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Triplet states of poly(phenylene ethynylen®PE, not easily formed by direct photoexcitation, were produced

by pulse radiolysis in toluene, along with triplet states §®HE having terthiophene end-caps. Intense triplet

triplet absorption maximagss*PPE) = 9.5 x 10* M~ cm™! and e7go(3T:PPE) = 2.8 x 10 M~ cm™?

enable identification of these two species, which have triplet energies of 2.12 and 1.77 eV determined in
bimolecular energy transfer equilibria. Bleaching of ground-state absorption medffEsto be the
delocalized over a 1.8-nm length. Triplet states formed in the PPE chains were transported to and trapped by
the end caps in a tim&5 ns.

Introduction unit (one phenyl ring); however, it has also been predicted
h decade it has b | h . theoretically that the addition of a metal atom into the polymer
Over the past decade it has become clear that Cor””ga‘tedoac:kbone increases the confinement of charges and exéftons.

polymers. ?re tan tllnlwas)r:tan:] cla?s og ma‘ﬁ ”‘il.s W'ththa Iart_ge Few experimental studies have addressed this issue; however,
commercial potential. They have found application as tné aclive y,q singlet exciton for platinum-based polymers is estimated to

layer in light-emitting diodes (LEDs) due to the efficient .~ 4 0 ooy over6 —Pt—C=C—CgHs—C=C— units10
radlatlvg d(_acay pf_thelr excited states generated by Chargewhereas in the corresponding all-organic polymer the exciton
recombination within the polymér.They are also currently is delocalized over 10 —C=C—CgHs4—C=C— repeat unitgs
being |nvest|g§1ted as the gctwe layer in photovoltaic cells, as Conjugation length was found to increase with a decreése in
antennae f_o_r I|ght_harv§st|ng gnd energy transport as well 3Smole fraction of platinum incorporated into poly(phenylene
for their ability to dissociate excitons and transport positive and ethynylene) backborié. These results taken together provide
n ive chargesFor th lications rapid and efficien . .

egative chargeSFor these applications rapid and efficient evidence for poorer orbital overlap through a Pt atom compared

energy and charge transport are required. While it has beent the orbital an i . I for th ugated
established that organicconjugated polymers rapidly transport 0 the orbital overlap in organic polymers for Inese conjugate
poly(phenylene ethynylene)s and that the Pt atom influences

charges and singlet excited state%)ess is known about their h | ) d theref h d .
ability to transport triplet excitons. Furthermore, the reaction the eectrolmc sltqructulre an ht.ere ore charge and exciton
of triplet excitons with oxygen has been postulated to be a majortranSport along the polymer chain.

degradation route for polymers incorporated into an LBD. Intersystem crossing within poly(phenylene vinylene)s, poly-
is clear that to optimize polymers for the above applications, (Phenylene ethynylene)s (PPE) and polyfluorenes to form the
the role of the triplet state must be fully understood. triplet state is inefficient, occurring with a quantum yiefd<

Theoretical and experimental investigations find triplet states 0-10:%"*?As a result, the triplet state is difficult to investigate
of conjugated polymers to be much more localized than either Using standard photochemical techniques. Another convenient
the singlet excited states or excess chafgé&syhich might method for generating triplet states in solution is via pulse
be expected to result in slower energy transport for triplets. radiolysis!® In this case a short electron pulse produces solvent
Recent photochemical investigations of poly(phenylene ethy- triplet states, which may be transferred to the polymer in solution
nylene)s incorporating platinum atoms into the polymer back- directly or via a sensitizer. This technique has recently been
bone confirmed this slower rat!2 The incorporation of  exploited to investigate the triplet states of primarily poly-
platinum promotes intersystem crossing, leading to a yield of (phenylene vinylene) as well as a few other conjugated
100% triplet stated! Orbital delocalization is known to extend ~ polymers2%.21
through the metal orbital$.2°> The delocalization length of the We recently initiated a program to investigate the charge and
triplet state in these materials was found to be smallrepeat  energy transport properties of conjugated polymers making use
of terthiophene (3) end-capped poly(arylene ethynylene)s. The
* Corresponding author. E-mail: jrmiller@bnl.gov. radical ions of the polymer were formed in solution by pulse

! Brookhaven National Laboratory. radiolysis, and a lower limit for the hole transfer from the
* University of Florida.

s Current address: School of Chemistry, The University of Melbourne, Polymer to the terthiophene end cap was determinekl as
Victoria, 3010, Australia. 1 s The current work extends that study to include the
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Figure 1. Structures of the polymers and terthiophene endcapped polymers investigated along with their average degree of polymerisition, X
calculated from corrected (see text) GPC-deridddvalues and the molecular weight of the polymer repeat units. For end-capped polymers, X
represents the number of arylene ethynylene repeats, anchdbieglude end groups.

properties of the triplet state of the terthiophene end-capped The monitoring light source was a 75-W xenon arc lamp pulsed
poly(arylene ethynylene)s. The polymers investigated are shownto a few hundred times its normal intensity. Wavelengths were
in Figure 1. From the reported triplet energy of terthiophene, selected using either 40- or 10-nm band-pass interference filters.
1.92 eV22it was anticipated that the triplets initially transferred Transient absorption signals were detected with an FND-100Q
to the polymer backbone would become trapped at the ter- silicon diode and digitized with a Tektronix TDS-680B oscil-

thiophene end-cap. We report here the absorption spectrum andoscope. The transmission/time data were analyzed with Igor

energetics of the polymer triplet along with a lower limit for
the rate of triplet transfer to the terthiophene end-caps.

Experimental Section

Materials. The poly(arylene ethynylene) parent polymer
PPE7 and its end-capped derivativesPPERo, and another
preparation, IPPE, were synthesized as previously described.
Anhydrous toluene (Aldrich, 99.8%), 2,2 ,2'-terthiophene (3)
(Aldrich, 99%), pyrene (Aldrich, sublimed, 99%), and triph-
enylethylene (Alfa Cesar, 98%) were used as received.
Naphthalene (Matheson, Coleman and Bell) was zone refined,
and acridine (Aldrich, 97%) was sublimed. Each of the polymer

Pro software (Wavemetrics). Bimolecular rate constants were
determined using the linearity of the observed pseudo-first-order
growth of the product with respect to the solute concentration.
Where not stated, uncertainties are 15%.

The total dose per pulse was determined before each series
of experiments by measuring the absorption of the electron in
water. The dose received was calculated usi(igD0 nm, €4
= 18,500 Mt cm™t andG(e a9 = 2.97 at 10 ns following the
electron pulse and was corrected for the differences in electron
densities of the organic solvents used compared to that of water.
Radiolytic doses of 520 Gy per pulse were employed.
Dissolved oxygen was removed by purging with argon gas for
at least 10 min, the cells were then sealed with septa and

samples was analyzed by gel permeation chromatography (GPCParafilm. Samples were prepared immediately prior to use.

and by proton NMR spectroscopy. GPC fofPPRo gaveM,
= 6970 andM,, = 18,700 based on polystyrene standards. These

During irradiation, samples were exposed to as little UV light
as possible to avoid photodecomposition, although no evidence

data, and the known tendency of GPC based on polystyreneof this occurring was found within the time frames monitored.

standards to over-estimate molecular weights by approximately
40% for linear rigid-rod polymer& lead to an estimate of 10
polymer repeat units (PRUs) for the number-averaged chain
length. We refer to this material agAPE or EPPEo when

the size needs to be noted. A preparation described previously

For measurements carried out at temperatures beloC2@
temperature-controlled sample block cooled by the blow-off
from liquid nitrogen was used while a thermostated water bath
was used to control the cell at temperatures above ambient.
Activation energies were measured over the temperature range

was used in some reference experiments. In the same way thap0—80 °C.

its M, = 6450 andM,, = 13,600 give an estimated average
length of 9 PRUs, this material is referred to afPPhk.

Radiation Techniques. The slower kinetic measurements
were carried out with 2 MeV electrons from the Brookhaven
National Laboratory van de Graaf accelerator with pulse widths
in the range 46500 ns. The electron pulses and light from a
200-W xenon arc lamp were passed through a 2-cm cell,
wavelengths were selected using an IDADH-10 monochromator
with 8-nm band-pass. All experiments were performed with
temperature stabilization at 26 1 °C in Ar-purged solutions.
Dosimetry was performed with J0-saturated 10 mM KSCN
aqueous solution usinGe = 4.87 x 10*ions (100 eVy1 M1
cm~1 for the (SCN)~ radical at 472 nm.

Results

Triplet Formation. A pulse of high-energy electrons travers-
ing a solution results in the ionization and excitation of solvent
molecules. In polar solvents substantial yields of ions are
formed, but in less-polar solvents, such as benzene and toluene,
the vast majority of the initially formed electrethole pairs
recombine geminately to form excited states within 26°ps
(equations 13).

toluene— e~ + toluené”, “toluend, *oluené (1)

)

e + toluené* — “toluené, *toluené

Nanosecond measurements were carried out at the Brookhaven

National Laboratory Laser-Electron Accelerator Facility (LEAF).
The electron pulse(50 ps duration) was focused into quartz
cells having optical path lengths of 1, 10, or 20 mm containing
the solutions of interest. For the polymer solutions, the
concentration of repeat units used was typically-22mM.

Ytoluené& — toluene+ hv, *toluend (3)

A yield, G < 0.1%6 molecules/100 eV (wheré& is the
radiation chemical yield), of electrethole pairs that escape
the Coulombic attraction to become longer-lived negative and
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TABLE 1: Rates Constants for the Formation and Decay of the Polymer Triplet States, (M?* s71)

kq, 3toluene @ k7, 3naphthalene® Kdecay(M % s7)°
monomer polymer monomer polymer monomer polymer
PPE#* (15+£0.1)x 101  (2.6+0.2)x 101  (3.6+£0.2)x 10°  (6.14 0.5) x 1010 (7+£1)x 100 (1.2+£0.2)x 10°

TPPEG (1.6+£0.1)x 100  (1.9+£0.2)x 104  (3.4+£0.2)x 10°  (4.840.2)x 10°  (1.24+0.3)x 100  (8.84+0.2) x 10°

2 Reaction offtoluene with polymers.? Reaction offnaphthalenewith polymers.c Bimolecular triplet decay from slopes of growth and decay
rates vs polymer concentration (see text) at 800 nn¥R&E and 650 nm fofTsPPE. 4 Polymer concentrations were calculated using 17 and 12
monomer/polymer (countingsTas 1 unit) for PPE andsPPE, respectively.

positive free iong” The two main pathways for formation of n, the reaction radius of the repeat uri®, and the distance
the toluene triplet are via (1) direct electrenole recombination between the repeat units, as shown in eq 9.

and (2) intersystem crossing from the singlet excited state with R

a yield T = 0.4528 In these experiments the lifetime of the ff

toluene singlet determined by observation of the singlet absorp- k(t) = 47RerDN,| 1 + (nDt)UZ) (8)
tion (Amax 550 nm) wasr = 33 ns, in good agreement with

reported valued’ For benzene the reported radiation chemical Ry = nRy (9)
yields of the triplet range from 1.85 to 4222°There have been ff
few (but varied) reports of the radiation chemical yield of the
toluene triplet”28its short lifetime has been estimated-a20
ns2"28There was no evidence for the presence of radical anions In the polymers investigated here, comprising 20 or 34
and cations of PPE in the transient absorption data at roomphenyl-ethynyl repeat units, eqs-® predict the contribution
temperature. The known spectra of the PPE radical ions differ of the transient term to be less than 15% after 10 ns. Therefore,
significantly from the spectrum of the triplet. The ions have for these experiments, the transient term is expected to have a
large molar absorption coefficieAtthat would have enabled ~ small effect. The growth of the polymer triplets was observed
their detection if present at concentrationd% of the triplets. o follow reasonable pseudo-first-order kinetics, being linear
If triplet yields in toluene are similar to those in benzene, they With concentration in the range (8 107%)—(1.2 x 107%) M

are expected to be20—40 times larger than yields of ions at ~ (Polymer units). ) o
room temperature. The spectrum at low temperature contains a =duations 8 and 9 predict that rate constants for diffusion-

small feature near 680 nm that may be due to PREigure controlled reactions with PREto be a factor of 1.29 faster
3) than those with the shortersPPER,. The rate constants for

reaction with toluene and naphthalene triplets in Table 1 are in

In these experiments the polymer triplet states were formed accord with this prediction. This is unexpected for the slower
either via direct energy transfer from the toluene triplet (eq 4) reactions of PPE and T;PPER, with 3naphthalene Those
or through naphthalene as an intermediate having a longer tripletreactions are clearly slower than diffusion-controlled ones; thus,
lifetime (egs 5-7). While the singlet state of the polymer is the rate constants might be expected to be linearly proportional
also formed via reaction with the toluene singlet or the to length, but the Tend caps may react at a somewhat higher
naphthalene singlet (the quantum yield for intersystem crossing rate.
of the naphthalene singlet to the tripleiss 0.8%9), its lifetime From the concentration _dependence of rates o_f formation of
is 7 ~ 0.5 ns® Therefore, within a few tens of nanoseconds, P PR7 and*TsPPRg", the lifetime of the toluene triplet is =
the major excited species in toluene solutions of PPEs is the23 2:’; > good agreement with previously reported
polymer triplet. A short-lived absorption attributed to the values:"*% At the midpoint of the concentration range ap-

. . . . proximately half the solvent triplets were captured by the
2?'\/{25;2':3:%3;?5:]Sdogcs)gr\rﬁ? IPPEo and PPE; solutions polymer prior to their natural decay. The longer lifetime of the

naphthalene triplet, 4.8s under these conditions, resulted in
the transfer of>95% of the initially formed triplets to the

1+ % In(n)

toluené* + polymer— ponmeF‘* + toluene 4) polymer at all concentrations used here. It is worth noting that
the triplet spectra of poly(biphenylene ethynylene), PBFE
naphthalenjé — naphthalene- hv, (Figure S-1 in Supporting Information), and terthiophehg.{
naphthalen® (5) = 470 nmy® determined by triplet transfer from the toluene

triplet are identical to those determined previously using laser
toluené* + naphthalene~ naphthalen® + toluene  (6)  techniques.

Triplet Spectra. The spectrum of the poly(phenylene ethy-
nylene) triplet3PPR 7 (Figure 2), has a large absorption in the
visible—near-IR withAmax = 780 nm. The spectrum changes
. . slightly with time over 600 ns, resulting in a decrease in

_The rates of triplet transfer re_acnons to form the polymer absorbance at 650 nm and a relative increase in the absorption
triplet (egs 4 and 7) are given in Table>$:%2It has been  5¢780 nm, and then decays uniformly over the wavelength range
demonstrated that the time-dependent term of Smoluchowski'snyestigated (Figure 3). This change is unimolecular and occurs
classic equatiof® eq 8, for the diffusion-controlled reaction of  ith k = (6 + 2) x 10° s7L, suggesting a slow conformational
two spherical particles becomes larger and persists to longerrelaxation of the triplet excitation within the polymer. Such a
times for long polymers with a few hundred or more repeat slow conformational change is unexpected, and thus this
units#5 using a theory derived by Traytdkln this model the explanation is tentative. The rate of this spectral relaxation is
reaction radius is defined in terms of the number of repeat units, temperature-dependent with an activation endfgy- (6.9 +

naphthalen® + polymer— polymer* + naphthalene  (7)
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Figure 2. Absorption spectra of poly(phenylene ethynylene) (BPE
(- - -) and its triplet excited state (PPfEat 20°C (#) with [PPE;] =
1.5x 10* M, and at—84.5°C (@) with [PPE7] = 8.6 x 105 M.
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Figure 3. Absorption of the PPE triplet at 50 n#)( 200 ns 4), 400

ns @), 600 ns ) and 800 ns®) following the electron pulse. Polymer
concentration= 1.5 x 107 M.

0.7) kJ mot?, somewhat higher than the energy barrier for

rotation of adjacent ground-state phenyl-ethynyl groups4(2
kJ mol1).36
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Figure 4. Triplet transfer from naphthalefieto PPE* in a solution
containing 0.1 M naphthalene and #8106 M PPE in a 1 mnpath
length cell. (Upper trace) Growth of PBEat 780 nm. (Lower trace)
Absorption and decay of naphthalene and bleach of ground-state PPE
observed at 420 nm.
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Figure 5. Absorption spectra ofTsPPEg* (c(TsPPRo) = 1.4 x 1074
M). Spectrum after 50 ns#f; same after subtraction of the 50-ns
spectrum PPE scaled by 0.154).

The rate of the long time-scale decay is concentration
dependent. The concentration dependence could be explained Appending terthiophene traps to the end of the polymer
by a diffusion-controlled reaction with impurities present at 10% changes the triplet absorption spectrum markedly. The spectrum
of the polymer concentration, but this extent of impurity is of the end-capped polymer tripl€f sPPERg* (Figure 5), has an
unlikely, given the characterization of the polymer material. absorption maximum wavelengtk100-nm shorter than that
Another explanation is quenching by ground-state polymers; a of 3PPR~*. A shoulder at 780 nm is identical in position and
self-quenching mechanism has also been reported for poly-shape to the absorption band3Pg*, but its height is only

(phenylene vinylene) tripletd. At the low concentration limit
(1 uM) the polymer triplet lifetime was ~ 300us and is likely
limited by quenching by trace amounts of.(0’he activation
energy for this decay i&, = (10.7 £ 0.8) kJ mol™.

(15 + 3)% of that in PPE solutions. Decay rates of both the
680-nm3T3PPRg* absorption band and the 780-nm shoulder
depend on FPPE concentration, but the shoulder decay®
times faster. The decay rate of the shoulder is linear over a two-

Figure 4 compares the bleach of the ground-state absorptiondecade range in sPPE concentration; the slope yields a

band at 420 nm, for which= 56,000 M~ cm™! per monomer

unit, with the growth of the triplet signal at 780 nm in the

bimolecular rate constant of (6200.2) x 10° M1 s™1 (polymer
concentration). The difference between the triplet spectra of the

presence of naphthalene. By using a procedure similar to thatparent and end-capped PPE shows that the triplet excitation is
of Seki?” the ratio of absorbance changes due to triplet growth trapped on the terthiophene end-grougTgPPEg*. In support

and ground-state bleach, and we conclude that the formationof this conclusion, the model compound-Phs has a triplet

of one triplet removes ground-state absorption from 1.3 PPE triplet absorption band maximum at 620 nm (Figure S-2 in
repeat units (2.6 phenyl ethynyl units). The calculation, de- Supporting Information).

scribed in Supporting Information, utilizes the extinction coef-

The relative contributions of the two triplet species outlined

ficients of the neutral and triplet and corrects for the natural above are temperature dependent. As shown in Figure 6 a
decay of the naphthalene and PPE triplet species. The molargradual increase of the absorption due to*PRE: species with

absorption coefficient cfPPR 7 was determined with reference

to that for the naphthalene triplet in benzéféusing this and
the dosimetry(naphthalene tripletF 2.76 molecules/100 eV
in toluene. This approach assum#PER/ has insignificant

decreasing temperature is observed.

Bimolecular Reactions and Triplet Energetics.The ener-
getics of the triplet states in the polymers were determined via
bimolecular triplet transfer to organic triplet acceptors. These

absorption at 420 nm; if this assumption does not hold, then experiments were designed to measure the position of the

the delocalization length given serves as a lower limit.

equilibrium of eq 10; the use of acceptors with known triplet
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TABLE 2: Energies of the Polymer Triplet States

Er (eV)
3Ty 1.922
3PPR# 2.12+ 0.08
STsPPEG 1.77+0.0%

2 Obtained by bracketing (see text)rrom the observed equilibrium
with Ta.

TABLE 3: Rate Constants for Energy Transfer from
SPPE;+ or 3T3PPEs* to Acceptors

ks (M -1 3—1)
O, T3 acridine
PPE-; B+ x10° (7T£2)x10°2  (6.7£2)x 1¢°
TPPR0 (2+1)x 10 (7+1)x 10°°

aEnergy transfer froMdPPE~* to Ta. ® Energy transfer fromiTs* to
STsPPEG*.

energy allows the energy level of the polymer triplet to be
determined.

polymer* + acceptor= acceptot* + polymer (10)

For PPEk7 reaction 10 goes to completion with the acceptors
acridine, Q, or T3 with rate constants (Table 3) that are close
to diffusion-controlled. Triplet transfer frodpyrene to PP&>
and from3PPR+* to triphenylethylene allowed the energy level
of 3PPR+ to be bracketed between the energy level of these
two acceptors3Ts* transfers energy tosPPERo, proceeding to
an equilibrium. The free energy change observed for this
reaction along with the reported triplet energy?®$* gives the
triplet energy EXTsPPEg*) reported in Table 2. These data show
the triplet state of IPPRy is stabilized relative to that ofslby

Funston et al.
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Figure 7. Transient absorbance at 700 and 800 nm in solutions of
T3PPEKo in toluene T = 22 °C) showing a®PPE+ band at 800 nm

having only 15% of that in PPE, which decays slowly{217 ns) in
a bimolecular process.

(°T3PPRg") at all wavelengths, even at the 680-nm maximum
for 3T3PPRg*, the absorption there still decays slightly as the
loss of 3PPR7* produces’TsPPRg*. The present experiments
show that transport of triplets is rapid in thisconjugated
polymer.

Discussion

Spectral Relaxation. The (6 £ 2) x 1C(° s lrate of the
spectral changes tentatively attributed to conformational relax-
ation (Figure 3) are unexpectedly slow. It is likely that faster
components exist but were not observed in these experiments.
The presence of a dynamic conformational equilibrium is
supported by low-temperature data84.5°C, see Figure 2) in
which the3PPE7 absorption is shifted to lower energy and
the transition sharpened. These results support to the #dtion
that planar conformations have lower energies in both the singlet
ground state (§ and the lowest triplet state of PPE, while at
room-temperature entropy favors the presence of nonplanar
rotamers in the ground-state singlet. In this picture, at reduced
temperature, such as84.5°C, PPE has a somewhat greater
degree of planarity in its ground state and is predominantly
planar in the triplet excited state. Aggregation, found especially
in the presence of methar@imight provide an alternative, but
apparently less satisfactory explanation. In this connection
temporal evolution of the spectrum &84.5°C is important.

The spectrum seen in Figure 2 grows in smoothly without shift
and with no hint of other species, except for the small band

150 meV. This stabilization most likely arises from conjugation near 680 nm attributed to ions. (See figure S-3 in Supporting
with the PPE chain. In the end-capped polymer, the driving force Information.) If the substantial spectral shift at the reduced
for triplet transfer from the polymer chain to the terthiophene temperature were due to aggregation, the presence of more than

end cap is 350 meV.
Dynamics of Intrachain Triplet Transfer. When solvent
triplets attach to JPPRy, the 780-nm absorption band #PE

one aggregate would be likely, leading to changes of the
spectrum with time. For the data at room temperature we offer
a less clear, but plausible interpretation: PPE in its ground state

is almost absent; instead a band at 680 nm is formed (Figuresexists as an equilibrium mixture of planar and more numerous

5 and 6). At the maximum soluble concentration gPPEy,
7.7 x 1074 M (polymer units),3TsPPRg* triplet absorption
grows at 700 nm, near the maximum of this band, witk 5

nonplanar conformations. Upon triplet formation the initial,
mainly nonplanar, conformations relax toward more planar ones.
For triplets having initial, nonplanar conformations, barriers are

ns (Figure 7) as triplets are captured from the solvent. At short substantially larger thakT. Therefore the relaxations of the
times a 780-nm band is seen, as noted above, having an intensityriplet (Figure 3) are slow and proceed to an equilibrium in

only 15% of that seen in solutions of PBEThe bimolecular
decay of that small remainingPPE+ band observed at 800
nm is clear in Figure 7, however the formation®d§PPEg* at
700 nm is less obvious. Becausg®PPE7*) is larger thane

which the planar conformations are more numerous than for

equilibrated ground state, but are not dominant.
Delocalization Length, T;PPE Spectra and Energetics.

Formation of a PPE triplet removed ground-state absorption
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from an average of 1.3 0.2 repeat units. From the length of
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faster, but small contributions from short-lived transients such

the repeat unit, 1.36 nm, this measurement indicates that a tripletas singlet states complicate the analysis needed to reach that

state in PPE is fairly large, with a length of 148 0.3 nm,

conclusion in a quantitative way. Such transients are observed

although much smaller that either excited singlets, electrons or at other wavelengths.

holes*! If a delocalization length near 1.8 nm were typical, the
partial delocalization ofTsPPRg* end-cap triplets into the chain
might be expected.

The triplet state of JPPE is found here to have an energy
150 meV lower than that of sTand 350 meV lower than that of
PPE. lts triplet-triplet absorption spectrum withyax = 680
Nm andemax = 2.8 x 10* M~1 cmt is quite unlike that of
(Amax= 470 NM,emax = 4 x 10* M1 cm™1). While 3T;PPRg*

This finding of fast triplet transport provides an interesting
confrontation with the plausible interpretation above that
relaxation offPPE chain triplets toward more planar conforma-
tions occurs slowly (hundreds of nanoseconds) as reflected in
Figure 3. If this very tentative interpretation is correct, then fast
(<5 ns) triplet transport ofPPE must occur without complete
relaxation of the triplet at each location in the PPE chain. This
picture is consistent with the idea, advanced above PRE

is clearly localized at the end-cap, these observations indicatetriplet energies depend weakly on conformation.

that it is not fully confined within the 3 group but is
substantially stabilized by delocalization into the PPE chain,

Remaining to be understood are the 15% of triplets captured
by TsPPERgthat appear as PREchain triplets. The free energies

just as delocalization makes the triplet energy of tetrathiophene determined here for formation of chain and end-cap triplets make

lower than that of terthiopherf@ The 1.8-nm length of the PPE
triplet, which is 50% longer than the 1.2-nm length of g T
also implies the possibility of delocalization, but suggests that
3T3PPRg* might be fully or almost-fully confined in the 1.7-
nm length of the model compound Pfs. The 620-nm triplet
triplet absorption band of PhT3, is closer, but still not identical

to the 680 nm maximum ofTsPPRg*. If the upper T,) state

of 3T3PPRg* were more delocalized than tfg state found for
poly(phenylene vinylene) and poly(thiophedegnd therefore

of lower energy than that of PHI3 the lower (680 nm)
transition would be accounted for. The triplet of RRE
delocalized over 2.6 PAC=C units vs shorter lengths reported
for metal-containing polymer,; 1 provides further evidence
that the introduction of metal atoms (for example Pt) within
the repeat unit of the polymer backbone results in the confine-
ment of the triplet. This may reflect weaker conjugation of the
Pt—acetylide dr/pt overlap compared to the organicr/psr
overlap. Expanding the number of aromatic units between the
platinum atoms is known to increase the delocalization length
of the triplet0.15

Triplet Transfer along PPE Chains. When triplets are
attached to JPPRg, 85% becameéTsPPEg* end-cap triplets
absorbing at 680 nm. By contrast most triplets would be

expected to attach to the longer PPE chains which consist, on

average, of 20 PRC=C units with a length of 13.6 nm (far

= 10), while the length of two Fend caps is 2.3 nm. If upon
triplet capture the partitioning were proportional to length, 86%
would be formed a8PPE chain triplets, and only 14% would
be initially captured by the end caps. In contrast to thist%
expectation, 85% are observed to figPPE end-cap triplets
att = 5 ns, demonstrating that for the overwhelming majority
of triplets intramolecular triplet transport from the PPE chain
of T3PPEgto a T3 end cap occurs in a time much shorter than
5 ns, while 15% may not have end caps (see below).

More than 14% of the solvent triplets might initially be
captured by the end caps. If chain and end-cap triplets both
have lengths of-1.8 nm, then a triplet centered 2.4 nm from
the end of the chain might be immediately captured, leading to
an estimate that~30% of captured triplets would initially
become end-cap triplets. St#70% are expected to be formed
as PPE chain triplets, which is much larger than the 15%
observed. If following the~5-ns capture oftoluene these chain
triplets transferred to malkd sPPEg* in 5 ns, a~5-ns transient
at 780 nm having an amplitude30% of the 780-nm band in
the absorption ofPPE would be expected. That no such

it plain that once triplets reach the end cap very fex0.001%)
will return to the chains at equilibrium. While these experiments
indicate that most triplets transport to theé&nd caps within 5
ns, 15% remain for several microseconds, 1000 times longer.
Two possibilities are evident. One is that capture is rapid
whenever a T end cap is present, but 15% of thgPPRg
molecules do not have even one end cap. Similar incomplete
capping has been investigated in detail for polythiophéfes.
NMR integrations indicated the presence of g1.0)% of the
expected two Tend caps per 3PPE molecule. If end-capping
were statistical, then 50% of theHPE molecules would have
two Tz end caps, 41% would have ong @&nd (8.4+ 5)% would
have none. With the assumption that all triplets are transported
to end caps if even one is present, the NMR results predict only
half of the observed 15% PPE chain triplets, although the results
can be regarded as consistent within uncertainties in both
measurements. It is also possible that the remaini@go of
chain triplets might somehow be trapped in the PPE chains.
Such trapping in Pt-containing PPE chains has been recently
reported by two of u? Such trapping might involve a large
conformation change or possibly chemical imperfections (“kinks”)
that block transport. Uncertainties in NMR estimates of capping
are difficult to evaluate; thus, it is also conceivable that the entire
15% is due to uncapped molecules.

In either case the observed rate constant,5X® M~1s71,
for bimolecular decay of the chain triplets inAPEy is due to
transfer of chain®PPE to the end caps on othersAPEg
molecules. If only 85% have caps, this rate constant for
bimolecular triplet transfer would be adjusted to (%210°)/
0.85=6.1x 1M 1sL

Conclusions

Conjugative interactions between PPE anceid caps give
the end-cap tripletfT;PPE, a triplet energy 350 meV lower
than the®PPE chain triplet and 150 meV lower than that of
3T3*; the 3T3PPE triplet state is well trapped at the end cap.
The 1.8-nm delocalization length of triplet excited states in PPE
is significantly larger than that found in metal-containing PPE
polymers, supporting the idea that the incorporation of the metal
into the polymer backbone leads to the confinement of the triplet
exciton. Transport of triplets froPPE: chain triplets to traps
is rapid and occurs irc5 ns.
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