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Abstract

The use of pulse radiolysis to study transient species in conjugated polymers in solutions is discussed, with particular
reference to poly(2-methoxy-5-(2'-ethylhexoxy)-p-phenylenevinylene) (MEH-PPV). The excited triplet state is specifically
generated by energy transfer on radiolysis of benzene solutions in the presence of suitable sensitisers, and its spectrum is
reported. The presence of vibronic structure suggests a localised triplet state. By varying the energy of the sensitiser, it is
possible to determine the energy of the lowest triplet state. Results are also presented for the triplet—triplet absorptions and
energies of five other common m-conjugated polymers. The MEH-PPV triplet absorption, produced on radiolysis, does not
increase linearly with either polymer concentration or radiation dose. This is suggested to be due to the presence of multiple
triplet excitations on the isolated polymer chains. Intrachain triplet—triplet annihilation is observed, and is seen to lead to
delayed fluorescence. Spectra are also reported for the positive and negative charge carriers of MEH-PPV and the other
polymers specifically produced by pulse radiolysis of the polymers in chloroform or tetrahydrofuran solutions. © 2001 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Although efficient electroluminescence from conju-
gated polymers was first reported over 25 years ago
[1], the current intense activity in this area has derived
largely from the observation of high yield emission
from light emitting diodes (LEDs) based on poly(p—
phenylenvinylene) (PPV) and its derivatives [2,3]. A
variety of other families of luminescent conjugated
polymers have since been developed, and these now
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constitute a technologically important class of mate-
rials. Polymer-based LED display systems are already
a reality [4], and the potential market for these mate-
rials is enormous. This is likely to grow even further if
the development of an all-polymer laser based on
these systems [5] proves successful.

Both the synthesis and applications of luminescent
conjugated polymers have been extensively reviewed
[5-8], and there is a general understanding of the
mechanism of electroluminescence in conjugated
organic systems, involving generation of positive
and negative charge carriers by hole or electron injec-
tion from electrodes, followed by charge recombina-
tion to produce excited states [9]. However, their
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Fig. 1. Schematic pictures of the chain structures of the polymers used in this paper, together with their acronyms.



H.D. Burrows, et al. / Journal of Molecular Structure 563—-564 (2001) 41-50 43

optical and photophysical properties are complex, and
difficulties exist in assigning the different transient
species observed over a wide range of time domains
(from femtoseconds to seconds) in photolumines-
cence, photoinduced and electroinduced absorption
spectral measurements [10—13]. In addition,
conflicting opinions exist on the strength of coupling
in the excited states and charge carriers, with descrip-
tions given in terms of both molecular exciton [14]
and one-electron semiconductor band [15] models.
There is, thus, the need for an unambiguous technique
for preparation and characterisation of these transient
species to help in their assignment and to provide an
experimental base for understanding the extent of
electron—electron correlation.

Conjugated polymers are normally expected to
have a non-degenerate (singlet) ground state. Charge
recombination will produce both singlet and triplet
excited states, and for the case of strong coupling,
spin statistics dictate that these will be produced in
the ratio 1:3 [16]. Since only the singlet is normally
luminescent, this will greatly reduce the efficiency of
these systems when they are used as light emitting
devices. Some of this triplet excitation energy can
be captured by energy transfer, and reemitted by
appropriate acceptors [17], but efficient use of this
requires information on the polymer triplet energies.
Unfortunately, the only unambiguous determination
of triplet energy of a w-conjugated polymer has
been from the phosphorescence of a ladder-type
poly(p-phenylene) [18,19]. No other well-authenti-
cated case of phosphorescence from a conjugated
polymer has been given, and it is important to develop
other techniques to determine reliable triplet energies.

Pulse radiolysis has proved to be an excellent tech-
nique for the selective generation and study of excited
states and charged species [20]. This involves passing
an intense, short-lived pulse of high-energy radiation
through a sample and studying the resultant non-equi-
librium situation by transient absorption spectro-
scopy, or some other analytical technique. The
radiation chemistry of solutions is dominated by the
most prevalent species, the solvent [21]. By appro-
priate choice of conditions, it is possible to specifi-
cally produce either excited states or charged species.
We have previously used this method to look at the
lowest excited triplet states [22—25] and charged
species [23,26] of some conjugated organic polymers

in solution. In this paper we extend this study to
include many of the most commonly used polymers
in electroluminescent devices.

2. Experimental

Regioregular poly(pyridine) (PPY) was synthesised
as described elsewhere [27]. The other conjugated
polymers, whose structures are shown in Fig. 1,
were generous gifts from Covion (MEH-PPV), Prof.
U. Scherf (MeLPPP and PFO) and Prof. M. Anderson
(polythiophenes). THF was dried and distilled from
calcium hydride. Other reagents were of the purest
grade available and were used without further treat-
ment.

Polymers were dissolved using mechanical stirring,
and the solutions degassed by passing argon for
30 min before transferring to the pulse radiolysis
set-up.

Pulse radiolysis experiments were carried out at the
Free Radical Research Facility of the Paterson Insti-
tute for Cancer Research (Manchester, UK) using,
typically, 50 ns, ca 7.5 Gy pulses from a 10 MeV elec-
tron linear accelerator. Transient absorption differ-
ence spectra were observed using a Xenon source
and gated diode array or photomultiplier for detection.
General details have been reported [22,28].

3. Results and discussion
3.1. Triplet state studies

Triplet—triplet energy transfer following pulse radi-
olysis of solutes in aromatic solvents, such as benzene
(Bz), in the presence of appropriate energy sensitisers
is an excellent technique for the selective creation and
study of triplet excited states of organic molecules
[29,30]. The sensitiser (A) accepts energy from the
short-lived benzene excited states and transfers it to
the solute (S). The general reaction scheme is

Bz~ 'Bz* + *Bz*

'Bz* — Bz

Bz + A— Bz +°A*
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Fig. 2. Transient absorption spectra observed on pulse radiolysis of argon-saturated solutions of MEH-PPV and biphenyl in benzene. Note the
grow-in of the *MEH-PPV"* band at 830 nm, bleaching of ground state absorption at 530 nm, and the initial bipheny triplet—triplet absorption
at 360 nm. Reprinted from A.P. Monkman, H.D. Burrows, M. da G. Miguel, I. Hamblett and S. Navaratnam, Chem. Phys. Lett. 307 (1999)

303-309, Copyright (1999) with permission from Elsevier Science.

A"+ S— A+ 78"

where [Bz] > [A] > [S]

We have shown that this technique can readily
be applied to the study of the triplet state of
conjugated polymers [22-25]. As a typical case,

Table 1

Triplet—triplet absorption maxima and lowest triplet state energies
for conjugated polymers obtained by pulse radiolysis in benezene
solutions in the presence of sensitisers

Polymer T, -T, So — T, inecm ™' (eV)
absorption
maximum
in nm (eV)
MEH-PPV 830 (1.50) 10 500 (1.30)
MeLPPP 925 (1.34) 17 500 (2.15)
PFO 750 (1.65) 18 500 (2.30)
P30T 825 (1.50) 14 500 (1.80)
PBOPT 900 (1.38) 13 000 (1.60)
PPY 590 (2.10) 19 500 (2.40)

we will consider poly(2-methoxy-5-(2'-ethylhexoxy)-
p-phenylenevinylene) (MEH-PPV). Pulse radiolysis of
an argon-saturated solution of this polymer (25 mg/l)
in benzene in the presence of biphenyl leads to initial
formation of an absorption at 360 nm assigned to the
biphenyl triplet state [29,31]. The decay of this is
accompanied by the grow-in of a new absorption at
830 nm, assigned to the MEH-PPV triplet state [22],
and corresponding bleaching of the ground state
MEH-PPV absorption at 530 nm. These spectral
changes are illustrated in Fig. 2. The absorption spec-
trum of the triplet state of MEH-PPV is very similar to
what has been reported for thin films of other PPV
derivatives at low temperatures using photoinduced
absorption [10,32]. There is a small blue-shift (ca
50 nm, 0.1 eV) in the absorption maximum in solution
compared with thin films. Triplet—triplet absorption
spectra for the other polymers in benzene solutions
have been determined in the same way, and the rele-
vant data are summarised in Table 1.

Although poorly resolved, the triplet—triplet
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Table 2

Kinetics of formation and decay of MEH-PPV triplet states by energy transfer from biphenyl as functions of radiation dose

Dose (nC)* Formation Decay
kaps (10%s71) K0 M sTh kr (10*s™! 2ylel (10%s™")

0.150 5.50 1.97 0.97 -

0.285 7.18 1.32 1.03 -

0.675 11.2 0.91 1.12 -

1.395 20.8 0.83 1.20 0.76¢

2.935 353 0.67 1.34 1.16¢

* SEC reading in nC. 1 nC = 11-12 Gy.

® Calculated as described in the text.
¢ Analysed as competing first- and second-order kinetics.

absorption spectrum of MEH-PPV shows definite
vibronic structure with spacing ca 1600 cm™'
(200 meV), which is probably associated with C=C
stretch modes [22]. The ground-state absorption spec-
trum shows no such structure [33], suggesting that the
triplet state has a more localised character than the
ground state.

The species responsible for this new absorption is
strongly quenched by molecular oxygen in a bimole-
cular process (k = 2.5 X 10° M~ ! s 1). This has been
shown by time-resolved luminescence measurements
to lead to formation of singlet molecular oxygen, with
@, = 0.025 [22], via the energy transfer reaction

ST+ 0,03, )= S +103('Ay)

Singlet oxygen formation, and subsequent reaction
with the conjugated polymer is likely to be an impor-
tant mechanism for failure of non-encapsulated
polymer LEDs [22,34]. The quantum yield for singlet
oxygen formation is, within experimental error, iden-
tical to that determined for S; — T, intersystem
crossing in MEH-PPV in benzene solution using
photoacoustic calorimetry [35].

In addition to the use of energy transfer to populate
triplet excited states of conjugated polymers and to
obtain their transient absorption spectra, we can also
use it to determine energies of their lowest triplet
states [22,24,29,30]. A series of measurements are
made using different sensitisers (A) to see which
will transfer triplet energy to the polymer. When
ECA*) < ECS"), energy transfer is no longer
possible and an upper limit can be placed on the triplet
energy of the polymer. Using the sensitisers available

to us, with well-characterised triplet energies [31], it is
possible to estimate the triplet energy of the polymer
to better than =0.1 eV (800 cm ™) in the majority of
cases. The validity of the method has been confirmed
by measurements on the ladder type methyl-poly(p-
phenylene), MeLPPP. The energy of the lowest triplet
state of this has been determined by phosphorescence
to be 16 500 cm ™! (2.05 eV) in the solid state at 77 K
[18]. Using the energy transfer technique we have
determined a triplet energy of 17350 = 800 cm ™'
(2.15 £ 0.1 eV) for MeLPPP in benzene solution at
room temperature [24]. Given the difference in condi-
tions, the agreement is excellent. We have applied this
technique to the determination of the triplet energies
of a variety of other polymers. Details are given else-
where [25], and data are also summarised in Table 1.

3.2. Delayed fluorescence

In our initial studies on the triplet—triplet absorp-
tion of MEH-PPV using naphthalene or biphenyl
triplet state as the sensitiser, attempts were made to
determine the molar absorption coefficient [22].
However, the absorbance showed an almost exponen-
tial dependence upon polymer concentration. A
possible explanation for this behaviour comes from
the fact that in these experiments, the molar concen-
tration of triplet state of the sensitiser (up to 5 wM)
was much greater than that of the polymer
(=3%x 108 M), and under these conditions it is
possible to have more than one triplet state per
polymer chain. Support for this idea comes from
studies of the effect of radiation dose on the rates of
formation and decay of MEH-PPV triplet state using
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biphenyl (P,) as sensitiser. The formation rate corre-
sponds to the process

3®; + MEH-PPV — @, + *MEH-PPV*

and for our experiments the pseudo-first-order condi-
tions [°®;] > [MEH-PPV] hold. Pseudo-first-order
rate constants (k,,,) were determined from transient
absorption data for the grow-in of the triplet state
(Table 2). From these, second-order rate constants
were calculated using the biphenyl triplet concentra-
tions calculated from the absorbance and known [31]
biphenyl molar absorption coefficient, and are also
presented. The values are close to what would be
expected for a diffusion controlled collisional process
between the polymer (molecular weight 1.6 X 10%)
and biphenyl triplet in benzene solution (kg = 2 X
10" M~ 's7! [36]). However, the rate decreases on
increasing the radiation dose. Two effects may be
involved. At high dose, biphenyl triplet—triplet anni-
hilation occurs, as seen in separate experiments in the
absence of polymer, and this reduces the number of
triplets which can energy transfer to the polymer.
However, also, under our conditions, more than one
triplet can be transferred to each polymer chain

3¢, + MEH-PPV — ®, + *MEH-PPV*
3®; + *MEH-PPV* — &, + MEH-PPV**

35 + *MEH-PPV** — ®, + *MEH-PPV**...

However, as individual polymer chains start having
more triplet excitations, less sites are available, and
the rate of energy transfer will decrease. The kinetics
will be similar to those previously discussed for solu-
bilisation of probe molecules in other large aggre-
gates, such as micelles [37,38]. There is also likely
to be a limit to the number of sites to which energy
transfer is possible. Evidence for this comes from the
saturation of the MEH-PPV triplet—triplet absorption
at high radiation doses when sensitised by biphenyl
[35]. We estimate that for the polymer sample used
this corresponds to roughly a maximum of 30 triplets
per chain. The same effect is probably also respon-
sible for the non-linear dependence of the triplet—
triplet absorption with polymer concentration
described earlier. The transient absorption spectra
are, however, independent of dose, and hence triplet

population per chain, indicating that the triplet states
do not interact, in agreement with their localised char-
acter.

If polymer chains can carry more than one triplet
excitation, the intriguing possibility exists of triplet—
triplet reactions. At the polymer concentrations used
in these experiments (<5X 108 M), the time
between collision of two polymer molecules is several
milliseconds, and the chains are essentially isolated
within the lifetime of the excited triplet states. The
decay of the MEH-PPV triplet—triplet absorption
was studied as a function of radiation dose (Table 2).
At low doses, first-order kinetics was observed.
However, at higher doses the decay could no longer
be fitted to a single exponential, but instead followed
the rate law

d[?MEH-PPV*)/dr = —k;[°MEH-PPV*]

— y>MEH-PPV*]?

with the second-order term increasing in both magni-
tude and amplitude with dose (Table 2). This second-
order term must correspond to intrachain triplet—
triplet annihilation [36], which can produce either
excited singlet or triplet states [39,40] in the reactions
T+ T e Ty e
T, + S

The excited singlet state can then lose its energy by
emitting delayed fluorescence (DF). This has been
observed following pulse radiolysis of argon-
saturated solutions of MEH-PPV, and other conju-
gated polymers, in benzene in the presence of
biphenyl [24,36]. As expected for DF, the rate of
decay parallels the decay of the triplet state, and is
completely quenched by the presence of molecular
oxygen.

3.3. Positive charge carriers

One-electron oxidation species of conjugated poly-
mers have previously been reported based on results
of chemical oxidation [41-44]. However, although
valuable information has been obtained from these
studies, the relatively long timescale between mixing
of reagents and observation of spectra leads to the
possibility of multistep processes and observation of
higher oxidation states. Radiolysis of solutes in
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Fig. 3. Transient absorption spectra of: (a) positive charge carrier of MEH-PPV produced on pulse radiolysis of argon saturated chloroform
solutions; and (b) negative charge carrier of MEH-PPV produced on pulse radiolysis of argon saturated THF solutions.

chloroform solution has been shown [45,46] to be a We have shown that this can be used to unambigu-
good route for specifically generating their one-elec- ously prepare the positive charge carriers of conju-
tron oxidised species, S, in the reaction sequence gated polymers [23,26]. We will take MEH-PPV as

v _ a typical case. Following pulse radiolysis of an argon-
2CHCI; ~ CHCI3" + CHCL, + Cl saturated solution of MEH-PPV in chloroform, a new

absorption is seen to grow in at 870 nm (1.43 eV)
CHClg+ + S — CHCI; + N (Fig. 3(a)). The transient absorption spectrum is
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Table 3

Absorption maxima of positive (P*) and negative (P~) charge
carriers produced by pulse radiolysis of argon saturated solutions
of polymers in chloroform (P*") or THF (P7)

Polymer P* in nm (eV) P in nm (eV)

MEH-PPV 870 (1.43), =1500 (=<0.8) 900 (1.38)

MeLPPP 650 (1.91) 650 (1.91)
PFO 460 (2.70)* 430 (2.88)"

P30T 800 (1.55) 800 (1.55)

PBOPT c 885 (1.40)

PPY - 480, 890 (3.64, 1.40)°

* In tetrachlorethylene.

" Second short-lived transient absorption also observed at
595 nm, but may be due to other species.

¢ Not determined.

4 In formic acid.

assigned to the positive charge carrier MEH-PPV ™,
and is a similar to that previously reported for the
radical cations of various p-phenylenevinylene oligo-
mers obtained by chemical oxidation [42,44]. Theore-
tical studies on the positive charge carrier (polaron)
state of oligo(phenylenevinylenes) [47] suggest that
they should show two subgap electronic transitions.
A second, weaker feature is observed experimentally
above 1500 nm [23], but is difficult to characterise as
it is at the spectral limit of our detection system.

The absorption spectra of the one-electron oxidised
forms of a number of other conjugated polymers have
also been obtained by pulse radiolysis of argon-satu-
rated chloroform solutions, and data are summarised
in Table 3.

3.4. Negative charge carriers

The one-electron reduced species of a number
of conjugated oligomers and polymers have been
prepared by chemical reduction using alkali metals
[42,44,48,49], and have helped assign their nega-
tive charge carriers. However, these systems are
susceptible to both ion pair formation [50,51]
and dimerization of the negative species [52],
which will affect both their spectral and chemical
properties. In contrast, radiolysis of tetrahydro-
furan (THF) has been shown to produce predomi-
nantly solvated electrons and ions, with a very
small concentration of short-lived excited states
[53,54]. In the presence of solutes, the main

product is the one-electron reduced species pro-
duced by solvated electron addition. In Fig. 3(b),
we show the spectrum of the one-electron reduced
form of MEH-PPV, produced by pulse radiolysis
in THF solution in the reaction

€y T MEH-PPV — MEH-PPV™

This shows an intense transient absorption around
900 nm (1.38 eV), which is fully formed within 1 ps.
The absorption maximum is in good agreement with
theoretical predictions [55]. In agreement with this
assignment, the transient decays fairly rapidly in the
presence of oxygen due to a chemical reaction, as
expected for a typical organic radical anion [56].
This reactivity of the negative charge carrier of the
conjugated polymer has implications in relation to
their cathodic stability [57].

The one-electron reduced species from MEH-PPV
has also been prepared by pulse radiolysis in benzoni-
trile solution [26]. The spectrum is similar, but
appears to show a small solvent shift.

We have prepared the negative charge carriers of a
range of other conjugated polymers and summarise
the data in Table 3.

4. Conclusions

Pulse radiolysis is shown to be a powerful tech-
nique for the specific generation and characterisa-
tion of triplet states and charged species of
conjugated organic polymers in solution. In
general, the triplet state absorption maxima in
their electronic absorption spectra are close to
those observed in photoinduced absorption experi-
ments on thin films. The spectra show some struc-
ture, suggesting that the excited states are
relatively localised. It is possible to produce
more than one triplet state per polymer chain,
leading to the possibility of obtaining delayed
fluorescence via triplet—triplet annihilation. The
absorption spectra observed for the positive and
negative charge carriers of each conjugated
polymer are, in general, very similar. Comparison
with the behaviour of small alternant aromatic
compounds [58] suggests that these transition,
too, are relatively localised within the polymer
structure.
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