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Kinetics of singlet and triplet excitons in a wide-band-gap copolymer
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Transient and photomodulation spectroscopy is used in order to determine decay times and densities of both
emitting and absorbing species in the wide band-gap semiconductor poly-2,5-diheptyl-1,4-phenylene-alt-2,
5-thienylene(PDHPT). The wide band gap of this material is a consequence of the large twisting of the
neighboring constituents of the polymer chain. Transient spectroscopy revealed a monoexponential decay of
singlet excitons in PDHPT solutions with a radiative and nonradiative decay time of 1.9 and 1.6 ns, respec-
tively. For the solid film photoluminescence decays biexponentially. This distinct decay behavior in solid state
is attributed to the migration of the excitons towards quenching sites favored by the three dimensionality in the
bulk material, which hence reduces the photoluminescence quantum vyield. Infrared studies suggest that upon
photo-oxidation one introduces carbonyl groups in PDHPT, which shortens the decay times by introducing
photoluminescence quenching centers. Photomodulation spectroscopy is exploited to determine steady-state
density of triplet excitons along with their decay dynamics and we found that the steady-state density of the
triplets can be as high as *f@m 2 in this material. Furthermore, we determined the generation probability of
triplets to be 21073,

INTRODUCTION properties of PDHPT, we have studied dilute solutions and
spin-coated films of PDHPT with different spectroscopic
Poly-2,5-dihepty-1,4-phenylene - at 2 ,5-thienylené techniques. We present experimental data on cw absorption,
(PDHPT) is a regular alternation of high gap unitsenzoi¢  steady-state photoluminescen¢BL), PL quantum yield
and low gap unitgthienylenig as depicted in Fig. 1. The (QY), time-resolved PL, Fourier transform infrar€eTIR),
alkyl side groups are introduced to make the copolymeihotoinduced absorptiofPIA) as well as doping-induced
soluble, increasing consequently the processitfiityThe — absorption(DIA).
side chains do not take part in thebonds, but their steric ~ Our data provide a deeper insight into the influence of the
hindrance induce a considerable inter-ring twisting, givingSide chains and the alternation of high- and low-gap units on
rise to a substantial reduction of the polymer conjugation
length PDHPT has emerged as an attractive material for __CH, —
turquoise light emitting diodesMoreover, the large Stokes
shift between absorption and emission suggests also its pos-
sible use as active medium for laser diodes. However, for

effective practical applications of PDHPT as active laser me- — a

dia or other optoelectronic applications, a fundamental

knowledge about the luminescence quantum vyield, the S

photoinduced absorption bands and their overlap with the — CH, —n

emission spectrum as well as the decay channels and the

dynamics of excited states is necessary. FIG. 1. Chemical structure of poly-2,5-diheptyl-1,4-phenylene-

In order to get a more complete knowledge of the opticalklt-2,5-thienyleng PDHPT).
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the electronic levels. We have investigated the influence of LA AL L
interchain interactions and oxidation on the photoexcitation
energies and relaxation pathways in this class of copolymers
Furthermore, by means of a profound analysis of the PIA
measurements we determine the parameters that control thg
creation and the dynamics of the triplet states in this mate-
rial.

escence
uondiosqy

Photolumin

EXPERIMENT

PDHPT was prepared by a Suzuki reaction-the synthesis
is reported in Ref. 4.

Thin-film samples for optical measurements were pre- »
pared by spin coating from chloroform or toluene solution S P S
onto quartz substrates. The absorption spectra were recorde 2 25 3 35 4 45 5
using a Perkin Elmek 9 spectral analyzer. The DIA experi- Energy (eV)
ment was performed using gaseous iodine as dopant. The PL
spectra have been recorded with a Shimadzu RF-5301PC FI_G. 2. A_bsgrption and photoluminesgence emission spectra of
spectrofluorophotometer. The quantum yield of the film waghin film (solid ling) and solution(dashed ling
measured with an integrating sphere as described in Ref. 5,

while for the solution it was obtained using coumarin 120 as _ 7 ) .
a reference solution as described in Ref. 6. occurring after photoexcitatioh® and to a possible exciton

For the PIA measurements the sample was excited by afigration from short- to long-conjugation segments in the
351.1/363.8-nm AF laser beam, which was chopped me- COPolymer prior to recombination.
chanically with a frequency of about 89 Hz providing the ~PPHPT is a block copolymer made up by the alternate
reference for the lock-in amplifi6210, EG&G Princeton sequence of thiophene and phenyl rings. Theoretl_cal works
For the interpretation we plot the spectral dependence of th@" COpolymers composed by alternating low and high band-
ratio of the photogenerated change in sample transmissiddfP materials suggest that the band gap of the copolymer is
AT normalized to the transmissioh of the film. Since the € Welgghted average of the gap values of the parent
sample is strongly luminescent the measutédsignal also ~ Polymers: However, the absorption edge of PDHPT, is

contains a PL component, which can easily be determined b{und at 3.18 eV both for film and solution, it is therefore
taking AT with the probe beam “off'—this signal is then ocated at higher energies than that of unsubstituted polypar-

subtracted from the\T measurement with the probe beam &Phenylené~2.7 eV,[10]) and unsubstituted polythiophene
“on.” The sample was mounted within an optically acces- (~1.9 eV,[11]). The high-optical gap also rules out that the

sible cryostat under dynamic vacuum kept at a constant tenf€ctronic levels of PDHPT behave like found for typical

perature of 90 K. A 250 W tungsten halogen lamp providecdtantum well structure¥:® Therefore, the high-absorption
I-ﬁ]dge of PDHPT cannot be explained by “band-gap averag-

the light for the transmission measurement. For the recording 2 ) .
g” of two unsubstituted parent polymers. Looking at

of the PIA spectrum a grating monochromator and a silico ) g . ;
photodiode were used. monqsubsntuted PPP and disubstituted PPP one finds ab-
Spontaneous emission for time resolved measuremenfP'Ption edges at 3.(Ref. 2 and 3.4 eV(Ref. 8, respec-
fjvely. Following the approach of Meyers, Heeger, and

was excited by the fourth harmonic of a pulse compresse , . ) . .
Nd: YAG (4.66 eV} delivering 4 ps pulses, or second har- Bredas of calculating the band gap via arithmetic averaging
' ' ' we get (3.4eW1.9eV)/2=2.7eV for the copolymer con-

monic(3.20 eV of a synchronously pumped dye laser deliv-
ering (0_5 p;/) pulsei. The sig)rlngl WF;S rgcorded by Sisting of disubstituted phenyl units and unsubstituted

Hamamatsu optical sampling oscilloscope with 20 ps of imeioPhene units. This suggests that there is an additional
resolution. mechanism increasing the band gap. Theoretical calculations

FTIR measurements were performed with spin coated/eld inter-ring torsion angles between the thiophene and the

films on silicon substrates using a Bomem Michelson specPn€nylene units as high as 50We suggest that the unex-
trometer MB 102. pected high-energy gap is due to the reduction of#hen-

jugation induced by the rather high twisting of the molecular

backbone, which is mainly caused by the steric hindrance
RESULTS AND DISCUSSION due to the alkyl group¥ Hence, the present absorption data
suggest that the effect induced by the large inter-ring torsions
on the electronic properties of PDHPT is much more pro-

Figure 2 shows the absorption and cw-PL emission speGygynced than the expected band-gap lowering due to pres-
tra of the spin-coated PDHPT film and a dilute PDHPT SO-gpce of the thiophene units.

lution. The shape of these spectra is rather similar, both spec-
tra do not show any vibrational structure. The absorption

maxima of the thin film and the solution are at 3.90 and at

3.75 eV, respectively. The PL spectra peak at 2.70 and at Figure 3 shows the PL decay of a dilute solution and a
2.73 eV. The considerable Stokes shift can be ascribed to thain film. The solution exhibits an almost monoexponential
conformational changes with a more rigid planar structuredecay with a time constantp; of 860 ps. The combined

A. Photoluminescence and absorption

B. Time-resolved photoluminescence
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FIG. 3. Decay of the photoluminescence in solutigiashed
line) and thin film (solid line). The two smooth solid lines are a
monoexponential fits to the solution decay and a biexponential fitto E|G. 4. Infrared spectra of thin-film sample. From the bottom to
the thin-film decay, respectively. Insert: Decay of photolumines-the top, sample not exposed to UV, one minute and three minutes of
cence fOl’ diffel’ent uv il’radiation tlme The expOSUI‘e degree in'UV exposure. The Spectra are disp|aced Vertica”y for Clarity of
creases from the top to the bottom. The decays are displaced verfiresentation. Insert: Ratio between the IR spectra of the most oxi-
cally for clarity of presentation. dized sample and the not oxidized one.

Wave number (cm'l)

measurements of PL decay and emission QY can be used E?ted in solution and in film, we can reasonably assume an

SSttlr?ritii tget rag:i mﬂ;g/h?:m;;: r tOf PP;'PJ' Trr:g %Z/V!I?Sth equal radiative decay rate and thus the same proportional
ee ed fo be o for dilute solutions a 0 Stactor in the previous equation. In this way, it is possible to

thin film. If one assumes that the photoexcitation processg .\ ina quantitative estimation of the My integrating the

creates singlet excitons, the quantum efficiency for the SOIUdecay of the photoluminescence for the solution and the thin

tion QYS.can be expressed asp /7, ,15? whereb represen.ts film QY;=QY. (Njom/Neon)=0.45<0.4~18%: with

the fraction of absorbed photons leading to th%gener_anon qtf . andisem?Jeingf"[;rg tinsiee-integrated Cumber of emitted

singlet excitons. By _reas.onably.ass_ummgt 1, we find phbtons for the film and solution respectively.

that the radiative lifetime in solution is 1.9 ns. The value obtained is in good agreement with the experi-

The_phqtoll_Jml_nescence decay of the thin 1_‘|Im IS ot X0 ntal resuli{~20%), supporting our interpretation.

ponent|al,_ |nd|cat|_ng_ a more cor_nplex relax(_’;\tlon dy”"?‘m'cs- Finally, studying the decay of the photoluminescence for

\Tv?tfl tr?nisnlﬁiml ?mItSZIOI’] can b(i Tégd by r? dblex?ovce?nag '@hhoto-oxidized thin films also strongly supports the proposed
a al 1ast decay.rp 1= PS and a SIOWer ONe, ¢ onario. In fact, the faster decay time component is drasti-

TpL2=630ps. Such a behavior suggests that different decacB,(aIIy shortened upon increasing the density of quenching

pathway contribute to the emission, further we believe thaEenters by illuminating the sample on air with UV lighas

the same excited species is involved in the decay of the s “hown i,n the insert of Fig. 3. In fact we observe an evident
lution and of the thin film. We attribute the two decay times . . .ease of the initial de.cay./ time from 160 to 60 ps with
in the SOl.'d film to a different deCi‘V pat_hway fo_r the Sameincreasing UV irradiation time, while the slow decay, attrib-
photoexqted SPEcIes as follows. S'rm% IS very S|m|[ar to uted to excitons that cannot reach quenching centers within
the solution decay time, the slower emission is attributed WQheir lifetime ToLs, is almost unchangetroughly 600 ps

excitons’ motion confined within a single chains,, has to Moreover, it is important to point out that the faster dynam-

b.e relqted o the m_tercham migration W'th!n the thr.e.e'ics for the oxidized sample is accompanied by a drastic re-
dimensional network in the solid state. The higher mobility 01 of the quantum efficiency

of excitons favors the migration towards quenching sites en-
hancing the nonradiative decay rate, which in turn can ac-
count for the faster decay contribution to the PL observed in
the solid staté®’ The FTIR spectra have been used to study the UV expo-
It is possible to estimate the quantum efficiency of thesure induced chemical modifications occurring in PDHPT in
film QY; by using the PL decay data, with the aim to com-order to identify the nature of defect acting as PL quenching
pare it with the QY directly measured by means of the in- sites'®?° Figure 4 shows the FTIR spectra for the sample
tegrating spheré In fact the QY=Ng,,,/N,ps; WhereN.,,  nonirradiated and for two different irradiation times. We note
and N, are the number of emitted and absorbed photonshat x-ray photoemission spectroscofyps) measurements
respectively.N,,, can be calculated from the time-resolved indicate that pristine films are free of impuriti#sAs a con-
measurements by integrating the decay curWd,, Sequence of the UV irradiation, new absorption modes ap-
=consfPL(t)dt. If we assume that the same species is expear in the region of 1700 cm. We interpret these new

C. FTIR spectra
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r . T . ' ] D. Photomodulation spectroscopy

[ (@ ]

L @ ] In order to study the nature of the nonemissive photoex-
. § cited entities in PDHPT, cw PIA at different modulation fre-
quencies(9 and 900 Hz and DIA measurements have been
performed. Figure @) shows the PIA spectra at a modula-
tion frequency of 9 Hz, and the DIA spectrum, defined as the
difference between the absorption after doping and the ab-
sorption of the pristine sampfé.The negative PIA signal is

an indication for the generation of a new absorption band
caused by the pump generation of new excited states, the
positive PIA signal or photobleachingB) is a decrease of
the absorption because of the partial depopulation of the
ground state after the pump excitation. In Figh)>we show

the PIA spectra at a modulation frequency of about 900 Hz.
The PIA spectra both at 9 and 900 Hz display a pronounced
peak at 1.75 eV, the PB peak is at 3.18 and 3.00 eV for 9 and
900 Hz, respectively, both are located in the tail of the ab-
sorption spectrum, which has its peak a 3.9 eV. The position
of the PB at 900 Hz is obscured due to the noise in this
particular spectral region introduced by the low probe beam
intensity, grating efficiency, silicon detector sensitivity and
the PL correction. Supported by the fact that the doping ex-

FIG. 5. Photoinduced absorption spectrum at different choppeP€iments with iodine do not exhibit any contribution of
frequency(a) 9-Hz spectrum in phase with the excitatigsolid ~ charged states in the spectral region of 1.75 eV, we attribute
line) and 90° out of phasédotted line. Difference between un- the main peak at 1.75 eV to a dipole allow&g—T, ab-
doped and doped absorption spec¢ttashed ling (b) 900-Hz spec-  Sorption. The triplet excitons in PDHPT are mainly formed
trum in phase with the excitatiofsolid line) and 90° out of phase by intersystem crossing from the photoexcited singlet state, a
(dotted line. process whose efficiency is enhanced by the presence of the
sulphur in the thiophene unit® Furthermore, we have to
point out that the energy of the,— T, transition in PDHPT
is higher than in polythiophene and polyparaphenylene, so

lines as related to the formation of carbonyl groups . . . 2
(C—0).1%20.22The insert of Fig. 4 shows that while the band that the observ_ed blue shifted trlplet—tnplet transition pro-
vides further evidence for the reducedtonjugation induced

due to the carbonyl group increases, other FTIR modes de- S )
crease. The features at2950 and—1450 cm* appear be Ei)y the steric hindrance of the alkyl groups. In fact, the tran

o . sition energy of the triplet-triplet absorption increases with
theﬁrpost affected by oxidation. We assign the bantt 2850 the decrease of conjugation both for thiophenes and for phe-
cm ~ to the C-H and C-H stretching mode of the alkyl

o3 i 1 nyls as summarized in Table I.
cha'un§ while the region of~1450 cm* is known to be The photoinduced absorption peak at 900 Hz is one order
active both for C-C and £C stretching for thiophene magnitude less intense than that at 9 Hz. The-T,
rings**?* The decrease of the former two bands suggest thaghsorption peak at low frequency is in phase with the exci-
photo- and thermal-oxidation breaks of the C-H bonds of theation but is out of phase at high frequency. The PB behaves
alkyl side groups as well as the C-C ane=C bonds in the  differently; it is in phase with the excitation at 9 Hz but it
thiophene rings. exhibits both an in and out of phase component at 900 Hz,
The emerging of carbonyl groups, which are known for towhich is an indication of the presence of two different com-
break the conjugation length and act as PL quenchingonents in the PB.
siteg%?9 is in agreement with the findings from time- By means of the PIA experiment, it is possible to deter-
resolved measurements. mine the steady state triplet densNl in PDHPT. In gen-
eral, absorption is described by Lambert Beer’s law

AT/T

AT/T

s 2 2.5 3
Energy (eV)

TABLE |. Energy positions for the peak of the triplet-triplet transition and the ground-state absorption edge of unsubstituted thiophene
and phenylene based molecules with different chainlengths.

Number of rings Triplet energieV) Absorption edgéeV)

phenyls thiophenes phenyls Thiophenes
3 2.48(Ref. 39 2.70° (Ref. 39 3.76 (Ref. 33 3.00° (Ref. 35
4 2.35(Ref. 39 2.21* (Ref. 39 3.44 (Ref. 33 2.75' (Ref. 35-2.00(Ref. 36
5 1.95 (Ref. 39 2.58 (Ref. 35-2.10(Ref. 36
6 1.78(Ref. 37 1.80° (Ref. D—1.40(Ref. 7) 3.00(Ref. 15 2.43 (Ref. 35-2.25(Ref. 36
o 1.70(Ref. 25 1.55 (Ref. D-1.25(Ref. 7) 2.7 (Ref. 10 1.9 (Ref. 1)

aSample in solution.
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] ] ) ) FIG. 7. Photoinduced absorption signal at 1.75 eV as function of
FIG. 6. Photoinduced absorption signal at 1.75(EMphase at 9 e modulation frequency; excitation power40 mW. Insert: Cal-

Hz) as function of the pump intensity. The coptinuous line is a.yjated value foncN,/2 versus the modulation frequency.
guide to the eye. Insert: Calculated triplet density versus absorbed

photons, the continuous line is the fitting with E@).

Figure 6 shows the behavior of the photoinduced absorp-
tion peak at 1.75 eV versus the pump intensity. Using Eq.
I=loexp(—ad), (D (4), we can convert the obtainelT/T values to the triplet
wherel, and| are the light intensity incident on the sample density. As we will discuss and show latéiig. 7), this value
and observed at a thicknedsof the absorbing sample, re- €a" be taken as the quasi steady state triplet densﬂy in splte
spectively and is the absorption coefficient. The absorption ©f the fact that it was obtained in a photomodulation experi-
coefficienta can be expressed as a function of the density of"€Nt- In order to quantify the triplet density versus the ab-
the absorbing speciébl) and the absorption cross section  SOrbed photons from the pumping powér we can easily
In our case the indeX denotes that we describe the triplet c@lculate the average density of absorbed photons per unit
densityNt and the triplet absorption cross sectiof. time (Np) (cm™s™7) each one carrying an energy/\,

ar=Nror. @ (Npny=PA/hc(0.5N), (5)
In the PIA experiment photogenerated triplets act as ab-
sorbers, and therefore change the transmissiiorthis spec-  whereV is the film volume corresponding to the laser spot.
tral region by an amour& T. The transmitted intensity in the In the foregoing formula we assume that the reflectivity is
region of triplet-triplet(TT) absorption under photoexcita- roughly 7% as found for similar materigl$and we measure
tion is denoted a$;. | is the transmitted intensity in the the transmission through the relevant layer at the pump beam
same spectral region for the sample in the ground state, i.ewavelength to be roughly 40%. Both effects reduce the num-
without any triplets present. Now we can use the Efjsand  ber of absorbed photons to about 50% of the incident ones.
(2) to express the change in transmissidbi/T induced by In the insert of Fig. 6, we show the calculated density of
the photogenerated triplets: triplets versus the absorbed photons. The sublinear behavior
shown for the PIA signal in Fig. 6 suggests a significant
contribution of a bimolecular decay process. In this way if
AT/T=(It=D/I=11/1-1=exp(—Ngord)—1 (3)  we consider that the triplets are created by intersystem cross-
ing from the singlet and can decay either by the weakly
and we can express the tr|p|et dengﬂy as function Of the forbidden recombination to the ground state or by tl’iplet-
photoinduced signal. triplet annihilation, we can describe this processes by a
simple rate equatiof?,

Ny=—(o7d) " 2IN(AT/T+1). (4) dNy/dt=kNoh— BN — YNF, ©

wherek is the triplet generation probability3 is the triplet
We assumeo=8x10 ®cn?, as found for other conju- decay constant, angthe triplet-triplet annihilation rate con-
gated molecule$/?®andd= 1/a=100 nm to account for the stant. For this rate equation we assume that all absorbed
penetration depth of the pump beam wittbeing 16 cm ™. photons create singlets which in turn create triplets with a
Since the pump beam does not deposit a significant amoumptrobability «. Therefore, the triplet generation term can be
of energy in regions of the samples much deeper thamm  described aNy,, with Ny, being the number of absorbed
assume the deptt of the region within which triplets are photons(singlet excitons per time unit. Solving Eq(6) for
generated to be &/ the steady state we obtain for the triplet density
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Nr=—BRy+[(BI2y)*+ KNph/y]l’Z. (7) vector R measured in a typical optical modulation measure-
ment with a lock in amplifier can be described in the follow-
This equation is a very good approximation for the integralln9 way:
solution over the sample depih(between 0 andi) for the

mean value of the triplet population, R clexditan (2w f7)]} (10
V1+(27fr)?
(Nq)= 1/df {= BI2y+[(BI2y)*+ kNpn(X)/ y]"3dX, if a single time constant or lifetime is involved. If two time-

constants are involved, their influence on the signal vector is
() o - .
described in the following equation:

whereNp(x) is the depth-dependent profile of the number o Ly

of absorbed photongsinglet exciton per time unit. Equa-  g_ ciexditan “(2af7y) ]} N Colexili tan (27f7,)]}

tion (7) can be used to fit the curve in the insert of Fig. 6, in V14 (27fry)? Vi+(2mfr,)?

this way it is possible to obtain the rati@$2y and/y. The (11
values that we get with the fit arg/2y=4.2x10"*6cm3 _ _ . .

and «/y=2.1x10*2cm3s. These data are however not whereR is the intensity of the signak;, =, andr, are the
sufficient to calculate the rate constants. Therefore we detellfélimes of the electronic state, ang ¢, and c, are the
mined the modulation frequency dependence of the PIA sigV€ight of each componenR has to be written in vector
nal at fixed excitation densit{Fig. 7), which can be used to form since it describes both the intensity and the phase of the
determine these values. It has been shown re@énngtfar signal relative to the excitation, i.e., in our case the modu-
from the steady-state conditianse., for high-modulation lated laser pump beam. If there are two time constants in-

frequencies the triplet density is independent of the decay®!Ved, it means that there is an initial branching in the
rate constant and can be expressed as population into two separatencoupledstates, which decay

with different decay rates. If the decay takes place from the
same state the decay rates will just add ute,=k;+k,
Nr=rNpp/2v, 9 with the “lifetime” to be 1/7,u=1/7,+ 1/7,. The physical

meaning is that there is no single state with one lifetime but
wherev is the modulation frequency. The insert of Fig. 7 there are uncoupled states with different lifetimes.
was obtained by calculatinyr from AT/T via Eq. (4). At The optical modulation experiment probes the strength of
high-modulation frequenciesNy is constant and equal to an electronic transition of states with certain lifetimes. We
xNpp/2 [see Eq.(9)]. Using Npp=4x 10" cm 3s™" at the  have used the previous equations to model the behavior of
experimental condition§140 mW pump beam poweand  the photoinduced absorption depending on the frequency of
the asymptotic value ofN+=«N,/2=4x10'®cm 3s ' at  the chopper wheel. The data could only be modelled prop-
high-modulation frequencies we obtain and consequently erly by using two time-constants, 1.4 and 5.5 ms with respec-
also B and y. k=2Xx10"% y=10""cm3s", and B tive weights of 1 and 0.7, with a weighted averagg
=84 s *. The value obtained foy is in good agreement with =3 ms. These time constants have to be compared to the
the value found for MEH-PPY2 decay times given by the parametéts, B8, andy. We ob-

In order to compare the observed densities of species, M@ined y=10°cm’s ™!, B=84s?! and N;=6.6
calculate the steady-state singlet exciton density. It is obx 10-*6cm™2 for 140-mW laser power. The respective de-
tained by multiplying the number of absorbed cay constants at the particular value f are 18=12ms
photons(s cn?) by the lifetime of the singlet excitonss; . for the single exponential decay andN{fy) = 15 ms for the
Using the highest laser intensity in the insert of Fig. 6 wepimolecular decay. They will add up to show a decay time of
obtain: 200 mW laser power, 6:0L0”* photonsfscn) at @ (1/12 mst1/15mg~1=6.7 ms®233 Considering thaty and 3
AT/T of 6.2<107* with a calculated triplet density 7.7 are determined by fitting the dependence of the photoinduced
X 10*triplets/cn?. To estimate theipper limitof the steady-  absorption on excitation power the agreement with

state singlet exciton density we use the obsermgdfor the =3 ms determined from the data shown in Fig. 7 is highly
PDHPT solution (see abov)e and obtain 5 supportive of the proposed model.

X 10*?singlets/cm. However, this upper limit is not reached
in solid-state PDHPT samples, since in these films is
reduced to 160 ps due to rapid nonradiative decay—reducing
the expected steady state singlet exciton density to be We have shown that the high energy optical gap of
(160/860 5x10'?=9x 10'singlets/cm. In this way we PDHPT is mainly determined by the large inter-ring torsion
calculate the ratio of triplet/singlet state densities: (7.7induced by the steric hindrance between alkyl groups. By
X 10 triplets/cn?)/(9x 10 singlets/crl) =9x10*.  These  optical excitation, singlet excitons with high interchain mo-
values show clearly that the triplet state is the dominatingility are created in PDHPT films, which leads to a biexpo-
excited state in PDHPT samples, and can explain the intenseential decay behavior. The interchain migration of excitons
TT absorption signal detected with the PIA measurement. towards non-radiative centers reduces the emission OY from
The modulation frequencff ) dependence of the PIA sig- the 45% of the solution to the 20% of the thin film. Further-
nal at fixed excitation density in Fig. 7 can also be used tanore, the introduction of carbonyl groups by UV irradiation
determine the lifetime of the triplet states giving rise to it. increases the number of quenching sites in the film reducing
The influence of a time-constant or lifetimeon the signal the decay time and the emission QY.

CONCLUSIONS
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