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Abstract 

Triplet excitons created in poly-2,7-(9,9-dihexyl)fluorene (pF) chains with end trap groups in 

solution are efficiently transported to and captured by the end groups. The triplets explore the 

entire lengths of the chains, even for ~100 nm long chains enabling determination of the 

completeness of end capping. The results show that the chains continuous: they may contain  

transient barriers or traps, such as those from fluctuations of dihedral angles, but are free of major 

defects that stop motion of the triplets. Quantitative determinations are aided by the addition of a 

strong electron donor, TMPD, which removes absorption bands of the end-trapped triplets. For 

chains having at least one end trap, triplet capture is quantitative on the 1 µs timescale imposed 

by the use of the donor. Fractions of chains having no end traps were 0.15 for pF samples with 

anthraquinone (AQ) end traps and 0.063 with naphthylimide (NI) end traps. These determinations 

agreed with measurements by NMR for short (<40 polymer repeat units (PRU)) chains, where 

NMR determinations are accurate. The results find no evidence for traps or barriers to transport of 

triplets, and places limits on the possible presence of defects as impenetrable barriers to less than 

one per 300 PRU. The present results present a paradigm different from the current consensus, 

derived from observations of singlet excitons, that conjugated chains are divided into “segments,” 

perhaps by some kind of defects. For the present pF chains, the segmentation either does not 

apply to triplet excitons or is transient so that the defects are healed or surmounted in times much 

shorter than 1 µs. Triplets on chains without end trap groups transfer to chains with end traps on a 

slower time scale. Rate constants for these bimolecular triplet transfer reactions were found to 

increase with the length of the accepting chain, as did rate constants for triplet transfer to the 

chains from small molecules like biphenyl. A second set of polyfluorenes with 2-butyloctyl side 

chains was found to have a much lower completeness of end capping. 
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Introduction 

 

 Conjugated polymers offer the promise of “molecular wires” that can easily and quickly 

transport electrons, holes and excitons over distances of tens or even hundreds of nm, but exciton 

diffusion lengths in films of conjugated polymers are typically less than 10 nm.  Some 

measurements of singlet excitons along isolated conjugated chains have supported the idea of 

long distance transport1-8, but other experiments and theory indicate that conjugated chains 

consist of segments or “chromophores” that are separated from each other,9-12 perhaps by some 

kind of defects in the chains. Keller found rapid diffusion of triplet excitons in platinum acetylide 

oligomer chains.7 Studies of fluorescence depolarization often support the picture of separated 

chromophores,13-16 but excitons appear to move rapidly in some chains13,17 and that movement can 

be enhanced by alignment in a liquid crystal.3,5 The picture of separated chromophores has been 

questioned.18-21 Still Healy’s measurements of singlet exciton capture by C60 end traps on isolated 

polythiophene chains in solution found a diffusion length of 7±0.8 nm,22 pointing to hardly better 

transport along single chains than in films, where interchain hops may be required. Those 

findings lead to the question: How continuous are long, conjugated chains? 

 Measurements of transport of triplet excitons in our laboratory on polyfluorene chains 

with triplet trapping end groups pointed to highly efficient (>~90%) capture of triplets by the end 

traps in chains as long as 100 nm. The time resolution of those experiments was slow, finding the 

capture to occur in <40 ns. Two other limitations of those triplet capture experiments were 1) the 

end capping is incomplete, but the actual capping is not known accurately, and 2) there may be 

defects in the chains, but if so their numbers are not known.  These two questions are coupled: 

one cannot be resolved without the other. While it is highly desirable to determine the rate of 

triplet transport, means to do that are not yet at hand due to the slow mechanism of triplet 

formation. Experiments described below examine the coupled questions of completeness of end 

capping and continuity of the chains for transport of triplet excitons.  

Triplets were produced by pulse radiolysis and detected by transient absorption. The 

experiments use length selected poly-2,7-(9,9-dihexyl)fluorenes (pF) and pFs having 

anthraquinone (AQ) or naphthylimide (NI) end groups. While those end groups trap triplets, a 

further limitation of these methods is that the absorption spectra of the trapped triplets are similar 

to those of triplets in the pF chains8; after triplet capture an absorption band remains that is 75% 

(AQ) and 20% (NI) as large as the spectrum of triplets in the pF chains. While part of those 

remaining absorptions may be due to triplets remaining at equilibrium in the pF chains because 
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the traps are not deep, those remaining absorptions were nearly independent of chain length. 

Measurements of triplet free energies and temperature dependence determined that most of the 

remaining absorptions are due to end trap triplets having spectra that are weaker, but remarkably, 

and unexpectedly, similar to triplets in the chains.8  To alleviate this complication, present 

experiments use a strong electron donor, TMPD, to alter the spectra and irreversibly trap the 

triplets in order to unambiguously determine capping fractions. 

 

Experimental 

 End-capped poly-2,7-(9,9-dihexylfluorenes) (pFA) were prepared by polycondensation of 

2,7-dibromo-9,9-dihexylfluorene according to the 

procedure reported by Klaerner and Miller23 and by 

Asaoka.24 The pFAs (Chart 1) were then fractionally 

separated with preparative scale GPC into fractions with 

narrowed length distributions as described previously.25 

The shorter fractions (<50 PRU)  had MW/MN=1.9±0.1 

and are designated by their average lengths, e.g. pF24NI 

for a naphthylimide-capped polymer with an average 

length of 24 PRU. For longer fractions MW/MN 

decreased to <1.5. Polymers with 2-butyloctyl side 

chains, pBOF, pBOFNI and pBOFAQ were prepared by 

a similar procedure and separated into length fractions 

with characteristics described further below. The pBOFs 

are soluble even in alkane solvents, but the synthesis gave a lower degree of end capping by the 

NI and AQ acceptor groups, as will also be shown below.  N,N,N’N’-tetramethyl-p-

phenylenediamine (TMPD) from Aldrich was triply sublimed. Samples were prepared in an inert 

atmosphere and ionized with electron pulses from the 10 MeV LEAF accelerator26 as described 

previously.24  Pulse radiolysis primarily produces ionization of the solvent, p-xylene or toluene, to 

yield electrons and radical cations, most of which recombine rapidly to produce excited states, 

which can then transfer to the polymers (see scheme 1). The yield of triplets is enhanced by the 

presence of benzophenone or acetophenone, excited states of which undergo rapid intersystem 

crossing to produce nearly unit yields of triplets. Naphthalene 0.1 M was added to rapidly (< 2 ns) 

convert the triplets to long-lived naphthalene triplets by triplet-triplet transfer, which then transfer 

to the polymers. Alternatively 0.1 M of biphenyl, reported27 to have a large (0.84) triplet quantum 

yield and a long (>20 µs) lifetime, was used alone. The accelerator pulse in such solutions 

 
Chart  1 Structures of pF and pFA (A=NI 

or AQ) polymers used in this study with n-

hexyl or 2-butyloctyl side chains. 
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produced ~ 1-4 µM of triplets. Capture of more than one triplet on a polymer molecule would 

give rise to triplet-triplet annihilation,28-30 but making more than one triplet per chain is unlikely 

because the concentration of polymer molecules (chains) was always >10 µM and usually 50-100 

µM. Electronic structure calculations employed the Gaussian programs.31 

  

Results 

 To learn what fraction of the chains have end traps and how many triplets reach those 

traps it would be desirable to remove all triplets that reach traps, while not altering triplets in pF 

chains. Table 1 makes it clear that chain and end trapped triplets are not readily distinguished on 

the basis of triplet energies, which are only slightly different. But reduction potentials are very 

different so an electron transfer process driven by the triplet energy might selectively remove 

trapped triplets. The table shows that the free energy to form free ions, pF-• + TMPD+•, is larger 

than the triplet energy of pF: pF triplets are not expected to react with TMPD by electron transfer. 

For both pFA molecules, pFNI and pFAQ, on the other hand this reaction is predicted to occur 

readily, and is thus expected to remove the strong triplet absorption bands of 3pFNI* and 3pFAQ*.   

 

 Table 1  Redox potentials vs Fc+/0 for polymers and TMPD along with triplet free energies for pF 

chain triplets and triplets trapped by AQ or NI end groups. 

 E0 vs Fc a ∆G°T b ∆G°e c 

pF0/- -2.65 2.24 0.13 

pFNI0/- -1.831 2.18 -0.63 

pFAQ0/- -1.437 2.19 -1.03 

TMPD+/0 -0.281   

biphenyl d -3.047 2.94  
a Redox potentials vs ferrocene (Fc) +/0 for the polymers24 and TMPD.32 
 b Triplet energies as free energy changes for formation of triplet states of pF chains and those end 

trapped on pFNI and pFAQ8 or the triplet energy of biphenyl.33 
c Free energy changes to form separate pFA-• and TMPD+• from 3pFA*, where A=NI, AQ 

calculated from redox potentials in polar solvents containing electrolyte. 
d Reduction potential of biphenyl34 referred to Fc+/0 via anthracene from Shalev.35 
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Figure 1 shows transient absorption traces at the peak of the absorption of the pFAQ 

triplet. The nearly identical spectrum of pF triplet is shown in the inset. The traces with TMPD 

added show that the absorbing species, 3pFAQ*, reacts 

with TMPD with a rate constant of 2.1±0.3 x 109 M-1s-1. 

An absorption remaining after this reaction is complete 

decays with a rate similar to that without TMPD (the 

blue trace in Figure 1). We will consider the hypothesis 

that this remaining absorption is due to triplets in pF 

chains having no AQ end trap groups, thus providing a 

measurement of how many chains lack AQ end traps, 

measuring the completeness of end capping. However 

this remaining absorption in Figure 1 depends on TMPD 

concentration, suggesting the presence of an equilibrium 

to form a coulomb bound charge transfer complex, 
3(pFAδ-,TMPDδ+), with Keq=~ 4x104 M-1. Additional 

data in Figure S1 supports this conclusion. 

Data in Figure 2 show that triplets in pF chains, 
3pF*, without end traps, decay with a 35 µs lifetime in 

the presence of 10mM TMPD which is indistinguishable 

from the 38 µs lifetime found without TMPD, confirming 

the prediction, based on  energies in Table 1, that 3pF* 

does not react with TMPD.  pFAQ and pFNI of similar 

lengths do react with TMPD. From the rate constant found 

in Figure 1 and the 10 mM TMPD concentration this 

reaction is expected to occur with a pseudo first order rate 

constant of 2.1x107 s-1, which is slightly faster than the 

growths of triplet absorption for pFAQ (1.1x107 s-1) and 

for pFNI (4.2x106 s-1), so the rapid decays shown in Figure 

1 are barely seen with the larger TMPD concentration in 

Figure 2. The absorptions in pFAQ and pFNI decay over a 

few µs.  

 Reactions for forming triplets following ionization 

of p-xylene by pulse radiolysis and their subsequent 

reactions are listed in Scheme 1. With 100 mM biphenyl (Bip) present, nearly all excited xylene 

 

 
Figure 1 Transient absorption traces at the 

760 nm absorption maximum of triplets in 

81 µM (polymer molecule concentration) of 

pF29AQ in xylene containing 100 mM 

biphenyl without and with added TMPD. 

The inset shows the triplet band for pF + 10 

mM TMPD under similar conditons. 

 

 
Figure 2 Transient absorption traces of 

pF28 (100 µM), pF22NI (100 µM) and 

pF20AQ (200 µM) in p-xylene with 100 

mM biphenyl and 10 mM TMPD.   
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triplets and singlets are converted rapidly (a few ns) to biphenyl excited states, 3Bip* and 1Bip*. 

Most recombination events will include anions and cations of Bip. A few will include polymer 

ions, but the resultingt excited state formation is nearly independent of which recombination 

reaction occurs. 1Bip* forms 3Bip* with a quantum yield of 0.86 in ~16 ns,27 so all excited states 

are converted to long-lived 3Bip*, which may then transfer its triplet excitation energy to 

polymers in reaction (4). Triplets were previously found to transport along chains and become 

trapped, reaction (5) in <40 ns in chains as long as 100 nm, so the trapping step is expected to be 

competitive with formation of polymer triplets, which is limited by solubility of the polymer 

molecules to ~50 ns.    

 

Scheme 1: Reactions for forming and trapping triplets in p-xylene (xyl) containing 100 mM 

biphenyl (Bip). 

xyl →xyl+• +e-     (1)  ionization 

xyl+• +e- → 1xyl* +3xyl*   (2) recombination 
3xyl* + Bip → 3Bip*  (3) triplet transfer 
3Bip* + pFA → 3pF*A   (4) triplet transfer 
3pF*A → 3pFA*   (5) triplet trapping 

3pFA* +TMPD⇋ 3(pFAδ-,TMPDδ+)  (6) CT 
3pF** + pFA → pF+ 3pF*A (7) triplet transfer 

 

Amplitudes of the pFAQ and pFNI traces in Figure 2 are greatly reduced by reaction of 

the trapped triplets, 3pF*A, with TMPD. Absorbances extrapolated to t=0 are 13.7% (pFAQ) and 

8.2% (pFNI) of the absorbance in pF without end traps. These are close to the fractions of chains 

having no end traps determined by NMR (see below). The pFAQ and pFNI traces also decay with 

rates of 3.2 and 2.5x105 s-1, about 10 times faster than the 3.6x104 s-1decay for triplets of 

uncapped pF.  

These observations can be understood simply. The decaying absorbances in Figure 2 can 

be attributed to pF chains having no end traps. The fractions of uncapped chains are small. The 

pF chain triplets on these trapless chains can transfer triplets to chains having caps by bimolecular 

triplet transfer, reaction (7). This transfer becomes effectively irreversible due to rapid intrachain 

transport and trapping, reaction (5), followed by charge transfer to TMPD, reaction (6). Based on 

this picture and data in Figure 2 13.7% of the pF20AQ and 8.2% pF22NI chains have no traps. 

Triplets on these trapless chains transfer to chains having traps with rate constants that increase 
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with chain length varying from  1.5 x 109 to 3.7 x 109 M-1s-1.We now report similar experiments 

with pFNIs and pFAQs with varied chain lengths. 

Figure 3 plots the rate constants from uncapped to capped chains as a function of the 

average chain length in PRU along with similar rate constants for triplet transfer from 3Bip* to pF, 

pFNI and pFAQ chains. The triplet transfers from 3Bip* 

are about 20 times faster than transfers from 3pF*.  Both 

increase approximately linearly with chain length, as 

seen for electron attachment.25 The reactions of 3Bip* 

were measured by the rate constants for the growth of 

polymer triplet at 760 nm. These measurements utilized 

only samples without TMPD so there was only one 

triplet donor, 3Bip*, and to avoid the effects of CT to 

TMPD, reaction (6), which could affect the observed 

kinetics. Measurements of triplet transfer from 3pF*, to 
3pFA* used only samples with TMPD, which removes 

the large triplet absorptions of 3pFNI* or 3pFAQ* and 

renders the reaction effectively irreversible. 

Spectra of CT Exciplexes with TMPD When 

reaction with TMPD removes the strong absorption 

bands of trapped triplets, it creates new bands having 

shorter lifetimes. Figure 4 displays spectra after pulse 

radiolysis of 200 uM pFAQ or 100uM pFNI reacting with 10mM TMPD. The triplet absorption 

bands at 760 nm are largely replaced by bands peaking near 590 nm. After 100 ns we attribute 

these bands mainly to complexes formed by reaction (6) that we refer to as 3(pFAδ-,TMPDδ+), 

where the degree of charge transfer, δ,  is not clear.  Transient absorption traces in Figure 4c) 

show that 3(pFAQδ-,TMPDδ+) has a lifetime of 0.24±0.05  µs while  3(pFNIδ-,TMPDδ+) has a 

lifetime of 1.13±0.3 µs. A shorter lived (42 ns) species is evident in the pFNI trace, signaling that 

geminate ion recombination is taking place on this time scale and that some of the ions 

recombining in reaction (3) are pF ions, known24  to absorb at ~590 nm. A fit of the pFAQ trace 

in Figure 4c) finds a similar (37 ns) lifetime component with a similar amplitude, although it does 

not stand out as clearly due to the reasonably rapid (0.24 µs) decay of  3(pFAQδ-,TMPDδ+), 

absorbing at the same wavelength. The spectrum of 3(pFNIδ-,TMPDδ+) has a low energy 

band peaking at 960 nm (1.3 eV). This band grows, reaches a maximum at ~500 ns and decays 

with little interference from ions or triplets in uncapped pF chains. Its lifetime, 1.4 µs, is similar 

 
Figure 3  Rate constants for triplet 

energy transfer from 3Bip* to pF 

(●), pFNI and pFAQ chains (■) 

vs. the average chain length. The 

lower points for triplet transfer 

from 3pF* to pFA (●, A=NI or 

AQ) are multiplied by 10 to show 

them on the same scale.   
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to the 1.13 µs lifetime at 760 nm, but is probably more accurate. The energy of this band is close 

to the 1.55 V difference in reduction potentials of pFNI and TMPD+• in Table 1, suggesting that it 

could be a charge transfer band from TMPD to pFNI:   3(pFNIδ-,TMPDδ+)→3(pFNI(1-δ)-,TMPD(1-

δ)+), where δ<<1. A similar band for pFAQ could be predicted from the potentials to occur at 

~1500 nm. While that region was not examined, a small spectral component with its lifetime is 

seen from 850-1000 nm. As noted above, the growths at 760 nm in pFNI and pFAQ are due 

primarily to transfer of triplets from 3Bip* to uncapped chains. 
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Figure  4 Spectra of transient species formed after pulse of a) 200 µM pF20AQ or b) 100 µM pF22NI, both with 

10 mM TMPD in p-xylene containing 100 mM biphenyl. c) transient absorption traces at 580 nm and 960 nm. 
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Completeness of End Capping by Triplet Trapping with TMPD   Triplet capture with 

suppression of end trap triplet absorption by TMPD provides a method to determine the 

completeness of end capping. While a low concentration of TMPD, like the 0.23 mM used in one 

trace in Figure 1, reacts sufficiently rapidly, a larger concentration is needed to push the 

equilibrium of reaction (6) to completion. For Keq= 4x104 

M-1, estimated above for reaction 6, 10 mM TMPD would 

leave only 0.25% of the polymer triplet, enabling a 

measurement of the remaining absorbance from chains 

having no trap groups. Figure S2 gives an example in 

which a large concentration of TMPD is used. In this 

example, the concentration of polymer is low (µM), so 

there is little triplet transfer from uncapped pF chains to 

chains with traps. In that case, the absorbance with 

TMPD, multiplied by a scale factor, is nearly identical to 

the absorbance trace in pF + TMPD, providing some 

verification of the method. This measurement yields the 

fraction, F0, of chains having no trap groups. The triplet 

charge transfer species with TMPD give little absorption 

at 760 nm and thus little interference with the 

measurement of remaining triplets on chains without end 

traps. Due to the short lifetimes of the charge transfer 

species, good accuracy in determination of F0 was 

obtained by utilizing data after they had decayed. 

 Figure 5 graphs results from both triplet capture 

with TMPD and from measurements by NMR described 

below. The filled points are from triplet capture with 

TMPD; the open squares are from NMR. For short (n<40 

PRU) chains where NMR measurements are accurate 

there is reasonable agreement between NMR and 

triplet/TMPD determinations of the fraction of chains 

without trap groups. At longer lengths the triplet/TMPD 

method may remain reasonably accurate. Line fits to the 

triplet/TMPD data in Figure 5 give F0=0.148 for pFAQ 

and F0=0.0625 for pFNI, assuming F0 to be independent 

 
Figure 5   Fractions of chains having no 

end trap groups, F0, measured by triplet 

capture with TMPD (• pFNI, • pFAQ) and 

by NMR (□ pFNI, □ pFAQ), as a 

function of the average lengths of the 

separated polymer fractions. Line fit to the 

data give F0=0.148 (pFAQ) and 

0.0625(pFNI). Probability of end capping 

= Pcap=0.615 and 0.75 respectively. 

 
Figure 6 Fractions of 

poly(2-butyloctyl)fluorene polymers 

having no NI or AQ end traps determined 

by the triplet/TMPD method, graphed vs. 

the average length of the fractions. 
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of chain length. Within the noise of the measurements, due to pulse-to-pule instability, no trend is 

observed in which F0 depends on chain length. The data also provide evidence against the 

presence of substantial numbers of defects as will be discussed below. 

 Measurements of end trap incorporation in the pBOF polymers are shown in Figure 6. 

From this data it is clear that the degree of end capping is much lower than with the polymers 

having hexyl side chains. There is also no difference between the degree of capping for the NI 

and AQ end groups. For both end groups the fraction without traps, F0, appears to increase 

slightly with increasing length, but this increase is close to uncertainties of the measurements. For 

F0=0.45, an average over lengths from data in Figure 6, the probability that a chain end is capped, 

Pcap, is 0.33, thus the fraction of chains with 1 and 2 caps are F1=0.44 and F2=0.11 respectively: 

only 11% of the chains have the desired two end trap groups. 

 

Completeness of End Capping by NMR The completeness of end capping can also be measured 

by NMR using integrations of prominent lines of the NI or AQ end groups and lines from the 

hexyl side chains of the pFs. Results are given in Table S1, which gives a name for each fraction, 

its average length in PRU and the probability, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐, that a chain end has an NI or AQ trap group. 

The fractions, separated by GPC, have much narrower length distributions than the original 

polymers but there is still a substantial range of lengths within each fraction. While the 

triplet/TMPD measurements give directly an averaged value of the fraction of chains having no 

end traps, the NMR just gives the relative concentrations of trap groups and pF monomers. 

Within a given polymer fraction, shorter chains require more end trap groups per pF monomer to 

achieve a given degree of capping. Therefore, to calculate 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐, it is necessary to account for the 

distribution of lengths in each fraction. To do so, the NMR data was expressed as the ratio of 

“monomers (repeat units) per 2 caps.” Next,considering that each chain has two ends, the number 

of “2 ends” per monomer repeat unit was found, averaged over the distribution of lengths. This is 

equivalent to finding the average of the reciprocal of the polymer length 〈1 𝑛𝑛⁄ 〉. The following 

integral was evaluated for each of the narrowed length fractions in Table S1, using the relevant 

normalized number distribution, 𝑝𝑝(𝑛𝑛), of the polymer lengths: 

"2 ends" per monomer = 〈1 𝑛𝑛⁄ 〉 = ∫ 1
𝑛𝑛
𝑝𝑝(𝑛𝑛)𝑑𝑑𝑛𝑛∞

0  (1) 

Finally, the probability of an end being capped, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐, can be found by the ratio: 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 = �caps
end

� = 1

� “2 ends”
monomer�×�monomers

2 caps �
  (2) 

The fractions of polymers capped with zero (F0), one (F1), or two (F2) end trap groups could then 

be derived from this fraction as  
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𝐹𝐹0 = �1 − 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐�
2, 𝐹𝐹1 = 2𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐�1 − 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐�, 𝐹𝐹2 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐2.   (3) 

Eqs 3 assumes that during synthesis reactions occurring at one end of the chain are independent 

of reactions at the other end. The results find that for shorter fractions 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 is approximately 

constant, but they differ for pFNI and pFAQ. Average values are  <𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐>(pFNI)=0.73 and 

<𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐>(pFAQ)=0.63 from the shorter fractions. In fractions with lengths >50 PRU the NMR is 

inaccurate, as expected, because the signals from the end groups are very small.  

 

Discussion 
 Data presented here find that triplet excited states of AQ and NI end capped polymers 

react with TMPD to form excited complexes with TMPD. Formation of the complexes removes 

the strong absorption bands of the end-trapped triplets, yielding measurements of the extent of 

end-capping, the ability of triplets to migrate along the chains, and rate constants for triplet 

energy transfer from one chain to another.   

Natures of the complexes The absorption bands formed upon reaction of 3pFA* with TMPD 

were referred to as charge transfer species  3(pFAQδ-,TMPDδ+) and 3(pFNIδ-,TMPDδ+). In support 

of this interpretation both have broad, strong bands peaking at ~590 nm and the pFNI complex 

displays another broad band at 960 nm. The observations that uncapped 3pF* does not react with 

TMPD, while the 3pFA* molecules do, correlates with redox potentials (Table 1) to implicate a 

charge transfer reaction, as proposed in reaction (6). The observation of equilibrium in reaction 

(6) might indicate that the degree of charge transfer is small in the very weakly polar p-xylene 

environment. Of the two complexes the degree of charge transfer would be expected to be larger 

for 3(pFAQδ-,TMPDδ+) due to the more positive redox potential of pFAQ (Table 1), so the 

lifetime of 3(pFAQδ-,TMPDδ+) would be expected to be shorter, as observed.  

Bimolecular Triplet Energy Transfer Reactions  The rate constants for triplet transfer (TT) 

from 3Bip* to pFn, pFnAQ and pFnNI, reaction (4), increase approximately linearly with chain 

length. The rates are similar for transfer to pF and to pFAs: triplet transfer appears to occur 

principally to the long polymer chains. There may be  a contribution from transfer directly to the 

end trap groups, but it is not dominant. For longer chains the rate constants reach 7 x1010 M-1s-1. 

This is much faster than triplet transfer rates to small molecules, which reach rate constants of 

almost 1x1010 M-1s-1.33  The apparently linear increase of k(3Bip* +pF) with chain length has an 

intercept of 1x1010 M-1s-1. The intercept could include a contribution from direct transfer from 
3Bip* to the end groups, or could signal that the increase is not linear at shorter lengths. While 

approximately linear, the increase is not proportional to the pF length; from n=20-80 PRU the 
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length increases by a factor of 4, but the rate constant increases by a factor of 2.3. This behavior 

is expected if the TT reactions to the pF chains are diffusion-controlled, or nearly so. Indeed a 

diffusion-controlled reaction might be expected for ∆G◦=-0.7eV from triplet energies in Table 1. 

The slope of the linear fit in Figure 3 is 7.3x108 M-1s-1 per repeat unit, which is smaller by a factor 

of ~10 than diffusion controlled reactions by small molecules. This rate per repeat unit may 

reflect “diffusive interaction.”36,37 Diffusive interaction occurs when rapid reaction of a diffusing 

species, such as 3Bip*, with a long chain reactant removes the 3Bip*, preventing later encounters 

with the chain from occurring. The behavior observed here mirrors the observation of 

Sreearunothai25 who measured rate constants for attachment of solvated electrons to pF chains of 

increasing lengths. For chains longer than ~20 PRU the rate constant per repeat unit was ~1/10 of 

diffusion-controlled rates to small molecules.25  

 Rate constants from 3pF* to pFNI or pFAQ in Figure 3 are slower by a factor of ~20 than 

rate constants from 3Bip*. While there is scatter, these rate constants also appear to increase with 

increasing chain length, again suggesting that the transfer occurs mainly to pF chains, followed 

by triplet transport to the AQ or NI end trap, reaction (5) and reaction with TMPD, reaction (6), 

which renders the reaction substantially irreversible for sufficiently large (>~3 mM) TMPD 

concentrations. The rate constants do not depend on which end group is present, again supporting 

chain to chain transfer as the principal mechanism. They are slower than reactions for triplet 

transfer from 3Bip* due to slower diffusion of pF chains and because ∆G°=0 for the rate 

determining step, reaction (5), which transfers a triplet from one pF chain to another. Diffusion 

coefficients for polymers from 20-80 PRU decrease by factors of ~5-10 relative to those of small 

molecules based on diffusion measurements by Fytas and Somma.38,39 The observed decrease of 

the 3pF* + pFA rate constants by a factor of ~20 relative to triplet transfer from 3Bip* therefore 

suggests that the  3pF* + pFA rates are below diffusion control by a factor of ~2-4 due to the zero 

free energy change. Within the uncertainties of the measurements, these slower rate constants are 

close to proportional to the lengths of the pFNI and pFAQ chains. For reactions that are not 

diffusion-controlled the rate constants for transfer to different portions of the accepting chain 

should add linearly so that the rate constant for transfer to the whole chain would be proportional 

to the lengths of the chains. 

Completeness of End Capping, Continuity of Chains and Defects  The fractions, F0, of chains 

having no end traps, determined by triplet trapping with TMPD, is identical within experimental 

uncertainty to F0 estimated from NMR/MALS for short chains, where the NMR determinations 

can be accurately made. The measurements indicate that the fractions of chains without end traps 

are 0.148±0.02 for all pFAQ fractions and 0.0625±0.02 for all pFNI fractions measured (up to 
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n=70 PRU). The data appear to rule out a strong trend of F0 increasing or decreasing with chain 

length. While a weak trend is possible, the data are most consistent with constant F0, and 

therefore constant degree of end capping. The agreement of triplet/TMPD and NMR 

measurements suggests that if a chain has at least one AQ or NI end group, a triplet exciton on the 

chain will find it within the time scale of these measurements, ~1 µs. The fractions of chains with 

0, 1 or 2 end trap groups are given in Table 2. 

 

Table 2 Fractions of polyfluorenes, having zero, one and two NI or AQ end traps. pFNI and 

pFAQ have hexyl side chains. pFBOFA chains, with 2-butyloctyl side chains, have similar 

capping fractions with NI or AQ end groups. 

 
pFNI pFAQ pFBOFA 

F0 0.07 0.14 0.45 
F1 0.39 0.47 0.44 
F2 0.53 0.39 0.11 

 

 

 

An important possibility examined by this data is that the chains contain defects. Defects 

would be expected to occur randomly, so analysis below will be based on the assumption that the 

probability of a defect is proportional to the length of the chain. Such defects could act as traps 

that destroy triplet excitons, as traps that immobilize them, or as barriers that prevent their 

passage. The present data offers evidence against all three types, for moderately high barriers or 

moderately deep traps. Barriers or immobilizing traps, if present, would have prevented triplet 

capture by NI or AQ end groups, thus increasing the apparent F0 in longer chains. Such an 

increase does not occur.  Figure S2 shows the data of Figure 5 again and includes fit curves for a 

model that includes randomly placed barrier defects at densities, ρ, of 0.001-0.01 barriers per 

repeat unit. The barriers are impenetrable. The model is described in text accompanying Figure 

S2. A curve with one barrier defect every 1000 PRU (ρ=0.001) is indistinguishable from the 

pFAQ data, but the model curve for one barrier every 300 PRU departs substantially. If present at 

all, there is less than one such defect per 300 PRU. For pFNIs, the limit is less stringent, less than 

one barrier for each 150 PRU because molecules with lengths >80 PRU were not available. Traps 

that immobilize triplets, but retain their spectra would also increase the apparent F0 in chains 

having such traps. The increase would be slightly larger than that for barrier defects, so the limits 

set by the data are at least as stringent.  
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The present experiments do not exclude the possibility of barriers or traps that are 

shallow or of a transient nature. These could include transient barriers (or traps) created by 

unfavorable (or favorable) dihedral angles that might easily improve within the ~1 µs time 

resolution of the present experiments..Such a picture seems to be suggested in a simulation of 

Willard and Rossky.40 Mani41 recently found that unfavorable dihedral angles can serve as 

barriers for motion of electrons, holes or excitons, but presented the largest barriers for motion of 

singlet excitons. Relaxation of unfavorable dihedral angles and Mani’s findings may together 

explain the apparent difference between efficient triplet transport reported here as compared to 

confinement of singlet excitons to segments. The present experiments were carried out on 

conjugated chains in liquids. If transient barriers or traps occur and heal within our time 

resolution, they might not so readily do so in solid films. 

Evidence for deep traps that remove or destroy triplets is also absent. The observation of 

pF triplets tells us that such destructive traps are present at low densities, if at all. The results with 

pFNIs or pFAQs with TMPD tell us that triplets explore the entire chains, so a triplet-destroying 

defect anywhere in a pF chain would remove triplets from that chain.  Because defects would be 

more likely in long chains, the GPC pF fractions having long average chain lengths should have 

lower triplet yields. If, for example, there is one destructive defect for each 50 PRU, then triplets 

would survive in 82% of chains 20 PRU in length, but only 13% would survive in chains 100 

PRU in length. Data in Figure S3 find less than 15% difference in triplet yields in pBOF chains 

from 15 to 165 PRU, pointing to a deep defect density ρ <0.002 per repeat unit, which is similar 

to the findings for barrier defects. A simple summary is that the data find no evidence for defects 

that can act as deep traps or large barriers that cannot be surpassed within 1 µs. The upper limits 

set for all such major defects are one per 300 PRU.  

An alternate possibility could explain some of the results. Because the polymer chains are 

in solution they could fold back on themselves and come into contact. Such self-contacts could 

transfer triplets from portions of a chain that are isolated from end traps by barrier defects. Figure 

S6 pictures such a possibility for a chain with one end trap group. Short chains cannot easily curl 

sufficiently to make contact as indicated by the 10 PRU persistence length of polyfluorenes,42 so 

the present conclusions still apply to the shorter chains. If only data from short chains is used, the 

limits on defects are less stringent. If triplet transfer via self-contacts occur readily for longer 

chains, that mechanism might partially vitiate the conclusion that chains are defect-free to very 

long lengths. An estimate of the rate constant for triplet transfer via self-contacts, given in figure 

S7, treats a 100 PRU long chain having one end trap as two 50 PRU chains, one having an end 

trap. These chains diffuse freely within the confines of a cubic box with a volume defined by the 
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average size of a one 100 PRU chain. The estimate, described below Figure S7, utilizes the chain 

to chain bimolecular triplet transfer rate constants reported in Figure 3. It finds that triplet transfer 

via self-contacts occurs more slowly than the 1 µs time resolution of the present experiments, and 

much more slowly than the 40 ns resolution reported earlier by Sreearunothai8 for pFNI without 

TMPD. Detailed knowledge of the conformational dynamics of a single chain and the 

competition between intra and intermolecular triplet transfer rates during a single close chain 

encounter would be required for a full theoretical treatment.  However, the estimate of Figure S7, 

for two confined half chains, which uses appropriate measured triplet transfer rates, provides 

reasonable evidence that triplet transfer, via self-contact, to bypass defects on the time scale of 

this experiment are likely negligible, strengthening the conclusion that the chains are highly 

defect free. 

 

Conclusions 
 In polyfluorenes with anthraquinone (AQ) or naphthylimide (NI) end trap groups, triplets 

created in the chains transport to and are captured by the end groups. For chains up to 100 nm in 

length, triplet capture is quantitative for all chains with at least one end trap group in experiments 

with 1 µs time resolution, indicating the triplet excitons explore the entire lengths of the chains.  

 The present data finds no evidence for large traps or barriers to motion of triplets in these 

pF polymers. On the contrary they set limits that there are fewer than one such defect per 300 

repeat units. The present experiments do show that the while many experimental results on singlet 

excitons point to a picture in which conjugated chains consist of separate chromophores, the 

barriers between those chromophores must not be static or perhaps  do not apply to triplets in 

these pF chains. The results also tell us that transport of triplet excitons should be explored 

further. In the present experiments do not find evidence that triplet transport is interrupted by 

defects, but if, as earlier results suggest, triplet transport is much faster than the present ~1 µs 

time scale,7,8 then transport may be briefly interrupted but succeed later. Efforts to examine triplet 

transport on faster time scales may be important. The present experiments do not exclude the 

possibilities that shallow traps or barriers may exist for short times or that other conjugated 

polymers may contain substantial traps or barriers. PPVs are known to contain defects which 

shape their conformations.43-45  
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Figure S1 Transient absorbance at the 760 nm maximum of 3pF18AQ* created by pulse radiolysis of 100 uM of 

pF18AQ with varied concentrations of TMPD in toluene containing 5% acetophenone and 50 mM naphthalene.   The 

lowest concentration (0.68 mM TMPD) shows a growth of triplets followed by a 2.4 µs decay to a long-lived 

absorption.  While not as distinct as in Figure 1 of the main manuscript, the long-lived absorption is decreases with 

increasing concentration of TMPD, indicating an equilibrium as noted in Figure 1. 
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Figure S2 Transient absorbance at the 760 nm maximum of triplets in 10 µM solutions of pF30 or pF30AQ in p-xylene 

containing 40 mM TMPD.  The absorbance of the pFAQ trace is smaller by a factor of 7.5 as seen by a scaled version 

of the same data, indicating that 1/7.5=13.3% of the chains have no AQ end trap groups. At the low, 10 µM, 

concentration there is little decay by bimolecular triplet transfer.  
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Table S1  Estimates of capping by NMR measurements of end group and side chain resonances, 

with integrations over length in each fraction. The columns give the fraction label, n(MALS)=the 

average length in repeat units determined my multi-alngle light scattering, and the probability, 

Pcap, that a chain end is capped by an NI or AQ trap group, as determined by NMR. From Pcap, the 

fractions of chains having 0, 1 or 2 trap groups were estimated. Average values were calculated 

from the mean over the shorter fractions , -4 to -9. 

pFNI 
     

 
n(MALS) Pcap F0 F1 F2 

SAB139-1 117.1  
    

SAB139-2 70.9  1.0993 0.0099 -0.2184 1.2086 

SAB139-3 49.4  0.8154 0.0341 0.3010 0.6649 

SAB139-4 39.3  0.7138 0.0819 0.4086 0.5095 

SAB139-5 32.1  0.7202 0.0783 0.4030 0.5187 

SAB139-6 29.2  0.6910 0.0955 0.4271 0.4774 

SAB139-7 26.0  0.7736 0.0513 0.3503 0.5984 

SAB139-8 22.2  0.7276 0.0742 0.3964 0.5294 

SAB139-9 20.5  0.7707 0.0526 0.3534 0.5940 

AVERAGE 
 

0.7328 

 
0.0668 0.3771 0.5560 

      
pFAQ 

     

 
n(MALS) Pcap F0 F1 F2 

SAB140-1 126.5  1.2922 0.0854 -0.7551 1.6697 

SAB140-2 80.9  0.7795 0.0486 0.3437 0.6077 

SAB140-3 51.5  0.6245 0.1410 0.4690 0.3900 

SAB140-4 38.9  0.7759 0.0502 0.3478 0.6020 

SAB140-5 27.5  0.6790 0.1030 0.4359 0.4611 

SAB140-6 26.2  0.6103 0.1519 0.4757 0.3725 

SAB140-7 24.1  0.5778 0.1782 0.4879 0.3339 

SAB140-8 20.0  0.5858 0.1716 0.4853 0.3431 

SAB140-9 17.4  0.5807 0.1758 0.4870 0.3372 

AVERAGE 
 

0.6334 

 
0.1275 0.4415 0.4309 
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Figure S3 As in Figure 5 fractions of chains having no end trap groups, F0, measured by triplet capture with 

TMPD (• pFNI, • pFAQ) and by NMR (□ pFNI, □ pFAQ), as a function of the average lengths of the separated 

polymer fractions. Also slhown are fits of the triplet/TMPD data to a model that incorporates defects that act as 

impenetrable barriers to motion of triplet excitons. Those fit lines are for barrier defects present at densities, ρ, of 

0.001-0.01 per repeat unit. Comparison to this model seems to rule of defect densities >0.003 per repeat unit (one 

defect per 333 repeat units). 

The model used in Figure S3 considers a conjugated chain n repeat units long. If each repeat unit 

is a possible site for a defect and there is a density, ρ per repeat unit, of barrier defects, then the 

probability of having exactly one defect is given by the probability, ρ, of having one defect at a 

site multiplied by the probability (1-r)(n-1) that there is no defect on the remaining sites. 

P1=  ρ n (1-r)(n-1)  EqS1 

Probabilities for having m defects in the chain are given by similar probabilities and the 

combinations for arranging the defects. 

Pn=(ρm)(1- ρ)(n-m) (n!/(m!*(n-m)!) EqS2 
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The model then evaluates the probabilities that the barrier defects prevent excitons from reaching 

the traps using EqS3 and EqS4, as illustrated in Figure S4 for the case of one barrier defect in 

chains with two or one end trap group. 

 

 

  

 

 

 

 

 

 

 

 

 

  

Figure S4 Conjugated chains with a single barrier defect (black) and two (upper) end trap groups.  An 

exciton created anywhere in the chain can reach an end trap. With only one end trap group (lower) a single 

barrier defect can prevent excitons created in part of the chain from reaching the end trap. Here the barrier 

leads to survival of about one third of the excitons; on average half would survive. For m randomly placed 

barrier defects the surviving fractions in chains with one or two end traps would be:  

Fs,1,m=m/(m+1)  EqS3 

Fs,2,m=m/(m+2)   EqS4. 
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Figure S5 Triplet absorptions of triplets formed in pBOFs having average lengths from 15 to 165 repeat units, each 

present at 1 mM (PRU) in p-xylene containing 100 mM biphenyl and 10 mM TMPD.  
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Figure S6 An illustration of a polymer chain with one end trap and a barrier near the middle 

of the chain. Coiling to make a self-contact, the point where the chains cross, might enable 

transfer of a triplet from the left side of the chain to the right side so it could then be captured by 

the end trap. 

 

 

 

 
Figure S7 The rate of triplet transfer via self-contacts of 100 PRU long chains from an 

estimate described below.  

 

Self-contacts estimate: For a chain having e.g. 100 PRU length and one end trap, bending, 

especially near the middle of the chain, can enable contacts as pictured in Figure S6. Instead, we 

imagine cutting the chain at the middle to produce two 50 PRU chains that are free to diffuse, but 

barrier 

end trap 
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required to stay close, by requiring them to remain within a cube. From averaging the volume of a 

cuboid occupied by simulated1 100 PRU chains (1000 averages), we estimate a box of side 25 nm 

to be an appropriate size (average volume was found to be 1.6 x 10-17 cm3).  Dividing by the 

volume of this cube defines the concentration of the accepting chain. That concentration is 

multiplied by the rate constant reported in Figure 3 for a 50 PRU chain to give 2.6 x 105 s-1. This 

is the point marked with the dashed line in Figure S7. The curve provides estimates of this rate 

should the box size be changed. 

This method is likely to overestimate the rate of self-contacts. Placing chains in small 

cubes to define a concentration gives contributions from reactions with chains in adjacent cubes 

that have nothing to do with self-contacts. Here the estimate is used to check the limits on defects. 

While to most stringent limits on defects come from chains having only one end trap, the effect of 

defects contained contributions from two or more defects that isolate triplets in segments that are 

typically near the centers of chains. These triplets would readily react in the cube method of the 

previous paragraph although they would be less accessible to self-contacts. The estimate above 

may give an upper limit to the rate of self-contacts.   
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