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Abstract 
Singlet fission (SF) is a mechanism of exciton multiplication in organic chromophores, which has 

potential to drive highly efficient optoelectronic devices. Creating effective device architectures 

that operate by SF critically depend on electronic interactions across multiple length scales – from 

individual molecules, to interchromophore interactions that facilitate multiexciton dephasing, and 

exciton diffusion toward donor-acceptor interfaces. Therefore, it is imperative to understand the 

underpinnings of multiexciton transport and interfacial energy transfer in multichromophore 

systems. Interestingly, block copolymers (BCPs) can be designed to control multiscale interactions 

by tailoring the nature of the building blocks, yet SF dynamics are not well understood in these 

macromolecules. Here, we designed diblock copolymers comprising an inherent energy cleft at 

the interface between a block with pendent pentacene chromophores and an additional block with 

pendent tetracene chromophores. The singlet and triplet energy offset between the two blocks 

creates a driving force for exciton transport along the BCP chain in dilute solution. Using time-

resolved optical spectroscopy, we have quantified yields of key energy transfer steps, including 

both singlet and triplet energy transfer processes across the pentacene-tetracene interface. From 

this modular BCP architecture, we correlate the energy transfer timescales and relative yields with 

the length of each block. The ability to quantify these energy transfer processes provides valuable 
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insights into exciton transport at critical length scales between bulk crystalline systems and small 

molecule dimers – an area that has been under explored. 

Introduction 
Multiexciton processes in organic systems have generated interest due to their potential to 

bolster the performance of optoelectronic devices.1–5 Importantly, the ability to understand how to 

generate and control the fate of multiexcitons in organic materials could lead to transformative 

technologies and fundamental knowledge. Organic chromophores that undergo singlet fission, a 

process that converts one high energy singlet exciton (S1) into two lower energy triplet excitons 

(2×T1) via a correlated triplet pair (TT), are particularly interesting because they can yield triplet 

excitons with lifetimes in the microsecond regime.6–8 The long lifetime of the triplets can enable 

efficient exciton harvesting at donor-acceptor heterojunctions.9–11 In fact, enhanced photocurrents 

have been observed in a number of singlet fission sensitized semiconductor devices.11–14 However, 

in each of these architectures, triplet harvesting occurred primarily at the organic-semiconductor 

interface, requiring extremely thin active layers with limited optical absorption. Further 

improvement in multiexciton harvesting schemes will require more efficient extraction of triplet 

pairs generated at larger distances from an interface. However, there is a gap of knowledge in 

understanding intramolecular exciton diffusion15–17 and exciton transfer in key singlet fission 

systems.18–20 This requires new fundamental insights into the nature of interfacial interactions and 

the role of molecular engineering in tuning the triplet dynamics, which can inform device 

engineering for optimal performance.  

The mechanism of singlet fission has been generally studied in crystals of individual 

chromophores and in dilute solution, using small molecule dimers and short oligomers.21,22 In the 

condensed phase, crystalline small molecules undergo intermolecular singlet fission (xSF) enabled 

by through-space coupling interactions, resulting in mobile triplets whose lifetime depends 

strongly on the rigid crystal structure, grain size and defect density.23,24 Furthermore, 

heterochromophore singlet fission (HSF) has been observed at the two extreme length scales – 

small molecule dimers (Figure 1a)25,26 and bulk, solid-state heterogeneous blends of pentacene and 

tetracene (Figure 1b).27 Diffusion in solid-state systems can be readily quantified using real space 

imaging, polarization dependent studies, or by measuring population dynamics as a function of 

changes in the material’s property.28–30 At the other limit in dilute solution, covalently linked 

heterochromophore molecules exhibit intramolecular singlet fission (iHSF) enabled by through-
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bond/space interactions.31–34 In these systems, connectivity of the chromophores plays a crucial 

role in the excited state dynamics. Guided by structure-property relationships, iHSF systems have 

been designed to yield free triplets with long lifetimes.6,8,24,35–37 However, exciton diffusion is 

limited by the length of the oligomers and mediated by through-bond migration.34  

 

 
Figure 1. a) Small molecule dimer model that undergoes heterochromophore singlet fission 

enabled by through-bond interactions. b) Schematic representation of a pentacene-doped tetracene 

solid system that undergoes heterochromophore singlet fission mediated by through-space 

interactions between different molecules. c) Macromolecular model – chemical structure of the 

singlet fission diblock copolymer PePNo[m]-b-TePNo[n], comprising an insulating 

polynorbornene backbone (PNo) with pendent pentacene (Pe) and tetracene (Te) moieties, where 

[m] and [n] represent the degree of polymerization (DP). The relative energies of the singlet (S1) 

and triplet (T1) states of the chromophores show the offset energy cleft. *Note: we adopted the 

term “heterochromophore” SF to accurately represent the differences between systems in a/c and 

b above, since “heteromolecular” SF implies a process between two different molecules (which is 

the case in b); but it is two different types of chromophores within only one (macro)molecule in 

both a and c. 
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Considering that small molecules and crystalline systems have been widely studied, less 

research has been conducted on the diffusion of triplet excitons produced by singlet fission in 

macromolecules, such as dendrimers and polymers.38–45 Macromolecules can be engineered with 

precise control over the number and type of interchromophore interactions, while providing an 

extended framework for studying mobile triplet excitons. Rigid star macromolecules of pentacene 

(and tetracene) have been found to yield short-lived triplets (TT) due to the strong coupling 

between the chromophores by through-bond and through-space interactions.46 However, pendent 

pentacene polymers exhibit fast rates of singlet fission by through-space interactions of the pendent 

chromophores, yielding mobile free triplet excitons (2×T1) that recombine via a secondary 

geminate process.36 In contrast to conjugated iSF polymers that yield short-lived triplets,39–41,43–

45,47 pendent pentacene polymers can lead to the generation of remarkably long-lived triplets 

(microseconds). Interestingly, the pendent pentacene polymers have triplet lifetimes that depend 

on the length of the polymers until reaching saturation at a large number of repeat units. This, and 

neutron scattering characterization, suggests that the secondary structure and rigidity/flexibility of 

the polymer plays a crucial role in dictating diffusion lengths.36 Considering the rich information 

of exciton diffusion from these polymers, we recognized that such architecture could be readily 

altered to obtain block copolymers (BCPs) with chromophores that provide directional exciton 

diffusion in the presence of an energy cleft. 

Here, we leverage the architectural features of polymers with pendent chromophores 

(Figure 1c) to study interfacial interactions that other multichromophore systems with random 

molecule distributions and poorly defined interfaces between different molecules are simply not 

well suited for, e.g. amorphous blends and concentrated solution mixtures of individual 

chromophores (Figure 1c). Block copolymers are generally exploited for their ability to undergo 

phase segregation that can lead to ordering in the solid state and in solution, a property that can be 

implemented with SF chromophores to study multiexciton dynamics in ordered morphologies.48–

50 Advancements in polymer chemistry have led to the synthesis of BCPs comprising conjugated 

rigid rod-coil,51,52 rod-rod,53–55 and pendent chromophore macromolecules,56–59 resulting in a 

variety of photophysical properties driven by the electronic structure of the building blocks and 

block copolymer architecture. To the best of our knowledge, singlet fission dynamics in BCPs 

have not been reported to date. In order to characterize multiexciton dynamics in macromolecular 

systems, including exciton diffusion and transfer processes, we designed a BCP with an insulating 



 5 

backbone of polynorbornene (PNo). The backbone serves as the scaffold furbished with a pendent 

pentacene derivative on one block and a tetracene derivative on the other block, PePNo[m]-b-

TePNo[n] (where [m] and [n] are the number of repeat units of each block (Figure 1c). In this 

vein, we posit that altering the chemical composition of polymers with pendent chromophores, 

introducing a tetracene block with higher singlet and triplet energy levels than pentacene, can lead 

to a wealth of information about the complex potential energy surface and exciton diffusion. In 

fact, we find a complex energy conversion process in which both singlet and triplet exciton transfer 

occurs between the two blocks. Singlet resonant energy transfer is fast and efficient at short ranges, 

while triplet energy transfer is relatively inefficient and leads to considerable loss of triplet 

excitons generated far from the BCP interface. The fundamental multiexciton dynamics from this 

class of singlet fission block copolymers serve to bridge the gap of knowledge of exciton transport 

information between i(H)SF and x(H)SF chromophores – from individual molecules, to the 

mesoscale (BCPs, this study), and bulk crystalline systems. 

 

 

Results and Discussion 
 In order to investigate how the composition of the iHSF BCPs affect multiexciton 

dynamics, a series of norbornene-based block copolymers with pendent pentacene and pendent 

tetracene units, PePNo-b-TePNo, were synthesized by ring-opening metathesis polymerization 

(Figure 1c, synthetic details in the section S5). In this study, we focus on maintaining a constant 

degree of polymerization of the block with the lower S1 and T1 energy states, PePNo (i.e. low-

energy block; m = 10), while varying the length of the block with the higher energy states, TePNo 

(i.e. high-energy block; n = 5, 10, 20 and 40). Gel permeation chromatography (GPC) was used to 

confirm the molecular mass and to determine the dispersity of the polymer, Ð (See Table S9 in the 

SI for details). The steady-state absorption spectrum of PePNo10-b-TePNo20 (Figure 2g) is a 

linear combination of the absorption spectrum of the two homopolymers, PePNo10 and TePNo20, 

implying that no significant aggregation or charge transfer is occurring between the blocks in the 

ground state (see SI for additional details). The possible intramolecular singlet fission (iHSF) and 

energy transfer (ET) processes upon excitation of the tetracene block are shown in Figure 2. At 

short range, Dexter-type energy transfer processes dominate whereas FRET is more likely at long 

ranges (See SI page S4 for estimates). Here, we focus on exciting the high energy block to track 



 6 

the exciton dynamics as the process moves “downhill” by singlet fission in the TePNo block, 

followed triplet transfer to the PePNo block (Figure 2, from 𝑎 → 𝑏 → 𝑐	/	𝑑 → 𝑓); and/or by 

singlet energy transfer from TePNo to PePNo, subsequently undergoing SF to free triplets (Figure 

2, from 𝑎 → 𝑒 → 𝑑 → 𝑓).  

 

 
Figure 2. Possible exciton decay pathways in the block copolymer: Photoexcitation of the TePNo 

block produces a singlet exciton (a) that can decay via singlet fission into a triplet pair on the 

TePNo block (b), followed by triplet exciton transfer across the interface to the PePNo block (c 

and/or d). Alternatively, the singlet exciton on the TePNo block can undergo resonance energy 

transfer to produce a singlet exciton on the PePNo block (e), which can undergo SF to yield triplet 

pairs on the PePNo block (d, then f). g) Steady-state absorption spectrum of a block copolymer, 

PePNo10-b-TePNo20 (pink trace), is shown for comparison to the two steady-state absorption 

spectra of the pentacene (purple) and tetracene (green) homopolymers, PePNo10 and TePNo20 

respectively. 

 

The BCP architecture provides a framework to study competing SF and charge/exciton transfer 

processes in a well-defined macromolecule having an interfacial energetic offset at the point of 

connectivity between two polymer blocks. The interface is well-defined, composed of one 

pentacene and one tetracene unit. To identify the key dynamical interfacial processes, we compare 

the exciton dynamics of the block copolymers to a pendent homopolymers of with either tetracene 

(TePNo) or pentacene repeat units. The pentacene control homopolymer (PePNo) and its iSF 

dynamics have been previously reported to demonstrate the efficacy of a new macromolecular 
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architectures with a known number of chromophores that exhibit SF.36 Briefly, we summarize 

these previous results. By combining transient optical absorption with small angle-neutron 

scattering (SANS) and numerical modeling, we found that singlet fission occurs within an 

individual polymer chain that is free of aggregation, with a persistence length of ~ 5 repeat units. 

In polymer chains significantly longer than the persistence length, we observed a heterogeneous 

singlet fission process. Fast singlet decay was observed, arising from well-ordered or aligned 

chromophores along the chain, and slow singlet decay from aberrant pentacenes, as inferred by 

SANS data that shows that the homopolymer is compact and globule like (excluded volume 

parameter ~0.3). We found that the product of singlet fission was two free triplets that were mobile 

along the backbone of the polymer. A detailed analysis of the population dynamics showed that 

triplet pair annihilation proceeds though a secondary geminate process (triplets first diffuse apart 

then back together) following an Auger-like decay (𝑇! + 𝑇! → 𝑇!∗ + 𝑆#) in which the product (𝑇!∗) 

is a hot triplet exciton.60 The time scale for annihilation exhibits a linear dependence on the length 

until the saturation value is reached above ~ 20 repeat units.   

In this study, we confirm that an isolated tetracene block is capable of generating triplet pairs 

via singlet fission by comparing the transient absorption data for tetracene norbornene monomer 

(TeNo) and a pendent tetracene homopolymer with twenty repeat units (TePNo20) (Figure 3a, b), 

which exhibit different population dynamics that reflect distinct triplet formation processes.  The 

spectra associated with the singlets are nearly identical in both the monomer and polymer (Figure 

S4 and S5) and exhibit a transient signal with a ground-state bleach (GSB) feature at around 550 

nm, stimulated emission (SE) at around 600 nm and broad photoinduced absorption (PIA) 

extending from 450 nm to 500 nm and 650 nm to 750 nm. In both TeNo and TePNo20, we 

observed an ultrafast (~8 ps) subtle shift of the singlet peak energies and amplitudes, consistent 

with a nuclear relaxation process (Figure S4 and S5). We note that minimal loss of population 

(change in the absolute magnitude of the GSB) or spin conversion (change in the ratio of the GSB 

to SE) is observed during this relaxation process. However, the transient spectra associated with 

the singlet species evolves much faster in TePNo20 compared to TeNo (Figure 3a). In TePNo20, 

singlets primarily decay with a time constant of ~ 330 ps, a factor of three faster than in TeNo 

(Figure 3b). During this 330 ps time scale, the amplitude of the GSB stays nearly constant but the 

SE decays by more than 50%, indicative of a change in the excited state character rather than a 

loss of population (Figure S6). However, the observed singlet decay dynamics are heterogeneous 
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in TePNo20. A small singlet sub-ensemble is observed with a lifetime extending past several 

nanoseconds (Figure 3d), approaching the timescale of the TeNo singlet exciton (~ 11 ns). Overall, 

the singlet decay dynamics in TePNo20 are characteristic of a singlet fission process. We note that 

the singlet exciton dynamics of the tetracene homopolymer is qualitatively similar to the pentacene 

homopolymer, showing a multiexponential (on average) SF process resulting from locally 

disordered pendent chromophores. 

 

 
Figure 3. Singlet fission in tetracene monomer TeNo and homopolyer TePNo20. (a) Transient 

absorption spectrum of tetracene monomer TeNo in a dilute toluene solution excited at 505 nm 

(~50 μJ/cm2) shows primarily singlet emission. A minority population of triplets is formed by 

intersystem crossing. (b) Transient absorption spectrum of TePNo20 in toluene excited at 505 nm 

(~50 μJ/cm2) shows that most singlets decay by singlet fission, resulting in a much greater 

population of triplets at long times (> 50 ns). (c) Spectral cut of TePNo20 at early times (1 ps) are 

identical to the spectral cut of tetracene norbornene monomer singlet (TeNo, 2 ns), indicating that 

the singlet exciton is the same in both systems. The singlet signal of TePNo20 (ESA ~ 450 nm 

and SE ~ 590 nm) decay faster from the spectral cut at 2 ns. (d) The singlet decay plots (~ 450 nm) 

of TeNo and TePNo20 exhibit different decay channels. (e) Overlay of the triplet spectrum of the 

monomer generated by sensitization (pink line, Sens 50 𝜇𝑠) and the triplet spectrum obtained after 

singlet fission has occurred in the tetracene homopolymer (green line, TePNo20 1 𝜇𝑠).  
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The assignment of singlet fission is verified by comparison to triplet sensitization measurements, 

in which a triplet exciton is populated on the TePNo20 polymer by collisional interactions with an 

anthracene donor. While the transient spectra associated with the long-lived product in TePNo20 

(green line, TePNo20 1 µs, Figure 3e) is identical to both the triplet sensitized polymer (pink line, 

Sens 50 µs, Figure 3e) and the long-lived species observed in the TeNo monomer (Figure 3c, S4 

and S5), the decay kinetics of the TePNo20 triplets indicate triplet pair character.  In the TeNo 

monomer, triplets from intersystem crossing are generated on timescales of ~ 10 ns with a yield of 

~ 20%, in agreement with what has been previously reported for TIPS-Tetracene.24 For both triplet 

sensitization measurements and direct photoexcitation, the triplet population in TeNo monomer 

decays uniformly with a first order rate constant of ~ 100 µs.  In contrast to TeNo, TePNo20 

exhibits the multiexponential decay dynamics associated with triplet pairs,61,62 including the 

characteristic loss of ~ 50% of the amplitude on the ~ 1.5 µs time scale that results from an Auger-

like annihilation mechanism [3(TT) → S0 + T1*, where T1* is a hot triplet state].  

An estimate of the triplet pair yield can be obtained by comparing the amplitude ratios of the 

stimulated emission features at different times (Figure 3b).31 In TePNo20, we estimate the overall 

yield of triplet pairs generated in 330 ps conversion step is on the order of 35% (70% overall triplet 

yield, Figure S6). On longer timescales, a rigorous analysis becomes challenging due to 

experimental limitations that require changes of experimental geometries for delay times of > 6 ns, 

precluding quantitative comparison to the spectra at early time scales. However, as SF has been 

found to occur on 1- 10 nanosecond time scales in other related systems,63 we can assume that 

some fraction of the remaining singlets will be converted to triplet pairs. To give a reasonable 

approximation for the upper limit of the total yield, we assume that 50% of the remaining singlets 

undergo SF yielding a ~ 135% total triplet yield, similar to what has been reported in tetracene 

crystals. This range of values is much less than what was observed in pendent pentacene polymers 

with similar structure, suggesting that the overall energetics of the system (slightly endothermic 

triplet pair formation) is a limiting factor for the overall yield.24,37,38,62  

From these measurements and previous studies on PePNo, it is possible to extract important 

characteristics of the multiscale singlet exciton dynamics in these polymers driven by interfacial 

interactions. In highly ordered regions of the polymer, favorable chromophore overlap  enables the 

formation of triplet pairs on a primary timescale of ~ 330 ps.36,64 Singlet excitons formed in less 

ordered regions of the polymer persist for longer time scales, but can migrate to more favorable 
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sites via resonant energy transfer, or decay radiatively (into the far field). The end result is that 

singlet excitons are the primary species at early times (<100 ps), triplet pairs are the primary 

species from 10 – 1000 ns, and individual triplets are the primary species from 1 – 1000 µs. In the 

time window from ~ 100 ps to 10 ns, the co-existence of singlet and triplet excitons in the ensemble 

is observed. Similar dynamics have been observed in pendent pentacene polymers and flexible 

dimers.36,64 Therefore, this phenomenon can be characterized as primarily resulting from disorder 

in the ensemble rather than dynamic interconversion in individual chains. 

Having observed well-defined singlet fission characteristics of the TePNo and PePNo 

homopolymers, we turn to diblock copolymers (PePNo[m]-b-TePNo[n]) to study the dynamic 

exchange of excitons at their covalent interface. The marked spectral separation of the singlet 

transitions in tetracene and pentacene (Figure 2g) allows us to selectively excite either the 

pentacene or tetracene block. Furthermore, distinct spectroscopic signatures for triplets in 

pentacene and tetracene-based chromophores are well established and allow us to track the excited 

state population as a function of time. Therefore, these spectral signatures can be used to quantify 

the dynamics of singlet and triplet energy transfer, as the relative degree of polymerization (DP) 

of the tetracene and pentacene blocks are changed.  

In a control experiment, direct excitation of the pentacene block leads to exciton dynamics that 

are nearly independent of the tetracene block length, suggesting minimal electronic perturbation. 

For example, resonant photoexcitation of the pentacene S1 state (600 nm) in PePNo10-b-

TePNo[n] BCP series resulted in transient signal features (as shown in Figure 4a-c and S9a) are 

similar to what is observed for the pendent pentacene homopolymer, PePNo10 (Figure S7 and S8). 

At early times, the transient absorption spectrum signal is dominated by the photoinduced 

absorption feature at ~ 475 nm generated from the transition of the bright singlet state (S1) to a 

higher energy singlet state (Sn). No spectral signature of direct photoexcitation of the tetracene 

blocks is observed, consistent with their near zero absorption at this wavelength. The singlet 

exciton rapidly evolves into a triplet exciton, which exhibits a photoinduced absorption feature at 

~ 520 nm resulting from the transition from T1 to Tn. Similar to what we have previously reported 

for the homopolymer, singlet fission occurs in high yield but shows inhomogeneity in the ensemble 

due to local disorder in the alignment of pendent chromophores.36  

From the TA spectra and analysis as well as their similarity to the homopolymer system, the 

dynamics of the BCP are assigned to an excited state decay process of 𝑆! → (𝑆! + 𝑇𝑇) → 2 × 𝑇!. 
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Here, this notation is used to describe the dominant electronic configurations or mixture of 

configurations that are connected by the key kinetic transformations as a function of time. On 

average, the system can be characterized by set of rate constants in which subset of the singlets 

decay to triplet pairs in 50 ps and a second conversion step with a rate constant of ~ 1 ns. The 𝑆! →

(𝑆! + 𝑇𝑇) dynamics show a very weak dependence on the overall BCP degree of polymerization, 

ranging from rate constants of 1.12 ns (PePNo10-b-TePNo40) to 1.43 ns (PePNo10-b-TePNo5). 

We note that these rates are slower on average than the comparable PePNo homopolymer (26 

ps/800 ps). This suggests that the BCPs are slightly more disordered than the corresponding 

homopolymer, but that the degree of order increases with increasing DP of the tetracene block. 

Similar to the tetracene homopolymer described above, the triplet decay shows the characteristic 

triplet pair annihilation on time scales of 400-460 ns. Unlike the homopolymers, we note that the 

triplet lifetime shows a dependence on DP of the tetracene block, with recombination becoming 

faster as the degree of polymerization increases, ranging from 27 µs (PePNo10-b-TePNo5) to 8 

µs (PePNo10-b-TePNo40). The decay kinetics are shown in the Figure S14. This result is 

unexpected given the known electronic structure of individual pentacene and tetracene 

chromophores, where charge or exciton transfer from pentacene to tetracene is energetically uphill. 

While the mechanism is currently unknown, we note that triplet-charge annihilation is spin allowed 

and has been shown to be fast in other systems.65,66  

Photoexcitation of tetracene in the BCPs leads to exciton dynamics that are much different than 

the TePNo homopolymer and shows a strong dependence on the length of the tetracene block. 

This behavior is consistent with our expectation that both singlet and triplet energy transfer can 

occur and may be affected as the DP of the tetracene block changed. We note that under 

photoexcitation of the tetracene block, no dependence of the exciton dynamics on the pentacene 

DP is expected based on the electronic energy alignment between tetracene and pentacene (Figure 

1). To minimize direct excitation of pentacene, we chose a pump pulse centered at 505 nm, which 

is resonant with the vibrationally excited S1 state of tetracene and coincides with the transparent 

region between the S1 and S2 pentacene excitons (Figure 2g). At the early times, the transient 

absorption spectra are dominated by tetracene singlets showing identical spectral characteristics to 

TePNo[n], including a photoinduced absorption signal from 430 - 540 nm and 650 – 750 nm, 

ground state bleaching at 545 nm, and stimulated emission at 600 nm (as shown in Figure 4d-f and 

S9b). There is no measurable direct excitation of pentacene singlets, which would result in an 
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instantaneous ground state bleach feature at 660 nm. With increasing time delay (100-200 ps), the 

signals of the pentacene ground state bleach emerge as the tetracene signals decay. We note that 

unlike other small molecule and blended thin film systems, no direct iHSF process is observed 

since 1) direct absorption at the tetracene-pentacene interface is statistically unlikely and 2) the 

interfacial triplet pair is higher in energy than the bulk triplet pair.6 

 
Figure 4. Transient absorption spectroscopy of PePNo10-b-TePNo[n] block copolymers in 

toluene solution at dilute concentrations (< 100 𝜇M). The pump wavelength is 600 nm (PePNo 

block excitation; a, b, c) and 505 nm (TePNo block excitation; d, e, f).   

 

As TePNo excitons exhibit a photoinduced absorption feature and PePNo excitons exhibit a 

negative ground state bleaching signal, their relative concentration as a function of time determines 

net sign of the measured signals near 660 nm (Figure 4d-f). The relative concentration is influenced 

by both the instantaneous number of excitons generated by the laser pulse and the rate of exciton 

conversion from TePNo to PePNo. The early time dynamics indicate a larger population of TePNo 

singlet excitons for longer block lengths. This causes the net signal to switch sign from positive to 
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negative at later times (2 ps → 9 ps → 30 ps → 140 ps), even though the measured rate constants 

describing the emergence of the pentacene bleach (Figure S15) are nearly the same (20 ps and 200 

ps) in all but PePNo10-b-TePNo5 (10 and 110 ps). Using time-correlated single photon counting 

methods (Figure S3), we measured the emission dynamics at 565 nm (tetracene singlet) and 675 

nm (pentacene singlet).  An obvious rise near the pentacene peak with a time constant of ~200 ps 

shows that fast singlet energy transfer occurs from high energy tetracene singlet to pentacene.  This 

time constant is consistent with the fast rise of the pentacene signal observed in the transient 

absorption spectra, suggesting that singlet exciton transfer is a major contributing decay pathway. 

The tetracene emission is not coincident with the rise of pentacene emission decay. The tetracene 

signal decays biexponentially (~500 ps and 2 ns), similar to what is observed in the TePNo20 

homopolymer. As such, we conclude that the tetracene PL signal is dominated by persistent 

singlets generated far from the BCP covalent interface. Taken together, the data infers that the 

rapid quenching of tetracene singlets via resonance energy transfer is dominated by excitations 

generated near the TePNo/PePNo interface. However, for excitations generated far from the 

interface, energy transfer is too slow to compete with singlet fission on the tetracene block, 

resulting in a larger fraction of persistent TePNo excitons as the block length increases. 

In addition to singlet exciton transfer at early times, we observed an additional, slower triplet 

exciton transfer process with a relative dependence on the TePNo DP. This effect can be clearly 

seen by comparing the transient spectra at a selected time delay from several nanoseconds to 

microseconds (Figure 5a, d; and Figure S20a, d). For PePNo10-b-TePNo5, the superimposed GSB 

signal from tetracene (~ 540 nm) is unresolvable by 5 ns and only the GSB signal of pentacene is 

apparent. As such, energy transfer from tetracene to pentacene is complete by this time, with the 

primary contribution coming from fast singlet energy transfer. In contrast, for PePNo10-b-

TePNo40, the GSB of tetracene is still apparent at 100 ns, and its disappearance is accompanied 

by an increase in the relative amplitude of the pentacene GSB signal near 660 nm. After several 

microseconds, the spectra indicate that only triplet exciton on the PePNo block remains. Analyzing 

kinetic traces at 460 nm (the blue edge of triplet ESA), 544 nm (superposition of red side of triplet 

ESA and tetracene GSB), and 650 nm (pentacene GSB), the interconversion dynamics between 

the different species were monitored. In PePNo10-b-TePNo5 (Figure 5b), we observe a net 

positive signal at 544 nm and the same decay dynamics for all three probe wavelengths, confirming 

that energy transfer to the PePNo block was complete in less than 5 ns. In contrast, PePNo10-b-
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TePNo40 (Figure 5e) shows an obvious net negative signal near 544 nm at early times, indicating 

the existence of a tetracene triplet population. The tetracene triplet signals decays (becoming net 

positive at 544 nm) over hundreds of nanoseconds as additional pentacene triplets form (increasing 

the amplitude of the GSB signals at 650 nm). We conclude that triplet energy transfer is occurring 

since a sub-ensemble of tetracene triplet excitons show decay coincident with the slow rise of the 

pentacene GSB signal in PePNo10-b-TePNo40. In addition, we find a sub-ensemble of tetracene 

triplets that decay on time scales that do not match the pentacene GSB dynamics. This indicates 

that these triplets are trapped on the TePNo40 block and recombine before reaching the interface. 

 
Figure 5.   Transient spectra at selected delay times along with kinetic traces at probe wavelengths 

of 460, 544 and 650 nm of ns-TA data from PePNo10-b-TePNo5 (a,b) and PePNo10-b-TePNo40 

(d,e). c) Global analysis of ns-TA data of PePNo10-b-TePNo5, where the signals are assigned as 

follows: species 1: S1[PePNo-block] + m(TT)[PePNo-block]; species 2:  m(TT)[PePNo-block]; 

species 3: T1[PePNo-block]. f) Global analysis of ns-TA data of PePNo10-b-TePNo40, where the 

signals are assigned as follows: species 1: S1[PePNo-block] + m(TT)[PePNo and TePNo blocks]; 
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species 2: m(TT)[PePNo-block] + T1[TePNo-block]; species 3: T1[PePNo-block] + T1[TePNo-

block] + m(TT)[PePNo-block]; species 4:  T1[PePNo-block]. 

 

The data, in aggregate, allows us to construct a comprehensive model for the exciton dynamics 

of the BCPs as a function of DP. To buttress the data interpretation, we performed a global analysis 

of the fs- (Figure S16-19) and ns-TA data (Figure 5c, f and Figure S20c, f) using a sequential decay 

model. The model isolates the transient spectra corresponding to each species, which can consist 

of a mixture of different electronic configurations, that exhibits a characteristic decay rate. These 

species are assigned based on their comparison to the spectra and decay kinetics in the 

homopolymer and by comparison to supporting measurements (e.g., TRPL and triplet 

sensitization). We will discuss only the short and long limiting cases here, but a summary of the 

overall dynamics for all block lengths can be found in Table 1 and in Section 3 of the SI. In the 

BCP with the shortest tetracene block, PePNo10-b-TePNo5, singlet excitons generated on TePNo 

decay primarily by resonant energy transfer to PePNo on time scales (< 100 ps) that outcompete 

singlet fission of tetracene (~ 300 ps). This corresponds to path 𝑎 → 𝑒 → 𝑑 → 𝑓 in Figure 2, where 

the excited state population is nearly entirely transferred from TePNo5 to PePNo10 on ultrafast 

time scales. The subsequent dynamics of the block copolymer resemble the PePNo homopolymer: 

singlet fission in PePNo10 to generate m(TT) over multiple time scales (ensemble average). 

Subsequently triplet-triplet annihilation follows a secondary geminate process in which triplet 

pairs separate then recombine. The signature of the secondary geminate process is the rapid loss 

of 50% of the excited state population (~ 500 ns), followed by a decay of the remaining population 

(T1) at the individual triplet lifetime, as determined by sensitization experiments (~ 23 𝜇s).  

In the BCP with the longest tetracene block, PePNo10-b-TePNo40, the dynamics are much 

more complex. Tetracene singlet excitons generated near the tetracene-pentacene interface are still 

efficiently transferred to the pentacene block by resonant energy transfer. However, a sub-

ensemble of excitons are generated on chromophores further from the interface, such that singlet 

fission now kinetically outcompetes resonant energy transfer. The result is an instantaneous 

population of tetracene triplet pairs and pentacene singlets: m(TT)[TePNo] + S1[PePNo] (paths 

𝑎 → 𝑏 and path 𝑎 → 𝑒 in Figure 2). Subsequent singlet fission on the PePNo block results in a 

heterogenous evolution to a state where tetracene triplet pairs, pentacene singlets, and pentacene 

triplet pairs all coexist in the ensemble (m(TT)[TePNo] + S1[PePNo] + m(TT)[PePNo]) until SF is 
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complete (paths 𝑏 → 𝑐, 𝑑 and path 𝑒 → 𝑑 in Figure 2). We then observe an ensemble average in 

which both tetracene and pentacene triplet pairs are populated: m(TT)[TePNo] + m(TT)[PePNo] 

(Figures 2b, 2d, and 5f). It is important to note that under these excitation conditions, there is a 

vanishingly small probability of exciting any individual polymer chain more than once. Therefore, 

the resulting triplet decay dynamics that we observe are a mix of BCPs with tetracene triplet pairs 

(SF in TePNo faster than FRET) and pentacene triplet pairs (FRET faster than SF in TePNo). For 

individual BCPs with pentacene triplet pairs, the decay dynamics are analogous to the PePNo10-

b-TePNo5 or the homopolymer, where secondary geminate recombination dominates on the a few 

hundred nanosecond time scale. However, triplets generated on the TePNo block can undergo 

triplet-triplet annihilation or diffuse and undergo triplet energy transfer to the pentacene block, 

resulting in one triplet on TePNo and one on PePNo. The net result is a mixture of tetracene 

triplets, pentacene triplets, and triplet pairs: T1[TePNo] + m(TT)[PePNo] + T1[PePNo] (Figure 5f 

and 2c, 2d, 2f).  As discussed above, the lifetime of an individual triplet on pentacene T1[PePNo] 

is much longer than the triplet pair m(TT)[PePNo]. This allows us to use kinetic considerations for 

both their formation and decay to distinguish triplets on PePNo populated by SF and those 

populated by triplet energy transfer. Interestingly, we find that the final species consists of solely 

pentacene triplets T1[PePNo] (Figure 5f, and 2f) despite the longer intrinsic lifetime of T1[TePNo], 

suggesting that downhill energy transfer of triplets is an efficient process. A similar observation 

has been made in covalently bound tetracene-pentacene dimers.26 

The time-resolved optical data sets allow us to quantify the overall probability of transferring 

an exciton created on the TePNo block to the PePNo block, as well as the method of transfer 

(singlet versus triplet energy transfer). The overall internal exciton transfer probability is defined 

as Φ$%& = (𝑛'%& + 𝑛&%&)/(𝑛'%& + 𝑛&%& + 𝑛(), where 𝑛'%& (𝑛&%&) is the number of excitons that 

undergo singlet (triplet) energy transfer and 𝑛( is the number of excitons that decay directly on 

the TePNo block. This metric can be considered analogous to an internal quantum yield in other 

operational systems, as it is an estimate of the “harvesting” efficiency per photon absorbed. The 

probability that an exciton directly decays on the tetracene block is then (1 − Φ$%&) . The 

procedure for determining Φ$%&  and the relative fractions of excitons transferred via singlet 

(𝑛'%&/(𝑛'%& + 𝑛&%&)) or triplet (𝑛&%&/(𝑛'%& + 𝑛&%&)) energy transfer can be calculated using 

reasonable assumptions that are described in detail in the Supporting Information. In brief, for each 

“species” derived from global analysis, we quantify the total instantaneous population of excitons 
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and their distribution between TePNo to PePNo using their respective ground state bleach 

intensities (Figure S21). Following this analysis, we determine the relative contributions of triplets 

populated via iSF versus those populated from triplet energy transfer by considering kinetic 

arguments governing their formation and decay. For example, an increase in the pentacene GSB 

at time scales much longer than the singlet exciton lifetime can only result from triplet energy 

transfer, as described above. A similar analysis using the excited state absorption signals rather 

than the GSB verifies this procedure and allows us to further identify a fraction of “trapped” 

tetracene triplet excitons that decay directly on the tetracene block. A summary of the relative 

yields of singlet versus triplet energy transfer and overall Φ$%& are shown in Table 1.  

 

Table 1. Internal exciton transfer yield (Φ$%&) and the relative fractions of singlet (SET) and triplet 

exciton transfer (TET) for the polymers with varying degrees of polymerization. 

Diblock polymers Φ$%& SET Fraction TET Fraction 

PePNo10-b-TePNo5 1 1 0 

PePNo10-b-TePNo10 0.5 0.85 0.15 

PePNo10-b-TePNo20 0.4 0.71 0.29 

PePNo10-b-TePNo40 0.2 0.46 0.54 

 

Conclusion 
In this study, diblock copolymers were designed to develop structure-property relationships of 

multiexciton processes. These systems reveal a wealth of quantifiable information about energy 

transfer and transport processes within macromolecules, as we develop a fundamental connection 

between small molecule and bulk solid-state multiexciton dynamics. The studies here imply that 

tetracene-based systems that are driven by singlet fission are likely to be inefficient for triplet 

exciton diffusion. For example, though the fraction of triplet transfer to the overall PePNo 

population increases as a function of length, from 0 in TePNo5 to > 50% in TePNo40, the overall 	

Φ$%& for exciton transfer drops precipitously, from 1 to 0.2. We observe heterogeneous triplet 

energy transfer rates in the ensemble, ranging from 10s to 100s of nanoseconds, with the dominant 

energy transfer process in TePNo40 occurring in ~ 250 ns. This suggests a large fraction of trapped 

triplet excitons for all but the shortest TePNo block, since these time scales on the whole are still 

much significantly shorter than the triplet lifetime. We note that transient microscopy studies 
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reached a similar conclusion – contributions from singlet energy transfer greatly enhance the 

spatial movement of excitons in tetracene.17 Our data here adds a perspective to this problem: since 

triplet diffusivity in tetracene is likely to be low for a subset of non-localized triplet excitons, the 

presence of disorder in the system means that the vast majority of triplet excitons are localized and 

immobile. As a result, previous estimates for tetracene, though already low, may in fact represent 

an overestimate of average diffusivity of the full ensemble. Interestingly, the singlet fission 

dynamics of the PePNo homopolymer and thin-films of pentacene-based tetramers34,36,67 suggest 

that triplet diffusivity is reasonably efficient and that localization of triplets from disorder is not 

necessarily a universal phenomenon for all SF materials. Further studies are underway to quantify 

the triplet exciton transfer probability between individual chromophores, and developing models 

to understand multiexciton dynamics in the mesoscale. 
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