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Switching between coherent and incoherent singlet fission via solvent-induced symmetry-breaking

Singlet fission in organic semiconductors causes a singlet exciton to decay into a pair of triplet excitons and holds potential for increasing the efficiency of photovoltaic devices. In this combined experimental and theoretical study, we reveal that a covalent dimer of the organic semiconductor tetracene undergoes activated singlet fission by qualitatively different mechanisms depending on the solvent environment. We show that intramolecular vibrations are an integral part of this mechanism, giving rise to mixing between charge transfer and triplet pair excitations. Both coherent or incoherent singlet fission can occur, depending on transient solvent-induced energetic proximity between the states, giving rise to complex variation of the singlet fission mechanism and timescale in the different environments. Our results suggest a more general principle for controlling the efficiency of photochemical reactions by utilizing transient interactions to tune the energetics of reactant and product states and switch between incoherent and coherent dynamics.

Introduction

Singlet fission 1 is an electronic process in organic materials which has been extensively studied in the past decade. This is largely because of its promise for efficient solar energy technologies which surpass the Shockley-Queisser limit. [START_REF] Hanna | Solar conversion efficiency of photovoltaic and photoelectrolysis cells with carrier multiplication absorbers[END_REF] Singlet fission converts a high-energy singlet exciton to two low-energy triplet excitons, which are at least initially coupled into an overall singlet state. Thus singlet fission conserves spin, allowing it to be an ultra-fast process and effectively compete with radiative and non-radiative deactivation of excited states. This energetic down-conversion process offers a way to overcome thermalization losses, and has inspired the design of new hybrid device concepts. [START_REF] Rao | Harnessing singlet exciton fission to break the Shockley-Queisser limit[END_REF][START_REF] Dn Congreve | External Quantum Efficiency Above 100% in a Singlet-Exciton-Fission-Based Organic Photovoltaic Cell[END_REF] However, the primary interest in the field to date remains building a more detailed understanding of the underlying photophysical mechanism, with the aim of informing rational materials design.

There have been multiple reports that singlet fission can occur through an ultrafast (fs-ps) 'coherent' mechanism. [START_REF] Lun | Observing the Multiexciton State in Singlet Fission and Ensuing Ultrafast Multielectron Transfer[END_REF][START_REF] Wai Lun Chan | The quantum coherent mechanism for singlet fission: Experiment and theory[END_REF][START_REF] Greyson | Maximizing singlet fission in organic dimers: Theoretical investigation of triplet yield in the regime of localized excitation and fast coherent electron transfer[END_REF][START_REF] Nicholas | Dynamics of the triplet-pair state reveals the likely coexistence of coherent and incoherent singlet fission in crystalline hexacene[END_REF][START_REF] Miyata | Coherent singlet fission activated by symmetry breaking[END_REF] Here, photoexcitation is thought to generate an initial superposition of the lowest bright singlet state S 1 and the dark double-triplet state TT which eventually dephases into the dark state. In some materials, this coherent regime is reported to coexist with slower, incoherent fission dynamics, [START_REF] Nicholas | Dynamics of the triplet-pair state reveals the likely coexistence of coherent and incoherent singlet fission in crystalline hexacene[END_REF][START_REF] Miyata | Coherent singlet fission activated by symmetry breaking[END_REF] in which S 1 'hops' to the TT surface non-adiabatically, or adiabatically relaxes into the TT region on the same potential energy surface.

Incoherent singlet fission is the more commonly invoked picture, particularly when it occurs on longer (> ps) timescales. 10,[START_REF] Paul M Zimmerman | Singlet fission in pentacene through multi-exciton quantum states[END_REF] Interestingly, even in systems where it is endothermic, e.g. in tetracene, [START_REF] Swenberg | Bimolecular radiationless transitions in crystalline tetracene[END_REF][START_REF] Burdett | Quantum beats in crystalline tetracene delayed fluorescence due to triplet pair coherences produced by direct singlet fission[END_REF][START_REF] Mark | Temperature-independent singlet exciton fission in tetracene[END_REF][START_REF] Murad | The exciton dynamics in tetracene thin films[END_REF] singlet fission can be very efficient and temperature-independent. [START_REF] Mark | Temperature-independent singlet exciton fission in tetracene[END_REF][START_REF] Murad | The exciton dynamics in tetracene thin films[END_REF][START_REF] Stern | Vibronically coherent ultrafast triplet-pair formation and subsequent thermally activated dissociation control efficient endothermic singlet fission[END_REF][START_REF] Burdett | The dependence of singlet exciton relaxation on excitation density and temperature in polycrystalline tetracene thin films: Kinetic evidence for a dark intermediate state and implications for singlet fission[END_REF] To explain such observations, coherent processes have been invoked. [START_REF] Miyata | Coherent singlet fission activated by symmetry breaking[END_REF]18 Despite recent progress in understanding the coherent mechanism of singlet fission and its interplay with incoherent dynamics, what has thus far been missing is a tuneable way of switching between the two regimes. This is partly because there are no established experimental handles to achieve this, and the utility of coherent dynamics as a concept for materials design and eventual applications is not clear. Similarly to many other photophysical processes in organic molecules, one of the most promising angles to explore coherent dynamics is through molecular vibrations. These are increasingly recognized both in experiment [START_REF] Miyata | Coherent singlet fission activated by symmetry breaking[END_REF][START_REF] Stern | Vibronically coherent ultrafast triplet-pair formation and subsequent thermally activated dissociation control efficient endothermic singlet fission[END_REF][START_REF] Andrew | Evidence for conical intersection dynamics mediating ultrafast singlet exciton fission[END_REF]20 and theory [START_REF] Tempelaar | Vibronic exciton theory of singlet fission. III. How vibronic coupling and thermodynamics promote rapid triplet generation in pentacene crystals[END_REF][START_REF] Fujihashi | Effect of high-frequency modes on singlet fission dynamics[END_REF][START_REF] Tamura | First-Principles Quantum Dynamics of Singlet Fission: Coherent versus Thermally Activated Mechanisms Governed by Molecular π Stacking[END_REF][START_REF] Feng | On couplings and excimers: lessons from studies of singlet fission in covalently linked tetracene dimers[END_REF][START_REF] Huang | Effect of Off-Diagonal Exciton-Phonon Coupling on Intramolecular Singlet Fission[END_REF][START_REF] Florian | Tensor network simulation of multi-environmental open quantum dynamics via machine learning and entanglement renormalisation[END_REF] to play a critical role in the ultra-fast regime where singlet fission is often found to occur. The coherent mechanism of singlet fission in rubrene (which has a well-defined symmetry) has been shown to arise via symmetry-breaking modes that allow S 1 and TT to mix. [START_REF] Miyata | Coherent singlet fission activated by symmetry breaking[END_REF] More broadly, when the mixing between electronic states in such systems is governed by coupling to intramolecular motions, to some extent it can be tuned, for example by controlling the viscosity of the environment 27 or chemically introducing steric barriers. [START_REF] Fuemmeler | A direct mechanism of ultrafast intramolecular singlet fission in pentacene dimers[END_REF] This control is rather limited and poorly understood, especially in solid-state systems where the complex interplay of intra-and intermolecular vibrations must be considered.

Another critical ingredient in both coherent and incoherent fission mechanisms that has proved most difficult to explore is the nature of the coupling that results in quantum superpositions or population transfer between S 1 and TT. There has been extensive debate about the relative strength and influence of 'direct' two-electron coupling between these states, versus sequential one-electron couplings mediated by a charge-transfer (CT) state. [START_REF] Smith | Singlet fission[END_REF][START_REF] Paul M Zimmerman | Singlet fission in pentacene through multi-exciton quantum states[END_REF][START_REF] Berkelbach | Microscopic theory of singlet exciton fission. II. Application to pentacene dimers and the role of superexchange[END_REF][START_REF] Paul | Mechanism for singlet fission in pentacene and tetracene: From single exciton to two triplets[END_REF][START_REF] Smith | Recent Advances in Singlet Fission[END_REF][START_REF] Berkelbach | Microscopic theory of singlet exciton fission. I. General formulation[END_REF] Couplings involving the CT state are typically expected to be orders of magnitude higher, but in conventional thin-film systems there is no experimental means to perturb the CT manifold, especially if the states are not directly populated but only mediate fission through super-exchange as 'virtual' intermediates. [START_REF] Berkelbach | Microscopic theory of singlet exciton fission. II. Application to pentacene dimers and the role of superexchange[END_REF][START_REF] Berkelbach | Microscopic theory of singlet exciton fission. I. General formulation[END_REF] However, covalent dimers of singlet-fission chromophores offer exquisite tunability of the critical interactions that govern fission, both through chemical design [START_REF] Krishnapriya | Spin density encodes intramolecular singlet exciton fission in pentacene dimers[END_REF][START_REF] Samuel | Quantitative Intramolecular Singlet Fission in Bipentacenes[END_REF][START_REF] Zirzlmeier | Singlet fission in pentacene dimers[END_REF][START_REF] Nadezhda | Singlet Fission in a Covalently Linked Cofacial Alkynyltetracene Dimer[END_REF][START_REF] Johnson | The role of chromophore coupling in singlet fission[END_REF][START_REF] Kumarasamy | Tuning Singlet Fission in π-Bridge-π Chromophores[END_REF][START_REF] Basel | Unified model for singlet fission within a non-conjugated covalent pentacene dimer[END_REF][START_REF] Jasper D Cook | Solvent-Controlled Branching of Localized versus Delocalized Singlet Exciton States and Equilibration with Charge Transfer in a Structurally Well-Defined Tetracene Dimer[END_REF][START_REF] Nadezhda | Linker-Dependent Singlet Fission in Tetracene Dimers[END_REF][42][START_REF] Sakuma | Long-Lived Triplet Excited States of Bent-Shaped Pentacene Dimers by Intramolecular Singlet Fission[END_REF] and the external environment, 27,[START_REF] Lukman | Tuneable Singlet Exciton Fission and Triplet-Triplet Annihilation in an Orthogonal Pentacene Dimer[END_REF][START_REF] Margulies | Enabling singlet fission by controlling intramolecular charge transfer in π-stacked covalent terrylenediimide dimers[END_REF] and they thus present the most promising platform to describe and control such effects. In these systems, the energies of CT states can be directly tuned through the use of different solvents. This concept has enabled the demonstration of fission mediated by direct S 1 -TT coupling, [START_REF] Fuemmeler | A direct mechanism of ultrafast intramolecular singlet fission in pentacene dimers[END_REF] virtual CT states [START_REF] Florian | Tensor network simulation of multi-environmental open quantum dynamics via machine learning and entanglement renormalisation[END_REF]27,[START_REF] Lukman | Tuneable Singlet Exciton Fission and Triplet-Triplet Annihilation in an Orthogonal Pentacene Dimer[END_REF][START_REF] Margulies | Enabling singlet fission by controlling intramolecular charge transfer in π-stacked covalent terrylenediimide dimers[END_REF] and even a distinct CT intermediate. 27 In short, covalent dimers offer a versatile platform to systematically explore the S 1 -TT transition and understand the nature of the coherent/incoherent pathways.

Here, we employ a combination of ultrafast spectroscopy and theoretical techniques to reveal the detailed mechanism of singlet fission in the orthogonal tetracene dimer DT-Mes (Figure 1a) in solution and demonstrate how it is governed by a tuneable 'switch' between the incoherent and coherent regimes. Our experimental findings show that singlet fission in this system is a 'hot' process, i.e. it only occurs upon excitation distinctly above the band-edge of the first excited singlet state. [START_REF] Musser | Activated singlet exciton fission in a semiconducting polymer[END_REF] Its mechanism is found to be qualitatively different depending on the solvent environment, and the fission efficiency is maximized in intermediate polarity solvents.

Our theoretical analysis allows us to identify the crucial role of molecular vibrations to the singlet fission process, though alone they only give rise to weak mixing between states participating in singlet fission, and can only account for the experimental observations in low-polarity solvents where the process is incoherent. In more polar solvents we observe a qualitatively different regime of singlet fission, and we can only capture this behavior through the inclusion of dynamic solvent effects. Our model reveals that increasing the polarity switches DT-Mes into a regime of coherent singlet fission. However, contrary to previous studies reporting on superpositions of S 1 and TT that dephase into the triplet pair, [START_REF] Wai Lun Chan | The quantum coherent mechanism for singlet fission: Experiment and theory[END_REF][START_REF] Greyson | Maximizing singlet fission in organic dimers: Theoretical investigation of triplet yield in the regime of localized excitation and fast coherent electron transfer[END_REF][START_REF] Miyata | Coherent singlet fission activated by symmetry breaking[END_REF]18 here we show that the coherent mechanism comes into play through the mixing of a CT state and TT. Coherent singlet fission occurs in solvents of intermediate polarity, where dynamic solvent effects induce the closest energetic proximity between these states so that molecular vibrations can mix them most efficiently. It is precisely the properties of CT states which allow us to tune them through the dielectric environment, which in contrast to local-excitations and triplet pairs, have a finite electric dipole. This underlines the novelty of our 'switch' mechanism, and emphasizes the potential of using CT states to tune coherent dynamics.

Results and discussion

Molecular structure and coupling. DT-Mes (chemical structure in Figure 1a) consists of two tetracenes directly linked at the 5,5' position, with mesityl side groups for solubility. The synthesis and purification are described in SI section S2.1. Similarly to the anthracene [START_REF] Elich | Effect of S 1 Torsional Dynamics on the Time-Resolved Fluorescence Spectra of 9,9'-Bianthryl in Solution[END_REF] and pentacene 27 analogs and a closely related cyanosubstituted tetracene dimer, [START_REF] Mo | Conformational Ensemble of hIAPP Dimer: Insight into the Molecular Mechanism by which a Green Tea Extract inhibits hIAPP Aggregation[END_REF] DFT geometry optimization reveals that steric repulsion forces the two tetracenes into an orthogonal geometry. Being an alternate hydrocarbon, DT-Mes has no permanent dipole in the ground electronic state, as predicted from the Coulson-Rushbrooke theorem. [START_REF] Coulson | Note on the method of molecular orbitals[END_REF] Therefore, the ground state geometry does not depend on the dielectric environment.

The orthogonal geometry raises the question of whether the two tetracenes can interact electronically, given their negligible π overlap. 27,[START_REF] Lukman | Tuneable Singlet Exciton Fission and Triplet-Triplet Annihilation in an Orthogonal Pentacene Dimer[END_REF] We determine the presence and relative strength of interchromophore coupling from the steady-state absorption (Figure 1b). This does not directly map onto the excited-state couplings between dark states (CT and TT) actually relevant to singlet fission, [START_REF] Kumarasamy | Tuning Singlet Fission in π-Bridge-π Chromophores[END_REF] but it serves as a useful proxy. 10

Compared to the equivalent mesityl-tetracene monomer (shaded), the dimer (lines) exhibits a more prominent 0-0 absorption peak, though the exact 0-0/0-1 ratio varies with solvent. The enhanced 0-0 peak reflects J-type excitonic coupling between the short-axis-polarized S o → S 1 transitions of the tetracenes. Moreover, the solvent dielectric constant has a powerful effect on the molar extinction coefficient (Figure 1c). In the extremes of our solvent polarity series we find that the dimer absorbs two times as strongly as the monomer. This would be consistent with negligible inter-tetracene interactions, similar to several prior reports of weakly coupled dimers. [START_REF] Samuel | Quantitative Intramolecular Singlet Fission in Bipentacenes[END_REF][START_REF] Zirzlmeier | Singlet fission in pentacene dimers[END_REF][START_REF] Nadezhda | Singlet Fission in a Covalently Linked Cofacial Alkynyltetracene Dimer[END_REF][START_REF] Johnson | The role of chromophore coupling in singlet fission[END_REF] However, in intermediate solvents the extinction coefficient of the dimer is less than that of even a single monomer, reaching as low as 40% of the expected value. This strong hypochromism is compelling evidence for strong interchromophore coupling, presumably mediated by interaction with dark charge-transfer (CT) states 27 given the strong solvent dependence. This is further supported by the model approach which is developed in this work (see below), which reproduces the behavior of the molar extinction coefficient in different solvents due to mixing with the CT states (SI Section S1.3). As in the equivalent pentacene dimers, 27,[START_REF] Lukman | Tuneable Singlet Exciton Fission and Triplet-Triplet Annihilation in an Orthogonal Pentacene Dimer[END_REF] we propose that the tetracenes are simultaneously coupled through CT and excitonic interactions. These have opposite effects on the energy of the bright state (a red-shift from the excitonic coupling and a blue-shift from the CT-mediated coupling), and the combination results in 'null aggregates' with weak spectral shifts and small changes in vibronic structure despite the significant interactions. [START_REF] Hestand | Polarized absorption in crystalline pentacene: Theory vs experiment[END_REF] Within this framework, the results in Figure 1c demonstrate that CT states play a central and tuneable role in the dimer electronic structure.

Exciton states and state mixing. In describing the electronic structure and properties of DT-Mes, we use as our basis the five lowest-energy adiabatic excited states in the orthogonal ground-state geometry, calculated in the absence of solvent effects. For a detailed definition of the electronic basis and full computational details please refer to SI Section S1. 

|Ψ = c LE B |LE B + c LE A |LE A + c CT A |CT A + (1) +c CT B |CT B + c TT |TT
To make it easier to compare spectroscopic and theoretical results, we label these superposition states according to their dominant contribution, e.g. if |LE B dominates the sum of Equation 1, we call the state LE B for simplicity. We stress that this convention is not meant to imply that the state |Ψ is exactly equal to one of the basis states, which are only present in their pure form in the ground-state geometry at low polarity. For such a superposition state |Ψ , the mixing between two of its basis states, e.g. CT B and TT, is defined as:

ρ CT B TT = c * CT B • c TT . (2) 
It is obvious that this mixing will strongly depend on the choice of electronic basis, and it is always possible to work in a basis where it vanishes. Here we work in the basis of the diabatic states shown in Equation 1, which are themselves equal to the adiabatic states at the FC point and in a non-polar solvent. Therefore, initial photoexcitation forms a pure LE B state, and any subsequent mixing occurs between states that were originally separate, and is not an artifact of our choice of basis.

5

ACS Paragon Plus Environment

Journal of the American Chemical Society 2 | Multiple emissive species (a) Steady-state photoluminescence of DT-Mes in a range of solvents (solid lines), following excitation at 3.1 eV. The red-shift relative to monomer T-Mes (grey shaded) can be suppressed in high-viscosity solution (dashed). Inset: non-Kasha emission observed in non-polar solvents. (b) Solvent-and excitation-dependent photoluminescence quantum yield. In all media, the behavior of the system changes markedly for excitation at energies above 2.8 eV. (c) Energy landscape constructed from emission measurements. CT ↓ spectra (lines) are extracted from time-resolved emission measurements in each solvent (SI Figs. S27, S28). Vertical bars denote the energies of other relevant electronic states. LE BFC and LE Brel are determined in non-polar solvents with and without polystyrene. E(T 1 ) is determined from sensitized phosphorescence (SI Fig. S9) and E(CTvac) is extrapolated from the CT solvent dependence (see Figure 5 below). The energies of all emissive states are below the presumed singlet fission threshold 2 • E(T 1 ).

To investigate the effect of molecular vibrations on the photophysics, we perform electronic structure calculations for a range of displacements along the torsional angle Φ between the monomers (Figure 1a). This motion crucially underpins the photophysics of both the anthracene [START_REF] Elich | Effect of S 1 Torsional Dynamics on the Time-Resolved Fluorescence Spectra of 9,9'-Bianthryl in Solution[END_REF] and pentacene 27 analogs. In DT-Mes, this is a low-frequency motion (39.6 cm -1 ) of A symmetry. From analyzing the excitation character of the surfaces, we conclude that displacement along Φ leads to mixing between bright LE B and dark CT B (Figure 1d). This results in CT B borrowing intensity from LE B and becoming partially bright. [START_REF] Robinson | Intensity enhancement of forbidden electronic transitions by weak intermolecular interactions[END_REF] Our calculations also reveal energetic relaxation of LE B with increasing Φ and away from the FC point, to a minimum at 70 o . This tendency towards planarization gives rise to Stokes-shifted emission (see below) and is also documented in the equivalent anthracene [START_REF] Elich | Effect of S 1 Torsional Dynamics on the Time-Resolved Fluorescence Spectra of 9,9'-Bianthryl in Solution[END_REF] and pentacene 27 dimers.

In a final clarification about notation, we point out that solvent effects result in mixing between the two symmetry-pure CT states. This results in the formation of two new CT states which are linear combinations of the originals. One of these has lower energy, which we denote as CT ↓ , while the other one is destabilized and denoted as CT ↑ . Both of these have finite CT B character, hence both borrow intensity from LE B and are partially bright, with the potential to emit photons. However, in practice we only detect photon emission from CT ↓ . For ease we use this as the primary label for CT-related experimental signatures, with the recognition that it denotes a solvent-dependent mixture of CT B and CT A . We discuss the nature and implications of this mixing in greater detail below, following the presentation of experimental data.

Multiple emissive species. We define the energetic landscape of DT-Mes through photoluminescence 6 Page 6 of 24 ACS Paragon Plus Environment Journal of the American Chemical Society spectroscopy. Though the steady-state absorption spectra of monomer and dimer are almost identical (Figure 1a), the steady-state photoluminescence of DT-Mes in solution (Figure 2a, solid lines) exhibits a large Stokes shift of ≈ 35 nm not observed in the monomer (shaded spectrum, ≈ 2 nm). This shift can be reduced in high-viscosity polystyrene solution (dashed spectrum), confirming that it is linked to large-scale conformational change such as relaxation along Φ. These measurements also show a more pronounced solvent dependence than the steady-state absorption. In the four least-polar solvents the emission is dominated by a well-defined vibronic progression (500 nm-600 nm) which does not shift and can be assigned to the relaxed (i.e. partially planarized) singlet LE Brel . In the more polar solvents, the emission becomes featureless and progressively red-shifts with increasing polarity. This behavior is a hallmark of CT state emission. 27,[START_REF] Petrozza | Dielectric switching of the nature of excited singlet state in a donor-acceptor-type polyfluorene copolymer[END_REF] Similar features are also detected at the high-energy edge in non-polar solvents (inset), i.e. at shorter wavelengths than LE B photoluminescence. This non-Kasha emission, from a state which is not the lowest-energy singlet in the molecule, is surprising, though long-lived high-energy CT states are known in similar orthogonal systems. [START_REF] Fukuzumi | Electron-Transfer State of 9-Mesityl-10-methylacridinium Ion with a Much Longer Lifetime and Higher Energy Than That of the Natural Photosynthetic Reaction Center[END_REF] Here, it indicates the presence of multiple emissive species (LE B and CT ↓ ) in DT-Mes in non-polar solvents.

In non-polar solvents, it is possible to tune the balance of these species through the pump photon energy (full characterization in SI Section S2.9). Band-edge excitation in hexane yields purely excitonic emission, with a quantum efficiency of ≈ 68% (Figure 2b). With increasing photon energy, we detect a greater proportion of non-Kasha CT ↓ emission, as shown in the photoluminescence excitation maps in SI Figure S28. This changing balance is accompanied by a corresponding decrease in the photoluminescence quantum yield until saturation at ≈ 20%. This is comparable to the quantum yield when the emission is dominated by CT ↓ , as observed in all polar solvents following band-edge excitation. Interestingly, the behavior of the emission quantum efficiency qualitatively changes for excitation above the pump photon energy threshold of 2.8 eV both for polar and nonpolar solvents -monotonic decrease and saturation, respectively. This behavior suggests a significant change in photophysical processes above this energy.

To guide our analysis of these excitation-dependent processes, we first compile the essential results from photoluminescence measurements to describe the DT-Mes energetic structure. Time-correlated single-photon counting (SI Section S2.9) reveals that in non-polar solvents the non-Kasha CT ↓ emission has a lifetime of ≈ 20 ns. This is comparable to what we observe in polar solvents, where CT ↓ is the only emissive species. This is significantly longer than the excitonic LE B emission observed in polar solvents, which has a lifetime of ≈ 6 ns. This large difference allows straightforward spectral decomposition to isolate the CT ↓ emission spectra, plotted for all solvents in Figure 2c. We compare this emission to the energies of key electronic states (vertical bars). Unsurprisingly, examination of the CT ↓ and excitonic energies reveals that CT emission dominates in the four polar solvents in which CT ↓ is the lowest-energy state. Comparing to Figure 1c, we also find that the minimum in extinction coefficient coincides with the point at which E(CT ↓ ) is closest to E(LE BFC ). This energetic proximity presumably enables the strongest CT-mediated coupling between tetracenes. Interestingly, sensitized phosphorescence measurements show that the dimerization motif of DT-Mes substantially destabilizes the triplet state from 1.3 eV to 1.5 eV (SI Figure S9), which is denoted by the vertical bar at 3 eV. This is a surprising effect which was also observed in orthogonal pentacene dimers, 27 and its origin is not currently understood. We recall, though, that previous studies on perylene diimide films found the triplet energy varies with intermolecular coupling, [START_REF] Samuel | Singlet exciton fission in polycrystalline thin films of a slip-stacked perylenediimide[END_REF] and significant energy shifts have been reported between TIPS-tetracene [START_REF] Stern | Identification of a triplet pair intermediate in singlet exciton fission in solution[END_REF] and a phenyl-substituted derivative. [START_REF] Nagashima | Singlet-Fission-Born Quintet State: Sublevel Selections and Trapping by Multiexciton Thermodynamics[END_REF] There is evidently significant scope -currently little explored -to tune the triplet energy on the same parent chromophore. The crucial result of these measurements for our purposes here is that none of the states observed in absorption or emission approach the energy expected to be required for singlet fission. Nor is it immediately evident what is the origin of the observed thresholding behavior appearing at 2.8 eV in Figure 2b, since it would not be expected to arise from singlet fission.

CT-mediated singlet fission. To better understand the system's behavior and the role of dark electronic states, we have probed the dynamics of DT-Mes using transient absorption spectroscopy in all eight solvents with ten pump photon energies, spanning from band-edge excitation (2.48 eV) to significant excess energy (3.10 eV).

We present representative results for ethanol solution in Figure 3, with detailed spectra and kinetics available in SI Section S2.6. Below the 2.8 eV excitation threshold (Figure 3a) we can identify the signatures of three distinct electronic states. The initial state LE BFC is characterized by a prominent trio of stimulated emission (∆T /T > 0) peaks at 510 nm, 540 nm and 580 nm and a well-defined excited-state absorption (∆T /T < 0) at 630 nm.

These signatures evolve with ≈ 550 fs time-constant to a state with strongly attenuated stimulated emission and a broader, flattened excited-state absorption. In corresponding transient grating photoluminescence This state is similarly long-lived to the CT ↓ emission (≈ 20 ns) and the features in the near-infrared closely match peaks observed in the chemical oxidation and reduction spectra (Figure 3c and SI Section S2.11), allowing assignment to the CT state. While it contains multiple radical anion and cation signature peaks, the imperfect match in Figure 3c also shows that CT is not a pure D + A -state. We attribute the deviations from the D + A - spectrum to LE contributions to the total wavefunction, which also give the state the ability to emit. In short, we observe a simple excited-state progression from the initial bright singlet state LE BFC to a conformationally relaxed singlet LE Brel , and from there to a long-lived emissive CT state. Similar dynamics are observed in all solvents, for excitation below 2.8 eV but above the energy of the CT ↓ state (which varies by solvent). We do not detect any signatures of triplet excitons (Figure 3c, bottom) in these conditions, demonstrating that singlet fission is inactive and intersystem crossing from LE and CT states is inefficient.

For excitation above the 2.8 eV threshold, Figure 3b, the initial excited-state absorption signature is distorted from that of LE BFC , exhibiting much weaker stimulated emission. Nonetheless, it rapidly evolves to the same CT state identified in Figure 3a. The latter now undergoes a new decay pathway. At 100 ps-200 ps we detect the unique excited-state absorption fingerprint of DT-Mes triplets at 520 nm and 830 nm, identified from solution sensitization (Figure 3c and SI Section S2.10). The lifetime of these triplets is ≈ 800 ps, 5000 times shorter than the lifetime of individual triplets in sensitization (SI Fig. S26). We are only able to explain such a significant reduction in the triplet lifetime through triplet-triplet annihilation. At the low concentrations and excitation densities used in our experiments, that requires two triplet excitons to be produced on a single DT-Mes molecule, ruling out intersystem crossing from LE states [START_REF] Burgdorff | Photophysical properties of tetracene derivatives in solution[END_REF] or triplet generation from CT recombination [START_REF] Rao | The role of spin in the kinetic control of recombination in organic photovoltaics[END_REF] as possible formation mechanisms. Instead, we consider this rapid annihilation of triplet pairs to be a hallmark of intramolecular singlet fission, as previously observed in numerous dimer and conjugated-polymer studies. 27,[START_REF] Samuel | Quantitative Intramolecular Singlet Fission in Bipentacenes[END_REF][START_REF] Margulies | Enabling singlet fission by controlling intramolecular charge transfer in π-stacked covalent terrylenediimide dimers[END_REF][START_REF] Samuel | Intramolecular Singlet Fission in Oligoacene Heterodimers[END_REF][START_REF] Murad | Quintet multiexciton dynamics in singlet fission[END_REF][START_REF] Busby | A design strategy for intramolecular singlet fission mediated by charge-transfer states in donor-acceptor organic materials[END_REF] In the case of DT-Mes, the fission process is mediated by a CT state which is directly populated and presents distinct spectroscopic features. Though often predicted, [START_REF] Smith | Singlet fission[END_REF][START_REF] Smith | Recent Advances in Singlet Fission[END_REF] this fission mechanism has proven experimentally elusive and has only been conclusively identified in one other system, a similar orthogonal pentacene dimer with TIPS solubilizing groups. 27 It is far more common for CT states to modulate singlet fission through a 'virtual' or superexchange pathway, [START_REF] Florian | Tensor network simulation of multi-environmental open quantum dynamics via machine learning and entanglement renormalisation[END_REF]27,[START_REF] Berkelbach | Microscopic theory of singlet exciton fission. II. Application to pentacene dimers and the role of superexchange[END_REF][START_REF] Lukman | Tuneable Singlet Exciton Fission and Triplet-Triplet Annihilation in an Orthogonal Pentacene Dimer[END_REF][START_REF] Margulies | Enabling singlet fission by controlling intramolecular charge transfer in π-stacked covalent terrylenediimide dimers[END_REF] but the directly observable CT intermediate here allows us to obtain deeper mechanistic insight.

Singlet fission yield variation. We find that the basis spectra identified in Figure 3c are sufficient to describe the excited-state progression in all solvents and at all pump photon energies, enabling easy comparison between experimental conditions. We highlight in Figure 4 how the terminal state branches between fissiongenerated TT and long-lived CT at 100 ps-200 ps. At this time delay singlet fission -when it occurs -is complete. In panel a we observe that the TT yield is clearly optimized for intermediate solvents such as ethanol and o-DCB. These are the solvents where the CT and LE B energies most closely approach (Figure 2c) and where we infer the strongest LE-CT coupling from the low oscillator strength (Figure 1c). For solvents with higher or 9
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Journal of the American Chemical Society lower polarity, we detect increased branching into the long-lived CT ↓ state. Moreover, in ethanol the branching into TT increases monotonically with pump photon energy up to a maximum of 3.1 eV (panel b, instrument limit). The TT yield is thus a complex function of both excitation energy and solvent. The optically activated singlet fission reported in Figure 4b is particularly unusual. It has never before been observed in covalent dimers, and while it recalls the behavior of certain conjugated polymers, [START_REF] Musser | Activated singlet exciton fission in a semiconducting polymer[END_REF][START_REF] Busby | A design strategy for intramolecular singlet fission mediated by charge-transfer states in donor-acceptor organic materials[END_REF][START_REF] Kasai | Ultrafast Singlet Fission in a Push-Pull Low-Bandgap Polymer Film[END_REF] the important distinction is that the activated process is not fast. Indeed, in some of the solvents singlet fission proceeds over tens of ps, a remarkably long timescale for 'hot' dynamics, which we discuss further below.

Using the excited-state signatures identified in Figure 3c, we can determine the yields of TT and long-lived CT obtained in all of our transient absorption datasets. These are presented in the action spectra in Figure 5a, which summarize the full solvent-and excitation-dependent behaviors highlighted in Figure 4. The orangeshaded spectra reproduce the CT emission from Figure 2c. In polar solvents where E(CT ↓ ) < E(LE BFC ) (right), the CT action spectra (circles) reveal that initial conversion into CT is always quantitative. In the nonpolar solvents (left), the threshold for CT formation roughly follows the envelope of CT ↓ emission, suggesting that this emission lineshape is a reasonable proxy for the electronic energy of the state. This result demonstrates that if the initial excitation has greater energy than some portion of the broader CT ↓ distribution, then the system will access that state. We note that in non-polar solvents the total yields do not sum to 100%. In these solvents the initial formation of CT ↓ competes with relaxation into LE Brel , which we can detect in transient absorption (SI Figure S36) and the vibronically structured emission (Figure 2a). This state exhibits a lifetime of ≈ 6 ns and evidently does not undergo singlet fission (SI Figure S30). The yield of LE Brel is equivalent to the difference between the presented yields and 100%. In every solvent, regardless of the threshold energy for CT formation, we observe the same threshold energy for singlet fission of ≈ 2.8 eV. It is noteworthy that this energy is significantly lower than the expected fission threshold of 2 • E(T 1 ) ≈ 3.0 eV. It is common to invoke an entropic driving force to explain such endothermic fission in solid-state systems, [START_REF] Stern | Vibronically coherent ultrafast triplet-pair formation and subsequent thermally activated dissociation control efficient endothermic singlet fission[END_REF]18,[START_REF] Kolomeisky | A simple kinetic model for singlet fission: A role of electronic and entropic contributions to macroscopic rates[END_REF] but that should not be a factor in a strictly dimeric system. Instead, we can only rationalize this low onset energy through a binding energy. Our results imply that the immediate product of singlet fission is a bound triplet-pair state. [START_REF] Stern | Vibronically coherent ultrafast triplet-pair formation and subsequent thermally activated dissociation control efficient endothermic singlet fission[END_REF][START_REF] Chaw | The entangled triplet pair state in acene and heteroacene materials[END_REF][START_REF] Lukman | Efficient Singlet Fission and Triplet-Pair Emission in a Family of Zethrene Diradicaloids[END_REF][START_REF] Musser | Triplet-pair states in organic semiconductors[END_REF] The spin-singlet triplet pair can be significantly stabilized relative to two 'free' triplets due to mixing of the diabatic TT wavefunction with other LE and CT configurations. [START_REF] Feng | On couplings and excimers: lessons from studies of singlet fission in covalently linked tetracene dimers[END_REF][START_REF] Musser | Triplet-pair states in organic semiconductors[END_REF][START_REF] Feng | Fission of entangled Spins: An electronic structure perspective[END_REF] While the same bound TT state is formed in all cases, the nature of the threshold appears to change from non-polar (Figure 5, left) to polar (Figure 5, right) solvents. In non-polar solvents the TT yield is nearly constant above the threshold. In polar solvents, the TT yield shows a distinctly gradual onset. We can explain this phenomenon using the pair of CT states illustrated schematically in Figure 5b. Here we recall that the emissive CT state is stabilized by interactions with the solvation shell (bottom), hence it red-shifts as the solvent dielectric constant increases. From the solvent dependence of the CT emission we can then extrapolate the vacuum CT energy as 2.75 eV: this corresponds to the bare electronic energy of the CT state. We propose that for a given solvation shell there exists an oppositely polarized CT state (top) which will be destabilized by the same degree, though that state is not necessarily populated. To approximate the energy distribution of this CT ↑ state, we simply reflect the CT emission spectrum about the CT vac level. This process generates the CT ↑ spectrum we plot in dashed lines in Figure 5a. Surprisingly, this graphical approach provides a remarkably good fit to the activation data. Our results suggest that singlet fission in polar solvents is mediated specifically by a destabilized 'upper' CT state, which to our knowledge has never before been observed or even suggested.

To understand this behavior and the possible role such a destabilized CT state could play, we return to our theoretical description of DT-Mes.

Modelling of vibrational and solvent effects. The experimental results of the previous sections show that vibrations must be considered to explain the excited state photophysics of DT-Mes: the first step observed in transient absorption measurements is relaxation along Φ (Figure 3), and suppressing this channel through the use of polystyrene has a significant effect on the emission properties (Figure 2a). Furthermore, as summarized in Figure 5, there is a qualitative difference in the singlet fission mechanism in non-polar versus intermediateand highly-polar solvents, while the final triplet yield also depends strongly on the excitation energy. These properties are all uncommon among singlet fission systems. It is therefore important to incorporate vibrational and solvent effects into our model description of DT-Mes, as well as the role of excess energy. We lay out here the principles of our approach; full details of the model Hamiltonian are given in SI Section S1.2.

The approximate C 2 symmetry of DT-Mes places important constraints on the fission mechanism. The TT state, which we calculate as the ground state quintet 5 TT (SI Section S1.1), is A-symmetric. So is the Φ rotation of Figure 1a, meaning it only mixes states of the same symmetry. Therefore, neglecting two-electron contributions, [START_REF] Smith | Singlet fission[END_REF][START_REF] Berkelbach | Microscopic theory of singlet exciton fission. II. Application to pentacene dimers and the role of superexchange[END_REF][START_REF] Smith | Recent Advances in Singlet Fission[END_REF] TT only mixes with CT A along this coordinate. However, only the bright B-symmetry states LE B and CT B are optically accessible. The transition from these states to TT must thus be accomplished through some form of symmetry breaking. Physically, such symmetry breaking could be provided by the vibronic coupling along a B-symmetric mode. We take η = 20 meV as a representative maximum value for this vibronic coupling, similar to values obtained for inter-molecular symmetry-breaking modes in rubrene. [START_REF] Miyata | Coherent singlet fission activated by symmetry breaking[END_REF] We introduce η in our model as the coupling of A-and B-symmetry states to each other. Therefore, a model Hamiltonian which includes the effect of the torsion and symmetry-breaking mode on the electronic states, in the basis of {LE B , LE A , CT B , CT A , TT} is: Exciting CT ↑ with more excess energy leads to superposition states with stronger TT contributions than within the thermally allowed region of CT ↑ (red dashed line). (c) Mixing between bright CT and TT as a function of solvent r , at the fixed angle of Φ = 80 o . Intermediate-polarity solvents result into maximal mixing and coherent singlet fission. This is compared with the experimental singlet fission rate, which we extract from the TT growth kinetics in SI Section S2.6. and the TT yields in Figure 5.

H el =            E LE B (φ) η J(φ) 0 0 η E LE A (φ) 0 0 0 J(φ) 0 E CT B (φ) η 0 0 0 η E CT A (φ) Λ(φ) 0 0 0 Λ(φ) E TT (φ)            . (3) 
The rate is optimized in solvents where singlet fission is coherent.

Here J(φ) and Λ(φ) are the couplings between states of the same symmetry along the symmetric torsional mode.

Due to the negligible Huang-Rhys factors of antisymmetric B modes compared to symmetric ones, their

Franck-Condon factors and displacements are orders of magnitude smaller than those of A modes. [START_REF] Robin | Resonance Raman Spectroscopy, and Its Application to Inorganic Chemistry[END_REF][START_REF] Köppel | Multimode Molecular Dynamics Beyond the Born-Oppenheimer Approximation[END_REF][START_REF] Negri | Computational Photochemistry, Chapter IV[END_REF] Therefore, within our model approximation, we consider excess energy to only result in the displacement of Asymmetry modes, and to not generate any additional B symmetry vibrations. Since the singlet fission timescale in DT-Mes is relatively long (> 10 ps), we expect high-frequency A modes displaced via excess energy excitation to have mostly relaxed towards lower-frequency modes at these timescales. We further simplify the problem by approximating the resulting low-frequency mode distribution only in terms of motion along Φ. Consequently, within this model approach, excess-energy excitation leads to larger-amplitude oscillations along Φ, accessing higher regions of that surface. Importantly for this picture, the initial step of vibrational relaxation does not remove energy from the molecule but only redistributes it into other motions. These are damped through subsequent vibrational cooling, which for isolated molecules in solution is mediated by solvent-solute interactions, 13 e.g. collisions between DT-Mes and solvent molecules. This diffusion-mediated cooling can require many tens of ps. [START_REF] Tan | Solvation dynamics probed by femtosecond transient absorption spectroscopy: Vibrational cooling and conformational relaxation in S1 trans-4,4diphenylstibene[END_REF][START_REF] Weigel | Excited Stilbene: Intramolecular Vibrational Redistribution and Solvation Studied by Femtosecond Stimulated Raman Spectroscopy[END_REF][START_REF] Michael | Translational, rotational and vibrational relaxation dynamics of a solute molecule in a non-interacting solvent[END_REF][76] The excess vibrational energy in this 'hot' state manifested as large-amplitude Φ oscillations can thus persist on timescales relevant to singlet fission.

We now turn our attention to incorporating solvent effects into our description. In a polar solvent, local electric fields may be randomly oriented, leading to an energetic separation of the two CT states which inevitably appear in such a dimer molecule, with dipoles pointing in opposite directions. We refer to the stabilized and destabilized CT states as CT ↓ and CT ↑ . These states are symmetry-broken, as the solvent can generally arrange itself in a non-symmetric fashion around DT-Mes. This phenomenon is mathematically captured by introducing an additional coupling ∆ between symmetry-pure CT A and CT B , which mixes them into the new eigenstates:

H el =            E LE B (φ) η J(φ) 0 0 η E LE A (φ) 0 0 0 J(φ) 0 E CT B (φ) η + ∆ 0 0 0 η + ∆ E CT A (φ) Λ(φ) 0 0 0 Λ(φ) E TT (φ)            . (4) 
Physically, this expresses the fact that in the presence of an electric field it is the CT states with a permanent dipole and not the symmetry-adapted CT states which are eigenstates of the system.

We can determine the values of ∆ corresponding to different solvent r by benchmarking against the measured energetic stabilization CT ↓ (Figure 5b). For intermediate-polarity solvents, we find that CT ↓ and LE B are energetically very close, leading to a strong mixing and transfer of oscillator strength from LE to CT, i.e. intensity borrowing. [START_REF] John | Anticipating Acene-based Chromophore Spectra with Molecular Orbital Arguments[END_REF] This description closely reproduces the experimental trend of Figure 1c for the molar extinction coefficient, which is minimized in intermediate-polarity solvents. The calculated molar extinction coefficient is shown in SI Section S1.3 for a range of solvents. If the equivalently destabilized state CT ↑ were to form, we would in principle expect it to relax into CT ↓ . However, this process should occur through reorganization of the solvent shell and would be expected to occur on the few-to tens-picosecond timescale. [START_REF] Kwok | Solvent effects on the charge transfer excited states of 4-dimethylaminobenzonitrile (DMABN) and 4-dimethylamino-3,5dimethylbenzonitrile (TMABN) studied by time-resolved infrared spectroscopy: a direct observation of hydrogen bonding interactions[END_REF] Accordingly, we would not expect to detect any photon emission from CT ↑ , since the relevant emission lifetime is tens of nanoseconds (for CT ↓ , SI Section S2.9). This timescale remains sufficiently long, though, for CT ↑ to play an important role in singlet fission despite being an unstable state.

Coherent and incoherent singlet fission. We can use this framework for the DT-Mes electronic structure to rationalize the surprising behavior in Figure 5. Our transient absorption experiments reveal TT is never formed directly from initial LE B but is always preceded by CT states (Figure 3b and SI Section S2.6), and it only forms in conditions where CT is already formed with high efficiency (Figure 5a). The only major distinction between fission regimes occurs in the subsequent transition, from CT to TT, where the symmetry of the system must be broken. This step is the chief focus of our analysis, and we consider two limiting cases. In low-polarity solvents, η > ∆ and vibronic effects provide the symmetry-breaking needed to access TT. In intermediate- CT ↓ or CT ↑ may be present, since both are mixed with CT B and thus accessible from LE B . A Marcus-like analysis of the CT ↑ to TT transition is discussed in SI section S1.4, along with its limitations.

The CT ↑ and TT potential energy surfaces along Φ for low-polarity solvents are given in Figure 6a, coded for their CT/TT character. In this case, CT ↑ and CT ↓ are almost degenerate. CT ↑ does not develop any TT character within the region accessible at room temperature (nor does CT ↓ ), and the TT surface also remains pure. Within this model, a transition between the states is possible only through the avoided crossing that appears at larger angles, making singlet fission incoherent. 9, 18 Excitation of a hot state which can access that part of the potential energy landscape corresponds to an excess energy of about 0.4 eV. Excitation with still greater energy would not have a significant effect on the triplet yield, as the mixing is always negligible away from the crossing and no additional B-type (i.e. coupling) vibrations are generated. This is in close agreement with the experimental observation that a sharp threshold for TT formation appears at 0.33 eV of excess-energy excitation (Figure 5), with little dependence above that.

In intermediate-polarity solvents, the transient solvation dynamics which stabilize CT ↓ also destabilize CT ↑ to near the energy of TT. This results in a mixing of the two states through the dihedral rotation along Φ, as shown in Figure 6b. The contribution of each component varies along the potential energy surface, with the TT character (red shading) increasing away from the FC point. This is the regime of coherent singlet fission, as defined in previous studies. 9 Hence exciting the system at higher energies leads to superposition states which are more 'TT rich', leading to stronger couplings to the final, relaxed TT state. A superposition of TT and CT ↑ eventually dephases towards its constituents, which are the relevant eigenstates of the system at its equilibrium geometry. The larger the TT contribution, the more likely it is that the system will collapse towards the final, relaxed TT state. In this regime the destabilized CT ↑ state is the 'gateway' for singlet fission regardless of excitation energy, and we would thus expect the TT yield to track the accessibility of CT ↑ . Experimentally, this would translate into the energy distribution inferred in Figure 5a (right), which is exactly what is observed.

At the same time, regions of the surface with high TT contributions exhibit reduced CT character, leading to an anti-correlation of the TT and long-lived CT yields.

The increased degree of mixing between the CT and TT surfaces with increasing solvent polarity is reflected in the fission rates shown in Figure 6c, extracted from the TT growth kinetics in the transient absorption data in SI Section S2.6 and the TT yields in Figure 5a. Initially, increasing the solvent polarity increases the rate of singlet fission, but in very polar solvents the TT formation rate drops again to low values. In these solvents CT ↑ shifts above the TT surface and the two stop mixing, leading to a regime of incoherent fission similar to the non-polar case. This mixing is quantified via ρ CT B TT of Equation 2, which we plot in Figure 6c for the fixed angle Φ = 80 o as a function of solvent dielectric constant. Note that this is calculated in the original basis of symmetry-pure CT states which form CT ↑ . In summary, we find that intermediate-polarity solvents lead to maximal mixing between CT B and TT, thus leading to coherent singlet fission. In this case, TT is formed via the dephasing of the CT ↑ /TT superposition, which is more efficient and has qualitative differences compared to incoherent TT formation through an avoided crossing. Hence intermediate polarity solvents provide an optimal regime for singlet fission, qualitatively reproducing the experimental trend for the singlet fission rates. The different singlet fission regimes are summarized in the multidimensional plot of Figure 7 for the CT ↑ and TT surfaces. For the different dihedral angles and solvent dielectric constants, the surfaces are annotated with the respective CT/TT contribution as a color code.

Conclusions

Our results demonstrate not only that intramolecular singlet fission in DT-Mes is a 'hot' process mediated by an 16 Page 16 of 24 ACS Paragon Plus Environment Journal of the American Chemical Society unusual 'destabilized' CT state, but also that the system can explore coherent and incoherent regimes of singlet fission. This is achieved by exploiting symmetry-breaking solvent interactions to induce the necessary energetic proximity for a vibrational mode to mix the CT and TT states. Interestingly, these interactions are by their nature transient, driven by changes in the solvation shell. Here, the precise degree of mixing depends on the solvent polarity, allowing us to switch between coherent and incoherent fission in different solvents and explore the effects in detail through altering the energy of excitation. In addition, while coherent singlet fission has been reported to occur due to mixing between the bright singlet and TT states, [START_REF] Wai Lun Chan | The quantum coherent mechanism for singlet fission: Experiment and theory[END_REF][START_REF] Greyson | Maximizing singlet fission in organic dimers: Theoretical investigation of triplet yield in the regime of localized excitation and fast coherent electron transfer[END_REF][START_REF] Miyata | Coherent singlet fission activated by symmetry breaking[END_REF]18 it is to our knowledge the first time that the role of CT/TT mixing for coherent fission is studied in detail. The fact that singlet fission in DT-Mes occurs through a real CT intermediate underlines the importance of this second step of fission and the advantages of a system dependent on CT states, which are markedly easier to control through environmental factors such as solvent polarity than LE states.

Our approach for controlling the fission mechanism also indicates a more general concept, where various symmetry-breaking effects could be used as 'switches' between coherent and incoherent regimes. External electric fields and strong coupling to light 79 could potentially provide a similar symmetry-breaking effect on the CT states, leading to a coherent fission regime in the vicinity of large mixing, as visualized in Figure 8. The same could be achieved through chemical synthesis, or through changes in the crystal symmetry. Experiments 10 and calculations [START_REF] Refaely-Abramson | Origins of Singlet Fission in Solid Pentacene from an ab initio Green's Function Approach[END_REF] indicate that the rate of fission closely depends on the crystal structure. Tetracene and TIPStetracene exhibit strikingly different fission properties for highly crystalline versus symmetry-broken amorphous or polycrystalline films, 10, 16, 81 indicating a possible transition between coherent and incoherent fission within the same material. Singlet fission is but one example of a photophysical process where the efficiency may be tuned by entering a coherent regime. The same underlying principle could also be used to manipulate and ultimately enhance processes as diverse as long-range energy transport, biomimetic light harvesting and charge separation at interfaces in solar cells. [START_REF] Gélinas | Ultrafast long-range charge separation in organic semiconductor photovoltaic diodes[END_REF][START_REF] Scholes | Using coherence to enhance function in chemical and biophysical systems[END_REF] 

Methods

Computations

In order to obtain the energies of the ground state at the different dihedral angles Φ, constrained geometry optimizations along Φ were performed using density functional theory (DFT), employing the cc-pVDZ basis set and the B3LYP functional. The DFT calculations allow us to take steric effects into account. To accurately account for conjugation effects on the excited states, excited state calculations at all geometries were performed by using the Pople-Parr-Pariser (PPP) theory. Details on the used PPP parameters and the rest of the computational methodology are given in SI Section S1. The results on the electronic structure and geometries are used to define a model Hamiltonian as outlined in SI Section S1.2. This includes the effect of the dihedral rotation on the electronic structure, as well as that of the solvent through the control parameter ∆. By diagonalizing the Hamiltonian at different dihedral angles, we obtain the wavefunctions and energies of the system.

Figure 1 |

 1 Figure 1 | DT-Mes structure and photophysics. (a) Chemical structure of DT-Mes in its orthogonal ground-state geometry, indicating the dominant torsional motion. (b) Ground state absorption spectra of DT-Mes in solvents of different polarity and mesityl-substituted tetracene monomer T-Mes in chloroform (shaded). Calculated electronic energy levels are shown as vertical bars. The energy of the bright state LE B is in excellent agreement with the position of the absorption onset. (c) Peak molar extinction coefficient of DT-Mes in different solvents compared to that of T-Mes in chloroform (dashed). The extinction coefficient is minimized in intermediate polarity solvents. (d) Potential energy surfaces of the two bright excited states along the torsional coordinate. The color code indicates the mixing between the LE B and CT B surfaces, leading to finite oscillator strength for the latter through intensity borrowing. The maximal mixing is found at the local minima of LE B , from where strongly red-shifted emission occurs.

Figure 4 |

 4 Figure 4 | Tuning the TT-CT balance. (a) Solvent dependence of TT yield at 100 ps-200 ps, following excitation at 3.1 eV. The TT yield changes depending on the dielectric environment, and is maximized in intermediate polarity solvents. (b) Pump photon energy dependence of TT yield at 100 ps-200 ps in ethanol. TT forms for excitation above 2.8 eV, and its yield increases with excitation energy up to 3.1 eV. The primary features of TT and CT ↓ are indicated again for clarity.

Figure 5 |

 5 Figure 5 | TT and CT action spectra. (a) Yield of long-lived CT ↓ (circles) and TT pairs (squares), extracted from excitationdependent transient absorption measurements at 100 ps-200 ps time delay, for solvents of increasing polarity (left to right). The TT cross-section was determined by triplet sensitization, assuming TT ≈ 2 • T 1 . The CT ↓ yield is relative to the yield in ethanol following band-edge excitation, which we assume to be 100%. See SI Section S2.11 for details. Shaded spectra are steady-state absorption and extracted CT ↓ emission from Figure 2c. Dashed spectra approximate the CT ↑ distribution, by reflecting the CT ↓ emission spectrum across the vacuum CT energy CTvac (see main text and panel b). (b) Peak of CT emission (squares) as a function of solvent r allows extrapolation of the vacuum CT energy ≈ 2.75 eV (blue). CT ↓ is stabilized from this level by interactions with the solvent shell (bottom), and the oppositely polarized state would be equally destabilized (top), giving rise to the CT ↑ state (circles).
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 12246 Figure 6 | Coherent and incoherent singlet fission. (a) Potential energy surfaces in non-polar solvents (e.g. hexane). CT ↑ does not mix with TT (color scale) in the thermally allowed region at room temperature, the boundaries of which are indicated with the red dashed line. Incoherent singlet fission takes place when enough excess energy to reach the avoided crossing to the TT surface is provided. (b) Potential energy surfaces for intermediate-polarity solvents (e.g. ethanol). CT ↑ is destabilized (arrow) and approaches TT, and the two are strongly mixed by the dihedral oscillation (color scale), resulting in coherent singlet fission.Exciting CT ↑ with more excess energy leads to superposition states with stronger TT contributions than within the thermally allowed region of CT ↑ (red dashed line). (c) Mixing between bright CT and TT as a function of solvent r , at the fixed angle of Φ = 80 o . Intermediate-polarity solvents result into maximal mixing and coherent singlet fission. This is compared with the experimental singlet fission rate, which we extract from the TT growth kinetics in SI Section S2.6. and the TT yields in Figure5. The rate is optimized in solvents where singlet fission is coherent.
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Figure 7

 7 Figure 7 Adiabatic potential energy surfaces along the dihedral angle Φ and the solvent dielectric constant, showing their CT (blue) and TT (red) character. For low-polarity solvents the surfaces only mix for large-amplitude oscillations along Φ in the vicinity of an avoided crossing, leading to incoherent fission. Strong mixing is induced in intermediate-polarity solvents (e.g. ethanol), making singlet fission coherent. Finally,very polar solvents once again lead to reduced mixing between the surfaces.

Figure 8 |

 8 photoexcitation

  1. The molecule has approximate C 2 symmetry, thus the excited singlets transform either as the totally symmetric irreducible representation A or the antisymmetric B. The two lowest-energy adiabatic singlets are the localized excitations LE B and LE A , while the next two are the close-to-degenerate charge-transfer CT A and CT B states. The LE states refer to intra-monomer transitions, while CT states include a transition which is delocalized over both tetracene monomers. Among these states, only LE B is bright at

	the Franck-Condon (FC) point. Its calculated energy (vertical bar in Figure 1b) is in excellent agreement with
	our experimental measurements. Likewise, the predicted energies of CT B agree to within ≈ 0.1 eV with the
	experimentally determined vacuum CT level. Apart from these single excitations, we approximate the triplet
	pair state resulting from singlet fission as the ground state quintet 5 TT (SI Section S1.1) of DT-Mes.
	The above states constitute our electronic basis, however once semi-classical vibrational and/or solvent effects
	are taken into account (see below), a typical adiabatic excited state |Ψ , will, in general, become a superposition
	of these basis states:

  dynamics reported for the equivalent anthracene 58 and pentacene 27 dimers. We can thus assign the second species in transient absorption to the partially planarized singlet LE Brel . On longer timescales a new species is evident with unique excited-state absorption in the near-infrared (e.g. 710 nm, 775 nm, 880 nm).

[START_REF] Chen | Transient grating photoluminescence spectroscopy: An ultrafast method of gating broadband spectra[END_REF] 

measurements (SI Section S2.8), we observe on precisely the same timescale a pronounced redshift of the emission consistent with geometric relaxation of the excited state. This 550 fs time constant is intermediate between the

8

ACS Paragon Plus Environment

Journal of the American Chemical Society planarization

ACS Paragon Plus Environment

ACS Paragon Plus Environment Journal of the American Chemical Society ∆T/T x 10 -3 Acknowledgements This work was supported by the Engineering and Physical Sciences Research Council, UK (grant numbers EP/L015552/1, EP/M025330/1 and EP/M005143/1). A.M.A. acknowledges the support of the Winton Programme for the Physics of Sustainability. S.L. thanks A*STAR Graduate Scholarship support from A*STAR Singapore. T.J.H.H. acknowledges a Research Fellowship from Jesus College, Cambridge. E.G.F. acknowledges financial support from the National Science Foundation Award No. CHE-1555205. J. W. acknowledges financial support from the MOE Tier 3 programme (MOE2014-T3-1-004). The authors thank Akshay Rao for useful discussions and for commenting on the manuscript.

Data Availability

The data underlying this publication is available at [URL added in proof].

Additional Information

Supporting Information. Details on the computational methodology, synthesis, and experimental setup and procedure can be