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Abstract
Singlet exciton fission (SF), the conversion of one spin-singlet exciton (S1) into two spin-triplet excitons (T1), could provide a means to overcome the Shockley-Queisser limit in photovoltaics. SF as measured by the decay of S1 has been shown to occur efficiently and independently of temperature even when the energy of S1 is as much as 200 meV less than 2T1. Here, we study films of TIPS-tetracene using transient optical spectroscopy and show that the triplet pair state (TT), which has been proposed to mediate singlet fission, forms on ultrafast timescales (in 300 fs) and that its formation is mediated by the strong coupling of electronic and vibrational degrees of freedom. This is followed by a slower loss of singlet character as the excitation evolves to become only TT.  10 ps morphology-dependent phase of S1 decay and TT growth. We observe the TT to be thermally dissociated on 10-100 ns timescales to form free triplets.  This provides a model for ‘temperature independent’, efficient TT formation and thermally activated TT separation. 

Singlet exciton fission (SF) is a quantum mechanical phenomenon unique to organic chromophores that could provide a route to breaking the Shockley-Queisser limit on the efficiency of single junction photovoltaics (PVs)1,2,3. In this process, a photogenerated spin-0 singlet exciton (S1) is converted to two spin-1 triplet excitons (T1). It has been proposed that this conversion is mediated by a triplet pair intermediate state (TT), which forms an overall spin-0 state4. This means that SF does not require a spin flip and can proceed on <100 fs timescales when SF is exothermic, i.e E(S1)>2E(T1), allowing for near unity efficiency (200% triplet yield) in materials such as pentacene5.   

But intriguingly, SF also proceeds very efficiently in endothermic systems, where E(S1)<2E(T1), overcoming energy barriers (Eb = 2E(T1) - E(S1)) of up to 200 meV6.  Such systems are of particular technological importance, as most of the materials with E(T1) comparable to the bandgap of silicon (1.1eV) fall into this category, including perylenediimides7 and acenes such as tetracene (Eb  180 meV), which is the most well studied endothermic SF system6,8,9. Extensive work by Bardeen and others has unambiguously shown that free triplets are produced in a high yield in polycrystalline tetracene, yet S1 decays independently of temperature on a 70-90 ps timescale 6,10,11,12. The rate of decay is three orders of magnitude slower than in pentacene, despite similar electronic couplings between the relevant electronic states13. So, what controls the decay rate of S1 and how can this state efficiently overcome an endothermic barrier to generate free triplets? The answer to this question is both of fundamental interest and of practical importance since it could allow for greatly enhanced efficiency in photovoltaic devices, which effectively harvest energy from the environment via endothermic SF. 
(Reviewer 4 suggests removal)

To investigate the mechanism of endothermic SF we study solid-state TIPS-tetracene14, which has the same molecular core as tetracene but is made solution processable via the addition of triisopropylsilyl (TIPS) ethynyl side groups, see Figure 1b. As we discuss below, TIPS-tetracene possesses sharp signatures for S1 and T1 states, which makes clear spectral assignments much easier than in tetracene. We use ultrafast spectroscopy to show that the photoexcitated population acquires TT character on sub-300 fs timescales and evolves to lose S1 character on a morphology-dependent 6-20 ps timescale. The TT state is long-lived and thermally dissociates into separated T1 on 10 ns timescales in disordered films (at room temperature), but surprisingly, remains bound for tens of µs in polycrystalline films (due to a low triplet-hopping rate). 	Comment by Alexandre Cheminal: This could be removed. Not very relevant out of the spectroscopic community and as said in the sentence talked about later.

Results and Discussion
Ultrafast TT formation
Figure 1a shows the energetics of TIPS-tetracene, where the energies of S1 (2.3 eV) (from UV-Vis absorption) and T1 (1.20-1.30 eV) (from phosphorescence)15, indicate that fission is similarly endothermic to tetracene.  In this study we investigate two film types, 'disordered' and 'polycrystalline' that differ in morphology (see SI for structural characterization). We refer to these in the text as ‘disordered’ and ‘polycrystalline’. The UV-Vis and photoluminescence spectra of TIPS-tetracene dilute solution, disordered and polycrystalline films are shown in Figure 1c. The TIPS-tetracene chemical and crystal structure is shown in Figure 1b. 
For the polycrystalline films, which are composed of large (~ 100 μm diameter) domains of aligned crystallites (100 nm diameter), TIPS-tetracene does not pack in a herringbone arrangement, as found in pentacene and tetracene, nor in a 'brick-like' motif, as in TIPS-pentacene. Instead, the TIPS-tetracene molecules are arranged in loose 1D chains, where the molecules are offset with little overlap of the tetracene cores. Disordered films contain smaller aligned domains (~30 nm in diameter), of undetermined molecular packing, surrounded by large amorphous regions.


To investigate the dynamics of SF we use ultrafast broadband transient absorption (TA) spectroscopy with 16 fs time resolution. Figures 2a and b show the room-temperature TA spectra from 50 fs to 2 ps of the two film types, optically excitedpumped with a 50 nm broad pulse centered at 530 nm (2.33 eV), close to the absorption edge. The spectral shapes observed in both films are consistent with the S1 and TT species previously identified in concentrated solutions of TIPS-tetracene15. The initial positive signal at 570 nm (Figures 2a and b) is consistent with photoluminescence maximum of the 0-1 band of the S1 emission and is assigned to S1 stimulated emission (SE), as seen for dilute solution (Figure 2c). The broad negative signal from 600-1300 nm corresponds manilyshows tosimilarities to the solution spectrum and contains contribution from S1 photo-induced absorption (PIA) and is similar to the solution. 	Comment by Alexandre Cheminal: The broad negative signal from 600-1300 nm corresponds mainly to S1 photo-induced absorption (PIA)  and is similar to the solution.

At longer time delays we observe a sharply peaked absorption spectrum (90ps time slice in fig 2a and b) that is assigned to the TT state, seen clearly in the timeslice at 90 ps (Figure 2a and b). ThisOur assignment for this feature is based on the results fromspectral assignments in the previous solution study where sensitisation measurements revealing that the T1 absorption in TIPS-tetracene shows sharp peaks across the visible and NIR(, regularly spaced by a vibrational frequency of ~1300 cm-1.). The TT state was shown to display the same sharp T1 absorption peaks, but shifted by up to 5 meV15. In the film we observe similarly sharp TT absorption bands at the same position as found in solution. The assignments of S1 and TT to the spectral species are based on the similarity of the spectral features we observe to those of individual S1 and T1 excitons in solution, but does not preclude mixing of CT states, which our spectroscopic measurements can not give information on, into these states13.	Comment by Alexandre Cheminal: I’m still a bit confused by the vocabulary, but to me there is no TT or CT state. TT is the intermediate between S and T+T, that’s its definition. Thus TT can be a CT state, or have CT character but there is nothing like a TT and CT state. If there is CT character TT is CT? that is just a comment.

In Figure 2c we present the TT absorption spectrum at 100 ps obtained from a TA measurement of the polycrystalline film. We note that unavoidable pump scatter in the region of the SE in the polycrystalline film affects the spectral shape in this region (570-600 nm).  Notably, the sharp TT absorption bands at 670, 850 nm and 960 nm enable us to track the conversion of S1 to TT. 

Figure 2d and 2e show the loss of S1 SE and growth of the TT absorption for the two film types over the first 2 ps. To single out the TT growth we use kinetics at 860 nm and 835 nm, at the maximum and to the side of the sharp TT absorption band (see TT absorption in Figure 2c) and normalise to the peak initial signal when only S1 is present. The difference between the two kinetics provides a background-free kinetic and captures TT population evolution. Both films show a rise time of 250 fs for the TT absorption that is matched by the rate of loss of SE intensity at 570-580 nm. We confirm this time for the ultrafast interconversion of S1 and TT using a spectral deconvolution method that takes into account all spectral changes across the visible- NIR region (see Supplementary Information section 5). At longer times, there is a further ~10 ps rise in the TT state, matching the decay of S1. We will return to this delayed rise later. The initial TT rise is orders of magnitude faster than previously considered for an endothermic fission system. But how can the supposedly higher-lying TT state be accessed on this timescale without activation?

Vibrationaly coherent TT formation
The ultrafast pump pulse impulsively excites the system  used in these experiments, which is shorter than the vibrational period of many of the modes of the molecule, generates vibrationally coherent wavepackets in both the ground and excited state potential energy surface (PES), as has been discussed previously16. This vibrational coherence results in strong oscillations in the TA spectra and kinetics, as seen in Figure 2d-e. . We note that all absorption peaks oscillate laterally, suggesting a strong contribution from wavepackets on the excited state PES (Figure S15-16). We globally fit the population decay for the TA measurements and Fourier transform the residuals that contain the modulation on top of the electronic response (Supplementary Fig. 14). In Figure 3a we compare these Fourier spectra frequencies obtained from integration across the whole optical spectrum of both film types (560 –1300 nm) with dilute solution (grey trace) and the ground state resonance Raman spectrum (black trace). The solution and resonance Raman spectra include low frequency modes at 315 cm-1, 500 cm-1 and 650 cm-1, of which equivalent modes in tetracene have been assigned to deformation C-C-C stretches17. In addition, high-frequency modes are observed between 1200 and 1300 cm-1, a region usually assigned to C-C ring stretching17. In the film spectra (green and purple traces) we observe additional modes that are not present in either the solution or the ground state spectra, namely modes at 760 cm-1, 890 cm-1 and 1090 cm-1. This frequency range is associated with C-C deformation stretches in tetracene17. 

The presence of these additional modes in the films in comparison with solution may results from additional excited states present in the films that are absent in dilute solutions. To explore this, we compare the 315 cm-1 mode which is strongly associated with the S1 state as seen in the dilute solution, with the 760 cm-1 mode that is only present in the films. We plot the strength of these modes as a function of wavelength in Figure 3b, for polycrystalline films that afford the best signal to noise. These plots show which parts of the spectrum the modes are associated with and hence which excited states they are coupled with. As can be seen in Figure 3b, the distribution of the 315 cm-1 mode reveals nodes at the positions of maximum absorption intensity of the polycrystalline film at early time delays when the system is dominated by S1, as expected in the case where the 315 cm-1 mode is related to the lateral shifting of the S1 absorption spectrum (Supplementary Fig. 17)17. The 315 cm-1 mode also shows intensity at lower energies (~ 1300 nm) where there is a strong S1 PIA. In contrast, the intensitydistribution of the 760 cm-1 mode differs significantly from that of 315 cm-1. The 760 cm-1 mode intensity is strongest in the 600 nm- 900 nm region, with a node at 860 nm, where there is a sharp TT PIA, and is very weak at wavelengths > 1000 nm, where the TT state does not absorb strongly. This mode is absent in the vibrational spectra of dilute solutions where SF does not occur and no TT state is formed. Combined, these results strongly suggest that the 760 cm-1 mode is coupled to the TT state and explains its absence in the ground state Raman and the vibrational spectra of dilute solutions where SF does not occur. 

In Figure 3c we present sliding-window Fourier transform plots of the 315 cm-1 and 760 cm-1 modes. This analysis uses a 1 ps-wide sliding window, represented on the x axis by the earliest time point in the window. The 315 cm-1 mode is plotted for 570 nm and the 760 cm-1 mode is plotted for 850 nm, the regions associated with SE and strong TT absorption in the polycrystalline films respectively. We find the 315 cm-1 mode shows a decrease over time, as expected for a mode where vibrational coherence is generated upon photoexcitation and subsequently damped, either by movement away from the S1 PES or by scattering on the phonon bath. Scattering is unlikely, as damping times for this phenomenon are expected to be on the picosecond timescale. In contrast, the 760 cm-1 mode shows an initial increase, as the window slides from 0-1 ps to 0.4-1.4 ps. The time period of the 760 cm-1 mode, 43 fs, is much shorter than the TT rise time (250 fs), which means that vibrational coherence cannot be created impulsively via the SF process populating TT. Rather, the 760 cm-1 mode is likely to be a product mode of the reaction, formed as the nuclear wavepacket moves from the S1 to the TT PES. Hence, the increase in strength seen in Figure 3c as the underlying TT state grows in (Figure 2e) indicates the formation of the TT state occurs via a vibrationally coherent process. This is similar to vibrationally coherent SF observed in exothermic SF systems, which has been explored both theoretically189,1920, and experimentally201,212,223, and also vibrationally coherent ultrafast internal conversion in polyenes23 and energy transfer in biological light harvesting systems245. 

This coupling also modulates the energy levels of the states involved in the SF process, which is likely to help drive TT formation, as has been previously suggested in a computational study of tetracene derivatives256. The lateral shifting of the PIA features in the ultrafast TA spectra reveal that the transition energies over all excited states present are modulated by more than 100 meV (Supplementary Fig. 14), indicating that energies calculated with the ground state geometries do not provide a good guide to understanding what happens on the excited state PES. 	Comment by Hannah Stern: remove? NOT the second part as it points out that the endothermicity in a fast system as this one can not be expressed in terms of relaxed S energy vs two times relaxed triplet energy but rather (as we show later) the relaxed TT state energy vs the energy of the relaxed free triplets. The with the hand calculation of the energy modulation induced by the vib modes can be removed.

Our observations show that vibrational modes are involved in the rapid formation of TT in TIPS-tetracene. This is different from a model based on strong-electronic coupling between S1 and TT, which has previously been invoked to explain the dynamics of tetracene by Zhu et al.267. The lack of a shift in absorption from solution to solid-state indicates weak interactions between adjacent molecules in TIPS-tetracene in the ground state, which would be inconsistent with a strong-electronic coupling model. In contrast, as has been shown for pentacene, vibronic coupling allows mixing of states even when the direct electronic coupling of S1 and TT is low (<200 cm-1)20. Instead of the direct formation of a superposition of S1 and TT upon photoexcitation, our data suggest that following photoexciation vibrational modes drive the wavepacket from the initially populated Frank-Condon region, modulating both the energies and couplings between S1 and TT and leading to the evolution of the state from one dominated by S1 character to one dominated by TT character. While such a process is known for exothermic fission, where 2xT1 is lower in energy than S1, these results show how even in endothermic systems the TT state can be accessed on ultrafast timescales, enabling endothermic fission to be equally efficient at generating triplet excitons.

As seen in Figure 2d and 2e, following the early time ultrafast conversion of S1 to TT, there is delayed rise in TT with a concomitant decay of S1. This slower S1 decay is reminiscent of the S1 decay observed in tetracene6,10 – it decays independently of temperature over tens of picoseconds (see Supplementary Fig. 23-24) and shows a morphology-dependent lifetime (6-10 ps for disordered and 15-19 ps for polycrystalline), matching the delayed rise of TT. Correspondingly, a 11 ± 1 ps and 12 ± 1 ps photoluminescence lifetime was measured for the disordered and polycrystalline film types respectively using a transient grating photoluminescence set-up with a time resolution of 200 fs (TGPL)28 (Supplementary Fig. 10). In TA, for the polycrystalline samples we note a variation in lifetimes by ~1-2 ps between different positions in the film. Thus, The variation in lifetime for the S1 decay we observe between the TA and PL, and within the TA measurements, we consider to arise due to the inhomogeneity across the polycrystalline film. Importantly, in the absence of higher time resolution and sharp TT spectral signatures this S1 decay time would appear to be the SF rate for TIPS-tetracene. However, as we have shown, this S1 decay rate gives a misleadingly slow indication of the rate of initial TT formation.

We consider that the ultrafast formation of TT represents SF that occurs at photoexcited sites in the film where intermolecular arrangement is optimal for SF. We find that the prompt vs delayed TT formation ratio is larger in the disordered film. The ultrafast rise of TT makes up about 70% of the final TT strength in the disordered film, compared to 30 % for the polycrystalline film. The picosecond morphology-dependent loss of S1 and rise of TT may to be related to the time needed for the excitation to diffuse to optimal fission geometries, as has been suggested in tetracene10,279. Multiple timescales for TT formation have also been observed in hexacene22, where fission is exothermic, and most recently in rubrene28,30, where in both cases the two timescales of TT formation have been attributed to both coherent and incoherent fission processes. In the later study,, it was suggested that coherent TT formation was related to excitation of low-frequency symmetry breaking intermolecular modes, which was followed by a separate incoherent TT formation pathway2830. However, in TIPS-tetracene we cannot rule out an alternate explanation for the slow loss of S1 that is also consistent with our data, whereby vibronic coupling sets up an equilibrium between S1 and TT and the 6-19 ps timescale is related to the time needed to fully shift the S1-TT equilibrium to only TT. Such a process could be mediated by slow damping of certain low-energy phonon modes that are associated with the photoexcited state and not present within the crystal in the ground state, and thus cannot be easily damped. This could allow for a vibronic equilibrium between S1 and TT to be setup, which would last as long as the modes are undamped. Damping of vibrational modes over 10s of ps has been previously observed at low temperature in pentacene crystals in naphthalene2931. This hypothesis would be supported by our observation that the broad PIA (600 nm-1300 nm) in the two films does not show the prompt loss of oscillator strength as seen the SE feature, but shows many sharp features associated with TT from sub-200fs timescales and decays over the picosecond timescale (Figure 2a and b). We predict that the ultrafast TT formation is associated with rapid movement away from the Franck Condon region resulting in loss of SE and that the broad PIA features are due to absorption of the resulting S1-TT state to higher-lying excited states. 

Thermally activated TT dissociation
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK3][bookmark: OLE_LINK4]The fast formation dynamics indicate that the initial TT yield could be very high, as it outcompetes radiative and non-radiative decay channels. However, it is the yield of T1 + T1 at longer timescales that is more relevant for photovoltaic device applications. Figure 4e tracks the evolution of both films at 850 nm from 10 ps to 2 ms. In the disordered film, the raw TA kinetic shows the presence of two decay regimes that we can spectrally resolve, using a spectral deconvolution code based on a genetic algorithm3032, into the decay of bound TT state (= 10 ns (295 K)) and the decay of separated T1 (= 10 s (295 K)) (Figure 4b). The near-IR spectra of the concentrated solution, disordered film and polycrystalline film are shown in Figure 4(a,c,e). For the concentrated solution and disordered film we observe a shifting of the TT absorption peaks and loss of absorption between the two peaks over 1 ns - 1 µs, to give the absorption confirmed via sensitisation to be T1 at microsecond delays15. A shift in the TT absorption peaks have also been observed in pentacene derivatives and associated with the changing excitonic interactions of the bound state as it separates313. However, in the disordered film of TIPS-tetracene the TT dissociation rate and the yield of T1 + T1 are both temperature-dependent (Figure 4b). As the temperature is lowered we observe slower TT decay and relatively weaker T1 + T1 absorption, consistent with a thermally activated TT separation. At the lowest temperatures measured (10 K), we resolve only the TT state. We note that the room temperature TT lifetime measured here is comparable to the TT lifetime in concentrated solution (8.7 ns)15, indicating that a similar barrier is overcome in both systems. We make two estimates for the yield of the reaction TT to T1 + T1. From the quenching of the TT PL at room temperature (see below), we obtain a value of 180 ± 10 %, and from the evolution of the TA, using T1 cross-sections obtained from sensitization measurements a value of 130 ± 20 % (see Supplementary Information section 7). 

The TT absorption, including the weaker TT feature at 900 nm, decays more slowly and is present over the full decay in the polycrystalline film, Figure 4e. Furthermore, the spectrum cannot be de-convoluted into multiple species. The decay of the spectrum does not show an evident temperature dependence, nor is its decay accelerated under increased fluence (from 80-400 Jcm-1). Taken together, these observations suggest that in polycrystalline films the TT state does not dissociate to T1 + T1 even at room temperature. 

To understand why the crystalline morphology gives rise to a long-lived TT state, we calculate the triplet-hopping rates in two distinct intermolecular situations that represent the extreme case for structure difference between the polycrystalline and disordered films - two molecules from the crystal structure and two pi-pi stacked dimers, respectively (see Supplementary Information section 2 for details). We chose a pi-stacked dimer to represent fission sites in the disordered film because the TT PL signatures (introduced below) suggest the TT state occupies two molecules in a low-energy optimal pi-stacked geometry as found in solution. Using the linear response time-dependent density functional theory (TDDFT) with the fragment excitation difference (FED) method, We find that the two intermolecular geometries present very different hopping integrals: 15 and 0.2 meV for the pi-stacked dimer and the crystal structure respectively. Using a reorganization energy of 0.33 eV and the Marcus model324 these hopping integrals correspond to a T1 hopping time of 2.5 ps and 52 ns, respectively. As we cannot know how large or dense the pi-stacked domains are in the disordered film, this value represents an upper limit. The true hopping rate may be lower than this value. In addition, we note that these estimated hopping times assume an ideal environment at 0 K, and as thermal fluctuations in the triplet energies and T1 hopping couplings are included these times are expected to get slower at higher temperatures33. Importantly, these calculations highlight the unusually poor triplet-triplet coupling in the TIPS-tetracene crystal structure. While the chosen structures represent the largest possible difference between the polycrystalline and disordered films, the large variation in hopping rates  and suggest that in polycrystalline films, triplet hopping is very slow and significantly slow the dissociation of the bound TT state.

Photoluminescence from the TT state
Photoluminescence measurements also reveal information on the energetics and evolution of the TT state.  The photoluminescence quantum efficiency in both film types is moderately low: 3% and 1% for the disordered and polycrystalline films respectively, at room temperature.  However, as we report below, the PL yield for the disordered film increases rapidly with reducing temperature, by a factor of 20 at 10 K, implying a PL yield of around 60%. Fig. 5c and 5f show the temperature-dependent steady-state PL of the two films. The disordered film shows a broad PL centered at ~650 nm, with two vibronic peaks clearly visible at low temperature. The polycrystalline film shows three different peaks, and the overall temperature-dependent behavior is similar to tetracene5,6, with the second peak at 580 nm dominating at higher temperatures and the high-energy feature at 540 nm, associated with the 0-0 transition of S1 dominating at low temperature. 

The time-resolved PL at 10 K reveals that in both film types there are two emissive species, a prompt high-energy component, and a red-shifted emissive state (time slices at 0.5 ns and 50 ns in Figure 5a and 5d). The high-energy state has the same spectrum as the dilute solution and decays with a temperature-independent lifetime (Figure 5b and 5e); we assign this to emission from S1 in both disordered and polycrystalline films. For the crystalline film, the S1 feature has a delayed component, similar to the well-studied delayed PL in tetracene6,335. For the disordered film, no delayed component of S1 is detected, indicating that any regeneration of the S1 from TT is too weak to detect.

In both films the red-shifted emission region shows a thermal-dependence. From the kinetic traces at 650 nm of the disordered film we obtain an activation energy, out of the red-shifted emissive state, of ~90 meV (Supplementary Fig. 8). This temperature-dependent emission tracks the temperature dependence for the TT state we observe in TA (Figure 4b).  

The red-shifted emission in the polycrystalline film is weak (orders of magnitude weaker than the prompt S1 at 10 K), making it difficult to difficult to assign this emission to a particular state. However, in the disordered film the red-shifted emission is strong and can be compared to the excited states identified in TA. We note that the high PL yield from the red-shifted emission in the disordered film at 10 K allows direct comparison of the PL decay with the time evolution of the TA spectra. As shown in Figure 4d the PL decay occurs on a 50 ns timescale and matches the TT state decay measured via TA, as seen in solution (Figure 4b). We thus consider that the red-shifted emission in the disordered film also derives from the TT state. We note that 50 ns lifetime with 60% PL yield at 10K suggests a radiative lifetime for the TT state in the disordered film of 80 ns. From the PL yield in the disordered film, we can estimate the yield of the reaction TT to T1 + T1 to be ~180%. 

For both films, the red-shifted species shows pronounced vibronic structure, as observed in a recent study of singlet fission in heteroacenes undergoing fission34. These are sharper in the polycrystalline material and broadened in the disordered, where the emission has the same spectrum as the TT emission in concentrated solution (Fig. S14). We therefore predict that the weak, red-shifted emission in the polycrystalline film is also due to the TT state and that the transition dipole moment of the TT state in the polycrystalline film is significantly reduced compared to the disordered material. This is likely to be due to the ability of the molecules in the disordered film to rearrange into an excimer-like TT state geometry that can more easily radiatively couple to the ground state. 

The activation energy we extract for TT dissociation from the PL measurements (50-90 meV), is comparable to the activation energies measured for tetracene using PL and TA (40-70 meV)35,36. Taking into account the entropic gain following the dissociation of TT to free triplets, which has been discussed by others26,367, we expect the activation energy to be one half of the value of Eb which we estimate to be 200 meV. 

Conclusions
In summary, we have tracked the photophysical behavior of TIPS-Tetracene over ten orders of magnitude (Figure 6) and our results show that ultrafast, activation-less formation of stabilized, long-lived TT states, that quench radiative losses via S1 and protect the excitation from competing decay channels, is key to efficient endothermic formation of T1 + T1. These states can be formed on sub 300 fs timescales, the ultrafast conversion mediated by vibronic coupling. These results unify the observation in tetracene of the simultaneous ultrafast rise of S1 and multiexciton features by Zhu et al. by photoelectron spectroscopy267 with the slower S1 dynamics observed in optical measurements6,10,12. At later times, the long-lived TT states can be thermally dissociated to free T1, if the crystal morphology supports efficient triplet hopping. If not, TT can remain bound on µs timescales without being dissociated to free T1. More generally, our results demonstrate how vibronic coupling and structural relaxation can allow for the formation excited states on sub-ps timescales, that are subsequently stabilised and long-lived allowing sufficient time for endothermic process to occur efficiently at longer timescales. These results pave the way for further studies of how the optimisation of the chemical structure of endothermic fission materials can alter vibronic coupling and the ultrafast fission process.	Comment by Alexandre Cheminal: How about something more optimistic? Like shows the way as to how to use ultrafast and fast TA to investigate?optimize the side groups so as to get morphologies maximizing the SF QY? Or something like that> I feel like the first two paragraphs are exactly the same thing repeated anyways?

Methods
Sample preparation. TIPS-tetracene was synthesized according to the procedure in reference37. For all of the optical measurements TIPS-tetracene was either spin coated or drop cast onto 13 mm diameter fused silica substrates in an oxygen free environment. Samples were measured under vacuum or, for low temperature measurements, in a helium dynamic flow cryostat. 

Spectroscopic measurements. UV-Vis absorption spectra were measured on a Cary 400 UV-Visible Spectrometer over the photon energy range 1.55 eV-3.54 eV. Steady-state photoluminescence spectra were collected using a pulsed laser at 2.64 eV (PicoQuant LDH400 40 MHz) and collected on a 500 mm focal length spectrograph (Princeton Instruments, SpectraPro2500i) with a cooled CCD camera. Time-resolved photoluminescence decay was measured using time-correlated single photon counting (TCSPC), an intensified CCD camera (ICCD) and a transient grating set-up (TGPL). For all measurements the sample was measured in either a side-on or backward reflection geometry, to mitigate self-absorption. The TCSPC set-up uses the same excitation source and camera as the steady-state PL and has a temporal resolution of 300 ps. Transient grating measurements were measured by a home-built transient-grating photoluminescence spectroscopy, setup described elsewhere38. The photoluminescence quantum efficiencies of the films were measured using an integrating sphere and a 2.33 eV excitation source. Picosecond and nanosecond transient absorption spectra were recorded on a setup that has been previously reported3940. The ultra-fast (20 fs) transient absorption experiments were performed using a Nd :YAG based amplified system (PHAROS, Light Conversion) providing 14.5W at 1025 nm and 38 kHz repetition rate. See the supplementary information section 1b for more details on the transient absorption setups.

Structural measurements. Grazing incidence wide angle X-ray scattering measurements were performed at beamline I07, Diamond Light Source, UK, using a Pilatus 1M detector and beam energy of 12.5 keV. X-ray diffraction measurements were performed using a Bruker D8 setup and a wavelength of 1.5406 angstrom

Data availability. The data sets generated during and/or analysed during the current study are available in the University of Cambridge data repository at https://doi.org/xxxx.
The data that support the findings of this study are available from the corresponding author upon reasonable request. 
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Figure captions:

Figure 1: TIPS-tetracene energies and structure (a) Energy level diagram of TIPS-tetracene. The S1 energy is determined from the UV-vis spectra (c) whilst the T1 energy is estimated from phosphorescence measurements15. (b) TIPS-tetracene chemical structure and one unit cell of the TIPS-tetracene crystal structure. (c) Normalized UV-vis absorption and steady-state emission of the disordered film (purple) and dilute solution (3 mg/ml in chloroform) (grey) and the excitation and emission spectra of the polycrystalline film (green). 

Figure 2. Ultrafast TT formation. (a) and (b) Ultrafast transient absorption measurements of disordered and polycrystalline TIPS-tetracene films from 50 fs – 90 ps. We note the polycrystalline film measurement is affected by pump scatter in the SE spectral region. (c) Transient absorption spectra of S1, from a measurement of solution, and TT, from a measurement of a polycrystalline film at a time delay of 100 ps. (c) and (d) Normalised kinetics (normalised at 2 ps) obtained from the measurements in (a) and (b) respectively. (c) For the disordered film, the kinetic representing the decay of the SE is taken at 570 nm. For the rise of the TT state we plot the difference between the change in absorption at 860 nm (a TT absorption peak) and 835 nm. The two kinetics are normalised at 0 fs and subtracted. At the beginning of the measurement both regions contain S1 absorption and the difference in the kinetics represents the growth of TT. (d) For the polycrystalline film the loss of SE intensity is represented at 580 nm where there is slightly decreased pump scatter. The TT kinetic is the difference in absorption intensity between 860 nm and 835 nm, as in the disordered film.

Figure 3: Vibrationally coherent TT formation. (a) Vibrational frequencies of TIPS-tetracene obtained from the ultrafast transient absorption measurements, from 0-2 ps, of solution (grey), disordered film (purple) and the polycrystalline film (green) and the ground state resonance Raman spectrum (black). The highlighted regions indicate a prominent S1 frequency at 315 cm-1 (blue shading) and new modes that exist in the films and not in either solution or ground state (GS) Raman at 760 cm-1, 870 cm-1 and 1090 cm-1 (red shading). (b) The spectral slices of the 315 cm-1 and 760 cm-1 modes and timeslices from the transient absorption measurements of the polycrystalline film, taken at 50 fs and 90 ps. (c) Sliding-window Fourier transform plots of the 315 cm-1 and 760 cm-1 modes in the polycrystalline film, obtained at 570 nm for the 315 cm-1 mode and 850 nm for the 760 cm-1 mode. The sliding window Fourier transform was performed by sliding a 1 ps time window from 0 fs to 2 ps. The x axis represents the starting time for the sliding window. 

[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Figure 4. Thermally-activated TT separation. (a,c,e) Transient absorption spectra from 1 ns to 3 s of the (a) concentrated solution, (c) disordered film and (e) polycrystalline film in the near-IR spectral region. For the concentrated solution and disordered film we observe two decay regimes that can be spectrally deconvoluted using a code based on a genetic algorithm (see SI for details) into two distinct spectra corresponding to TT and T1 + T1. The TT spectrum contains additional absorption intensity between the two peaks at 850 nm and 960 nm and the peaks are blue-shifted by 5 meV. (b,d) The extracted room temperature kinetics for the TT and T1 decay in the (b) concentrated solution and (d) the disordered film. The photoluminescence decay of the TT state at room temperature in the concentrated solution and at 10 K in the disordered film are shown plotted against the TA decay (purple trace). (f) Raw kinetics from the transient absorption measurement of the disordered and polycrystalline films at 850 nm highlighting the different decay behaviour. 

[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Figure 5: Thermally-activated TT emission. (a,d) Time-resolved emission scans reveal two emissive states in both the (a) disordered film and (d) polycrystalline films at 10 K. PL Count represents the photoluminescence intensity. The emission from 30-100 ns is shown magnified for the crystalline film (inset (d)). Timeslices at 0.5 ns and 50 ns are shown above the colour plots. (b,e) Temperature-dependent kinetics taken at 540 nm and 600 nm for the (b) disordered and (e) polycrystalline films. We obtained an activation energy in the red-shifted region of ~90 meV and ~50 meV respectively. (c,f) Temperature-dependent steady-state emission for the (c) disordered and (f) polycrystalline films. The spectra are normalised to the peak of the emission at 10 K. At higher temperatures the spectra are plotted to show their intensity relative to the 10 K emission.

Figure 6: The role of the TT state in endothermic singlet exciton fission.
(Top) A schematic diagram of endothermic singlet exciton fission. The wavepacket generated at the Franck Condon (FC) position of the S1 potential energy surface is passed to the TT state during ultrafast formation of TT. Thermally-activated TT separation occurs over tens of nanoseconds. (Bottom) The kinetics of the S1, TT and T1 + T1 species in the disordered film from 10 fs to 100 s, obtained from the TA measurements using a genetic algorithm for spectral deconvolution. 
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