
41 

 

Chapter II 

Singlet Fission in Coordination Complexes of Dipyridyl Pyrrole Bipentacenes 
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Introduction 

Singlet fission is a multiexciton generating (MEG) process in organic chromophores by 

which a photon promotes electronic excitation to a singlet exciton that can then relax into a pair of 

triplet excitons. This pair of triplets is initially generated as an overall spin-correlated singlet state, 

and, often when in solid media, these triplets can diffuse and thermalize into individual excitons 

via Dexter-type triplet energy transfer. Thus, singlet fission is spin-allowed and can occur on 

ultrafast timescales in contrast to traditional intersystem crossing from the singlet to triplet 

manifold, which is typically slow in the absence of strong spin-orbit coupling.1,2 

 

Figure 2.1 A schematic of singlet fission in a simplified Jablonski diagram and a depiction of a 

pair of pentacene molecules being excited by a photon. 

Although singlet fission was first elucidated in the 1960s, the field was reinvigorated with 

the observation that MEG processes could be employed to surpass the Shockley-Quiesser 

efficiency limit of single-junction solar cells (~30%) to nearly 40%. A significant source of 

efficiency loss in solar cells is a result of thermalization of absorbed photon energy to the 

semiconductor band edge, which generally occurs on timescales faster than charge separation. As 

such, much of the energy imparted by the higher-energy portion of the solar spectrum is lost 
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thermally and is not converted into electrical energy. Higher efficiencies can be achieved in 

multijunction cells where semiconductor materials with varying bandgaps are layered such that 

each can most efficiently convert a different portion of the solar spectrum. However, such 

multijunction cells are often costly to make and may not be amenable to mass production.3–8 

Singlet fission provides a competitive path to downconvert high-energy photons into lower 

energy (triplet) excitons that may be efficiently converted into photocurrent by a traditional 

semiconductor material, circumventing a portion of the thermalization loss. Singlet fission-based 

organic photovoltaics have even been realized with external quantum efficiencies exceeding 100% 

in pentacene/C60 junctions.9–11 

In addition to the possibility of solar cell applications, singlet fission has also garnered 

attention for possible implications in quantum information science. The multiexcitonic state 

represents a maximally entangled state that can be described as a strong correlation between 

individual triplet excitons. Studies have suggested that the spin correlations in such states can 

persist out to μm scales in solid-state systems.12–20 

Despite the possibilities offered by singlet fission, there remain challenges to realizing the 

potential of such systems. First, the range of chromophores that can demonstrate singlet fission is 

limited due to the energetic requirements. For the generation of two triplets from an excited singlet 

to be efficient, the adiabatic energy of the singlet excited state must be roughly twice the energy 

of the triplet such that energy is conserved in the transition (i.e. 𝐸𝑆1 ≈ 2𝐸𝑇1). Second, the utility of 

singlet fission rests in the electronic structure of the triplet pair state, which is still not well 

understood. For example, strong interchromophore coupling may engender fast and efficient 

transfer from the singlet exciton to the triplet pair state, but may also hinder triplet separation, 

posing a challenge for efficient charge extraction, although there is a suggestion that the triplet 
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pair state may enable multielectron transfer at heterojunction interfaces. The persistence of spin 

correlation in the triplet pair state is also necessary for applications in quantum information 

science. Thus, in addition to the elucidation of novel chromophores for singlet fission, a deeper 

understanding of the electronic structure and dynamics that govern this process may aid in the 

engineering of singlet fission devices.1 

Covalently linked chromophore dimers represent a way to control excitonic interactions 

using synthetically-tuned molecular scaffolds. Molecular bipentacenes, for example, have become 

an important tool for the study of singlet fission.21–23 Singlet fission is exergonic and highly 

efficient in pentacene systems.1,24,25 Much focus has been given to the nature of the synthetic linker 

on rates and efficiencies of singlet fission. For example, bipentacenes linked by a phenyl moiety 

can be perturbed by examining the ortho-, meta-, or para- configurations.26 Oligophenyl linkers 

have been explored, extending the distance between pentacene moieties by increasing the number 

of intervening phenyl rings.27 In addition to conjugated linkers, aliphatic groups have been 

explored to attenuate the through-bound coupling between pentacene rings.28 Such studies have 

elucidated the importance of interchromophore coupling, Davydov splitting in molecular excited 

states, and have also permitted the observation of multiexcitonic quintet states by time-resolved 

electron paramagnetic resonance (TREPR) spectroscopy.14,28–30 

 Varying the covalent linker in these bipentacene systems has proven to be a versatile 

approach toward addressing fundamental aspects of SF.31–41 However, disentangling the 

contributions of through-bond and through-space effects that give rise to the properties of a given 

system remain a challenge. In our studies, we have sought to study synthetic bipentacene systems 

covalently linked by ligand scaffolds capable of binding metal ions. In this way, we can examine 
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how a singular molecular bipentacene framework can give rise to tunable singlet fission by means 

of coordination-induced structural changes. 

 In our initial study, we synthesized and characterized the photophysics of a dipyridyl 

pyrrole-linked bipentacene (HDPP-Pent). We were able to deprotonate HDPP-Pent and form 

complexes with lithium and potassium cations forming Li2(DPP-Pent)2 and KDPP-Pent, a 

solution-state dimer and monomer structure respectively. These complexes maintain the same 

backbone linking the pentacene rings together while modulating the arrangement and interaction 

of the pentacenes and thus influence the rate of singlet fission. This series provides new ideas for 

the control of singlet fission via dimer self-assembly promoted by metal coordination. 

 

Figure 2.2 Synthesis of HDPP-Pent and MDPP-Pent complexes. 
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Synthesis and NMR Characterization 

 HDPP-Pent was synthesized from a monopentacene pyridyl bromide derivative PentPyBr, 

which we employ as a monopentacene reference compound in our optical spectroscopic studies. 

The 1H NMR spectrum of HDPP-Pent is broad in the aromatic region, in contrast to the well-

resolved scalar coupling between protons on the terminal rings of the pentacene moiety observed 

for PentPyBr. Variable temperature 1H NMR from 20 to -80 °C reveals complex temperature-

dependent behavior. The aromatic region broadens further cooling to -40 °C, and many new 

resonances grow in with further cooling. 

 HDPP-Pent serves as a ligand by protonolysis of the pyrrole N-H bond. Using a strong 

amide base such as lithium or potassium hexamethyldisilazide provides formation of Li2(DPP-

Pent)2 or KDPP-Pent, respectively. Despite the broad features of the HDPP-Pent 1H NMR 

spectrum, deprotonation leads to sharp and well-resolved spectra for the alkali metal complexes at 

room temperature. In comparison to the 1H NMR spectrum of KDPP-Pent, it is evident that the 

protons on the dipyridyl pyrrolide moiety of Li2(DPP-Pent)2 are significantly upfield shifted. The 

singlet resonance corresponding to the pyrrolide ring proton is found at 4.38 and 7.03 ppm in the 

Li2(DPP-Pent)2 and KDPP-Pent spectra, respectively. 

We carried out 2D rotating frame Overhauser enhancement spectroscopy (ROESY) on 

Li2(DPP-Pent)2, which showed through space 1H-1H coupling between protons on the dipyridyl 

pyrrolide backbone at 4.38 ppm (Hc) and 5.14 ppm (Hd) and the proton on the distal side of the 

pentacene ring at 9.12 ppm (Ha) (denoted by green and blue circles, respectively, in Figure 2.3B). 

No such cross-peaks are observed in the 2D ROESY spectrum of KDPP-Pent (Figure 2.3C). More 

information regarding the choice of 2D ROESY vs. 2D NOESY can be found in Appendix A. 
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Figure 2.3 Structural data supporting dimeric Li2(DPP-Pent)2 and monomeric KDPP-Pent 

assignments in solution. (A) Crystallographic identification of a dimeric Li complex with an 

analogous ligand, DPP-Anth, in two perspectives, (B) proposed dimeric structure of Li2(DPP-

Pent)2 and the corresponding through-space coupling highlighted in the respective 2D-ROESY 

spectrum, and (C) proposed monomeric structure of KDPP-Pent and the corresponding through-

space coupling highlighted in the respective 2D-ROESY spectrum; R = triisopropylsilylethynyl. 

Analysis of NMR Data 

We interpret the broadness of the room temperature 1NMR spectrum of HDPP-Pent as 

being due to conformational dynamics. Such dynamics may involve rotations around aryl-aryl 

linkages resulting in mixtures of conformers that interconvert on an intermediate timescale on the 
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order of the NMR experiment. The variable temperature data suggests this as well, although the 

complexity of this dataset occludes further interpretation. The multitude of resonances observed 

at -80 °C may result from a freezing out of multiple solution-state structures, monomeric or 

dimeric. The aromatic features are resolved upon deprotonation and metal coordination of the 

DPP-Pent framework as evidenced by the sharp spectra observed for Li2(DPP-Pent)2 and KDPP-

Pent, suggesting the formation of single solution-state conformers or fast exchange processes. 

The NMR data collected on Li2DPP-Pent2 strongly suggest a dimeric solution-state 

structure as proposed in Figure 2.B. The π-stacking interactions between the pentacene and 

sandwiched dipyridyl pyrrole units are consistent with the upfield shift exhibited by the dipyridyl 

pyrrole protons owing to enhanced chemical shielding by perturbation of the aromatic ring 

currents.42,43 The cross-peaks in the 2D-ROESY spectrum between the pyrrole backbone protons 

and the protons on the far side of the pentacene also support a dimeric structure. The dipolar 

couplings that give rise to ROE are sensitive generally out to 5 Å, and this dimeric structure would 

bring the relevant nuclei into proximity for this interaction.44,45 The spectra in Figure 2.3 were 

taken in CD2Cl2 to unambiguously assign the transitions observed in the aromatic region. Notably, 

the upfield shift and 2D ROESY cross-peaks are reproduced in toluene-d8. This suggests that the 

same dimeric structure is present in toluene, which we use for our transient optical measurements. 

X-Ray quality single crystals of the pentacene derivatives have eluded us, but we have been 

able to crystallographically characterize a related lithium dipyridyl pyrrolide with anthracenyl 

moieties in place of the pentacenyl substituents, Li2(DPP-Anth)2 (Figure 2.3A). The structure of 

Li2(DPP-Anth)2 illustrates the formation of a dimeric species with two Li cations bridged by 

pyrrolide donors. We propose that Li2(DPP-Pent)2 has a similar geometry in solution. 
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The NMR data collected for KDPP-Pent stand in contrast to those of Li2(DPP-Pent)2. For 

KDPP-Pent, the dipyridyl pyrrole backbone protons do not display a significant upfield shift or 

observable cross-peaks between pyrrole and distal pentacene protons in the 2D ROESY spectrum. 

Therefore, we conclude that KDPP-Pent exists as a monomeric species in solution. We postulate 

that the small ionic radius of Li+ permits dimer formation along with favorable π-π interactions, 

whereas the larger size of K+ destabilizes such a structure. 

Steady-State Absorption and Emission 

The steady-state absorption spectra of PentPyBr, HDPP-Pent, Li2(DPP-Pent)2, and KDPP-

Pent in toluene are compared in Figure 2.4A. As with most pentacene derivatives, the S1 ← S0 

absorption band is observed with pronounced vibronic progression in the 500 – 650 nm region for 

all four compounds. A weaker vibronically structured band associated with the S2 ← S0 pentacene 

transition can also be observed in all spectra in the 400 – 450 nm region. Notably, the S1 ← S0 

absorption in HDPP-Pent is roughly twice the intensity of that in PentPyBr with relatively little 

difference in peak positions (the λmax of the S1 ← S0 0-0 transition is at 622 nm in both spectra). 

As well, the relative intensities of the vibronic bands within the S1 ← S0 electronic transitions are 

relatively unchanged between HDPP-Pent and PentPyBr. The S1 ← S0 band in Li2(DPP-pent)2 is 

slightly broadened and the 0-0 band is modestly red-shifted by 5 nm (~130 cm-1) from that of 

HDPP-Pent. Additionally, both Li2(DPP-Pent)2 and KDPP-Pent exhibit enhanced absorption 

intensity near 400 – 500 nm. 
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Figure 2.4 Steady-state absorption and emission spectra and time-resolved luminescence data of 

the pentacene series. Shown are the (A) absorption spectra; (B) the normalized emission spectra 

of PentPyBr (red), HDPP-Pent (blue), Li2(DPP-Pent)2 (purple), and KDPP-Pent (green) in toluene 

solutions; and (C) time-resolved luminescence traces and fits for PentPyBr (20 μM, toluene) and 

HDPP-Pent (20 μM, toluene). Note that the steady-state emission spectra are normalized by their 

relative integrated emission intensities. 

Steady-state emission spectra for PentPyBr and HDPP-Pent are compared in Figure 2.4B. 

Here, the 0-0 emission band of HDPP-Pent (λmax = 650 nm, ~ 15,400 cm-1) is red-shifted from that 

of PentPyBr (λmax = 640 nm, ~15,600 cm-1) and broadened. The emission observed in this region 

is consistent with the S1 → S0 fluorescence observed in related pentacene compounds.46 We found 

the fluorescence quantum yield of PentPyBr in toluene to be 0.75, comparable to that reported for 
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TIPS-Pentacene. We found the fluorescence quantum yield of HDPP-Pent to be 0.43, significantly 

decreased in comparison to the single pentacene in PentPyBr. While Li2(DPP-Pent)2 and KDPP-

Pent display similar emission profiles to HDPP-Pent, the integrated emission intensity is 

significantly reduced relative to HDPP-Pent. 

Time-Resolved Luminescence 

 We collected time-resolved luminescence traces near the λmax of the 0-0 emission band for 

PentPyBr (640 nm) and HDPP-Pent (650 nm) as shown in Figure 2.4C. The fluorescence decay 

for PentPyBr fits well to a monoexponential with a lifetime of ~15 ns. The fluorescence decay for 

HDPP-Pent, however, must be fit with a biexponential function with a first time constant of 0.71(4) 

ns and a second of 11.(8) ns. The latter of these two time constants is more consistent with the 

intrinsic fluorescence decay of the pentacene unit as observed in PentPyBr. 

Emission Analysis 

 For efficient singlet fission (i.e. triplet yields approaching 200%), we expect the prompt 

fluorescence intensity to vanish, as the fission pathway must deplete the excited S1 state more 

efficiently than emission. When singlet fission is sufficiently exothermic, which is the case for 

pentacene, the reverse triplet-triplet upconversion (fusion) becomes unfavorable, excluding 

delayed fluorescence. The observation of steady-state fluorescence intensity in HDPP-Pent already 

indicates that if singlet fission is occurring in this system, it is not operating at full efficiency. 

Nevertheless, the reduced fluorescence quantum yield of HDPP-Pent relative to PentPyBr suggests 

that a new, nonemissive relaxation pathway associated with the 0.71(4) ns time constant from the 

time-resolved luminescence experiment is present in the bipentacene that is not observed in the 

monopentacene. The biexponential decay of the luminescence signal also suggests that there may 
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be heterogeneous populations of HDPP-Pent that are excited in the process. For example, different 

conformers of HDPP-Pent may give rise to efficient pentacene-based emission, whereas others 

promote the faster nonradiative pathway. 

Transient Absorption Spectroscopy – HDPP-Pent 

 To provide deeper insight into the nature of the nonradiative relaxation process in HDPP-

Pent, we performed femtosecond transient absorption (fsTA) spectroscopy on PentPyBr and 

HDPP-Pent. The fsTA data of PentPyBr (Appendix A, Figure A.14) reveal a single major excited 

state absorption (ESA) with a λmax around 450 nm (~22,200 cm-1), which is consistent with 

previous assignments of absorption within the singlet excited state manifold (1ESA) of related 

pentacene compounds. The observed 1ESA decays monoexponentially over the time window, 

consistent with the time-resolved fluorescence data. 
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Figure 2.5 Visible transient absorption spectra—HDPP-Pent. The visible femtosecond transient 

absorption spectra of HDPP-Pent (50 μM, toluene) after excitation at 550 nm (0.100 μJ/pulse) are 

depicted: (A) contour plot, (B) spectral traces at various time delays, and (C) selected time traces 

at 448, 507, and 622 nm. 

The fsTA data for HDPP-Pent are given in Figure 2.5. A 1ESA at 450 nm is observed at 

early time delays, but it decays across the fsTA spectrum with the concomitant rise of a new, 

vibronically structured ESA with a λmax = 510 nm (~19,600 cm-1). This new ESA is consistent with 

previous literature reports that assign this band to transitions arising from triplet states pentacene 

(3ESA). It is notable that in these prior reports, there is often little distinguishing the triplet pair 

excited state from an uncoupled triplet in the visible portion of the TA spectrum. In support of this 

assignment, we carried out photosensitization experiments in which binary mixtures of anthracene 

and HDPP-Pent are excited at 360 nm. At this wavelength, anthracene is preferentially excited at 

the given concentrations, undergoes intersystem crossing, and subsequently can undergo triplet-

triplet energy transfer with HDPP-Pent as a means of independently preparing the free triplet state 

on HDPP-Pent. The long-lived triplet spectrum of HDPP-Pent acquired in these photosensitization 

experiments corresponds directly to the long-lived species observed in the direct excitation 

experiments (ESA λmax = 510 nm), corroborating our assignment of this feature as a 3ESA. This 

triplet signal is not appreciably observed for PentPyBr. The nanosecond TA (nsTA) data for 

HDPP-Pent (Appendix A, Figure A.10) reveal the decay of triplet signal back to baseline. 

Comparing the TA data of PentPyBr and HDPP-Pent suggests that the nonradiative pathway in 

HDPP-Pent may be associated with a transition from the S1 to the T1 or M(TT) states, as indicated 

by rise of the prominent 3ESA feature with the correlated decay of the 1ESA feature. 
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Kinetic Modeling 

 Kinetic modeling was carried out using global and target kinetic analysis on an interpolated 

dataset of the fsTA and nsTA spectra of HDPP-Pent in order to capture the complete relaxation 

dynamics. Using target analysis, the entire TA dataset is fitted over all wavelengths and all time 

delays with the application of a kinetic model. The preparation of the composite dataset and full 

description of the model applied to HDPP-Pent is provided in Appendix A along with fits for the 

individual fsTA and nsTA spectra for reference. 

 The results of our time-resolved luminescence data were used to inform our TA modeling 

as an independent probe of the S1 dynamics, leading to a four-component model in which 

components 1 and 2 equally reflect the 1ESA spectrum, and components 3 and 4 represent the 

3ESA spectrum. Component 1 decays into components 3 and 4 equally with a rate constant k1; 

component 2 decays to the ground state with rate constant k2; and components 3 and 4 decay to 

the ground state decay with rate constants k3 and k4, respectively. 

 This model was applied in two cases: one in which k1 and k2 were allowed to vary freely, 

and one in which k1 and k2 were fixed to 1.4 and 0.08 ns-1, respectively, as obtained directly from 

the time-resolved fluorescence fits. The results of the free and fixed fittings are shown in Appendix 

Tables A.1 and A.2, respectively. Of note, the results for k1, k3, and k4 are remarkably consistent 

between the two fits. Even when allowed to vary, the fit of k1 gives a time constant τ1of 0.74(6) 

ns, consistent with the τ ~ 0.71 ns obtained from emission data. This k1 corresponds to the 

nonradiative transition from S1 to T1 within our model. k2 shows the largest divergence in the two 

fits: τ2 = 4.9(5) ns when allowed to vary from the fixed value of 11.(8) ns. Both values are 

consistent with the fluorescence lifetime, though error may come from the overlapping of spectral 

features in the combined fs/nsTA data. 
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Triplet Yield Estimation – HDPP-Pent 

 We estimated the triplet yield after direct excitation of HDPP-Pent from the transient 

absorption data and kinetic modeling. First, the extinction coefficient of the HDPP-Pent triplet 

absorption spectrum at 510 nm was determined via the triplet energy transfer method using 

anthracene as a triplet donor under pseudo-first-order kinetic conditions.47–49 The extinction 

coefficient of the anthracene triplet spectrum at has previously been reported in toluene.49 From 

this, we approximate the extinction coefficient of the HDPP-Pent triplet spectrum at 510 nm to be 

roughly 49,000 M-1 cm-1. 

We must be cautious in directly applying the Beer-Lambert law to estimate the 

concentration of photogenerated triplets in the TA spectrum of HDPP-Pent. Comparing early time 

traces of the fsTA spectrum where the singlet spectrum dominates to later time traces dominated 

by the triplet features, it is evident that the 1ESA has spectral intensity at 510 nm that overlaps with 

the 3ESA feature. As we know from the time-resolved luminescence data, there should be 

population of the singlet excited state of HDPP-Pent throughout the time scale of the fsTA 

spectrum owing to the contributions associated with the 11.(8) ns time constant. This means that 

even when the triplet spectrum at 510 nm reaches its maximum ΔOD intensity, there may be 

nonnegligible contribution to that signal from the other population of singlet excited HDPP-Pent. 

As is shown explicitly in Appendix A, the target model can be used to decompose the 

maximum ΔOD into its contributions from the 1ESA and 3ESA as 2.8 and 10.0 mOD respectively, 

using the species associated spectra (SAS) and corresponding concentration profiles. Therefore, 

after direct excitation of HDPP-Pent in toluene solution, the value of 10.0 mOD for the effective 

3ESA intensity provides an estimated triplet yield of ~100%. 
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Analysis of Singlet Fission in HDPP-Pent 

Comparison of the steady-state and time-resolved emission data for HDPP-Pent and 

PentPyBr indicates that there is at least a population of excited HDPP-Pent molecules that undergo 

a faster nonradiative relaxation process that is not significant in the monopentacene reference. We 

collected fs/nsTA data for both samples to further examine this pathway. In HDPP-Pent, the decay 

of the 1ESA gave rise to significant 3ESA intensity, whereas in PentPyBr, only the decay of the 

1ESA was observed. The HDPP-Pent data were modeled given a kinetic scheme in which two 

populations of HDPP-Pent S1 state are present and they decay in diverging pathways. This supports 

the assignment of the fast relaxation time observed in the time-resolved luminescence to be 

associated with singlet to triplet conversion. 

Finally, the triplet yield of HDPP-Pent is estimated to be 100% out of a maximum 200%. 

As previously noted, the fluorescence quantum yield of HDPP-Pent is 43%. The weighting 

coefficients of the exponential decays observed in the time-resolved luminescence data are also 

~0.5 each. Taken together, these data are self-consistent with a model in which nearly half of the 

photogenerated singlets give rise to double the number of triplets. We therefore assign the 

nonradiative transition in HDPP-Pent as intramolecular singlet fission. 

Li2(DPP-Pent)2 and KDPP-Pent 

The HDPP-Pent analysis provides a foundation to understand the dynamics exhibited by 

the alkali metal complexes. The fsTA data for Li2(DPP-Pent)2 are shown in Figure 2.6. At early 

time delays, there is a 1ESA feature with a λmax at 450 nm that decays and gives rise to a strong 

3ESA centered at 515 nm (~19,400 cm-1). The composite fs/nsTA data of Li2(DPP-Pent)2 can be 

kinetically modeled with either a three- or four-component model. In the three-component model, 
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the S1 state is converted into the triplet manifold with a time constant τ1 = 96.(2) ps; the triplet 

feature is fitted to a biexponential decay with time constants τ2 = 23.(3) ns and τ3 = 35.(0) μs. In 

the four-component model, the S1 state is converted to the triplet manifold with a time constant τ1 

= 0.11(1) ns, and the triplet feature is fitted to a triexponential decay (τ2 = 10.(7) ns, τ3 = 0.1(3) μs, 

and τ4 = 50.(1) μs). 

Biexponential decays observed for the triplet features are not uncommon in the transient 

absorption spectra of fission-active bipentacenes. The two decay components are typically 

ascribed to geminate triplet pair recombination and free/decorrelated triplet decay processes (the 

former typically on the faster timescale than the latter). Triexponential triplet decays have also 

been fitted in the singlet fission literature. Notably, this is seen in related adamantane-derived bi- 

and tetra-pentacene systems reported by Hetzer et al. In that study, the authors compared the 

transient absorption data to time-resolved EPR experiments collected on their bipentacene species, 

assigning the three decay components to 1(T1T1), 
5(T1T1), and free T1. 
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Figure 2.6 Visible transient absorption spectra—Li2(DPP-Pent)2 and KDPP-Pent. The visible 

femtosecond transient absorption spectra of Li2(DPP-Pent)2 and KDPP-Pent (50 μM, toluene) are 

shown after excitation at 550 nm (0.100 μJ/pulse). Li2(DPP-Pent)2: (A) contour plot, (B) spectral 

traces at various time delays, and (C) selected time traces at 450, 515, and 625 nm. KDPP-Pent: 

(D) contour plot, (E) spectral traces at various delay times, and (F) selected time traces at 450, 

510, and 620 nm. 

Here, in the absence of additional corroborating evidence, we err on the side of caution and 

discuss the data in the context of both models. The singlet fission rate is not significantly altered 

between the two fits. When including a third decay component for the triplet spectral features, 

though, the fastest triplet lifetime shortens slightly from 23 to 11 ns. In addition, we note that an 

additional singlet component that decays in parallel to the productive fission pathway could be 

added to each model; however, the fitted results for each component were not substantially 

different from the original model, and the rate constants corresponding to the added singlet 

component had substantially higher standard errors from the fit. 

We performed triplet-triplet photosensitization experiments with mixtures of anthracene 

and Li2(DPP-Pent)2 in toluene solution, yielding an extinction coefficient for the Li2(DPP-Pent)2 

triplet spectrum at 515 nm of ~52,000 M-1 cm-1. We applied this value to the fsTA spectrum after 

direct excitation at 550 nm gives us an approximate triplet yield of 195%. Ground state bleach 

analysis via the method of Eaton et al. estimates a triplet yield of 186%.50 Using these two methods, 

we place the triplet yield of Li2(DPP-Pent)2 in the range 186%-195%, considerably higher than in 

HDPP-Pent. 

In the case of KDPP-Pent, the fsTA data show the decay of the 1ESA to a broad feature 

suggestive of the overlapping singlet and triplet absorption bands observed in HDPP-Pent (Figure 
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2.5). The nsTA data reveal a structured 3ESA that decays biexponentially. The kinetics could be 

fitted with both the three-component model applied to the Li2(DPP-Pent)2 dataset and the four-

component model used for HDPP-Pent. There is some absorption intensity in the 400 – 500 nm 

region in the singular value decomposition of the residual matrix of the three component fit that is 

adequately accounted for in the four-component model. With regards to the two models, the 

fittings place a singlet fission time constant in KDPP-Pent around 400 – 600 ps. Despite the 

qualitative similarity between the K- and HDPP-Pent TA data, little emission intensity was 

observed from the K complex, and no time-resolved luminescence could be acquired, which 

suggests that KDPP-Pent may represent an intermediate case between HDPP-Pent and the Li 

complex. 

Comparisons within the DPP-Pent Series 

HDPP-Pent undergoes intramolecular singlet fission with a time constant of τSF of ~730 ps 

and an estimated 100% triplet yield. Li2(DPP-Pent)2 is nearly 7-fold faster (τSF ~ 100 ps) than 

HDPP-Pent and occurs with higher efficiency (186 – 195% triplet yield). KDPP-Pent, though, 

demonstrates a rate of singlet fission of 400 – 600 ps, which is similar to HDPP-Pent. 

We considered several possibilities for the origin of the rate enhancement observed in 

Li2(DPP-Pent)2. First, the NMR data collected on HDPP-Pent demonstrate temperature-dependent 

conformational dynamics. This suggests that when we excite the solution of HDPP-Pent during 

the TA experiment, we are exciting a heterogeneity of conformations that are slow to interchange 

even on the NMR timescale. Some of these conformations may be more or less favorable for 

intramolecular singlet fission than others, depending on the interpentacene coupling. By 

deprotonating HDPP-Pent and binding the DPP-Pent moiety to a metal center, we expect the 

coordination complex to be more rigid than the flexible linker. We posit that this would lead to a 
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greater uniformity of ground state conformations and could promote greater interactions between 

the pentacene subunits, leading to more efficient singlet fission. That said, the Li and K complexes 

both exhibit sharp, well-defined 1H NMR spectra, so structural rigidification alone does not explain 

the rate enhancement in Li2(DPP-Pent)2. 

Second, the ionic DPP-cation interaction introduces an electric dipole in the vicinity of the 

pentacene subunits, where a potential Stark effect could influence singlet fission within the system 

by perturbing the electronic coupling between the relevant excitonic states of the molecule. Li+ 

and K+ have quite different ionic radii (90 and 152 pm, respectively) and we propose there to be 

two Li+ cations at the center of the Li2(DPP-Pent)2 dimer. As a result, we would expect the Li and 

K complexes to exhibit distinct electric field influences, but at this point it is unclear the extent to 

which this would differentiate the two. 

Third, NMR data supports the assignment of dimeric and monomeric solution-state 

structures for Li2(DPP-Pent)2 and KDPP-Pent, respectively. The Li complex exhibits π-stacking 

interactions between the pentacene rings mediated by a DPP moiety sandwiched in between. Such 

an π-interaction may enhance the electronic coupling between the two pentacene rings, favoring 

faster singlet fission. Additionally, the Li dimer brings together four pentacene subunits per 

molecule as opposed to two (Figure 2.2C). In our proposed structure of Li2(DPP-Pent)2, the 

pentacene rings of one DPP-Pent unit are nearly orthogonal to the pentacene rings of the other 

DPP-Pent unit. This may lead to small overlap between the π-orbitals of the pentacenes, but small 

structural perturbations or molecular motions could give rise to nonnegligible coupling between 

the localized states of these pentacenes and impact both singlet fission as well as triplet pair/free 

triplet distribution over the molecule. We find it likely that this combination of structural 
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perturbations (including the π-stacking and dimer formation) leads to a pronounced rate 

enhancement in Li2(DPP-Pent)2 relative to KDPP-Pent. 

Despite the 7-fold rate enhancement in Li2(DPP-Pent)2, there is little sacrificed in terms of 

triplet lifetimes. Compared to the ~38 ns and 36 μs lifetimes observed in HDPP-Pent, we find 

lifetimes of 23 ns and 35 μs in Li2(DPP-Pent)2 when fitted with a biexponential decay. The faster 

decay lifetimes in Li2(DPP-Pent)2 does shorten to 11 ns when fitted to a triexponential, with 

intermediate and long lifetimes of 100 ns and 50 μs. 

Comparison to Previously Reported Bi- and Polypentacenes 

In many of the reported bipentacene systems, when there is an increase in the rate of singlet 

fission, there is also typically an increase in the rate of triplet decay. This has been explained in 

some bipentacene series by suggesting that the stronger interpentacene electronic coupling that 

leads to faster singlet fission also simultaneously promotes enhanced triplet-triplet annihilation 

pathways. The series of phenylene-linked dimers initially reported by Zirzlmeier et al. displays 

increasing rates of singlet fission going from meta- (63 ps) to para- (2.7 ps) to ortho- (500 fs) and 

shows a related decrease in triplet pair lifetimes (2.2 ns, 17.3 ps, and 12 ps, respectively). Likewise, 

the oligophenylene-bridged bipentacenes linked in the 2,2’ position reported by Sanders et al. show 

an analogous increase in singlet fission rate with concomitant reduction in triplet pair lifetimes 

with decreasing linker units (τSF from 220 to 20 ps to 760 fs; τT from 270 to 16.5 ns to 450 ps for 

two to one to zero bridging phenylene spacers, respectively). In these cases, conjugated linkers 

permit strong electronic coupling between pentacenes, which can be modulated via substitution 

patters on the linker or by increased linker length. Nonconjugated linkers have also been explored, 

as these systems tend to attenuate the through-bond interpentacene electronic coupling. 
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Nevertheless, similar trends (increased singlet fission rate with decreased triplet/triplet pair 

lifetime) have also been observed in such species. 

In the DPP-Pent series reported here, the pentacene units are linked in the 6,6’-position by 

the DPP ligand scaffold. The optimal geometry for the pentacene units is likely orthogonal to the 

pyridine rings due to steric constraints. In addition to the length of the linking DPP unit, this likely 

weakens through-bond coupling between the pentacene rings. This is reflected in the relatively 

slower rate of singlet fission in HDPP-Pent compared to the directly linked ortho-, meta-, and 

para-phenylene dimers or the oligophenylene-linked systems. In Li2(DPP-Pent)2, we propose that 

through-space π-stacking interactions via the intermediary DPP moiety provide an alternative 

coupling pathway. The rate of singlet fission in Li2(DPP-Pent)2 (τSF ~ 100 ps) is still slower than 

other bipentacenes displaying strong direct pentacene-pentacene π-interactions (typically less than 

1 ps) or in the crystalline materials pentacenes are brought in close contact (3 – 4 Å) in the crystal 

packing. In molecular systems that lack the ability for the triplets to diffuse away from each other, 

the through-space coupled pentacene dimers tend to have fast triplet pair annihilation pathways, 

whereas Li2(DPP-Pent)2 exhibits ns-μs triplet pair/triplet lifetimes. 

 As previously discussed, the Li complex also has four pentacene units, which could favor 

a faster rate of singlet fission and slower rate of triplet-triplet annihilation. For example, by 

comparing adamantyl-linked bi- and tetra-pentacene systems, Hetzer et al. suggested that 

additional chromophores may effectively delocalize the triplet pair state, providing a favorable 

entropic factor to the rate of fission. The authors report that the tetra-pentacene species likewise 

shows very little deviation in the triplet lifetimes from the bipentacene system, despite the faster 

rate of fission. 



63 

 

 The higher-order structure enforced by lithium coordination in Li2(DPP-Pent)2 likely 

impacts the photophysics of the system in several ways. First, the through-space π-interactions 

establish an important coupling pathway that leads to the rate enhancement from HDPP-Pent and 

KDPP-Pent; however, because the coupling is mediated via the dipyridyl pyrrolide, this interaction 

is tempered such that the generated triplet pair is longer lived than in other π-stacked bipentacenes. 

This may work in conjunction with the entropic favorability of having four pentacene rings within 

a single molecular dimer over which the triplets may diffuse or delocalize. 

Conclusion 

 In summary, we have synthesized the molecular bipentacene system HDPP-Pent that 

serves as a ligand scaffold. By deprotonation and complexation, we may change the structural 

morphology and interchromophore interactions in solution in order to effectively tune singlet 

fission. We propose that the π-stacking interactions and dimeric structure revealed in Li2(DPP-

Pent)2 are critical to its increased singlet fission efficiency compared to the parent HDPP-Pent. 

This approach highlights the importance of through-space, geometric perturbations that influence 

singlet fission beyond strict through-bond interactions. Use of coordination chemistry as a means 

of orienting and controlling excitonic interactions in bipentacene compounds is presented as a new 

tool for studying singlet fission in molecular systems. 
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