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Data are reported on the triplet states of a series of fluorene-basdteBAtype alternating copolymers based

on pulse radiolysis-energy transfer and flash photolysis experiments. From the pulse radiolysis experiments,
spectra are given for eight copolymers involving phenylene, thiophene, benzothiadiazole, and oligothien-
ylenevinylene groups. Quantum yields for triplet-state formatiby) have been obtained by flash photolysis
following laser excitation and in one case by photoacoustic calorimetry. In addition, yields of sensitized
formation of singlet oxygen have been determined by time-resolved phosphorescence and are, in general, in
excellent agreement with thé@+ values. In all cases, the presence of thiophene units is seen to increase
intersystem-crossing quantum yields, probably because of the presence of the heavy sulfur atom. However,
with the poly[2,7-(9,9-bis(2ethylhexyl)fluoreneklt-1,4-phenylene] (PFP), thiophene S,S-dioxide (PFTSO2)

and benzothiadiazole (F8BT) copolymers, low yields of triplet formation are observed. With three of the
copolymers, the energies of the triplet states have been determined. With PFP, the triplet energy is virtually
identical to that of poly[2,7-(9,9-bis(zethylhexyl)fluorene)]. In contrast, with fluorenr¢hiophene copolymers

PFaT and PF3T, the triplet energies are closer to those of thiophene oligomers, indicating that there is significant
conjugation between fluorene and thiophene units but also that there is a more localized triplet state than
with the homopolymers.

1. Introduction and transport by copolymerization of fluorene with other
conjugated molecules. A number of experimental*l and
theoretical?=° studies have been reported on both random and

e . lealng forene copalymers and  ha been o Tt by
12 ' P ) Y ’ copolymerization with thiophene units it is possible to tune the
tors?2 Some of these devices have already reached the stage .~ - - o L .
AT : emission through the visible region, in addition to modulating
of commercialization, whereas others are at fairly advanced o .
the HOMO and LUMO levels for charge injectidiRarticularly
stages of development.

POVl " fth t widelv studied important in this respect are alternating copolymers, and the
olyfiuorenes are currently some ot the most widely studie synthesis and fluorescence properties of a series of derivatives
conjugated copolymers for such applications because they

hiah i t ield d stabilit of the type Aalt-B have been reported, where A is a 9,9-
23;?:;56 V\Il?th hiugohr?jsecgerre]zcei g?ggrﬁ;n grlﬁj aﬁ’sc?cécr)ni tsinatr:;, %’luagedialkylfluorene group (particularly the diethylhexyl derivative)
region of the spectrufr.® In additior;, they can form liquid 3%‘;5(352?25 ;&%it;htlr?ggeegg' cgler;:"e?rs)h;r;e'h%rtotlrlljlr%?::snfe-r?ég-
crystalline structures, giving the possibility of producing polar- s POlymers, P
ized luminescenct:11 guantum yields were lower when thiophene groups are present

There is curren.tly considerable interest in tuning these than in the corresponding phenyl-9,9-dialkylfluorene copoly-

emission properties and in moifying charge injection barriers mers. This was attributed to enhanced intersystem crossing to
prop 9 ge iy the lowest triplet states in the former case due to the presence

of sulfur, in agreement with the observation of triplet-state
formation being much more important with polythiophenes than

Conjugated organic polymers now represent an important
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Figure 1. Molecular structures of the various polyfluorene copolymers used in this study.

TABLE 1: Photophysical Properties of the Various Polyfluorene Copolymers in Benzene

T- Tmax
My/My, (nm) Es, (eV) TT
copolymer () (et (M~tcm™Y)) (es"(M~tcm™Y)) D2 P2 P2 (us) D)2
PFaT 8790/13 600 760 2.69 0.568 0.258 0.174 5 0.254
(13) (72 200) (23 800)
PFaTT 11100/20 800 760 2.55 0.377 0.319 0.304 1.2 0.272
(15) (75 650) (32 100)
PFaTTT 12800/24 400 760° 2.40 0.293 0.166 0.541 2 0.164
(15) (23 200) (34 800)
PF3T 2800/4200 730 2.48 0.37 0.338 0.295 10 0.32
o (49 900) (48 700)
PFBTVT 5300/18 500 (8) 640 2.47 0.0965 0.179 0.724 5 0.16
(9500) (13 100)
F8BT n.d9 760 2.53 0.760 0.074
(=) (12 000) (28 500)
PFTSO2 8700/27 400 580 2.39 0.190 124 0.0108
(17) (=)e (14 900)
PFP 12700/50 230 73C 3.16 ~1¢ 0.0081 134 0.0225
(27) (82 000) (52 700)

adg, ¢, O, and P, are quantum yields for fluorescence, triplet formation, internal conversion, and sensitized singlet oxygen formation,
respectively? From flash photolysis datd.From pulse radiolysis datéd Reference 21¢ Reference 25.Reference 37¢ Not determined” In terms
of monomer unit! Average number of monomer units per polymer chain, thatligMwit.

one study by optically detected magnetic resonance (ODMR), 2. Experimental Section
and our initial report on the characterization of the properties o o
of the triplet state of poly[2,7-(9,9-bisthylhexyl)fluorene)- The structures and abbreviations of the polymers used in this

alt-2,5-terthiophene] (PF3TY,we are unaware of any other study are shown in Figure 1, and weight and number average
work’ on triplets of these cc’)polymers This is an important molecular weights are presented in Table 1. Details of synthesis

o . ) L .~ are given elsewher€:2> All reagents were of the purest grades
omission for various reasons. Triplet-state formation in conju- ; o
ated polvmer svstems is a mixed blessing. On the positive side available, and solvents were purified by standard procedures.
% E y d ty i e eld g;[h h pl troph 'Except where stated, all photophysical measurements were made
It can be used to optimize emission yields through €l1ectrophos- o, anene solutions, degassed by bubbling with argon or
phorescent devicé$.In contrast, in the presence of oxygen,

. - . : nitrogen.
triplet states canOI;:‘?ad to singlet oxygen formation and ultimately Pulse radiolysis experiments were carried out at the Free
device degradatiof?.Also, conjugated polymer triplet states may - i .
o ’ Radical Research Facility, Daresbury, U.K. using 2002as
guench the emission of phosphorescent dopdni¥e have, y y g A

heref h ized the triol f f th high energy electron pulses from a 12 MeV linear accelerator,
therefore, characterized the triplet states of some of the most,, hich \ere passed through solutions in a 2.5 cm optical path

important members of this class of materials in terms of their onqth quartz cuvette attached to a flow system. All solutions
spectra, intersystem-crossing formation yields, and decay yere bubbled with argon for about 30 min before experiments.
kinetics using a combination of pulse radiolysis and flash The experimental setup has been described elseVtheratical
photolysis. In addition, their efficiency in sensitizing singlet spectra, normalized for the radiation dose, were recorded using
oxygen formation has been studied using time-resolved phos-g spectrometer consisting of a xenon arc lamp, monochromator,
phorimetry. With representative copolymers, we have also photomultiplier, and appropriate filters. Signals were then
measured the triplet-state energies using either the pulsedirected to a computer for analysis. The general spectrometer
radiolysis-energy transfer technigie®® or time-resolved pho-  design is similar to that given in ref 57. Triplet states were
toacoustic calorimetry?:47:54.55 generated by pulse radiolysis of argon-saturated solutions of
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copolymer (typically 30 mg/L, corresponding 10 uM in 0.3 T T T
terms of polymer) and biphenyl (10 mM) in benzene. Triplet-
state molar absorption coefficients were determined using the
method of Bensasson and L&hdsing argon-saturated solutions
of biphenyl (10 mM) in benzene as standard, taking the value
€ = 27100 Mt cm at 367 nm for its triplet extinction
coefficient.

Flash photolysis experiments were performed with an Applied
Photophysics laser flash photolysis equipment pumped by the
third harmonic (355 nm) of a Nd:YAG laser (Spectra Physics).
Signals were detected with Hamamatsu 1P28 and R928 photo-

—a— PF3T

Absorbance

multipliers, and transient spectra were obtained by monitoring —=— PFTSO2
the optical density change at40 nm intervals over the 360 —O_gg?” ]

850 nm range, averaging at least 10 decays at each wavelength. 02
Further details have already been givéBpectra were assigned

to the triplet states based on the similarity with spectra seen in

pulse radiolysis and the fact that first-order kinetics were 0.1
observed in all cases. The triplet formation quantum yidig)(
was obtained by comparing the initial absorbance of an optically
matched solution (at the laser wavelength) of the copol§ter

—v— PFP

with that of a solution of benzophenone in benzene as ‘500 600 700 800 900 1000

actinometer {1 = 7630 M! cm™!, and &1 = 1.00)515° Wavelength (nm)

Absorption and fluorescence spectra were recorded on Shimadzu

UV-2100 and Jobin-Yvon Spex Fluorog 3-2.2. spectrophotom- F}gure 2. Transient allbs_orptiofn hspectr_a obselr\?led on pulse rladiolys_is

eters. Fluorescence spectra were corrected for the wavelengtrg argon-saturated solutions of the various polyfluorene copolymers in
. enzene in the presence of biphenyl (10 mM).

response of the system. Fluorescence quantum yields were

determined using terthiophen@¢ = 0.07)*° and pentathiophene  produced by pulse radiolysis of benzene solutions in the presence
(@ = 0.34)¢ in benzene as standards. of relatively high concentrations of biphenyl (or other sensitizers,

Singlet oxygen {A) yields and lifetimes were obtained by  A) followed by energy transfet*53 in the reaction sequence
direct measurement of the phosphorescence at 1270 nm fol-

lowing irradiation of an aerated solution of the polymers in 1gz* — 3gz*

benzene with a frequency-tripled pulse (355 nm) from a Nd:

YAG laser, as described in detail elsewh&rél The quantum 1gz* + A — Bz + 1a*

yield of singlet oxygen formation was determined by comparison

of the initial emission intensity for optically matched solutions Inx —3px

at the excitation wavelength g4 = 0.5) with 1H-phenalen-

1-one taken as standard, usilg = 0.93 in benzene solutidii. 3Bz* + A — Bz + 3A*
Time-resolved photoacoustic calorimetry (PAC) measure-

ments were performed on a home-built apparatus with front- SA* + S— A + 3g*

face irradiation, using a nitrogen laser (337 nm) for excitation. _ o _ _
Heat deposition was within a time window of a few nanoseconds subject to the klnetlc_ally demandeq concentration ratio [Bz]
to a few microseconds. Details of experimental method and data[A] > [S]. This technique was applied, using biphenyl (10 mM)

analysis are given elsewhete>563 as the sensitizer, to characterize the triplet states of all of these
copolymers, and their spectra are shown in Figure 2. In support
3. Results & Discussion of this assignment, the spectra show significant differences from

those of the corresponding copolymer charge carriers (studies
in progress). For all of the copolymers, except PFBTVT and
PFTSO2, absorption maxima were observed in the—78D
nm region. This can be compared with the maxima observed
1 3 B - for the triplet states of poly[2,7-(9,9-bis{@thylhexyl)fluorene)
Bz— "Bz* +°Bz* + & + Bz (PF2/6, 750 nnff and terthiophene (645 nrf§:s5 With PFT-
S0O2, only a weak absorption was observed around 580 nm,
The yields (given a& values, which are the number of species whereas with PFBTVT the triplet maximum was at 640 nm.
produced per 100 eV of absorbed radiation) artB&{() = 1.6, The fact that very similar triplettriplet (T—T) absorption
G(Bz*) = 4.256G(g) = G(Bz™) = 0.053%7:58|n the absence  maxima are observed with the fluorerthiophene alternating
of appropriate sensitizers, pulse radiolysis of benzene solutionscopolymers having one, two, and three thiophene units can be
of conjugated polymer systems can produce both excited contrasted with the behavior of oligothiopheri&& "'where a
state§*5° and radical ions (positive and negative charge carri- progressive increase in the—T absorption is observed on
ers)%%.79However, upon pulse radiolysis of argon-saturated 10 increasing the number of thiophene units. This strongly suggests
mM solutions of biphenyl in benzene, the only significant that in the copolymers there is a relatively short effective
species seen by transient absorption spectroscopy within the timeconjugation length (strong localization) of the triplet states.
resolution of our system was the biphenyl triplet state. Thiswas  Triplet states were also studied by flash photolysis. As an
unambiguously identified by comparison with literature spec- example, following photoexcitation of PFaT in a degassed
tra®l On this basis, we find that triplet states of conjugated benzene solution with the third harmonic of a Nd:YAG laser
organic polymers and copolymers (S) can be selectively (355 nm), depletion of ground-state absorption (450 nm), and

3.1. Spectral Characterization of the Triplet States.
Radiolysis of benzene is kno#hto lead to formation of both
excited states and ioff<>in the process
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0.12F— T T T ™3 TABLE 2: Triplet Energies of PFP, PFaT, and PF3T?
; compound Er, (eV) AE (S —T)
0.06f | 4 PFP 2.32 0.84
v PF2/6 2.30 0.92
. a3 1.93 124
5 0.00 PFaT 1.84 0.85
3 PF3T 1.84 0.64
-0.06 ad 1.8 1.05
o5 1.72 0.97
012k . ) ) o a For comparison the triplet energies of PF2/6 and of the oligothio-
’ 400 500 600 700 300 phenesx3, o4, ando5 are also presenteBlReference 52¢ Reference

55. 4 Reference 37.
Wavelength (nm)

Figure 3. Triplet—singlet difference absorption spectra observed with ~ We have shown previousi§that the energy of the lowest
different delays following laser excitation at 355 nm of a solution of triplet state of many conjugated homopolymers can be related

PFaT in benzene. to their S energies by the empirical relationship
formation of a new band at 760 nm was observed (Figure 3).
This band at 760 nm is similar to that seen in pulse radiolysis T;=(1.13§ - 143)+£0.25eV

and is assigned to the PFaT triplet state. It decayed exponentially
with a lifetime of ~4.9 us. Similar transient absorptions were Values predicted from this (PFP, 2.14 eV; PFaT, 1.61 eV; PF3T,
observed for many of the other copolymers, as indicated in Table 1.37 eV) are close to, but slightly lower than, the experimental
1. In some cases, depletion of ground-state absorption wasones, which again supports the idea that although there is
observed in the 479480 nm region. For PFBTVT, depletion  conjugation between the monomer units, the triplet states in
of ground-state absorption occurred at 370 nm, the triplet-statethese copolymers are relatively localized. Further indications
absorption was observed at 640 nm, in agreement with the pulsethat the triplet states are localized comes from the fact that the
radiolysis measurements, and the lifetime was.0 us. The low molecular weight PF3T has a triplet energy similar to that
transient absorption spectra for PFTSO2 and PFP showedof the higher molecular weight PFaT. This suggests that triplet
absorption bands at 580 and 430 nm, respectively. With PFP,energies are already saturated in PF3T (i.e., when the copoly-
depletion of ground-state absorption was observed at 370 nm.mers have<s4 monomer units).
No depletion of ground-state absorption was observed for 3.3. Triplet-State and Singlet Oxygen Quantum Yields.
PFTSO2. With PFP, only very weak absorption was observed Quantum yields for triplet-state formatio®{) were determined
at the maximum (730 nm) seen in pulse radiolysis, suggesting by flash photolysis using benzophenone as actinometer. Using
inefficient intersystem crossing. The triplet-state lifetimes for these and fluorescence quantum yields)(determined here
PFTSO2 and PFP were, respectivelyl24 and 134us or in previous studie®; we also determined the efficiencies of
(probably limited by impurity diffusion quenching), which are internal conversion and they are given in Table 1. As has been
considerably larger than those for the other copolymers. The suggested previoushf;?the low fluorescence quantum yields
decrease in triplet lifetime with the thiophene copolymers is observed for the fluorenethiophene copolymers seem to be
attributed to the heavy-atom effect of sulfur, which increases due largely to the efficient intersystem crossing involving the
spin—orbit coupling and facilitates the intersystem crossing from heavy sulfur atom, as has been noted with polythiophé&h@s.
excited triplet states to the singlet ground state, thus reducing The differences in intersystem-crossing quantum yields with the
their triplet lifetimes?”72 Upon S,S-dioxide functionalization  fluorene-terthiophene copolymers involving the trimethyldode-
of the thiophene ring, that is, in going from PFaT to PFTSO2, cyl (PFaTTT) and 2-ethylhexyl (PF3T) substituents at the 9
there appears to be a significant increase in triplet lifetime. By position on the fluorene rings is attributed to the fact that the
removing the sulfur lone-pairs from the thienyl system, a latter compound has a bromo end-cap, which is expected to
decrease of sulfur spitorbit coupling and an increase in triplet ~ favor intersystem crossing through the heavy atom effeltt.
lifetime is expected and indeed observed. However, this resultis particularly interesting to observe that with all of the
needs to be treated with caution because the observed transiertopolymers containing thiophene units, the internal conversion
is produced in very low yield and may not be a pure triplet quantum yield plays a significant role, which is in accordance
state. with previous findings on related polythiopheffesvhere

3.2. Energies of the Triplet StatesTriplet energies of PFP  substitution at the thiophene skeleton with alkyl or alkoxy groups
and PFaT were obtained from pulse radiolysis-energy transferhas been shown to increase the coupling with rotational modes
by matching with the triplet energy of the sensitizer (A), as of the substituent side chains and thus increase the efficiency
described elsewheP&:5* For PF3T, the triplet energy was of the radiationless decay. This is in contrast with the behavior
determined by time-resolved photoacoustic calorimetry, as found for the thiophene oligomersi & 1—7) where internal
discussed previousR/. Values for these compounds are com- conversion is practically inactiv&:8 In the present case the
pared with those for the conjugated oligomers and homopoly- substituent side chains are located in the (poly)fluorene groups,
mers in Table 2 and can be compared with the values of 2.30 which again supports the extension of the delocalization to these
eV for PF2/6%22.86-2.18 eV for oligofluorene$3 and 1.93- units and thus to their influence in the photophysics of these
1.72 eV for oligothiophene®:’! The S—T; separation in copolymers. It is worthy of note that with PFaT and PFaTT,
conjugated polymers is typically 0-0.8 eV3274 77 The values the decrease i®r is accompanied by increases in bdth and
observed in these copolymers are fairly similar, indicating very ®,c, whereas somewhat more complicated behavior is observed
similar electror-electron correlations in the homopolymers and with PFaTTT, where the decrease dx is reflected by an
copolymer$277 This contrasts with the three oligothiophenes increase in® c and a decrease . The reason for this is not
in the Table @3, a4, a5), where the singlet triplet splitting  yet clear. As with othep-phenylenevinylene polymers, such
decreases with increasing chain lengfth. as MEH-PPV/" internal conversion is the dominant decay
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pathway with the copolymer PFBTVT in solution, possibly QUI/58291/2004), and GRICES/DST (Indo-Portuguese Re-
because of torsional contributions to nonradiative relaxation. search Collaboration) for further financial support.

However, in contrast to MEH-PPV, intersystem crossing is an
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