
APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 8 19 FEBRUARY 2001
Excited-state quenching of a highly luminescent conjugated polymer
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The optical properties of a luminescent polymer, poly@1,4-phenylene-1,2-di~phenoxyphenyl!
vinylene#, have been investigated. Its photoluminescence yield increases unusually in the solid-state
over solution, 52%–6% respectively. Investigations into the stimulated emission properties of this
material were carried out but no amplified spontaneous emission was observed. To investigate the
presence of excited-state absorption features, the photoinduced absorption spectrum was measured.
An observed polaron absorption band, from 1.5 to 2.25 eV, overlaps the emission spectra and
therefore quenches stimulated emission. This highlights the need to consider the effects of
excited-state absorption on the emission when synthesizing new materials. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1345840#
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In recent years there has been a rapid development in
physics of organic electroluminescent devices.1 Enhanced
understanding of material properties, like carrier mobilit
and photoluminescence~PL! yield, is significant for realizing
an electrically pumped polymeric laser. Optically pump
organic lasing has been observed in numerous polyme2

based devices and in many different structures.3,4 Investiga-
tions into electrically pumped lasing have been less succ
ful. Large carrier densities have been observed but no s
tral narrowing has been noted.5 Two explanations are pu
forward for this: nonbalanced charge transport and exci
state absorption, which inhibits optical gain. In this letter
present a detailed analysis of the emission properties
highly luminescent polymer, poly@1,4-phenylene-1,2-
di~phenoxyphenyl! vinylene, ~DPOP-PPV!#, as well as re-
sults on the quenching of stimulated emission by excit
state absorption. This work emphasises that during
design of polymers for high luminescence efficiency opti
applications, the excited-state absorption must be caref
considered.

The polymer, DPOP-PPV, was synthesized by reduc
coupling ~de-halogenation polymerization! of appropriately
substituted tetrachlorides.6 DPOP-PPV has phenoxyl-phen
side chains@Fig. 1~a!#, which aid both solubility and increas
the glass transition temperature (Tg;163 °C). The polymer
batch used for this work had a molecular weight (MW) of
;23 800.

Absorption and PL spectra of 0.25 mg/ml solutions
DPOP-PPV in various solvents were measured using a
madzu UV-2101PC absorption spectrometer and a Per
Elmer LS50B luminance spectrometer, respectively. So
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state spectra were taken of a thin film prepared by s
coating from a 75 mg/ml solution in toluene at 700 rpm
giving a film thickness of 690 nm. For PL the samples we
excited at 440 nm, the excitation maximum.

The PL yield of DPOP-PPV in: a dioxane solution, a 1
doping of a polystyrene~PS! matrix and a neat film were
measured using an integrating sphere connected to a ch
coupled device~CCD! grating spectrometer by on optica
fiber, with an excitation wavelength of 354 nm from a h
lium cadmium laser at 0.1 mW/cm2. The use of the CCD
spectrometer allows us to distinguish between the PL sig
and the exciting laser signal without the use of filters.7 The
external PL quantum yield, defined as the ratio of the num
of photons emitted to the number of photons absorbed
calculated from the ratio of the integrated PL signal, with t
sample in place, to the increase in the integrated laser in
sity when the sample is removed.

Amplified spontaneous emission~ASE! measurements
were carried out on a DPOP-PPV waveguide fabricated
SiO2, using the method of Ref. 8. The polymer layer w
produced by spin coating from a 75 mg/ml solution in tol
ene onto the substrate. Waveguide loss of this sample
found to be 5.7 dB/cm, using the method of Ref. 9, at 63
nm, by recording the scattered light along the track o
resonant mode using a Nikon digital camera. The emiss
spectrum from the waveguide used demonstrated no spe
narrowing with increased pump intensity~maximum pump
intensity was 8.53105 W/cm2! or pump length dependence

To investigate the absence of ASE within a material
large PL yield and low scattering losses, the excited-s
absorption of DPOP-PPV was investigated. Two comp
mentary techniques were carried out, one was photoindu
absorption~PA! spectroscopy and the other was measur
the absorption of 0.2 mg/ml DPOP-PPV toluene solutio
9 © 2001 American Institute of Physics
t to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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doped with a charge transfer species, FeCl3 ~0.025 M!.
PA spectroscopy probes excited-state absorptions~e.g.,

triplets and polarons! formed by photoexcitation. A 457.9
nm argon-ion laser line is used as the pumps the sam
while a monochromated tungsten white light source is u
as the probe. An acousto-optical modulator modulated
pump beam, while a photodetector and a lock-in ampli
monitored the changes in the transmission of the pr
beam. The lock-in amplifier simultaneously measures the
phase and quadrature signals with the laser modulation.
measurements were performed on drop cast films un
vacuum (;2.731023 Torr) at 80 K.

The absorption and PL spectra for DPOP-PPV in vario
solvents and the solid state are shown in Fig. 1~a!. An ab-
sorption edge is observed atl5440 nm with an absorption
maximum atl5368 nm. In solid state this absorption pe
is less well resolved than in solution, and no spectral shif
observed. The PL in both solution and the solid-state pe
at l5520 nm, with no other strong vibrational features n
table. The peak emission wavelength and the full width
half maximum were found to be largely independent of
solvent used. A Stokes shift of;150 nm is observed in so
lution and solid state. The peak PL intensity and hence
yield was found to be highly solvent dependent. Signific
decreases in emission were noted with toluene, tetra-hy
furan and chloroform when compared to dioxane.

The PL yield for a dioxane solution of DPOP-PPV w
measured to be;6%. In the solid state a PL yield of 52% i
measured for a neat film, while the PL yield drops to 22%
the DPOP-PPV doped PS matrix.

Solvent choice has strong influences on the PL of
ganic materials through dipole interactions, rotational
fects, conformational changes10,11 and vibrational
interactions.12 The unusual PL yield relationship in solutio
and the solid state can be addressed by considering the
side groups attached to DPOP-PPV. There is a steric
drance between the two substituted phenoxyphenyl
groups and the phenyl ring on the polymer backbone res
ing in a nonplanar, conformation of the polymer. X-ray d
fraction experiments13 have shown that in the solid state th
polymer packs rigidly in a highly amorphous manner, p
ducing severe torsional hindrances along the polymer ba
bone. This results in large energy barriers to exciton hopp
along the chain, which prevents exciton diffusion to quen
ing sites, and raises the PL yield. Similar improvements
PL yield have been observed in meta-substituted copolym
of PPV where the conjugation along the polymer backbo
has been broken.14 Further evidence for this interpretatio
arises from the luminescence emission maxima in solu
and thin film occurring at the same wavelength, which in
cates an equivalent polymer chain orientation in both so
tion and solid state. This is further supported by the stro
relationship between PL yields and solvent choice. In so
tion the polymer chains have greater spatial freedom to
plore more planar conformations. This reduces the ene
barriers for exciton diffusion along the polymer backbon
increasing the number of nonradiative routes and decrea
the PL yield. The conformational freedom that the polym
has in solution depends on the viscosity of the solvent e
ronment. We find that the photoluminescence is invers
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proportional to the solvent viscosity15 from Fig. 1~b!. The
quantum yield of DPOP-PPV in polystyrene, at 22%, in
cates that the side chains have less freedom in the solid
than in solution. The decrease in PL yield from neat so
state to polystyrene is related to the fact that the side ch
are not subject to close packing in the polystyrene ma
that they suffer in a DPOP-PPV environment.

The absence of ASE within this material cannot be e
plained by scattering loss within the material. The wavegu
loss of 5.7 dB/cm indicates a low degree of polymer cryst
linity, and compares well with other highly emissive mate
als exhibiting ASE, e.g., mLPPP which has a waveguide l
of ;54 dB/cm.16 We therefore consider the excited state a
sorption of DPOP-PPV at high excitation intensities.

The PA spectrum of the DPOP-PPV film is shown
Fig. 2~a!. The PA spectrum is represented as the measu
change in transmission normalized to the transmission
the probe beam. A strongly defined absorption feature
pears at 1.9 eV in the PA spectrum. Figure 2~a! also shows
an example absorption spectrum of DPOP-PPV solution a
FeCl3 doping. Successive amounts of FeCl3 were added to
the DPOP-PPV solution. The doping induced absorption w
found to increase linearly and without change in line sha
with increased doping. There is a broad absorption ban
1.8 eV, which overlaps the PL spectrum of DPOP-PPV. T
absorption may be attributed to positive polarons, which
formed by oxidation of the polymer chains, stabilized by
FeCl4

2 anion.17 This corresponds with the energy of the P
absorption feature, within the limits of a possible solva
chromic redshift,18 and we assign this feature to photogen
ated polarons. The presence of polarons is known to que

FIG. 1. ~a! Absorption and PL spectra of DPOP-PPV in various solutio
and solid state with structure of DPOP-PPV inset.~b! The relationship be-
tween integrated PL Intensity and viscosity of solvent for DPOP-PPV
various solvents~see Ref. 15!.
t to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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singlet excitons19 and hence strongly reduce stimulated em
sion processes. The spectral width of this feature is narro
0.48 eV, than the doping induced absorption feature, 0.9
We propose this is due to the difference in temperature
tween the two measurements.

Figure 2~b! shows the PA dependence on the pum
beam modulation frequency. For polaron species, the
quency response of the in-phase and quadrature signa
well known.20 The polaron lifetime measured from the fr
quency response of the PA signal is 0.7 and 0.6 ms for
in-phase and quadrature signals, respectively. The long
time indicates an energetically stable state that outlives
fluorescence (;1.44 ns)21 of the material. This indicates tha
the polaron will strongly quench the singlet fluorescence
hence quench stimulated emission.

The phenoxyphenyl side chains provide the highTg and
PL yield for DPOP-PPV. However, they also have adve
effects by causing the high polaron population. Studies
families of di-phenyl substituted polymers have shown t
none are suitable for optically pumped lasing.6 This is most
likely due to a very stable excited state, the quinoid structu
which is formed when the phenoxyphenyl groups beco
charged. This state is energetically stable and does no
duce quickly back to the ground state. The state is also
calized over short chain lengths, which is consistent with
blueshift of the polaron absorption feature when compare
other PPV derivatives of similar emission wavelength.22 It is
this polaron absorption feature which is preventing las
from materials of this type by inhibiting emission from si
glet excitons.

This work provides an interesting study of how th

FIG. 2. ~a! Photoinduced absorption signal for in-phase and quadrature
DPOP-PPV film. Also shown is the induced absorption when a solution
DPOP-PPV in toluene is doped with FeCl3. ~b! The frequency response o
the PA signal which is used to calculate the lifetime.
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chemical structure of DPOP-PPV strongly affects its opti
properties in a conflicting manner that was not foreseen.
tial results indicated excellent luminescent propert
through exciton confinement along the polymer backbo
PA and doping induced absorption measurements h
shown that the same structural feature that enhances l
nescence destroys the stimulated emission properties.
broad polaron absorption band centred on 1.9 eV sugg
DPOP-PPV is limited optically as a candidate for furth
electroluminescence studies only. To conclude, this w
clearly demonstrates that in the design of highly luminesc
polymers the alteration of excited-state absorption is va
able to complete the information of the ground state abso
tion and luminescence properties.

The financial support from the Irish Higher Educatio
Authority and the EU Esprit Project No. 28580 LUPO
gratefully acknowledged.

1R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burroughes, R. N. Mar
C. Taliani, D. D. C. Bradley, D. A. Dos Santos, J. L. Bredas, M. Log
lund, and W. R. Salaneck, Nature~London! 397, 121 ~1999!.

2F. Hide, B. J. Schwartz, M. A. Diaz-Garcia, and A. J. Heeger, Synth. M
91, 35 ~1997!.

3C. Kallinger, M. Hilmer, A. Haugeneder, M. Perner, W. Spirkl, U. Lem
mer, J. Feldmann, U. Scherf, K. Mullen, A. Gombert, and V. Wittwe
Adv. Mater.10, 920 ~1998!.

4S. V. Frolov, M. Shkunov, Z. V. Vardeny, and K. Yoshino, Phys. Rev.
56, R4363~1997!.

5N. T. Harrison, N. Tessler, C. J. Moss, K. Pichler, and R. H. Friend, O
Mater.9, 178 ~1998!.

6H.-H. Horhold and M. Helbig, Makromol. Chem., Macromol. Symp.12,
229 ~1987!.

7J. C. de Mello, H. Felix Wittmann, and R. H. Friend, Adv. Mater.9, 230
~1997!.

8K. P. Kretsch, C. Belton, S. Lipson, W. J. Blau, F. Z. Henari, H. Rost,
Pfeiffer, A. Teuschel, H. Hillman, and H.-H. Horhold, J. Appl. Phys.86,
6155 ~1999!.

9Y. Okamura, S. Yoshinaka, and S. Yamamoto, Appl. Opt.22, 3892
~1983!.

10G. Jones II, W. R. Jackson, C. Choi, and W. R. Bergmark, J. Phys. Ch
89, 294 ~1985!.

11B. Li, T. He, M. Ding, H. Hu, and C. Wu, Polymer39, 3193~1998!.
12J. Dhote, K. P. Kretsch, A. P. Davey, W. J. Blau, and H. J. Byrne, Syn

Met. 102, 1529~1999!.
13R. Resel, B. Tertinek, S. Teasch, A. Davey, W. J. Blau, H.-H. Horhold,

Rost, and G. Leising, Synth. Met.101, 96 ~1999!.
14S. M. Lipson, D. F. O’Brien, H. J. Byrne, A. P. Davey, and W. J. Bla

Thin Solid Films370, 262 ~2000!.
15CRC Handbook of Chemistry and Physics, edited by D. R. Lide.
16J. Sturm, S. Tasch, A. Niko, G. Leising, E. Toussare, J. Zyss, T. C K

alcyk, K. D. Singer, U. Scherf, and J. Huber, Thin Solid Films298, 138
~1997!.

17J. Przyluski, M. Zagorska, K. Conder, and A. Pron, Polymer23, 1872
~1982!.

18C. Reichardt,Solvents and Solvent Effects in Organic Chemistry~VCH,
Weinheim, Berlin!.

19J. Shinar,Handbook of Organic Conductive Molecules and Polyme,
edited by H. S. Nalwa, p. 320.

20C. Botta, C. Luzzati, R. Tubino, D. D. C. Bradley, and R. H. Friend, Ph
Rev. B48, 14809~1993!.

21A. Penzkofer, 2nd annual LUPO Report, EU Esprit Project No. 28580
22P. A. Lane, X. Wei, and Z. V. Vardeny, Phys. Rev. B56, 4626 ~1997!.

~Compare with results displayed in Table II, p. 4636.!

a
f

t to AIP copyright, see http://ojps.aip.org/aplo/aplcr.jsp


