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Abstract

Singlet exciton fission (SF), the conversion of one spin-singlet excit)nn{s two
spin-triplet excitons (1), could provide a means to overcome the Shockley-Queisser
limit in photovoltaics. SF as measured by the decay:diaS been shown to occur
efficiently and independently of temperature even wthenenergy of §is as muh

as 200 meV less than 2THere, we study films of TIPS-tetracene using transient
optical spectroscopy and show that the triplet pair s&®, which has been
proposed to mediate singlet fission, forms on ultrafast timescal@9@ims) and that

its formation is mediated by the strong coupling of etetatr and vibrational degrees
of freedom. This is followed by a slower loss of singlet charaas the excitation
evolves to become only TT. We observe the TT to be therrdabpciated on 10-
100 ns timescales to form free triplets. This provides a model for ‘temperature

independent’, efficient TT formation and thermally activated TT separation.
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Singlet exciton fission (SF) is a quantum mechanical phenomanique to organic
chromophores that could provide a route to breaking the &yeGueisser limit on
the efficiency of single junction photovoltaics (P¥&) In this process, a
photogenerated spin-0 singlet exciton) (S converted to two spin-1 triplet excitons
(Ty). It has been proposed that this conversion is mediated lyplat pair
intermediate stateT{T), which forms an overall spin-0 stat&his means that SF does
not require a spin flip and can proceed on <100 fs timescdles &F is exothermic,
i.e E(S)>2E(Ty), allowing for near unity efficiency (200% triplet yield) materials

such as pentacehe

But intriguingly, SF also proceeds very efficiently indethermic systems, where
E(S1)<2E(T1), overcoming energy barriersyE 2E(T1) - E(S)) of up to 200 me¥.
Such systems are of particular technological impogaas most of the materials with
E(T1) comparable to the bandgap of silicon (1.1eV) fall ithis category, including
perylenediimidesand acenes such as tetrac@Be= 180 meV), which is the most
well studied endothermic SF syst&ffi Extensive work by Bardeen and othbes
unambiguously shown that free triplets are produced in a hidghigi@olycrystalline
tetracene, yet:Slecays independently of temperature on 800s timescalé-10.11.12
The rate of decay is three orders of magnitude slowan th pentacene, despite
similar electronic couplings between the relevant electroniessta$o, what controls
the decay rate of :S3and how can this state efficiently overcome an endothermic

barrier to generate free tripl@ts

To investigate the mechanism of endothermic SF we studg-salte TIPS-

tetracame!4, which has the same molecular core as tetracene but is swdgkion
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processable via the additiontoisopropylsilyl (TIPS) ethynykide groups, see Figure
1b. As we discuss below, TIPS-tetracene possesses sharp signatusesuidr Tu
states. We use ultrafast spectroscopy to show that the gbibdded population
acquiresTT character on sub-300 fs timescales and evolves to loskea&acter on a
morphology-dependent 0 ps timescale. The TT state is long-lived and thermally
dissociates into separatedt ®n 10 ns timescales in disordered films at room
temperature, but surprisingly, remains bound for tens of ps in petgtinye films

due to a low triplet-hopping rate.

Results and Discussion

Ultrafast TT formation

Figure la shows the energetics of TIPS-tetracene, whemndrgies of 5(2.3 eV)
(from UV-Vis absorption) and T(1.20-1.30 eV) (from phosphoresceriéeindicate
that fission is similarly endothermic to tetracene. In thigly we investigate two
film types, 'disordered’ and 'polycrystalline’ that diffar morphology (see SI for
structural characterization). The UV-Vis and photoluminescespeetra of TIPS-
tetracene dilute solution, disordered and polycrystallinesfare shown in Figure 1c

The TIPS-tetracene chemical and crystal structure is showguneFlb.

To investigate the dynamics of SF we use ultrafast broadbamsietn absorption
(TA) spectroscopy with 16 fs time resolution. Figures 2a arshdw the room-
temperature TA spectra from 50 fs to 2 ps of the two fypes, optically excited
close to the absorption edge. The spectral shapes observet filrb® are consistent
with the S and TT species previously identified in concentratedtisoisi of TIPS-

tetracené. The initial positive signal at 570 nm (Figures 2a and b) is stamiwith
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photoluminescence maximum of the 0-1 band of thendission and is assigned to S
stimulated emission (SE), as seen for dilute solution (FigureThe) broad negative
signal from 600-1300 nm corresponds mandyS; photo-induced absorption (PIA)

and is similar to the solution.

At longer time delays we observe a sharply peaked absormemrgm (90ps time
slice in fig 2a and b) that is assigned to the TT siites assignment is based on the
results from the previous solution study revealing thatTthe@bsorption in TIPS-
tetracene shows sharp peaks across the visible and NIR(, rheggpaced by a
vibrational frequency of ~1300 chj. The TT state was shown to display the same
sharp T absorption peaks, but shifted by up to 5 ffeWrhe assignments ofi &nd

TT to the spectral species are based on the similarity of #etrapfeatures we
observe to those of individuak &nd T excitons in solutionbut does not preclude
mixing of CT states, which our spectroscopic measurements can notfgiveation

on, into these states

In Figure 2c we present the TT absorption spectrum at 1@btased from a TA
measurement of the polycrystalline film. Notably, the sh&EFpabsorption bands at

670, 850 nm and 960 nm enable us to track the conversionoflS.

Figure 2d and 2e show the loss ofSE and growth of the TT absorption for the two
film types over the first 2 ps. To single out the TT glowie use kinetics at 860 nm
and 835 nm, at the maximum and to the side of the sharp Dfptibs band (see TT
absorption in Figure 2c) and normalise to the peak initialasigihen only $ is

present. The difference between the two kinetics providesclkground-free kinetic



114  and captures TT population evolution. Both films show a rise tin506ffs for the
115 TT absorption that is matched by the rate of loss of SEhsitly at 570-580 nm. We
116  confirm this time for the ultrafast interconversion of &d TT using a spectral
117  deconvolution method that takes into account all spectraigesaacross the visible-
118 NIR region (see Supplementary Information section 5). Atdorignes, there is a
119  further ~10 psrise in the TT state, matching the decay.of S

120

121  Vibrationaly coherent TT formation

122  The ultrafast pump pulse impulsively excites the system aas ieen discussed
123 previously®. This vibrational coherence results in strong oscillations & TA
124  spectra and kinetics, as seen in Figure 2d-e. We gloltathefpopulation decay for
125 the TA measurements and Fourier transform the residualsahtain the modulation
126  on top of the electronic response (Supplementary Fig. 14). Ind=8puwe compare
127  these Fourier spectra obtained from integration acrosshbk optical spectrum of
128  both film types (566-1300 nm) with dilute solution (grey trace) and the ground state
129 resonance Raman spectrum (black trace).

130

131 The presence of additional modes in the films in compangtn solution results
132  from additional excited states present in the films thatadsent in dilute solutions.
133  To explore this, we compare the 315-tmode which is associated with thes$ate
134 as seen in the dilute solution, with the 760amode that is only present in the films.
135 We plot the strength of these modes as a function of wavklemgtigure 3b, for
136  polycrystalline films that afford the best signal to noise. Theds plaow which past
137  of the spectrum the modes are associated with and hende exuited states they are

138  coupled with. As can be seen in Figure 3b, the distributioh®f35 cnt mode
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reveals nodes at the positions of maximum absorption intenstihegdolycrystalline
film at early time delays when the system is dominate8:bgs expected in the case
where the 315 crh mode is related to the lateral shifting of the @&sorption
spectrum (Supplementary Fig. ¥7)The 315 cnt mode also shows intensity at lower
energies (~ 1300 nm) where there is a strongI8. In contrast, the intensity of the
760 cm! mode is strongest in the 600 nm- 900 nm region, with a nb@éGanm,
where there is a sharp TT PIA, and is very weak at wavelengths > 1000 nm tknvhe
TT state does not absorb strongly. This mode is absent in tregiomal spectra of

dilute solutions where SF does not occur and no TT state is formed.

In Figure 3c we present sliding-window Fourier transfototspof the 315 crhand
760 cm! modes. This analysis uses a 1 ps-wide sliding window, repeesentthe x
axis by the earliest time point in the window. The 315'amnode is plotted for 570
nm and the 760 cthmode is plotted for 850 nm, the regions associated with 8E an
strong TT absorption in the polycrystalline films respectively fiid the 315 cr
mode shows a decrease over time, as expected for a mode whexgonal
coherence is generated upon photoexcitation and subsequentledjaener by
movement away from the: $ES or by scattering on the phonon bath. Scattering is
unlikely, as damping times for this phenomenon are expeated on the picosecond
timescale. In contrast, the 760 €mode shows an initial increase, as the window
slides from 0-1 ps to 0.4-1.4 ps. The time period of the #6bmode, 43 fs, is much
shorter than the TT rise time (250 fs), which means that \almaticoherence cannot
be created impulsively via the SF process populating TT. Rakteer,60 cnt mode

is likely to be a product mode of the reaction, formed asnticlear wavepacket

moves from the 8o the TT PES. Hence, the increase in strength seen ineR3guas
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the underlying TT state grows in (Figure 2e) indicates the formafidhe TT state
occurs via a vibrationally coherent process. This is similar hoattonally coherent
SF observed in exothermic SF systems, which has been @xplboth
theoretically®1®, and experimental®}?-22, and also vibrationally coherent ultrafast
internal conversion in polyer®sand energyransfer in biological light harvesting

systems*.

This coupling also modulates the energy levels of thesstaivolved in the SF
process, which is likely to help drive TT formation, as has beenousy suggested
in a computational study of tetracene derivaieBhe shifting of the PIA features in
the ultrafast TA spectra reveal that the transition eegrgver all excited states
present are modulated by more than 100 meV (Supplementarl4), indicating

that energies calculated with the ground state geometries goavade a good guide

to understanding what happens on the excited state PES.

Our observations show that vibrational modes are involveleirrapid formation of
TT in TIPS-tetracene. This is different from a model basedstoong-electronic
coupling between Sand TT, which has previously been invoked to explain the
dynamics of tetracene by Zhu et 2&l.Instead of the direct formation of a
superposition of Sand TT upon photoexcitation, our data suggest that following
photoexciation vibrational modes drive the wavepacket fioeninitially populated
Frank-Condon region, modulating both the energies and coupktgsén $Sand TT
and leading to the evolution of the state from one dammhay S character to one
dominated by TT character. While such a process is known fothennic

fission, where 2xT is lower in energy than 1S these results show how even



189 in endothermic systems the TT steénbe accessed on ultrafast timescales, enabling
190 endothermic fission to be equally efficient at generating trgpteitons.

191

192  As seen in Figure 2d and 2e, following the early time ultrafasversion of $to TT,

193 there is delayed rise in TT with a concomitant decay0fT8is slower &decay is
194 reminiscent of the Sdecay observed in tetracéd@— it decays independently of
195 temperature over tens of picoseconds (see Supplementar32g) and shows a
196  morphology-dependent lifetime (6-10 ps for disordered and 15-19fops
197  polycrystalline), matching the delayed rise of TT. CorrespongirggiLll + 1 ps and
198 12 + 1 ps photoluminescence lifetime was measured for the disdrdand
199 polycrystalline film types respectively (Supplementary Fig. 10 Variation in
200 lifetime for the S decay we observe between the TA and PL, and within the TA
201 measurements, we consider to arise due to the inhomogeneaibgs athe
202  polycrystalline film. Importantly, in the absence of highendiresolution and sharp
203  TT spectral signatures thig 8ecay time would appear to be the SF rate for TIPS-
204 tetracene. However, as we have shown, thidegay rate gives a misleadingly slow
205 indication of the rate of initial TT formation.

206

207 We consider that the ultrafast formation of TT representsti&f occurs at
208 photoexcited sites in the film where intermolecular arrevege is optimal for SF.
209 The picosecond morphology-dependent lossddrfél rise of TT may to be related to
210 the time needed for the excitation to diffuse to optingdidin geometries, as has been
211 suggested in tetracefé’. Multiple timescales for TT formation have also been
212  observed in hexaceffe where fission is exothermic, and most recently in rudfene

213 where in both cases the two timescales of TT formation heee bttributed to both
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coherent and incoherent fission processes. In the later studgsisuggested that
coherent TT formation was related to excitation of low-frequeycymetry breaking
intermolecular modes, which was followed by a separateherent TT formation
pathway®. However, in TIPS-tetracene we cannot rule out an altematianation

for the slow loss of Sthat is also consistent with our data, whereby vibronic coupling
sets up an equilibrium between &d TT and the 6-19 ps timescale is related to the
time needed to fully shift the;S'T equilibrium to only TT. Such a process could be
mediated by slow damping of certain low-energy phonon mddssate associated
with the photoexcited state and not present within the crystak ground state, and
thus cannot be easily damped. This could allow for a vibremqidibrium between §
and TT to be setup, which would last as long as the modes are undamped.doampin
vibrational modes over 10s of ps has been previously adbetviow temperature in
pentacene crystals in naphthalneThis hypothesis would be supported by our
observation that the broad PIA (600 nm-1300 nm) in the iws fdoes not show the
prompt loss of oscillator strength as seen the SE featureshowts many sharp
features associated with TT from sub-200fs timescales and decays tl
picosecond timescale (Figure 2a and b). We predict thatittlagéast TT formation is
associated with rapid movement away from the Franck Conegiornr resulting in
loss of SE and that the broad PIA features are due to absaoptiom resulting STT

state to higher-lying excited states.

Thermally activated TT dissociation
The fast formation dynamics indicate that the initial TT yieddld be very high, as it
outcompetes radiative and non-radiative decay channels. Howevéhgityield of

+ Ty at longer timescales that is more relevant for photovotteidgce applications.

10



239  Figure4e tracks the evolution of both films at 850 nm from 10 p2 tms. In the
240 disordered film, the raw TA kinetic shows the presence ofdecay regimes that we
241 can spectrally resolve, using a spectral deconvolutiore doased on a genetic
242  algorithn®d, into the decay of bound TT state=(10 ns (295 K)) and the decay of
243  separated 1{t= 10 us (295 K)) (Figure 4b). The near-IR spectra of the conataur
244  solution, disordered film and polycrystalline film are shown in Fegi(a,c,e). For the
245  concentrated solution and disordered film we observef@nghof the TT absorption
246  peaks and loss of absorption between the two peaks over-1 ps to give the
247  absorption confirmed via sensitisation to heal microsecond delajs A shift in the
248 TT absorption peaks have also been observed in pentacevettidesi and associated
249  with the changing excitonic interactions of the bound stmié separaté$. However,
250 in the disordered film of TIPS-tetracene the TT dissoaatade and the yieldf T1+
251 T are both temperature-dependent (Figure 4b). As theetatope is lowered we
252  observe slower TT decay and relatively weakerTT1 absorption, consistent with a
253 thermally activatedl T separation. At the lowest temperatures measured J1veé&
254  resolve only the TT state. We note that the room temperatuléeiiine measured
255  here is comparable to the TT lifetime in concentratedtisoly(8.7 ns)®, indicating
256 that a similar barrier is overcome in both systems. We nhakeestimates for the
257  vyield of the reaction TT to I+ Ti. From the quenching of the TT PL at room
258 temperature (see below), we obtain a value of 180 %,18nd from the evolution of
259 the TA, using T cross-sections obtained from sensitization measurements aofalue
260 130 £ 20 % (see Supplementary Information section 7).

261

262  TheTT absorption, including the weaker TT feature at 900 nm, devays slowly

263 and is present over the full decay in the polycrystaliine Figure 4e. Furthermore,

11
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the spectrum cannot be de-convoluted into multiple specihe decay of the
spectrum does not show an evident temperature dependence, rier decay

accelerated under increased fluence (from 80-406m?). Taken together, these
observations suggest that in polycrystalline films the Tieslaes not dissociate to

T1+ T1even at room temperature.

To understand why the crystalline morphology gives rise to alleed TT state, we
calculate the triplet-hopping rates in two distinctemtolecular situations that
represent the extreme case for structure difference betwegolywystalline and
disordered films - two molecules from the crystal structuré o pi-pi stacked
dimers, respectively (see Supplementary Information section Qetails). We find
that the two intermolecular geometries present very diffehepping integrals: 15
and 0.2 meV for the pi-stacked dimer and the crystal tstreicespectively. Using a
reorganization energy of 0.33 eV and the Marcus niddieése hopping integrals
correspond to aiThopping time of 2.5 ps and 52 ns, respectively. As we cannot know
how large or dense the pi-stacked domains are in the disorfilenedhis value
represents an upper limit. Importantly, these calculationdigighthe unusually poor
triplet-triplet coupling in the TIPS-tetracene crystdfucture and suggest that in
polycrystalline films, triplet hopping is very slow and sigrafitly slow the

dissociation of the bound TT state.

Photoluminescencefrom the TT state
Photoluminescence measurements also reveal information oentrgetics and
evolution of the TT state. The photoluminescence quantumesitiz in both film

types is moderately low: 3% and 1% for the disordered and ryetadiine films

12
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respectively, at room temperature. However, as we report pilevPL yield for the
disordered film increases rapidly with reducing temperatwe factor of 20 at 10 K,
implying a PL yield of around 60%. Fig. 5¢ and 5f show thepemature-dependent
steady-state PL of the two films. The disordered film showsoad PL centered at
~650 nm, with two vibronic peaks clearly visible at low temperaturbe
polycrystalline film shows three different peaks, and theralvegemperature-
dependent behavior is similar to tetracehewith the second peak at 580 nm
dominating at higher temperatures and the high-energyréeat 540 nm, associated

with the 0-0 transition of Sdominating at low temperature.

The time-resolved PL at 10 K reveals that in both film typeset are two emissive
species, a prompt high-energy component, and a red-shiftes$ieanstate (time
slices at 0.5 ns and 50 ns in Figure 5a and 5d). The high-enatgyhsts the same
spectrum as the dilute solution and decays with a temyperstdependent lifetime
(Figure 5b and 5e); we assign this to emission fromnSboth disordered and
polycrystalline films. For the crystalline film, the fature has a delayed component,
similar to the well-studied delayed PL in tetracefieFor the disordered film, no
delayed component ofi$s detected, indicating that any regeneration of th&dsn

TT is too weak to detect.

In both films the red-shifted emission region shows anthédependence. From the
kinetic traces at 650 nm of the disordered film we obtain nasion energy, out of
the red-shifted emissive state, of ~90 meV (Supplementary Figh& temperature-
dependent emission tracks the temperature dependence Tor giate we observe in

TA (Figure 4b). We note that the high PL yield from tkd-shifted emission in the

13



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

disordered film at 10 K allows direct comparison of the ddcay with the tira
evolution of the TA spectra. As shown in Figure 4d the Rtageccurs on a 50 ns
timescale and matches the TT state decay measured via TA, as seetion
(Figure 4b). We thus consider that the red-shifted emissitimei disordered film also
derives from the TT state. We note that 50 ns lifetime with &0%yield at 10K
suggests a radiative lifetime for the TT state in the disorddracfi80 ns. From the
PL yield in the disordered film, we can estimate the yielthefreaction TT to T+

T1to be ~180%.

For both films, the red-shifted species shows pronounced vibronictis®, as
observed in a recent study of singlet fissionheteroacenes undergoing fisston
These are sharper in the polycrystalline material and broadent@ disordered,
where the emission has the same spectrum as the TT emissmoncentrated
solution (Fig. S14). We therefore predict that the weakshefted emission in the
polycrystalline film is also due to the TT state and that thesiian dipole moment
of the TT state in the polycrystalline film is significantlydoveed compared to the
disordered material. This is likely to be due to the abilityh@ molecules in the
disordered film to rearrange into an excimer-like TT state gégnthat can more

easily radiatively couple to the ground state.

The activation energy we extract for TT dissociation from theneasurements (50-
90 meV), is comparable to the activation energies measuredtfacegne using PL
and TA (40-70 me\Bp3*, Taking into account the entropic gain following the

dissociation of TT to free triplets, which has been discussedheys$*, we expect

14



338 the activation energy to be one half of the value wivBRich we estimate to be 200
339 meV.

340
341 Conclusions

342  In summary, we have tracked the photophysical behavior of TIPS€Eai over ten
343 orders of magnitude (Figure 6) and our results show that adtyaéctivation-less
344  formation of stabilized, long-lived TT states, that quench radiatiseek via Sand
345  protect the excitation from competing decay channels, igdkefficient endothermic
346 formation of . + Ti. These states can be formed on sub 300 fs timescales, the
347 ultrafast conversion mediated by vibronic coupling. These resuttfy the
348 observation in tetracene of the simultaneous ultrafast risg; @nd multiexciton
349 features by Zhu et al. by photoelectron spectros€opith the slower Sdynamics
350 observed in optical measuremértsi2 At later times, the long-lived TT states can be
351 thermally dissociated to freey,Tif the crystal morphology supports efficient triplet
352  hopping. If not, TT can remain bound on ps timescales without logsisgciated to
353 free T..These results pave the way for further studies of how the sptiom of the
354  chemical structure of endothermic fission materials can alteowic coupling and
355 the ultrafast fission process.

356

357 Methods

358 Samplepreparation. TIPS-tetracene was synthesized according to the procedure in
359 referencé’. For all of the optical measurements TIPS-tetracene was eithesosied
360 ordrop cast onto 13 mm diameter fused silica substrates in an oxygen free

361 environment. Samples were measured under vacuum or, for loweriztone

362 measurements, in a helium dynamic flow cryostat.

363

364  Spectroscopic measurements. UV-Vis absorption spectra were measured on a Cary
365 400 UV-Visible Spectrometer over the photon energy range 1.55 eV-3.54 adySte

15



366 state photoluminescence spectra were collected using a pulsed sdr eV

367 (PicoQuant LDH400 40 MHz) and collected on a 500 mm focal length spegitog
368 (Princeton Instruments, SpectraPro2500i) with a cooled CCD camera-régulved
369 photoluminescence decay was measured using time-correlatesl gogbn counting
370 (TCSPC), an intensified CCD camera (ICCD) and a transient gratiugp & GPL).
371 For all measurements the sample was measured in either a sidbamkward

372  reflection geometry, to mitigate self-absorption. The TCSPC set-gghssame
373 excitation source and camera as the steady-state PL and ha®eateagwlution of
374 300 ps. Transient grating measurements were measured by a hdinedsient-
375 grating photoluminescence spectroscopy, setup described els&whieee

376  photoluminescence quantum efficiencies of the films were measising an

377 integrating sphere and a 2.33 eV excitation source. Picosecond asécamb

378 transient absorption spectra were recorded on a setup that hggdaeunsly

379 reported. The ultra-fast (20 fs) transient absorption experiments were pedorm
380 using a Nd :YAG based amplified system (PHARQOS, Light Conversion)dingv
381 14.5W at 1025 nm and 38 kHz repetition rate. See the supplemaritamgation

382  section 1b for more details on the transient absorption setups.

383

384  Structural measurements. Grazing incidence wide angle X-ray scattering

385 measurements were performed at beamline 107, Diamond Light Sowkcasidg a
386 Pilatus 1M detector and beam energy of 12.5 keV. X-ray diftagcheasurements
387 were performed using a Bruker D8 setup and a wavelength of 1.5406 angstrom
388

389 Dataavailability. The data sets generated during and/or analysed during the current
390 study are available in the University of Cambridge data repository a

391  https://doi.org/xxxx.

392
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Figure captions:

Figure 1: TIPS-tetracene energies and structure (a) Enevgy diagram of TIPS-
tetracene. The 1Senergy is determined from the UV-vis spectra (c) whilst T

energy is estimated from phosphorescence measuréme(tiy TIPS-tetracene
chemical structure and one unit cell of the TIPS-tetracenstatrgtructure. (c)
Normalized UV-vis absorption and steady-state emission of teerddired film
(purple) and dilute solution (3 mg/ml in chloroform) (grey) ahd excitation and

emission spectra of the polycrystalline film (green).

Figure 2. Ultrafast TT formation. (a) and (b) Ultrafast tramsi@bsorption
measurements of disordered and polycrystalline TIPS-&teaiims from 50 fs- 90
ps. We note the polycrystalline film measurement is affelsjedump scatter in the
SE spectral region. (c) Transient absorption spectra;,0fr@n a measurement of
solution, and TT, from a measurement of a polycrystalline filantame delay of 100
ps. (c) and (d) Normalised kinetics (normalised at 2 ps) obtained frem th
measurements in (a) and (b) respectively. (c) For the dissddfiim, the kinetic
representing the decay of the SE is taken at 570 nmhEaise of the TT state we
plot the difference between the change in absorptiod6@tnm (a TT absorption
peak) and 835 nm. The two kinetics are normalised at O fs anchcelt At the
beginning of the measurement both regions contaiabSorption and the difference
in the kinetics represents the growth of TT. (d) For the polyaityse film the loss of

SE intensity is represented at 580 nm where there is slightiedsed pump scatter.
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The TT kinetic is the difference in absorption intensity betw860 nm and 835 nm,

as in the disordered film.

Figure 3: Vibrationally coherent TT formation. (a) Vibratibfi@quencies of TIPS-
tetracene obtained from the ultrafast transient absorpti@asurements, from 0-2 ps,
of solution (grey), disordered film (purple) and the polgtailine film (green) and
the ground state resonance Raman spectrum (black). The higtligigions indicate
a prominent $frequency at 315 cin(blue shading) and new modes that exist in the
films and not in either solution or ground state (GS) Ramag@Gtih!, 870 cmt and
1090 cnt (red shading). (b) The spectral slices of the 315 amd 760 cmd modes
and timeslices from the transient absorption measurements pblycrystalline film,
taken at 50 fs and 90 ps. (c) Sliding-window Fourier transfdots pf the 315 cm
and 760 cnt modes in the polycrystalline film, obtained at 570 nm for3h& cm?
mode and 850 nm for the 760 €mode. The sliding window Fourier transform was
performed by sliding a 1 ps time window from O fs to 2 g& X axis represents the

starting time for the sliding window.

Figure 4. Thermally-activated TT separation. (a,c,e) Transient absorpéotmasfrom

1 ns to 3 us of the (a) concentrated solution, (c) disordered filnd &g)
polycrystalline film in the near-IR spectral region. For thecemtrated solution and
disordered film we observe two decay regimes that can berapecteconvoluted
using a code based on a genetic algorithm (see Sl for detslgjvim distinct spectra
corresponding to TT and: T+ T1. The TT spectrum contains additional absorption
intensity between the two peaks at 850 nm and 960 nm ampe#hke are blue-shifted

by 5 meV. (b,d) The extracted room temperature kineticthM T and T decay in
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the (b) concentrated solution and (d) the disordered filne ghotoluminescence
decay of the TT state at room temperature in the conteditsalution and at 10 K in
the disordered film are shown plotted against the TA dé¢pasple trace). (f) Raw
kinetics from the transient absorption measurement of the disatdand

polycrystalline films at 850 nm highlighting the different decayavebur.

Figure 5: Thermally-activated TT emission. (a,d) Time-resolved emissgans

reveal two emissive states in both the (a) disordered film{@ngolycrystalline films

at 10 K. PL Count represents the photoluminescence intefibigyemission from 30-
100 ns is shown magnified for the crystalline film (inset (d)). Bimes at 0.5 ns and
50 ns are shown above the colour plots. (b,e) Temperature-depkimgdics taken at
540 nm and 600 nm for the (b) disordered and (e) polycrysdllims. We obtained
an activation energy in the red-shifted region of ~90 me& €560 meV respectively.
(c,f) Temperature-dependent steady-state emission for the (c) etmstrdnd (f)

polycrystalline films. The spectra are normalised to the péaite emission at 10 K.
At higher temperatures the spectra are plotted to shewintensity 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 fissitwe. wavepacket
generated at the Franck Condon (FC) position of thpofential energy surface is
passed to the TT state during ultrafast formation of TT. Therraaliyated TT
separation occurs over tens of nanoseconds. (Bottom) Théckioéthe S, TT and
T1 + T1 species in the disordered film from 10 fs to 1% obtained from the TA

measurements using a genetic algorithm for spectral decaiovolu

22



610

611
612

23



