer molficient PL with exponential decay times of 1.2 ns in both
ecules as the length of the molecule increases. The constagycrystalline and amorphous films has been observed in
radiative lifetime coupled with the decrease in absorption,,r group?* This implies that intrinsic intermolecular nonra-
and emission energies are facts that must be included in &ative processes are not significant in these oligomers. The
description of t_he natur_e of the electronic states of the 0“90'spin-cast films considered here contain significantly more
mer as a function of oligomer length. impurities than the vacuum evaporated films; this suggests
that the dominant nonradiative quenching mechanism we ob-
serve is impurity related.

The amorphous polymer MEH-PPV has properties of

Because the PL efficiency of the emissive organic mateboth the dilute blends and concentrated films. Below 250 K,
rial gives an upper limit for the performance of LED’s, in- its properties are similar to the oligomer blends. This implies
vestigating the causes of nonradiative quenching has beentlaat, at low temperatures, MEH-PPV can be viewed as a set
major research intere$t-?> We argue that diffusion to of weakly interacting molecular units. At higher tempera-

B. Efficiency and quenching mechanisms
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tures, its PL decay and efficiency are similar to the concension is faster than radiative recombination in these films so
trated films. This suggests that there is thermally activatedhat emission occurs from the same low-energy molecular
diffusion to nonradiative sites. Since MEH-PPV consists ofsites independent of the excitation energy. The PL shifts with
PPV chains with long side groups, the side chains may inexcitation wavelength and with time seen in the oligomer
troduce an effective diffusion barrier between neighboringblends is somewhat similar to that observed in pure BPV.
chains that is thermally overcome at higher temperatures. Iin PPV, these shifts have been attributed to diffusion, but
analogy to the pure oligomer films, we suggest that diffusiordisorder-induced variation in site energy and radiative life-
to extrinsic impurities is the primary cause of the observedime may also play a role in determining the PL behavior of
PL quenching. PPV.

C. Disorder and relaxation

. - . . V. SUMMARY
In spite of significant progress in synthetic methods, con-

formational disorder continues to be a significant factor con- We presented measurements of the optical absorption and
tributing to the properties of PPV-type materials. A compari-emission properties of polptphenylene vinyleneand re-
son of the absorption spectra of conjugated polymers withated materials focusing on the differences between mol-
that of related oligomers indicates that the polymers effececules isolated by dispersion in an inert host and concen-
tively consist of a set of segments of varying conjugationtrated molecular films. Optical absorption spectra, PL
lengths. For PPV that is prepared by thermal conversion of apectra, and time-resolved PL spectra of dilute blends of
nonconjugated precursor, there is a smooth redshift of th@PV oligomers with between two and five phenylene-phenyl
absorption and PL spectra during conversion that is interrings were compared with those of dense oligomer and poly-
preted as the formation of longer conjugated segments. Aner films. In dilute oligomer-PPMA blends with high PL
similar argument is used to interpret the spectroscopiefficiency, the PL decay is exponential, independent of both
changes upon tensile drawing of thin filf¥s. temperature and oligomer length. This implies that the fun-
The effects of disorder are clearly evident in the PL prop-damental radiative lifetime of PPV oligomers is essentially
erties of the oligomer blends. The PL spectra of the oligomeimdependent of oligomer length. By contrast, there is a sub-
blends redshift upon lowering the excitation eneffig. 5)  stantial redshift of the absorption and emission energies as a
and in the time-resolved PL spectra, nonexponential decayfsinction of oligomer length. Concentrated spin-cast oligomer
are observed for emission energies on the flanks of the Pfilms and polymers have a fast and strongly temperature-
peaks(Fig. 6). These nonexponential decays correspond to @ependent PL decay that approaches that of the dilute oligo-
time-dependent spectral shift of the emission spectfigig. =~ mer results at low temperature. The difference in PL decay
7). By contrast, the emission spectra of the concentrated olieorresponds to changes in relative PL efficiency. The effi-
gomer films do not change with excitation enef§yg. 5 or  ciency of the oligomer-PMMA blend is high and only
time. Since intermolecular diffusion is not important in the weakly temperature dependent, whereas that of concentrated
oligomer blends at 77 K, the observed excitation energy defilms is lower and strongly temperature dependent, decreas-
pendence of the PL spectra are due to site-specific disorddng by more than a factor of 3 from 10 to 350 K. The
A different molecular ensemble with different emission char-quenching of the PL efficiency in concentrated films is due
acteristics is excited as the excitation energy is changed. THe migration to extrinsic, impurity-related centers as opposed
time-dependent spectral shift seen in Fig. 7 implies eitheto an intrinsic intermolecular recombination process. The PL
that there are small variations in the radiative lifetimes of thespectrum of a dilute oligomer blend redshifts substantially,
ensemble of disordered oligomer molecules or that there is both as the excitation energy is decreased and as the emis-
local relaxation of the excited molecules that takes place agion time increases. This spectral redshift is due to disorder-
the time scale of the PL decay. Intermolecular diffusion doesnduced site-to-site variation and is not due to diffusion to
occur in the concentrated oligomer films. The independenc®wer-energy sites. In contrast, no spectral shift with excita-
of the PL spectra on excitation energy observed in the contion energy or emission time was observed for dense oligo-
centrated oligomer films suggests that intermolecular diffumer films.

*Also at Institute fu Festkaperphysik, Technische Universita °G. Grem, G. Leditzky, B. Ullrich, and G. Leising, Adv. Mate.
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