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The fluorescence lifetime, fluorescence signal output and fluorescence spectral distribution of three highly diluted
luminescent polymers (one para-phenylenevinylene and two para-phenylene-ethynylene polymers) in tetra-
hydrofuran are studied as a function of picosecond laser pulse excitation intensity. The results are compared with
coumarin 2 in methanol and a distyrylbenzene molecule in tetrahydrofuran. The fluorescence lifetime and the
spectral distribution are practically independent of excitation intensity, indicating the absence of excitation-
dependent cooperative effects and the absence of emission from preferred exciton states. The fluorescence signal
saturation of the polymer solutions at high excitation intensities indicates the photoexcitation of polymer segments
(excitons or polarons) extending on average over two para-phenylene-ethynylene or four para-phenylenevinylene
monomeric units© 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION t,t’-(didecyloxy)-II-distyrylbenzene dissolved in tetrahydro-
furan is studied under the same experimental conditions as
applied to the polymer solutions. The distyrylbenzene
molecule is a model compound for the para-phenylenevi-
nylene polymer.

Conjugated polymers have potential applications in electro-
luminescent optoelectronic devic¢esLasing in conjugated
polymer solutions has been demonstrdtédmicrocavity
lasers have been realidetl and stimulated emission in
polymer films has been observed® In the case of
picosecond or nanosecond laser pumping of polymer EXPERIMENTAL
solution lasers, high pump pulse energy densities are
applied so that more than one photon per polymer is
absorbed per excitation process. Multi-excited polymers are
involved in short-pulse pumped polymer ladefts

The spectroscopic behaviour of three laser active
polymers as a function of picosecond excitation pulse
energy density is studied here. The excitation pulse energy
density is varied from about a factor of a thousand below the
monomeric saturation energy density to about a factor of ten
above the monomeric saturation energy density. Polymer
solutions of low concentration in a tilted cell were used to
avoid amplified spontaneous emissioh* The fluores-
cence lifetime and the fluorescence spectral distribution are
found to be practically independent of the excitation energy
density. The fluorescence signal saturation indicates the
removal of two para-(phenylene-ethynylene) or four para-
phenylenevinylene monomeric units out of the absorbing
ground state per absorbed photon. The results give
information on the exciton nature in the conjugated polymer
chaing'*®. For comparison, the spectroscopic behaviour of
the organic dye coumarin 2 dissolved in methanol and of

The polymers poly(m-phenylenevinylene-co-2,5-dioctoxy-
p-phenylenevinylene) (abbreviated PmPV-co-DOctGPV)
poly(2,5-dioctadecyloxy-paraphenylene-ethynylene-co-
2,5-thienyl) (OPT}*® and poly(2,5-dioctadecyloxy-para-
phenylene-ethynylene-co-2,5-pyridinyl) (OP®j were
investigated. The deg7rees of polymerisatiog,, and the
polydispersivitiesngs,* are listed inTable 1 The polymers
were dissolved in tetrahydrofuran (THF). For comparison,
the organic dye coumarin 2 in methanol and the model
compound t/t(didecyloxy)-ll-distyrylboenzene (DDO-
DSB) were investigated. The structural formulae are
displayed inFigure 1 The monomeric absorption cross-
section spectra of the compounds are displaydtidnre 2

The experimental arrangement is showirigure 3 The
excitation pulses were generated in an active and passive
mode-locked and frequency-doubled ruby laser system with
a single pulse selector and an amplifier (wavelength
347.15 nm, duratiomtp (= 35 ps, energy up to 1.5 ntf)
The fundamental laser pulse was blocked off with a short-
pass filter, EF. The laser beam diametkd,, was reduced
with lens L1 toAdp = 1.3 mm (FWHM). The pump pulse
energy was varied with neutral density filters, F1.
*To whom correspondence should be addressed Corresponding neutral density filters, F2—F4, were used in
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Table 1 Spectroscopic parameters (room temperature)

Solute PmPV-co-DOctOPV OPT OPP DDO-DSB Coumarin 2 Comments
Solvent THF THF THF THF Methanol
Npol 332 81° 27°
Nais 2.5° 1.7 5.6"
Cn (mol/dm?) 51X 10°° 1.89%x 107* 1.34x 107* 2.59x 107° 1.52x 107*
Nmo (cm™) 3.06x 10% 1.14x 10Y 8.06 X 10% 1.16 x 10'° 9.17 x 10%*
opm(cm?) 7.5x 107 4.54%x 107V 5.8x 107Y 7.91x 107 5.9x 10°Y Figure 2
W (Jlen) 7.63X 1073 1.26 x 1072 9.87x 1072 7.24% 1078 9.7x 107* equation (1)
Who (Jfcn) 2.3x 107 1.56x 107 3.66x 1074 equation (2)
7e (nS) 1.7+ 0.2 0.75* 0.2 1.0+ 0.2 1.85+ 0.2 3.6+ 0.3
b 0.64 0.3¢ 0.46° 0.645+ 0.02 0.74+ 0.0%
Oexplop 0.83" 0.88° 0.69° 0.32+ 0.03 1.1
7ec (pS) 05 05 0.5 0.5 0.5 assuniéd
Texp (fS) 60 60 60 60 60 assumed
7, (PS) 4 4 4 4 4 assumad
Trad (NS) 2705 1.9+ 0.6 22+ 05 29+ 04 49+ 0.5 equation (3)
8 m (ns) 3.6 35 3.2 2.8 5.3 equation (4)
Na (nm) 352 353 351 350 275 Figure 2
b (NM) 480 500 500 480 450 Figure 2
aRef.©
°Ref. ”
“Value misprinted in Ref§3’
dREf. 38
eRef 39
fRef:37
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Figure 2 Monomeric absorption cross-section spectig,(\), of
investigated samplesi, (\) = a(N)/Nmo where a()) is the absorption
coefficient andNy, o is the monomeric number density
DDO-DSB
front of the detectors. The photodetector PD measured the
input pump pulse energy. The spectral distribution of the
fluorescence emission was measured with a spectrometer-
diodearray detection system. Part of the sideward emitted
H-C.HN o. .0 fluorescence light was collected with lens L2 and was
> Coumarin 2 imaged to the spectrometer entrance with lens L3. The
HaC = temporal fluorescence emission was monitored with a
CH microchannel-plate photomultiplier (Hamamatsu type
3

Figure 1 Structural formulae of investigated polymers, model molecule
and organic laser dye. PmPV-co-DOctOPV, poly(m-phenylenevinylene-
co-2,5-dioctoxy-p-phenylenevinylene; OPT, poly(2,5-dioctadecyloxy-
paraphenylene-ethynylene-co-2,5-thienyl; OPP, poly(2,5-dioctadecyloxy-
paraphenylene-ethynylene-co-2,5-pyridinyl; DDO-DSB, t,t-(didecyloxy)-
II-distyrylbenzene. Coumarin 2, 7-amino-4-methylcoumarin
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R1564U) and a fast digital oscilloscope (LeCroy type

9362). The fluorescence lifetime was determined by
deconvoluting the fluorescence signal decay from the
pump laser signal response. The total fluorescence emis-
sion was proportional to the time integrated oscilloscope

trace.
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Figure 3 Experimental set-up. M.L.Laser, active and passive mode-
locked ruby laser; SW, electro-optic single pulse selector; Amplifier,
double-pass ruby laser amplifier; SHG, ADP crystal for second harmonic
generation; EF, short-pass filter (blocks fundamental laser frequency);
F1-F4, neutral density filters; L1-L4, lenses; S, sample cell of 1.55mm
1.5 mm inner cross-section; PD, photodetector; MCP, multichannel-plate
photomultiplier; SP, spectrometer; DA, diode-array detection system
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Figure 4 Experimental fluorescence lifetime;, versusnput pump pulse
energy densitywgp, for PmPV-co-DOctOPV in THF (a); OPT in THF (b);
OPP in THF (c); DDO-DSB in THF (d); and coumarin 2 in methanol (e).
Concentrations are listed ifable 1

RESULTS

The monomeric saturation energy densimﬁ;‘ﬁn is given

b9
Y a _ e

P,m=
Op,m

where h is the Planck constantyp is the pump laser
frequency, an@p = ap/Nnois the monomeric absorption
cross-section at the pump laser frequency= — In(Ty)/l
is the absorption coefficient an,o = Npodpol IS the
number density of monomeric unitdlyy o is the number
density of polymer chains ant,, is the degree of polymer-
isation. Ty is the small-signal transmission, amds the
sample length. equation (1) is valid for our experimental
situation of slow saturable absorption, where the pump
pulse duration, Atp, is short compared with the
fluorescence lifetimez %°.

At wp =W half of the absorbing entities are excited in
the case of thin absorption conditions (g} < 1) *°. For
thick saturable absorbers (Jinf| = 1) the pump pulse
energy density necessary for exciting half of the absorbing
entities is approximately given by

Wp = W1 4 0.5N,, olhwp/Wiy, ]
=wg{1 - 0.5In(To)hwp/(op, mWEm)]
=w[1 - 0.5In(Ty)].

In this approximation excited state absorption was
neglected.

For the polymer solutions we defined a polymer
saturation energy densityho by

at
W

Npol 0p,mMNpol

(1)

th

WISD?;t)oI: (2)
At Wp=vvéf‘,§o| a chromophore is excited on average in every
second polymer chain.

The fluorescence lifetimesersus input pump pulse
energy density are displayed irigure 4 for the three
polymer samples investigated, the dye sample, and the
model compound. The saturation energy densivziéjﬁn and
Wg'ho, are indicated. Within our experimental accuracy the
fluorescence lifetimes were found to be independent of the
excitation energy density for all investigated samples.
Multiple chromophore excitation in the polymer chains
did not influence the fluorescence lifetime.

The radiative lifetimes;r,q, determined from fluores-
cence lifetime,r, and fluorescence quantum yieldg,
measurements are listed Tiable 1 The relation:

TF

™ @)

was used. Additionally the radiative lifetimes,, ,, deter-
mined from the monomeric absorption spectrig(re 2
0N = ganlN), nNer = 1) using the Strickler—Berg
formula?t??

1 _ 87TC0n|3:' JemEF()\)d()\)

Trad =

No
Oam N
<5 - J')\a N N (4)

7-rad, m

3
The fluorescence lifetimes, spectral fluorescence distribu- LmEFO‘))‘ dA

tions, and time-integrated fluorescence signal outputs were

determined as a function of the pump pulse energy density.are listed inTable 1 cg is the speed of light in vacuumg

The pump pulse energy densities were varied with neutral andn, are the average refractive indices of the solutions in
density filters over a wide range from approximately one the fluorescence and absorption region, respectively. The
thousandth below the monomeric saturation energy density,integrals extend over the emission wavelength region (em)
vv,s:f’}n up to approximately a factor of ten above the and overthe $-S; absorption band (wavelength borders
monomeric saturation energy density. and\p). 7,.qiS Somewhat shorter that,sh% mfor the polymer
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Figure 5 Normalised spectral fluorescence distributioBs(N)/Sg max
Concentrations are listed ifiable 1 The spectra are uncorrected for the  Figure 6 Normalised fluorescence energf/Wp, versusinput pump
spectral sensitivity of the spectrometer-detector system. (a) PmPV-co- pulse peak energy densitwgp. Circles, experimental results adjusted at

DOctOPV in THF. Solld curve, pump pulse peak ener%y densigy= 7.6 low pump pulse energy density to theoretical curves. Solid curves,
X 10~ J/cmz = 1W . Dashed curvewge = 3.5 X 10> J/cn? = 4. 6 >< calculated for monomeric chromophore size. Dashed curves, calculated for
1073w, (b) OPT in THF Solld curvayge= 7.6 X 1072 J/cn? = 6w dimeric chromophore size. Dash-dotted curve, calculated for tetramer
Dashed curvewee = 4.1 X 107° J/en? = 3. 3 x 1073 \/\/Ef*ﬁn (c) OPP in chromophore size. Applied parameters are liste@idable 1 (a) PmPV-co-
THF. Solid curveyop = 0.167 Jicrd = 17w, Dashed curvewe = 2.3 DOCtOPV in THF; (b) OPT in THF; (c) OPP in THF; (d) DDO-DBS in
X 10~ J/cm2 2.4% 107 3wsat (d) DDO- DSB in THF. Solid curvewp THF; (e) coumarin 2 in methanol
=8.9% 1072 Jfen? = 12. 3w-§', 4. Dashed curveyee= 9.7 X 10~* Jien? =
8.1% 10~ ZWS"’“ (e) Coumarin 2in methanol Solid curwege= 0.09 J/cnf %
= 9.3w™ Dashed curvewe = 5 X 107° J/en? = 5.2 X 1073 w@™ 4 / /%
solutions indicating an extension of the emitting chromo- 1
phore beyond the monomer size up to two monomer units. Tex. P it

In Figure 5f|uorescence spectra at high excitation energy e
density,wp = 10vv§, m (solid curves) and at low excitation Ve :
energy densitieswp < 0. W, (dashed curves), were !

Z
compared. There were only slight spectral changes observed 277 A% ///
.[ T

for all compounds. The largest spectral change were FCy v 3
observed for PmPV-co-DOctOPV, where the double-peak !
structure observed at low excitation energies was somewhat }
smeared out at high excitation energies. o T

In Figure 6the normalised fluorescence eneriyy/\Wp, Vp 1
versusnput pump pulse peak energy density, is plotted !
for the polymer solutions, the dye solution, and the model T, !‘ 5
molecule. Wr is the total emitted fluorescence energy Y
(integration over all emission directions), al is the 1 7%

input pump pU|Se energy. At low input pump pUIse energy Figure 7 Energy band diagram used in fluorescence saturation
densities the experimental data points (circles) are adjusted. ;o iations

to calculated curves (see below). Upvt/@p = 0. 1vv§, m the

normalised fluorescence energl/W5 is approxmately and emitting entities by comparison with the experimental
constant. Then a saturation occurs which lowargWp, data.

since the fluorescence signal is proportional to the number The excitation and emission dynamics are described by a
of excited chromophores and the excited chromophore band model depicted iRigure 7. The pump pulse excites
number density cannot rise further with pump pulse energy chromophores from band 1 (valence banglgBund state)
density when all chromophores are already excited. to band 2 (conduction band,®and). From there the
chromophores relax quickly to a chain relaxed state 3
(Franck—Condon relaxation timec). From states 2 and 3
NUMERICAL SIMULATIONS excited-state absorption occurs to a higher lying band 4
The normalised fluorescence enerily:/W5s, is calculated (excited-state absorption cross-sectiongp. A fast
numerically in order to obtain information on the absorbing excited-state relaxation (time constany}) occurs back to
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level 3. (The excited-state absorption includes the removal wherer is the radial coordinatege = 2 [In(2)] "*Atp is
of electrons from orbitals (bands) below the valence band half the 1&-pulse width and op = 27[In(2)] "Y?Adp s the 1/

(Sg-band) by excitation to the valence band-{&nd) and
fast relaxation of electrons from the valence bang{&nd)

e-beam radiusAtp is the FWHM pulse duration, antldr is
the FWHM beam diameteN, ¢ is the total number density

to the generated hole states). From level 3 the chromophoref monomer unitsng,, is the number of monomers forming

relax with the fluorescence lifetimeg, to level 5 and return
to the ground-state (time constant< 7).

The relevant differential equation system for the
absorption and emission dynamics r
aNy  3op cog(0 Ns N;—N
R T N C)
ot hvp 7, Tor
9Ny 30p coS(0) Ny — Nyl
at— hwp 1R
309X,PCO§(0) N2
- 2~ Ny |lp
th N2 + N3
_Ne LNZ (6)
TFC Tor
N3 N, 30e,pC0S(6) Ns )
8t' - TEC th 3 N2+ N3 4 P
N N N; — N
44887 (7
Tex TF Tor
aN, 3 &0 N, Nyg—N
at’4= %0()0“3 S Nlp— A AT (g)
Vp Tex Tor
96’:‘;:&_&_“‘5;% 9)
TF Ty Tor
alp
= 30pcoS(6)(N; — Np)Ip
— 306y, pCOS(6) (N3 — Ng)lp (10
/2
N; = JO N;(6)sin(0)dd, i =1,2,3,4,5. (11)

The absorption anisotropy is taken into account us{idy=
30cos’(f), whered is the angle between the polarisation of
the excitation light and the orientation of the transition
dipole moments of the chromophofésr,, is the reorienta-
tion time of the transition dipole moments, is the orienta-
tion averaged level population number density of le\(ek=
1,2, 3, 4,5). Inthe equation system the transformatibas
t — nZcy andz = z are used, whereis the time,n is the
refractive indexz is the propagation distance, aoglis the
vacuum light velocity.

The initial conditions are

Ny(t' = —,0,r,2) = Nin.o (12
Nehr
No(t' = —,0,r,Z)=N3(t' = —,0,r,2)
=Ny(t' = —0,0,r,2)
=Ng(t'= —,0,r,Z)=0 (13
and
Ip(t’,r, 2 =0) = lop exp( — r?/r3p) exp( — t'?/t3p),  (14)

a chromophore (humber of monomers removed from ground
state in a single absorption process of one photon). The
correspondingp in the equation system is given o ¢,
= NchiOp,m

A numerical solution of the equation system [equations
(5)—(11)] with the initial conditions [equations (12)—(14)]
allows the determination of the population number density,
Ns(te, r, 2) of the emitting level 3 after passage of the pump
pulse (timety). This population number density is needed
for calculation of the total emitted fluorescence energy. The
total fluorescence energWg, normalised to the input pulse
energy,Whp, is given by:

0

0 |
hVF¢F J' [JON3(te, r, Z)dZ] 27r|’ dr

W

W — 0
P Wop JO exp( — r/r3s)2ar dr

(15)

whereh is the Planck constantg is the mean frequency of
the fluorescence lightyr is the fluorescence quantum yield,
and| is the sample lengtiwop=lo [ exp( — t?/t5p)dt is
the peak input pulse energy density. Calculai&d/Wp
curves are shown ifigure 6. The parameters used in the
calculations are listed ifiable 1

DISCUSSION

In Figure 6 a comparison of the experimental fluorescence
energy data with the calculated fluorescence energy curves
allows the determination of the chromophore sizes. For
PmPV-co-DOctPV in THF it iy, = 4. This means that
one absorbed pump pulse photon removes four monomer
units out of the absorbing ground state position. The lattice
relaxation after absorption of one photon removes a polymer
segment, consisting, on average, of four monomer units, out
of its original energy position. For OPT in THF and OPP in
THF itisng,, = 2, i.e., one absorbed pump photon removes a
segment extending on average over to two monomer units
out of its original absorbing position. For the monomeric
dye coumarin 2 in methanol and for the distyrylbenzene
molecules it imng,, = 1. One absorbed photon removes one
molecule from the ground-state position.

The fluorescence spectra displayed kigure 5 are
practically independent of the excitation energy densities.
This means that the emission spectrum is independent of
how many chromophores (lattice relaxed segments) are
excited in a polymer chain. This behaviour provides no
indication of relaxation to preferred low-lying emitting
states in the polymer chains at low excitation intensities.
Excitation migration in polymer chains hardly alters the
emission spectrum.

The measured fluorescence lifetimes have been found to
be independent of the excitation energy density for all
samples investigatedrigure 4). This finding indicates that
no cooperative emitting states are formed in the case of
simultaneous multiple excitation of the polymer chains. For
the polymer solutions the radiative lifetimes,g deter-
mined from the fluorescence lifetime and fluorescence
quantum yield measurements are somewhat shorter (a factor
of 0.5-0.8) than the radiative lifetimesss, ,,, determined
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from the monomeric absorption spectt@(N\) = oan(N), 9.

Nene = 1] using the Strickler—Berg formalisth??(Table ).
The coherence length of the excitation (exciton or polaron

exciton®) on average is limited to one to two monomeric 11

units®~2>
12.
13.
CONCLUSIONS
14

The fluorescence behaviour of three conjugated polymers, a;¢’

model compound, and an organic dye has been measured as

a function of excitation energy density. Diluted solutions 16.

were studied to avoid amplified spontaneous emission
effects. The fluorescence lifetimes and the fluorescencel

spectral shapes were found to be practically independent of; g’
the excitation energy density. The saturation behaviour of 20.

the fluorescence signals indicates that photoexcitation forms

lattice relaxed segments. For two polymers (OPT and OPP)?21-

the segments extend on average over two monomeric units,

and for the third investigated polymer (PmPV-co-DOc- 23

tOPV) an average segment extension over four monomeric

units was found. The independence of the fluorescence?4-

lifetime on multiple excitation of polymer chains indicates
the absence of cooperative emission like superradidnte

or superfluorescend&® The independence of spectral 2.
chain 27.
excitation indicates the absence of preferred emission 28-

fluorescence distribution on multiple polymer

from a low-lying exciton state in the polymer chains.

30.

31.
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