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S1. Fluorescence spectroscopy of TIPS-Pn solutions: Absence of excimer formation

The time-dependent fluorescence spectrum of a 0.2 mM TIPS-Pn solution (in CCls) was
measured using 642 nm excitation. No appearance of excimer emission was observed in both
spectral and kinetic data. In particular, no broad, lower energy emission features grew in over
time, which is characteristic of excimer formation. The Kinetic analysis provides further evidence
against excimer formation since the kinetics at longer wavelengths matches exactly the kinetics at

shorter wavelengths.
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Figure S1. (a) Time-resolved fluorescence spectra of TIPS-Pn in a 2-10J1 M CCl,

solution. The fluorescence spectra do not change shape as a function of time, indicating
the presence of only monomeric singlet excited states. (b) Corresponding kinetics
integrated over short and long wavelength ranges showing no change in emission
lifetime.
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S2. Fluorescence spectra for TIPS-Pn in various solvents
The time-resolved fluorescence spectra were recorded for 0.2 mM TIPS-Pn solutions for a

variety of solvents used in this study.
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Figure S2. Fluorescence spectra for 0.2 mM TIPS-Pn solutions in a variety of solvents displayed
as (a) contour plots and (b) 1D spectra. The spectra in (b) were produced by averaging the
emission signal over time.
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S3. Convolution fitting routine for mid-IR transient absorption and fluorescence decays
The kinetic decays of the mid-IR absorption feature as well as the fluorescence were measured

for 0.2 mM solutions of TIPS-Pn in a variety of solvents. The instrument response was measured
for each measurement technique, which was used to fit each Kkinetics trace in order to obtain
accurate decay rate constants. The model, M(t), used to fit each kinetics trace was:

M(t) = F(t) * IRF(t) (egn S1)

F(t) =N=xe™ (eqn S2)
where t is time, IRF(t) is the instrument response function, F(t) is an exponential function
describing the singlet excited state population, N is a normalization constant, and K is the first
order (unimolecular) decay rate constant for the singlet excited state population. The results of

all the fits are shown in Figure S3.
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Figure S3. Kinetic decays of the singlet excited state population in 0.2 mM TIPS-Pn solutions
probed either using (a) mid-IR transient absorption spectroscopy or (b) time-resolved
photoluminescence spectroscopy. Data are provided as circles and solid colored lines are the
fits to the data using an exponential decay model convoluted with each respective
measurement’s instrument response function (shown as gray). Solvents used are indicated in
each plot.
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The singlet decay rate constants were plotted against solvent polarity function® for reference,

as shown in Figure S4.
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S4. Singlet excitations from steady-state absorbance spectra
The So—>S3 excitation energy was determined form a UV-Vis spectrum for a dilute solution of

TIPS-Pn in toluene, as shown in Figure S5. The singlet excitation energies determined from

steady state absorption spectroscopy are listed in Table S1.
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Figure S5. UV-Vis spectrum of a dilute solution
of TIPS-Pn in toluene, showing the S S,

transition.

Table S1. Approximate excitation energies for dilute TIPS-Pn solution

Transition | Energy (ev)

So 2> Ss3 3.543
So > Sz 2.818
So2>S1 1.925
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S5. Excited state spectral assignments: Kinetics and molar extinction coefficients

Excited singlet and triplet state excitation spectra reported in the main text were identified by

their characteristic decay kinetics: Single state absorption should decay on an early nanosecond

timescale as does fluorescence; triplet state absorption should decay over longer timescales. Inall

our solution experiments, we relied on intersystem crossing (ISC) for the generation of triplet

excited states. As such, the triplet state absorption should have a nanosecond rise component prior

to its single exponential decay. All excitation spectra and their associated kinetics are provided in

Figure S6 below.
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Figure S6. Excitation spectra for the (a) S, 982’ (b) T,>T,, and (¢) T,>T, transitions of TIPS-

Pn in solution. The corresponding kinetic traces are provided in (d), (e), and (f), respectively.
Solvents used were either toluene or carbon tetrachloride. Solutions were purged of oxygen by

bubbling N, gas prior to measurements.
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These spectral data were combined to construct the experimental energy level diagram for the
singlet and triplet manifolds that is represented in Figure S7. We note that the transition energy,
0.77 eV, for So — Tp transition was taken from Reference 2. The states in the figure are labeled in

accordance with the perimeter free electron orbital (PFEO) model® for pentacene.
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Figure S7. Energy level diagram for TIPS-Pn in
solution based on the absorbance spectra
represented in Figure 3a, including approximate
transition energies. Both the singlet and triplet
manifolds are represented. The states are

described in accordance with the PFEO model
for pentacene.

In order to estimate the extinction coefficient for each absorption feature, we first needed to
calculate the initial excited state singlet concentration. We calculated this concentration as

follows: First, we considered that the number of singlet excited states should be equal to the

number of absorbed photons:

So+hv - 5 (egn S3)
where So is the ground state singlet, and S: is the excited state singlet. From the experiment, the
number of excited state molecules (nsy) is:

ng, = ng, * (1 — 10~ Aesznm) (eqn S4)

1
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where nso is the number of ground state molecules in the volume of excitation, and As2anm is the
absorbance of the sample at the excitation wavelength (642 nm). The initial number of singlet
excited states was converted to concentration (Cs1) using Avogadro’s constant (Na) and the volume

of the excitation spot (Vex):

Cs. = 151 (egn S5)

1 N A*Vex
To calculate the molar extinction coefficient (€x) of a singlet state absorption we used Beer’s Law

as follows:

AA)
b*CS1

& = (egn S6)

where AA,, is the initial transient absorption signal at probe wavelength, A, and b is the pathlength.
For the molar extinction coefficient values reported in the main text, we used the 0-0 vibronic
peaks, and so A was taken at the maximum absorption of the 0-0 band for each transition. In
solution, the singlet population has not significantly decayed in the first few nanoseconds, and so
we approximate the absorbance of the initial singlet excited state population as the Kinetic signal
at time zero.

To calculate the molar extinction coefficient for the triplet excited states, we needed to first
calculate the initial triplet state concentration. Because we relied on ISC to generate the triplet
population in the solutions, its initial concentration depends directly on quantum vyield of ISC
(Pisc). We approximated this quantum yield based on a report of triplet generation of TIPS-Pn in
chloroform solutions by Walker and coworkers.* We could therefore calculate the initial triplet
concentration (cr1) using:

cr, = Cs, * Prsc (eqn S7)
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Once the initial triplet concentration was obtained, we could calculate its molar extinction
coefficient using equations S6, except with parameter values now associated with the triplet state

absorption.
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S6. Determination of extinction coefficient of mid-IR transition in TIPS-Pn solutions

The extinction coefficient for the mid-IR singlet absorption was detetrmined by first measuring
the absorption signal for solutions of TIPS-Pn having a variety of concentrations (Figure S8a).
The absorption signal was taken as the average signal intensity across the first 25 ps time delays
(before the singlet population has time to decay). Thus these signals correspond to the absorption
of the initial singlet excited state population generated following photoexcitation. The
concentration of the initial singlet excited state population was calculated in a manner similar to
that described in Section S5. From Beer’s law, plotting the transient absorption signal (AA)
divided by the appropriate pathlength (b) against excited state concentration gives a linear relation
where the slope is equal to the extinction coefficient (Figure S8b). We found the extinction

coefficient at ~0.27 eV to be ~6.6 x 102 Mlcm™.
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Figure S8. (a) Transient absorption kinetics of solutions of TIPS-Pn in CCl, for various

concentrations probed at ~0.27 eV. (b) Dependence of the transient absorption signal in
(a) on the excited state singlet concentration, revealing the extinction coefficient of the
mid-IR absorption feature at ~0.27 eV.

S12



S7. Assessing potential assignments of the mid-IR transition in TIPS-Pn solutions

An energy level diagram for TIPS-Pn in solution was constructed from absorbance and transient
absorption measurements (see main text). Because we examined isolated molecules that did not
electronically couple in their low concentration solutions, the possible assignments of the mid-IR
transition cannot involve multiple chromophores. Therefore, we considered that the upper state
involved in mid-IR transition might be a close lying singlet or triplet state.

Given the moderate oscillator strength of ~700 M-cm™, the most obvious possibility for the
final state of the mid-IR transition is another singlet excited state ~0.2 eV higher in energy than
the S; (*La) state. Although the PFEO model does not predict states between the S1 (}La) and 1L
for pentacene (the putative S, state),® we considered that the alkynyl substituents of TIPS-
pentacene could possibly introduce additional singlet excited states. To determine whether such
additional states occur for TIPS-Pn, we performed density functional theory (DFT) computations
to calculate the first few singlet excitation energies. We first optimized the geometry of the TIPS-
Pn molecule in the calculation using the B3LYP functional, and then performed excitation energy
calculations using time-dependent DFT (TD-DFT) with the B3LYP or the long-range corrected
(LCR) wPBE functional (LCR-wPBE). All calculations were performed using the cc-PVTZ basis
set,> and the polarized continuum model (PCM) for carbon tetrachloride. This approach was
adapted from that performed for pentacene molecules as reported by Richard and Herbert, who
explored how certain functionals are better for predicting certain singlet excitation energies than
others.® The results of our calculations are provided in Table S2. Bolded values indicate the
functionals that predicted excitation energies in good agreement with the experimental values and

are consistent with the previous reports.®’” In all cases, no calculated singlet excitation energies
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resulted in states falling in-between L, and 'Ly, suggesting that the mid-IR absorption of TIPS-Pn

solutions does not correspond to S1 — Sn.

Table S2: Calculated and experimental S1—> Sy excitation energies of TIPS-Pn in eV

Final State |  Experimental | LC-wPBE | B3LYP
S4 - 4.1165 3.1119

Ss (*Bp) 3.54* 3.5351 3.0636
Sz (*Lb) 2.82 3.3591 2.6617
S1 (*La) 1.93 2.0466 1.6077

*See supporting information for determination of Sz excitation energy

We considered it improbable that the mid-IR transition appearing in Figure 2a arose from a Sy
— Th transition because transitions of this type are typically forbidden in organic molecules.  We
also considered the possibility that the mid-IR transition involved an intramolecular CT state® or
intramolecular multi-exciton states®®. It has been suggested in computational work by Richard and
Herbert that the 1L, (S1) state of pentacene may contain charge-separated character, with partial
charges located on the ends of the pentacene molecule.® Zimmerman et al. suggested that initially
excited S; states in pentacene dimers rapidly relax into multi-exciton D states that lie ~0.2 eV
lower in energy than the S; state.®° If such lower-lying, dark multi-exciton states are also present
in TIPS-Pn, we do not believe they are accessed in dilute solutions because of the quantitative
correspondence of the mid-IR and fluorescence decay rates. However, we considered the
possibility that such states may lie slightly higher in energy, preventing molecules in the optically
bright S; states in solution from relaxing into dark multi-exciton states.

To investigate the energies of multi-exciton states in TIPS-Pn, we used Complete Active Space
Self Consisent Field (CASSCF) calculations performed at the B3LYP/6-31G(d)*°*! level of theory
optimized at the ground state and first excited bright state (Si) geometries. All geometry
optimization was performed with Gaussian09 Program.? All other calculations were performed
with PySCF quantum chemistry package.'®* The CASSCF calculation was based on preliminary
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calculation with Hartree-Fock with Dunning’s triple-zeta basis'* and was followed by Strongly
Contracted N-electron Valence Perturbation Theory (SC-NEVPT) calculation®® to account for the
dynamic correlation. The results of these calculations along with the corresponding excitation
energies and transition dipole moments are tabulated in Table S3. The excitation energy from
ground state to the first bright state was obtained from the ground state So geometry, and the
excitation energy from the first bright state to doubly excited states was obtained from the S; state
geometry. The active space incorporated 12 electrons and 12 orbitals, all of which were pi orbitals.
The transition dipole was calculated from the CASSCF wavefunction, while the energy was

calculated from NEVPT corrected energies of each state.

Table S3: Comparison of transition energies and oscillator strengths determined by calculation
(for ethynyl-substituted pentacene) and by measurement (for TIPS-Pn).

Oscillator Strength Transition Energy (eV)
Transition calc. expt. calc. expt.
$1->S2 0.006 0.034 0.67 0.885
S1->ME 0.011 0.0097 0.57 0.21
S0->S1 0.027 0.1565 1.79 1.93

The wavefunctions of the So, S1, S2 and ME states from CASSCEF calculations were analyzed
based on the weights of the configurations of the twelve CASSCF optimized orbitals. The three
most important natural orbitals (NO) in the mutli-reference states computed from the CASSCF
optimized orbitals are represented in Figure S9. Table S4 tabulates the occupation of these NO in
the four electronic states So, S1, S2 and ME. The NO1 and NO2 are nearly doubly occupied in So,
with less than 0.5 occupation of NO3, and therefore the most dominant configuration is doubly

occupied NO1 and NO2 with empty NO3. The S state shows NO3 orbital occupied by one
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NO 1 NO 2 NO 3

Figure S9. The three dominant natural orbitals (NO) computed from the CASSCF optimized
orbitals of the TIPS-Pn model.

Table S4. Occupation numbers of each natural orbital (NO) obtained from CASSCF/NEVPT
calculations of the first few electronic states of the TIPS-Pn model.

State | NO 1 Occupation Number | NO 2 Occupation Number | NO 3 Occupation Number
So 1.89 1.69 0.32
S 1.81 1.15 0.98
S 1.52 1.35 0.99
ME 1.71 0.66 1.42

electron and NO2 orbital occupied by one electron, showing the dominant transition is NO2 —
NO3 for the So — S: electronic transition. The Sy state shows significant reduction in occupancy
of NO1 and NO2 with one electron occupying NO3, showing its multireference character.
However, it is evident that NO1 — NO3 excitation takes place in the So—S; transition. The ME
state shows occupation number of NO3 of 1.42 alongside the decrease of NO2 occupation number
to 0.66. Even though the multireference character again makes the analysis elusive, the comparison
of occupation numbers of S; state hints at the doubly excited character of ME state, as the ME

state shows twice the decrease in occupation of NO2 and twice the increase in occupation of NO3.
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As discussed in the context of Figure 3B in the main text, the ME state lies close in energy to the

S1 state and has similar oscillator strength to the oscillator strength that is measured

experimentally. Consequently, we assign the prompt mid-IR absorption to the S1 — ME electronic

transition.
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S8. Ultrafast fluorescence of amorphous TIPS-Pn films: The possibility of singlets that
cannot undergo fission

To determine whether singlet excitons in amorphous TIPS-Pn films undergo bimolecular
reformation (from triplet-triplet annihilation) or cannot undergo singlet fission and decay
unimolecularly, we studied a “solid state solution” of TIPS-Pn in a polystyrene matrix. For making
the film, we adopted a recipe reported in the past by Lukman and coworkers.’® The absorbance
spectrum (Figure S10a) of the TIPS-Pn/polystyrene film resembled that of a dilute TIPS-
Pn/toluene solution, indicating that the molecules in the polystyrene film are isolated and do not
electronically interact with other TIPS-Pn molecules. The fluorescence spectrum (Figure S10b)
was found to not depend on excitation energy density over the range 3.8 — 382 pl/cm?. The
fluorescence kinetics (Figure S10c) had a single exponential decay time constant of ~12.5 ns,
which is close to that of a dilute solution of TIPS-Pn in toluene (~15 ns). These observations
confirmed that the TIPS-Pn molecules are isolated in the polystyrene matrix. Using this film as a
control sample, we next measured the fluorescence of the amorphous TIPS-Pn film (Figure S10d).
The shape of the spectrum resembled the TIPS-Pn/polystyrene spectrum, indicating that the
fluorescence arises from monomeric-like singlet excitons. The fluorescence had a single
exponential decay time constant of ~5.8 ns, which is close to that of the TIPS-Pn/polystyrene film.
This time constant, combined with the unimolecular (single exponential) decay characteristic of
the amorphous TIPS-Pn film, indicates that a population of singlet excitons forms in the film that

cannot undergo singlet fission.
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Figure S10. (a) Absorbance spectra for TIPS-Pn in various forms. (b) Fluorescence spectrum of
a TIPS-Pn/polystyrene film measured using 633 nm excitation, showing no excitation energy
density dependence. (c¢) Fluorescence decay kinetics for the TIPS-Pn/polystyrene film showing
invariance over the excitation energy density range studied. The time constant from a single
exponential fit to the data was ~12.5 ns, as indicated. (d) Comparison of the fluorescence
spectrum for the amorphous TIPS-Pn film and the TIPS-Pn/polystyrene film, measured using 383

uJ/crn2 excitation. (e) Fluorescence decay kinetics for the amorphous TIPS-Pn film compared to
the TIPS-Pn/polystyrene film. The time constants from single exponential fits to the data are
included.
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S9. Bimolecular triplet decay kinetics and incident energy dependence

The triplet absorption kinetics for a crystalline TIPS-Pn film was measured across a range of
incident excitation energy densities from ~5 — 280 pJ/cm?. The decays were sensitive to energy
density (Figure S11a) due to triplet-triplet annihilation. A plot of the absorption signal (taken at
various delay times) against incident energy density (Figure S11b) provides quantitative evidence
for triplet-triplet annihilation occurring on the ultrafast timescale for the excitation energy densities
used in this work. The role of the triplet-triplet annihilation decay mechanism becomes

particularly prominent at later time delays, even for the lowest excitation energy densities used.
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Figure S11: (a) Triplet absorption kinetics probed in the visible spectral region (2.39 eV) over a
range of incident excitation energy densities. Decay shows excitation energy dependence, which
is ascribable to triplet-triplet annihilation. (b) Dependence of the visible absorption signal on
incident energy density, shown for several time delays. Linear and square-root functions (lines)
are overlaid for reference.
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S10. Rate equations for kinetic models of singlet fission

1-Intermediate state kinetic model:

We also considered the alternate (simpler) 1-intermediate state model commonly invoked in
singlet fission reports. In accordance with Equation 1 of the main text, the coupled rate equations

rate equations are therefore:

d[filtSZ] = —k1[$1So] + k1 [ 1(TT)] (eqn S8)
d[ 1;Z"T)] = +k[S1S0] — k—1[ 1(TT)] - kz[ 1(TT)] n %k—z[Tﬂz (eqn S9)
TR = H2e[ 1D = k[T = ko[T]? (eqn S10)

To fit the kinetic data, we first solved these coupled rate equations numerically with the initial
conditions: [SiSo]i=o = 1; [}(TT)]=0 = 0; and [T1]=o = 0. We then described the observed total
Kinetics using a linear combination of the kinetics of the appropriate absorbing species. Because
absorption coefficients for all the states were not known, the normalized absorption kinetics were

described using:

2mittn® — g, [5,501() + a[ (TT)I(E) (eqn S11)
Amid—IR

i) = ap[ (TT)I() + aq[TL]() (eqn S12)
Vis

where AAnmid-r(t) is the change in absorbance for the mid-IR wavelength transition, AAvis(t) is the
change in absorbance for the visible wavelength transition, a; are scaling factors for each absorbing

state.
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2-Intermediate state kinetic model:

In accordance with equation 2 of the main text, the coupled rate equations are therefore:

d[S1So] _

2 = kalSiSol (eqn S13)

4 anl I;ZT)] = +k1[S1S0] — ko[ 1(TT)] (egn S14)
d[ (th...T)] — +k2[ 1(TT)] _ %k3[ 1(T T)] (egn S15)
% = +2ks[ (T .. T)] - %k3[T1]2 (eqnS16)

where [S1So] represents the concentration of singlet excitons, [}(TT)] represents the concentration
of the proximal correlated triplet pair, [}(T...T)] represents the concentration of the separated
correlated triplet pair, [T1] represents the concentration of the thermalized triplet excitons, ki are
rate constants, and t is time.

The coupled rate equations derived from Equation 2 of the main text were solved numerically
using the conditions: [S1So]i=o0 = 1; [}(TT)]=o0 = 0; [X(T...T)]t=0 = 0; and [T1]i=0 = 0. We then
described the normalized observed kinetics using a linear combination of the kinetics of the

appropriate absorbing species according to:

Muietsl® _ g, [5,5,](0) + o }IDIO + [T D@ (eansiy)
Afjvfg}sf? = a,[ {(TD]®) + as[ }(T .. T)](®) + ag[T,]1(0) (eqnS18)

where a; are scaling factors for each absorbing state i, which are related to their absorption

coefficients.
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S11. One-state intermediate kinetic model
We investigated whether the mid-IR kinetic data could be described using the 1-intermediate

state kinetic model (equation 1 in main text). For convenience, this model is reproduced here:

5150 i L) i T, + Ty i So+ So (eqn S19)
where S:1Sy is the singlet exciton, (TT) is the correlated triplet pair, and Ty is a thermalized triplet
exciton. We fixed the values of the rate constants, ki1 and k», obtained from visible absorption
kinetic analysis of the triplet states.!” The results of this model are shown in Figure S12a. We
found that the mid-IR data were very poorly described under this model because the rate constant,
k2, was too fast to describe the mid-IR absorption beyond a few picoseconds.

We next considered whether the model could be improved by allowing k> to vary. The results
of this approach are shown in Figure S12b. As observed in both the visible and mid-IR Kinetic,
the model fails to describe the curvature of the data.

Last, we considered turning on reverse reactions in the kinetic model. We found that turning
on the reverse of ki trivially changed the initial decay of the model below 1 ps, having no effect
on the data at later time delays. Next, we turned to the reverse of the second reaction step,
characterized by ko. In this case, correlated triplet pair reformation (reverse reaction of k2) would
occur at a rate constant of approximately 1/3 the rate of the forward reaction (kz- = 1/3*kz) .*® The
best fit under this kinetic model is shown in Figure S12c. We found that this model describes the
data fairly well at later time delays, albeit the curvature in the data is not accurately reproduced by

the model.
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Figure S12: (a) Best fit of the 1-intermediate kinetic model to the mid-IR and visible transient absorption
kinetics, using the values of the rate constant parameters obtained from visible absorption kinetic analysis. (b)
Best fit of the 1-intermediate kinetic model when allowing k, to vary. (c) Best fit of the 1-intermediate kinetic

model when allowing k,_ (reverse of second reaction step) to vary. For all panels, data are shown as circles

and kinetic models are shown as solid lines.
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S12. Effect of reverse reactions on 2-intermediate state kinetic model
We investigated the effects of including reverse reactions for the 2-intermediate state kinetic
model (equation 2 in main text) for describing the mid-IR and visible transient absorption kinetics.

For convenience, this model is reproduced here:

kq 1 ko, 1 k3 key
$:So - (TT)-» (T..T) > T, + T, » So+ S, (egn S20)

where S$1So is the singlet exciton, 1(TT) is the proximal correlated triplet pair, (T...T) is the distant
correlated triplet pair, T1 is a thermalized triplet exciton, and Sp is the ground state. We fixed the
values of the rate constants, ki and k2, obtained from visible absorption kinetic analysis of the
triplet states.!’ We demonstrated the effects of the reverse reactions by varying one reverse rate
constant (ki-, k2., or k3.) at a time. In all cases, turning on the reverse reactions changes the yields
of each reactive intermediate (as evidenced in the population density plots). As discussed in the
main text, the absorption coefficients for each species is unknown, and so these parameters, ai,
must be varied in our case. As such, varying these parameters compensates for differences in the
yields of each intermediate species, which are revealed by the population density output of the
kinetic model (a trivial exception occurs when varying ki.). Therefore, in all cases, the reverse
reactions merely affect the apparent yields of each intermediate species, and do not significantly
affect the rate constants obtained. Thus our conclusion in this work of long-lived intermediate
states still holds true, although reverse reactions may indeed play roles in the singlet fission

reaction.
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Figure S13: Effect of turning on reverse reactions on the best fits of the 2-intermediate kinetic model for (a)
k., (b)k,, and (c) k, . For all panels, data are shown as circles and kinetic models are shown as solid lines.
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S13. Kinetic model results
The results of the 2-intermediate state kinetic modeling, one of the possibilities presented in the

main text, are tabulated below in Table S5 for reference.

Table S5. Parameters for the one CTP intermediate kinetic model for crystalline TIPS-Pn

Amplitude (a.u.) | Value | Rate Constant | Value (ps?)
a1 0.9670 K1 12.5
az 0.1499 ko 0.313
a3 0.8925 k2 =1/3 k2 0.104
a4 0.525 Ks 0.0028

Table S6. Parameters for the two CTP intermediate kinetic model for crystalline TIPS-Pn

Amplitude (a.u.) | Value | Rate Constant | Value (ps?)
a1 0.9809 ki 12.5
a2 0.1256 () 0.313
a3 0.0724 Ks 0.0038
a4 0.9039 Ks 0.0004
as 1.0180
as 0.2506
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