Morphology- and Crystal Packing-Dependent Singlet
Fission and Photodegradation in Functionalized

Tetracene Crystals and Films

Winston T. Goldthwaite,! Evan Lambertson,! Madalyn Gragg,!
Dean Windemuller,3 John E. Anthony,3 Tim Zuehlsdorff,2

and Oksana Ostroverkhoval*

1 Department of Physics, Oregon State University, Corvallis, OR 97331
2 Department of Chemistry, Oregon State University, Corvallis, OR 97331
3 Department of Chemistry, University of Kentucky, Lexington, KY 40511

*oksana(@science.oregonstate.edu
October 17, 2024

Abstract

Singlet fission (SF) is a charge carrier multiplication process that has potential
for improving the performance of (opto)electronic devices from the conversion of one
singlet exciton S1 into two triplet excitons T1 via a spin-entangled triplet pair state
'(TT). This process depends highly on molecular packing and morphology, both for
the generation and dissociation of (TT) states. Many benchmark SF materials such as
acenes are also prone to photodegradation reactions, such as endoperoxide (EPO) for-
mation and photodimerization, which inhibit realization of SF devices. In this paper,
we compare functionalized tetracenes R-Tc with two packing motifs: “slip-stack” pack-
ing in R = TES, TMS, and tBu, and ‘gamma’ packing in R = TBDMS to determine
the effects of morphology on SF, as well as on photodegradation using a combina-
tion of temperature and magnetic field dependent spectroscopy, kinetic modeling, and
time-dependent density functional theory (TDDFT). We find that both “slip-stack” and
‘gamma’ packing support SF with high T1 yield at room temperature (up to 191% and

181%, respectively), but ‘slip-stack” is considerably more advantageous at low tempera-
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tures (<150 K). Additionally, each packing structure has a distinct emissive relaxation
pathway competitive to SF, while the states involved in the SF itself are dark. The
‘gamma’ packing has superior photostability, both in regards to EPO formation and
photodimerization. The results indicate that the tradeoff between SF efficiency and
photostability can be overcome with material design, emphasize the importance of
considering both photophysical and photochemical properties, and inform efforts to
develop optimal SF materials for (opto)electronic applications.

1 Introduction

With the urgent need for development of efficient clean energy solutions and energy-
efficient electronics, a major goal in semiconductor research is to enhance efficiency of
(opto)electronic devices such as solar cells. Towards that goal, one promising process is
singlet fission (SF), a carrier multiplication process that involves spin-allowed conversion
of one singlet exciton (S1) into two triplet excitons (T1 + T1) that produce two pairs of
charge carriers. SF photovoltaic devices can potentially break the Shockley-Queisser energy
conversion limit in silicon,'* and in the past decade there has been significant research on
many SF systems which meet the basic SF energy requirement, where the energy of the sin-
glet state E(S1) is comparable to double of the energy of the triplet state, 2E(T1).® Acenes
are benchmark SF materials and model systems for understanding physical mechanisms,
with pentacene (Pn) and hexacene exhibiting exothermic SF (E(S1)>2E(T1)) and tetracene
(Tc) the endothermic SF (E(S1)<2E(T1)).® Functionalized acenes such as R-Pn and R-Tc
(e.g., Fig. 1a) enable solution processability and control over the molecular packing motifs
by varying the side group R. Tetracene derivatives are of special interest because of their
favorable energetics for conjugation with c-Si solar cells.”® SF in functionalized Tc deriva-
tive TIPS-Tc has been extensively studied,®® with conflicting results regarding the nature,
properties, and role in the SF of entangled triplet pairs '(TT), excimers, and other excited
states. Here, we present a comprehensive study of novel R-Tc derivatives to clarify the
physical picture and resolve some of the issues raised in previous studies.

The singlet fission process proceeds upon photoexcitation of a molecule in its excited
singlet state (S1), after which the excitation is redistributed between the excited molecule and
the neighboring molecule in the ground state (SO) to create an entangled triplet pair '(TT),
which then gradually loses entanglement and becomes spin-mixed as the triplets separate
into (T...T) (1 = 1,3,5) and further into free triplets T1: (SO + S1) — (TT) — (T...T) —
(T1 + T1).®> The spin-correlated triplet pair state '(TT) is an important intermediate step
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which can be thought of as two entangled triplet states occupying neighboring molecules.
This '(TT) state can be formed through vibronic coupling to S1, through an intermediate
charge transfer state, or from the reverse to SF process of triplet-triplet annihilation (TTA),’
but the formation and dissociation of '(TT) is dependent on the molecular packing and
morphology. To better understand what morphologies are conducive to '(TT) formation and
dissociation, as well as to the formation of unproductive states which may compete with the
SF, we study R-Tc derivatives with two distinct packing motifs: ‘slip-stack’ (TES-, TMS-
, tBu-Tc) and ‘gamma’ (TBDMS-Tc), with the three ‘slip-stacked’ derivatives exhibiting
slightly different intermolecular orientations. The side groups R have only a minor effect on
the optical properties of isolated (non-interacting) molecules (e.g., in dilute solutions),'*'®
but a significant effect on the morphology of R-Tc aggregates in the solid state, causing
large differences in photophysical and photochemical behavior that can be directly related
to molecular packing.

One of the main obstacles to the practical application of acenes in (opto)electronic de-
vices, including SF photovoltaics, is their photodegradation.! Photodegradation of acenes

16-18 and in the solid state.!®?2

in the presence of oxygen has been studied both in solutions
However, establishing the relationship between the SF properties and photodegradation is at
its inception, and it is necessary for the development of singlet fission-based (opto)electronic
devices.!820.23

There are two main degradation processes of note: endoperoxide (EPO) formation, where

an oxygen molecule bonds to the acene core;'®'®

and dimerization, where two neighboring
acene molecules bond together.”®?** In both cases, the degraded molecules no longer have
the desired (opto)electronic properties, including SF. The prevention or reversal of these
photodegradation processes thus have been an important area of study.'®'®** While pho-
todegradation is a hindrance for high-performance organic devices, it can also be used as a
tool for understanding the photophysical processes of interest like SF.?* Additionally, some
of the photodegradation processes such as EPO formation which relies on the generation
of reactive oxygen species - singlet oxygen (‘O,) and superoxide (Q) - can be of interest

for applications in photocatalysis and photodynamic therapy,??®

whereas photodimeriza-
tion can be of interest for optomechanical applications.”’ Therefore, understanding of how
SF properties are intertwined with processes responsible for photostability is important for
applications relying both on the stability of devices and on the ability to undergo chemi-
cal reactions, which motivates our side-by-side study of photophysical and photochemical

properties.



In particular, in this paper we seek to address the following questions: (i) How does mor-
phology affect SF and the properties of states competitive to SF? (i) How does morphology
affect the photostability in aerobic and anaerobic environments? (iii) How do the excited
states dynamics affect photostability, and is it possible to achieve both high singlet fission
yields and photostability?

We studied films and crystals of R-Tc (R= TES, TBDMS, TMS, and tBu) derivatives
and applied a combination of steady-state and time-resolved spectroscopy in the 1.6-300 K
temperature range at 0-7 T magnetic fields, kinetic modeling, and the time-dependent den-
sity functional theory (TDDFT). In R-Tc crystals, we reveal the presence of temperature-
independent and temperature-dependent SF pathways, with pronounced morphology depen-
dence of the SF at <150 K, and of competitive to SF states with morphology-dependent
properties. Although large differences in photostability were observed depending on mor-
phology, our data suggests that it is possible to combine an efficient SF with enhanced
photostability.

2 Materials and Methods

2.1 Materials

Molecular structures of the tetracene derivatives (R-Tc) functionalized with side groups R
= TES [(triethylsilyl)ethynyl], TBDMS [(tert-butyldimethylsilyl)ethynyl], TMS [(trimethylsi-
lyl)ethynyl], and tBu [tertbutylethynyl] used in our studies are shown in Fig. la. Synthesis is
described in the Supplementary Material (Sec. S1). TES-Tc and TBDMS-Tc represent the
most distinct cases in terms of molecular packing (‘slip-stack’ and ‘gamma’ respectively, Figs.
1b-c) and as such are the main focus in this paper. The ‘gamma’ packing in TBDMS-Tc
is similar to ‘herringbone’ packing, but consists of an infinite stack (face-to-face) along one
axis, and a herringbone arrangement along another axis (Fig. S5a).?® The packing motifs
of TMS-Tc¢ and tBu-Tc are similar to that of TES-Tc, but with closer molecular arrange-
ments afforded by smaller volumes of the TMS and tBu side groups as compared to TES,*
and so these derivatives are used to fine-tune our understanding of packing and morphology
effects on photophysics and photochemistry under study and to establish the generality of
our conclusions.

The TES-Tc single crystal has a triclinic structure with two molecules per unit cell (Z =
2) and unit cell parametersa=11.83 &, b=12.38A c=13.24 a=64.02°, 8=72.39, and
y=63.99°. The TBDMS-Tc single crystal has a monoclinic structure with four molecules

4



~1
L

s

i

.

F
-~
o

..
7B Hap
ning

2

L=
1=l 0

™
|
A

- L

per unit cell (Z = 4) and unit cell parameters a = 6.90 K b=32674 c=13321% a=
90.0°, 8=98.22°, and y = 90.0°. X-ray diffraction data from solution-grown R-Tc crystals
on glass/Ag substrates are shown in Fig. S4, with (01 0) (1= 2,6) and (100) as predominant
orientations for TBDMS-Tc and TES-Tc, respectively. The structures of the TMS-Tc¢ and
tBu-Tc crystals are described in the Supplementary Material (Sec. S2).

2.2 Sample preparation

Both single crystal and two types of R-Tc thin films (‘blended’ films of R-Tc:PMMA,
PMMA = polymethylmethacrylate, and ‘pristine’ films of only R-Tc) were fabricated. In
blended films (in which the R-Tc molecules are dispersed in a PMMA polymer matrix), the
relative concentrations of R-Tc and PMMA were varied to achieve the average intermolecular
spacing of R-Tc molecules (d) of either d =2 nm or d = 1 nm.?® The R-Tc molecules in d =2
nm films, on average, are fairly isolated from each other, and behave more similarly to those in
a dilute solution. In d = 1 nm films, groups of molecules form aggregates within the PMMA
and exhibit significant intermolecular interactions, undergoing SF and photodimerization.
Pristine films are the most aggregated and have large differences in morphology between R-Tc¢
derivatives. For example, TES-Tc forms homogeneous amorphous films, while TBDMS-T¢
favors forming polycrystalline films with larger spot-to-spot variation.

Films were fabricated by spincasting solutions onto a glass substrate coated with a 50 nm
Ag mirror; these will be referred to as ‘bottom’ mirror samples where the film is exposed to
oxygen. Some samples were spincast onto glass, then capped with 50 nm Ag deposited via
thermal evaporation to make ‘top’ mirror films, which are protected from oxygen. Pristine
films were made from 50 mM R-Tc solutions in toluene by spincasting at 2000-3000 RPM.
Blended films used 0.3 M PMMA in toluene with a concentration of R-Tc¢ to yield the desired
average intermolecular spacing d as described in Ref.”

Single crystals were grown from 3-5 mM R-Tc chlorobenzene solutions dropcast onto a 50
nm Ag coated glass substrate. The sample was left in a 0 °C chiller to slow the evaporation
of the solvent and leave behind multiple crystals. The quality of crystals formed throughout
a sample varied, and high quality single crystals were identified for further study using
polarization microscopy. In all derivatives, crystals were needle-like, with up to 1 mm length
and ~5-20 um width. The optical density (OD) of crystals under study varied between 0.4-
0.7 at the absorption maximum, where TBDMS-Tc crystals typically have lower OD than
TES-Tc, and the effects of self-absorption on emissive properties were found to be relatively
minor (Fig. S17).
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Figure 1: a) R-Tetracene molecular structure and side groups R = TES, TBDMS, tBu, and
TMS. b) TBDMS-Tc ‘gamma’ crystal packing (020) relative to the substrate, and c¢) TES-Tc
‘slip-stack’ packing (100) relative to the substrate.




2.3 Measurements of optical properties

Steady-state optical absorption measurements were taken using white light from a tung-
sten filament lamp (Fiber-Lite DC-950) and spectra were collected through either a fiber-
coupled Ocean Optics USB2000 spectrometer or a PI SpectraPro HRS 300 spectrometer.
Absorption was measured in solutions using transmissive geometry, and in films and crys-
tals using reflective geometry, as described in our previous publications.'®*® Steady-state
photoluminescence (PL) measurements were taken using a 532 nm continuous wave (cw)
laser (Verdi-5, Coherent, Inc.) excitation with 5 uW power (~20 W/cm?) and spectra were
collected with a PI SpectraPro HRS 300 spectrometer. Selected PL data were taken using
633 nm cw excitation (HeNe laser) and 639 nm (NOPA, Orpheus-N, Light Conversion). Ab-
sorption and PL measurements on films and crystals were performed in a microscope, with
a 10x 0.28 NA objective and the illumination spot size of below ~5 um.

The lifetimes of emissive excited states (PL lifetimes) were measured using time-correlated
single photon counting (TCSPC) with a Picoquant TimeHarp 260 and a MPD PDM single
photon detector with the instrument response function (IRF) of about 200 ps. A 100-fs,
200 kHz pulsed 515 nm excitation with ~3 uW power (~0.15 mJ/cm?) was generated by
frequency-doubling of a 1030 nm laser (Pharos, Light Conversion). PL lifetimes were spec-
trally filtered into different emissive bands to determine the decay rates of various states.

The dependence of PL spectra and lifetimes on external magnetic fields (B-fields) and
temperature was obtained by placing samples in a magneto-optical cryostat (OptiCool,
Quantum Design) with a temperature range of 1.6-300 K and a B-field range of 0-7 T
with orientation perpendicular to the substrate.

To study photodegradation of films and crystals, samples were continually exposed to
532 nm cw laser (for PL-based measurements) or to white light (for absorption-based mea-
surements) excitation, as described in our previous work.?>?* Absorption or PL spectra
were taken at periodic intervals to track changes in the spectra over time caused by the pho-
todegradation. ‘Bottom’ samples were used for measurements in air, whereas ‘top’ samples
or any samples placed in the cryostat under vacuum were used for measurements in an anaer-
obic environment. Selected experiments were performed as a function of temperature and
B-field. The excitation intensities were ~40 W/cm? for the 532 nm laser and ~50 W/cm?
for the white light, although only ~20 W/cm? of the white light is in the wavelength range
absorbed by the crystals.



2.4 Computational Methods

Details on DFT and TDDFT calculations can be found in the Supplementary Material
Sec. S7. All calculations were carried out with the Gaussian 16 software package.*® En-
ergies and oscillator strength estimates for singlet excited state transitions were calculated
using TDDFT at the CAM-B3LYP/6-31+G* level of theory.*'** Both the difference in self-
consistent field energies between ground state configurations (ASCF) and TDDFT in both
unoptimized and optimized geometries were used to estimate triplet state energies in R-Tc
monomers.

To compare the extent of intermolecular interactions present in each packing geometry,
non-covalent dimers with notable 7~ overlap within the R-Tc crystal structures were iso-
lated, and the energy splittings were used to estimate the magnitudes of nearest-neighbor
transfer and hopping integrals (= and th) as well as resonant intermolecular couplings
(V)."® The four lowest-lying singlet excited states in each dimer pair were identified through
TDDFT and excitonic character was assigned through natural transition orbitals (NTOs),

as described in previous work.'®

3 Results

3.1 Optical properties of solutions

The absorption spectra of R-Tc (R=TES, TBDMS, TMS) in dilute (<20 uM) toluene
solution are identical (Fig. S8a), which indicates that the side groups have a minor influence
on the optical properties of the isolated molecules, similar to previously studied anthra-
dithophene (ADT) and Pn derivatives.'*'*® In all solutions, the absorption spectra are
well described by a Frank—Condon (FC) vibronic progression (Eq. S1) with the homoge-
neously broadened 0-0 resonance at 2.32 eV (or 533 nm) in TES-, TMS-, and TBDMS-Tc
derivatives with FWHM = 0.051-0.057 eV, followed by 0-n (n = 1, 2, 3) vibronic replica peaks
at 0.17 eV intervals due to the exciton coupling to a C=C/C—C stretch modes of the R-Tc
backbone with the Huang—Rhys factors of ~0.84-0.98 (Figs. 2a and S8). Fit parameters are
summarized in Table S1. The spectra of tBu-Tc solutions are ~8 nm (~0.03 eV) blue-shifted
from those of other R-Tc derivatives. This is supported by the TDDFT calculations (Table
S12) predicting ~0.04-0.05 eV blue shift due to the absence of the Si atom on the tBu side
groups as compared to TES, TMS, and TBDMS (Fig. 1a).

All derivatives exhibited PL (Figs. 2b-c and S8b) with a small <7 nm Stokes shift,
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similar to other functionalized acenes and acenethiophenes,'®* with the 0-0 emission peak

at 2.29 eV, or 540 nm (2.32 eV, or 533 nm) and FWHM = 0.09 eV in TES-Tc, TMS-, and
TBDMS-Tc (tBu-Tc), followed by vibronic replica peaks with an energy spacing of ~0.16 eV.
Fit parameters can be found in Table S2. The time-resolved PL exhibited monoexponential
decay (Fig. 2d) with a lifetime of 9.7 ns and QY of 0.75 in TES-Tc, such that the radiative
lifetime is ~13 ns, similar to previously reported 11.6-13.2 ns lifetimes in TIPS-Tc¢ in toluene

and chloroform.!!1%3

3.2 Optical properties of crystals and films

In order to understand the impact of intermolecular interactions on optical absorption
and PL in these materials, we first explored R-Tc:PMMA blends (with average R-Tc spacings
of d =2 nm and d = 1 nm), followed by pristine R-Tc films and R-Tc crystals.

3.2.1 Optical absorption

Evolving from solution and dilute blends to pristine films and crystals, clear differences are
observed in optical absorption spectra due to the onset of intermolecular interactions in more
concentrated systems. The R-Tc:PMMA d = 2 nm films exhibited solution-like absorption.
The more concentrated d = 1 nm films exhibited line broadening and some redistribution
of the oscillator strength, but no significant spectral shifts (Fig. 2a). Pristine TES-Tc films
were amorphous and had absorption spectra similar to those of TES-Tc:PMMA d = 1 nm
films. Pristine TBDMS-T¢ films, however, were polycrystalline and revealed features closer
to those of crystals (Figs. 2a and 3a): an overall redshift, significant line broadening, and
more pronounced redistribution of the oscillator strength.

The solution-to-crystal redshift (AStoC, here defined as the energy difference between
the lowest energy absorption resonances in solution and crystal) is due to non-resonant
effects caused by the Coulomb interaction of the molecule with its surrounding and exchange
interactions between translationally equivalent molecules. The AStoC is 0.19 eV in TBDMS-
Tc and 0.15 eV in TES-Tc, similar to that in diF R-ADT (e.g. 0.16 eV in diF TBDMS-
ADT) and unsubstituted Tc (0.15-0.23 eV) crystals.'>*® All crystals exhibit polarization-
dependent absorption (Figs. 3a-b, S15, and S16) with the Davydov splitting of the lowest-
energy peak of 0.13 eV in TES-Tc and 0.11 eV in TBDMS-T¢c, which is larger than 0.08 eV in
unsubstituted Tc crystals®® and similar to ~0.11-0.14 eV in pentacene and dibenzopentacene

(DBP) crystals.®***® The polarization dependence differs throughout the absorption spectra



(Figs. S15 and S16) due to the states with varying transition dipole moment and nature
contributing to absorption at each photon energy,* similar to that in diF R-ADT crystals."
The la and 1b anisotropy is considerably less pronounced in the TBDMS-Tc crystal, which
could be in part due to the four molecules per unit cell (Z = 4) in this crystal as compared
to Z = 2 in TES-Tc, which makes the analysis difficult due to a complicated peak structure
and broadening. Additionally, the TBDMS-Tc crystal packing relative to the substrate (Fig.
1b) consists of stacks of herringbone (’gamma’) layers where subsequent layers are reversed
relative to the previous, which would result in reduced anisotropy when measuring with light

polarized in the substrate plane.

3.2.2 Photoluminescence

Photoluminescence (PL) spectra from R-Tc:PMMA blends (d = 2 nm and 1 nm) and
pristine TES-Tc¢ and TBDMS-Tc films under 532 nm excitation (which directly excites the
S0-S1 transition), are shown in Figs. 2b-c. In all blends, a new emission band (denoted
Sx) appeared, with a dominant feature centered at ~1.86-1.89 eV (658-665 nm) (~0.4 eV
lower in energy than S1), a larger width than that of the S1 emission (Tables S3 and S4),
and vibronic side bands. The monomer-like S1 emission with the 0-0 line peaked at >2.24
eV (<552 nm) was still present in the blended films; however, its intensity progressively
decreased relative to Sx as the R-Tc concentration increased (Fig. 2), partly due to self-
absorption and largely due to the formation of domains with enabled SF which quenches S1
PL. While increased aggregation would result in a decrease in the ratio of S1/Sx emission
as formation of Sx also quenches S1 PL, this was accompanied by an overall decrease in PL
quantum yield (QY) by more than an order of magnitude between d = 2 nm blends and
pristine films (Fig. S10). We attribute the drop in the PL QY to the formation of aggregates
which enable SF at higher R-Tc¢ concentrations. In particular, formation of dark entangled
triplet pair states '(TT) in the process of SF serves as a competing nonradiative process to
both S1 emission and relaxation to the Sx state, thus suppressing all competitive emissive
processes.

In TES-Tc crystals, the PL spectra were also dominated by a low-energy Sx emission
in the 630-750 nm region (Fig. 3c), although the spectra were considerably broader and
the QY was more than an order of magnitude lower than in pristine films. Similar features
were also observed in PL spectra of TMS-Tc¢ and tBu-Tc films and crystals (Figs. S11 and
S19), which have ‘slip-stack’ molecular packing similar to that of TES-Tc. Excitation of
both TES-Tc¢ films and crystals, as well as TMS-Tc and tBu-Tc crystals, at 633 nm, which
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Figure 2: a) Optical absorption spectra of TES-Tc in dilute toluene solution and R-Tc (R =
TES, TBDMS) in R-Tc:PMMA (d = 1 nm) blends and pristine films. b) PL of TBDMS-Tc
in dilute toluene solution, TBDMS-Tc:PMMA (d = 1 nm and 2 nm) blends, and pristine
film. c¢) PL of TES-Tc in dilute toluene solution, TBDMS-Tc:PMMA (d = 1 nm and 2 nm)
blends, and pristine film. d) PL lifetime decays for TES-Tc solution and R-Tc (R = TES,
TBDMS) R-Tc:PMMA (d = 1 nm) blends and pristine films. In all blends and pristine films,
the PL decays were spectrally filtered to separately probe S1 (540-570 nm) and Sx (630-670
nm) emission (Fig. S12). Symbols in a)-c) are added for clarity.
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is considerably below the SO-S1 energy and thus excites the sub-bandgap defect states,'®*°

showed that the Sx emission can be excited directly (Fig. S13). Therefore, we attribute the

>650 nm emission to that from low-energy defect states. Similar emissive defects have been
observed in anthracene, diphenyl tetracene, DBP, diphenylhexatriene (DPH), and function-
alized pentacene crystals.'?*®** Because of the similarity of this Sx emission with that in
dilute R-Tc:PMMA blends (d = 2 nm) of all R-Tc derivatives under study (regardless of the
differences in long-range molecular packing), the Sx emission with vibronic structure could
be caused by dimer-like defects with properties largely independent of long-range packing.
This is corroborated by similar difference in optical properties between previously studied in

unsubstituted tetracene monomers and physical dimers where ~70 nm (0.34 eV) shifts were
observed between the 0-0 emission energies of the monomer and dimer species,*™*’ similar
to the energy offset between 0-0 S1 emission energy for the monomer and Sx energy (~0.39
eV) in films for the R-Tc derivatives.

This hypothesis is also consistent with observations in TBDMS-Tc¢ in Fig. 2b, where
the ~660 nm-peaked Sx emission, dominant in TBDMS-Tc:PMMA blends with d = 2 nm,
becomes less dominant and is gradually replaced by a ~616 nm-peaked (~2.01 eV) emission
as the molecular concentration increases in d = 1 nm and pristine films (Table S4), upon
formation of crystalline domains. This emission will be referred to as ‘aggregate emission’,
denoted as Slagg. The Slagg emission is dominant in TBDMS-Tc crystals (Fig. 3¢), where
its packing motif (Fig.1b) is not conducive to the formation of Sx states. In contrast, in
TES-Tc and other crystals with ‘slip-stack’ packing of closer-spaced molecules, the Slagg
emission is suppressed in fresh crystals, and it becomes significant only when competing
processes were disabled in the process of photodegradation (Sec. 3.3).

In order to better understand the nature of the emissive states, the PL lifetimes of S1 and
Sx states were separately measured in all films (Fig. 2d). The lifetimes and corresponding
weights obtained for each band from bi-exponential fits to the decay dynamics for all films
studied are included in Table S5. In TES-Tc:PMMA and TBDMS-Tc:PMMA blends and
pristine TES-Tc¢ films, the bi-exponential fits to the decay dynamics revealed the dominant
component with a lifetime of 13.8 ns in the Sx emission region (630-670 nm). The lifetimes of
the S1 emission in the 540-570 nm region were decreasing with the R-Tc concentration (e.g.
from an average lifetime of 3 ns in d = 1 nm TES-Tc:PMMA to 0.6 ns in pristine TES-Tc
film), and were considerably shorter than the 9.7 ns S1 lifetime in dilute solutions (Fig. 2d).
In crystals, the PL decay dynamics were more complicated, with adequate description of

emission in each spectral region requiring a tri-exponential fit function (Fig. S20 and Tables
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crystals. ¢) PL spectra of TBMDS-Tc and TES-Tc¢ crystals at 300 K. PL spectrum from a
dilute TES-Tc solution is also included.

S8 and S9).

3.2.3 Temperature-Dependent Photoluminescence

The dependence of PL spectra and dynamics on temperature for TBDMS-Tc¢ and TES-
Tc crystals obtained at 532 nm cw excitation and 515 nm pulsed excitation, respectively,
are shown in Figs. 4 and 5 (TMS-Tc and tBu-Tc crystal data in Figs. S19 and S22). The
PL lifetimes obtained from bi- or tri-exponential fits to lifetime decays of spectrally filtered
bands (S1: 533-550 nm, Slagg: 580-620 nm, Sx: 650-700 nm, Sx: 700-800 nm, Fig. S20a)
at various temperatures are summarized in Tables S8 and S9. While all crystals had weak

emission at room temperature, the emission considerably increased at low temperatures.

TBDMS-Tc The ‘gamma’-packed TBDMS-Tc crystals exhibited Slagg emission charac-

terized by a single vibronic progression at all temperatures (Fig. 4a). As the temperature
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Figure 4: Temperature-dependent PL spectra for a) TBDMS-Tc crystal, b) TES-Tc crystal,
and c) TES-Tc amorphous pristine film. d) Integrated PL from Slagg (TBDMS-Tc crystal),
Sx (TES-Tc crystal), and Sx (TES-Tc amorphous film) vs temperature. Insets show unit cell
cartoon for TES-Tc and TBDMS-Tc crystals. Average lifetime t vs temperature for Sx and
Slagg states in TES-Tc and TBDMS-Tc crystals is also included in d) highlighting that the
crystal steady-state PL has over an order of magnitude stronger temperature-dependence
than the PL lifetimes.
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Figure 5: PL lifetime decays for: a) TBDMS-Tc Slagg (‘600 nm’) emission and b) TES-Tc¢
Sx (‘700 nm’) emission at various temperatures. ¢) PL lifetime decays for TES-Tc crystal

at 1.6 K for S1 (‘550nm’), Slagg (‘600nm’), and Sx (‘700nm’) spectral bands. Long ~60 ns

decay component is present in both Sx and S1 emission highlighting their kinetic connection
to the '(TT) states. The inset shows a close up of the early-time dynamics for S1 and Sx,
with a delayed Sx rise as it populates from S1 and similar to S1 long-time decay due to
delayed PL.
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decreased, the steady-state emission intensity increased by two orders of magnitude (a factor
of >200) in the 50-300 K temperature range before levelling off below 50 K. This change was
accompanied by a change in PL lifetimes (Figs. 4d and 5a) such that the average lifetime
increased by a factor of 8.5 from 300 K to 1.6 K, largely due to the appearance of long-lived
decay components with lifetimes of ~30-40 ns at 100 K and below (Table S9).

The temperature-dependent spectra of the Slagg state exhibited behavior consistent with

superradiance observed in unsubstituted tetracene crystals,*®

which originates from highly
delocalized excitonic states in J-aggregates®® due to the 0-0 oscillator strength scaling with
the number of coherent molecules. The identifying feature of this type of superradiance is
the temperature-dependent 0-0/0-1 peak ratios, where higher exciton delocalization results
in a larger 0-0/0-1 ratio, and the ratio increases as the temperature decreases; this trend
is observed in the Slagg emission from TBDMS-Tc¢ crystals which exhibits a factor of 2.5

larger 0-0/0-1 ratio at 1.6 K than at 300 K.

TES-Tc The ‘slip-stacked’ TES-Tc crystals exhibited emission from low-energy (>650 nm)
Sx states (Fig. 4b) which, similarly to the Slagg emission in TBDMS-Tc crystals, increased
by two orders of magnitude (a factor of ~150) in intensity and by a factor of 8 in average
Sx lifetimes from 300 K to 1.6 K, with the longest lifetime decay components reaching 50-60
ns at 100 K and below (Figs. 4d and 5b, Table S8). The temperature dependence of the
minor Slagg emission in the 600-630 nm region was considerably weaker than that of the Sx
emission and that of the Slagg emission in TBDMS-Tc crystals, with the average lifetimes
only slightly temperature dependent (Table S8). Finally, a residual emission in the S1 region
(<550 nm) was observed with average lifetime decay similar to that of the Sx emission (Fig.
5c¢) at 100 K and below, exhibiting long lifetime components in the 50-60 ns range. The inset
in Fig. 5c¢ shows a delayed rise in the 700 nm ‘Sx’ emission with a concurrent decay in the
<550 nm ‘S1’ emission, implying that the ‘S1’° population is converted to the ‘Sx’ species.
Qualitatively similar trends are observed in crystals of other ‘slip-stacked’ derivatives, TMS-
Tc and tBu-Tc, with the dominant Sx emission stronger than that in TES-Tc at 300 K and
increasing as the temperature is lowered (Fig. S19). Similar to TES-Tc, the S1 and Sx
emission in TMS-Tc and tBu-Tc crystals develop components with 40-60 ns lifetimes at low
temperatures (Fig. S22).

A higher room-temperature P QY and considerably weaker temperature dependence
were observed in Sx emission from amorphous TES-Tc films (Fig. 4c), with only a factor

of ~2 change in steady-state PL intensity across the entire temperature range. Unlike crys-
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talline TES-Tc, which exhibited a more complicated Sx spectral evolution with temperature
(Fig. 4b), the Sx PL in the film could be well described by a single vibronic progression
peaked at ~658 nm (1.88 eV) at all temperatures and an about 25% increase in the 0-0/0-1
peak ratio in the 300 K - 1.6 K temperature range. The 0-0/0-1 ratio is also low (~2) even at
1.6 K (considerably lower that that in the TBDMS-Tc crystal in Fig. 4a), which is consistent
with a J-aggregate-like dimer behavior where the exciton is primarily delocalized over two
molecules.*®

To quantify the temperature (T) dependence of the PL yield and lifetimes in Fig. 4d and
relate them to the literature, we first used the simplest model (Eqs. S4-S5) for describing
steady-state emission and PL lifetimes in the presence of temperature-independent radiative
and temperature-activated Arrhenius nonradiative rates with activation energies Ea. For
the steady-state emission, the fits yield an activation energy EapL of 58 meV for the Slagg
emission in TBDMS-Tc crystals and 156 meV and 27 meV for the Sx emission in TES-
Tc crystals and amorphous films, respectively. PL lifetimes exhibited considerably weaker
temperature dependence than the steady-state PL (Fig. 4d), with activation energies Eax for
the average lifetimes of 21 meV and 50 meV in TBDMS-Tc and TES-Tc crystals, respectively.
Although at least three time constants are needed to describe the PL dynamics in each
spectral range at temperatures above 1.6 K (Tables S8 and S9), emission with the longest
lifetime with 40-60 ns time constants, depending on the crystal packing, dominates the
overall PL at low temperatures (100 K and below).

The activation energies in the similar range, extracted from fits to temperature-dependent
PL data, were previously observed in other tetracenes. For example, 68 meV was obtained
in unsubstituted Tc crystals and attributed to the barrier for the '(TT) formation,® and
20-90 meV barriers were attributed to dissociation of '(TT) states into (T...T) in unsubsti-
tuted Tc crystals and TIPS-Tc films.'*®! A considerably weaker temperature dependence
in films as compared to crystals, obtained here for TES-Tc, was also previously observed in
unsubstituted Tc (with the activation energies of 55 meV in crystals vs 7 meV in films) and
attributed to the differences in the '(TT) formation process, with a low activation energy in
disordered films due to the weakly thermally activated exciton diffusion to hot spots where
the SF is efficient.® This results in SF in films only occurring from molecule populations
close to hot spots which efficiently undergo SF, whereas most molecules are in configurations
not suited for SF and instead undergo competitive decay mechanisms such as Sx emission.
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3.2.4 Kinetic Model

In order to better understand the role of each thermally activated process in the tem-
perature dependent PL in R-Tc, we constructed a kinetic model as described in Sec. S6,
seeking the simplest set of states and rate equations that adequately describes tempera-
ture dependence of both steady-state and time-resolved PL with one set of parameters. We
started from simple models, which were deemed inadequate (Sec. S6.1), and added com-
plexity until the model accurately recreated main features of both the steady-state and
time-resolved PL data. In this model, initial excitation of S1 state (state 1 with population
N 1) can relax directly to the ground state (with a rate k;), transition to '(TT) (state 2
with population IV 2) with arate k;j; = Kijza + Kizb €xp (— Ea2/ksT), or form an emissive
state Slagg in TBDMS-Tc or Sx in TES-Tc (state 3 with population IV 3) with a rate k;3.*
The '(TT) state can dissociate into two uncorrelated triplet states (state 4) with a rate
Koa = kosa + Kpabexp(—Eags/ksT)) or fuse back into S1 with a rate kp;. The emissive states
decay with arate ks = kga + kgbexp(— Eaz/ ks T ) which accounts for thermally-activated
nonradiative processes unrelated to SF. The rate equations (Eqs. S6) and steady-state and
time-dependent populations of S1, Slagg or Sx, and (TT) states depending on various pa-
rameters are detailed in the Supplementary Material Sec. S6. The simulated transients
superimposed on the time-resolved PL data (limited by a ~200 ps IRF of our experimental
setup) in TBDMS-Tc and TES-Tc crystals are shown in Fig. 6 (steady-state behaviors are
shown in the insets), and the rates that best describe the PL data are listed in Fig. S7c
and Table S10. The model describes well the steady-state PL behavior of emissive states in
the entire 1.6 - 300 K temperature range and PL dynamics at 200 K and below. At 300 K,
the model predicts shorter PL lifetime decays as compared to the observed ones (Fig. S25),
which suggests that there is an additional process occurring at ns time scales at room tem-
perature contributing to the delayed PL, which is not included in our model. This could be
attributed to a combination of factors - the presence of '(TT) states with different energies
(expected in crystals*®) which fuse into S1 on various time-scales, direct '(TT) — Slagg/Sx
pathway, and triplet-triplet annihilation of T1 excitons (T1+T1—'(TT)—S1—Slagg/Sx) -
contributing to delayed PL at high temperatures but inefficient at 200 K and below.

Based on the ultrafast spectroscopy findings for other Tc and similar ADT deriva-

123554 e assume that the '(TT) formation occurs at picosecond times scales, which is

tives,
unresolved in our time-resolved PL experiments, and vary the rates to obtain best agreement
with the data across our temperature range of 1.6 - 300 K and understand a considerably

stronger temperature dependence of steady-state PL as compared to ns-time-scales dynamics.
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We find that the presence of thermal activation in the '(TT) formation rate kj, is neces-
sary for adequately describing the steady-state PL and in the (TT) dissociation (towards
uncorrelated triplets T1) rate ky, for description of temperature dependent PL dynamics.
The appearance of the PL lifetime constant in the 40-60 ns range at low temperatures is
associated with the rate k;; due to the fusion of the 1(TT) states to recreate the S1 state,
which then repopulates Slagg in TBDMS-Tc or Sx in TES-Tc at longer times resulting in
matching long-time decays of S1 and Slagg or Sx (inset of Fig. 5c and Fig. S21). Addi-
tionally, the rate k; is also temperature dependent due to thermally activated nonradiative
decay of Slagg or Sx state (state 3 in the model), depending on the crystal, via processes
unrelated to SF. The presence of this process can be inferred via, for example, temperature

dependent PL (with an activation energy of ~50 meV) from Sx states in amorphous TES-Tc
films under 633 nm excitation, which excites Sx states directly and does not initiate SF (Fig.
S13 and Table S7).

The modeling revealed the presence of both non-activated (TT) formation pathway
(ki22) and a thermally activated path with Ea 1, of 5027 meV and 55+13 meV in TBDMS-
Tc and TES-Tc crystals, respectively. The '(TT) dissociation barrier in TBDMS-Tc at
85+10 meV is lower than 130=3 meV in TES-Tc, which we attribute to the specifics of
molecular packing of these derivatives, as discussed in Sec. 4.2. The maximal populations
of Y(TT) pairs and T1 production yields (T1 population at t = 200 ns, assuming no decay
from T1 reservoir) are higher in TES-Tc at all temperatures, with the largest differences at
low temperatures (<150 K) and more comparable TT/T1 generation at higher temperatures
(Fig. 7). At 300 K, the kinetic model predicts an upper limit of T1 QYs of 191+2% for
TES-Tc and 181+4% for TBDMS-Tc. Although these yields are lower at low temperatures,
even at 1.6 K both TES-Tc and TBDMS-Tc are producing T1 excitons via SF, with upper
limits of 58+6% and 29+4% QYs, respectively.

3.2.5 Magnetic Field Effects

To further investigate how the emissive states observed via PL measurements participate
in or affect the SF dynamics, we studied the magnetic field (B-field) dependence of the steady-
state PL and PL dynamics in the 0-7 T range (Figs. 8 and 9) at various temperatures.
Similar trends were observed in the emission from Slagg in TBDMS-Tc and Sx in TES-
Tc crystals (Fig. 8): the PL emission obtained under 532 nm excitation decreased from
the initial O T yield at low fields (<2 T), with magnetic field effects (MFE = (PL(B) —
PL(0))/ PL(0)) reaching -0.05. At higher fields, the PL yield increased to above the O T
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Figure 6: Time-dependent and steady state (inset) solution to the kinetic model described in
the text (Eqgs. S6) compared to the experimental PL data for a) Sx emission in TES-Tc and
b) Slagg emission in TBDMS-Tc crystals. The calculated Sx (TES-Tc) and Slagg (TBDMS-
Tc) population dynamics are overlaid on the measured PL lifetime decays for those bands
for each temperature. The model accurately recreates observed time-resolved behavior at
200 K and below and steady state behavior at 1.6 - 300 K.

yield, reaching positive MFEs of ~0.5 (TBDMS-Tc) and ~0.2 (TES-Tc) at 7 T at 100 K.
At 1.6 K, qualitatively similar behavior was observed, but the turnover from decreasing
to increasing PL occurred at higher B-fields and the increase in PL was considerably less
pronounced, with MFE of only ~0.1 in TBDMS-Tc and TES-Tc at higher B-fields (Fig.
S24). Similar behavior was observed in TMS-Tc and tBu-Tc crystals, with all four R-
Tc crystals exhibiting positive trends in the MFEs at high B-fields at 1.6 K (Fig. 8c).
This is consistent with existence of a temperature-independent SF pathway (in addition
to temperature-dependent SF), accounted for by kjza and kyea rates in our kinetic model,
discussed above.

In contrast to notable MFEs in the Sx emission of TES-Tc crystals under 532 nm exci-
tation, no MFEs were observed under 639 nm excitation (Fig. S23a), confirming that direct
excitation of Sx does not form '(TT) states and the MFEs in the Sx PL at 532 nm excitation
are due to the state’s kinetic connection to '(TT) via S1, as predicted by our kinetic model
(Fig. S23b). Similar observation was previously made in DPH crystals with Sx emission
from trap states.'®

In amorphous TES-Tc¢ films, the Sx PL MFEs at 532 nm excitation were temperature
independent and much weaker than in crystals, with a monotonic decrease of PL reaching a
MFE of -0.1 at 7 T (Figs. S14 and 8c) and no positive MFEs in our range of B-fields and
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Figure 7: Kinetic model results for a) the steady-state TT population (normalized to the
1.6 K TES-Tc value) vs. temperature and b) predicted T1 yields, calculated as the T1
population at t = 200 ns from an initial population of S1 = 1, assuming no decay from T1.
The inset shows the maximal TT population reached from an initial population of S1 = 1.
Shaded regions show error calculated from +20% variation of each parameter (Section S6).
c¢) Energy level diagram for singlet fission in R-Tc, showing the states and transitions used in
the kinetic model, along with energy barriers for temperature-dependent TT formation and
dissociation rates. Key rates from the model solution are listed, where TT formation and
dissociation processes include a temperature-independent rate ka and temperature-dependent

component k» with activation energy Ea (k= ka+ ko exp (—Ea/ksT)).
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Figure 8: PL spectra vs magnetic field at 100 K for a) TBDMS-Tc and b) TES-Tc crystals,
insets are integrated PL vs magnetic field at 1.6 K and 100 K. ¢) PL MFE for R-Tc crystals
(R=TES, TMS, tBu, TBDMS) at 1.6 K which all show positive trends in the MFE due to
SF. Data for TES-Tc amorphous film are also included in c¢) showing a monotonic negative
trend in the MFE.
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temperatures.

The PL dynamics of S1, Slagg, and Sx states were also affected by strong B-fields (Figs.
9a-b), with the PL lifetimes higher (i.e., PL decays slower) under strong B-fields in the 100-
300 K range. The lifetime MFEs (mre = (T (B) — 1(0))/t(0)) and t is the weighted average
of three lifetimes for a particular band) were stronger at higher temperatures (inset of Fig.
9a) and for the S1 state.

The B-field dependent PL from singlet states like Slagg and Sx is due to their kinetic
connections to the triplet pair states formed in the SF process (Figs. 7 and S23b).'%%
We associate the observed positive MFEs with the '(TT) dissociation to spin-mixed pairs
I(T...T)/uncoupled triplet states T1 where the strong B-fields reduce the number of states
with singlet character available for transition and affect spin relaxation, consistent with
B-field effects on other SF systems in the literature.'*®**®® This effectively results in
longer lifetimes of '(TT) states and higher probability of triplet fusion which reforms the
S1 state population, which is observed in all crystals under study. No resonant effects®®
due to level crossing between entangled triplet pair states of different spin multiplicity were
observed in our experiments, which could be in part due to a resolution of our B-field sweeps
insufficient to observe narrow resonances and due to the B-field orientation perpendicular to
the substrate which affects the resonant behavior.®! Additionally, TDDFT methods predict
stronger intermolecular interactions (quantified by exciton coupling energies V in dimers
extracted from crystal structures) in crystals of all R-Tc derivatives under study as compared
to, for example, TIPS-Tc (Tables S18-S22) which has resonances at B-fields in the 3-11 T
range.® This may lead to higher average exchange coupling energies J in the triplet pairs,
shifting resonances to higher B-fields than those in TIPS-Tc,? outside of our experimental
range of <7 T.

The presence of B-field-dependent long-lived components in the S1 PL dynamics at low
temperatures is consistent with the triplet fusion reforming this state from the triplet pairs
generated via non-thermally-activated SF pathway. No quantum beats due to spatially
separated triplet pairs that were seen in unsubstituted Tc crystals at ns time scales®® were
observed in any of the crystals under study on our time scales. Therefore, we consider that
it is mostly geminate and relatively strongly interacting '(TT) states that contribute to our
delayed PL via triplet fusion described by the rate k;; in the kinetic model.

The behavior of the steady-state PL and PL dynamics vs B-field is qualitatively similar
to that vs temperature, with high B-fields increasing the effective barrier for '(TT) sepa-

ration, similar to the effect of lowering the temperature. This behavior can be empirically
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reproduced by introducing a B-field-dependent factor on the rate ky; where ky (T, B) =
koo(T) exp(— B/ By), as shown in Figs. 9c-d and S23b for the 100 K data, with By = 12.4
T for TES-Tc and 0.8 T for TBDMS-Tc. The larger By in TES-Tc may indicate that the
'(TT) pairs formed at 100 K in TES-Tc crystals have on average larger exchange coupling
energies J than those in TBMDS-Tc, which require higher B-fields for spin-mixing of the
states in the process of triplet pair separation into !T...T/T1.%%%*%* This would be consistent
with longer '(TT) lifetimes at lower temperatures (Tables S8 and S9) in TES-Tc (50-60 ns)
as compared to TBDMS-Tc (30-40 ns) and TDDFT calculations of exciton coupling ener-
gies V (Tables S18 and S20) which predict stronger intermolecular interactions in TES-Tc,
potentially enabling formation of (TT) states with higher exchange coupling energies J.

The lack of the positive trend in the MFEs of amorphous TES-Tc¢ films is consistent with
lower SF yields in films as compared to crystals, with the SF occurring from hot spots with

suitable intermolecular orientations®*%°

that are only weakly coupled to the emissive popu-
lations, similar to observations in other acenes. Here, the MFEs are most likely dominated
by Ag (g-factor anisotropy due to spin-orbit coupling) effects which exhibit negative and
monotonic MFEs at high B-fields.® This is in contrast to crystals where the positive MFEs
due to efficient SF dominate at higher temperatures and only at 1.6 K the negative MFEs
are comparable in magnitude to the positive MFEs. The quantitative description of the B-
dependent and temperature-dependent MFEs in R-Tc crystals requires further investigation.
For example, previous studies inferred mechanisms of spin relaxation during the triplet pair
separation from such data using modeling with stochastic Liouville equations and showed
how triplet hopping and thermal librations contribute to the interplay of positive and neg-
ative MFEs in rubrene films.®* In our case, however, such interplay occurs at considerably

higher B-fields, where additional effects such as that of Ag need to be accounted for.

3.3 Photochemistry

In order to understand the connections between the photophysical and photochemical
processes in materials under study, we measured evolution of optical absorption and PL of R-
Tc single crystals during either white light illumination (absorption) or a continuous 532 nm
excitation (PL) causing formation of endoperoxides (EPOs) in air in ‘bottom’ samples'® and
photodimerization in vacuum or encapsulated (‘top’) samples.?>®® The EPO formation in
R-Tc crystals occurred considerably faster than photodimerization at room temperature, as
observed in our previous work in TIPS-Tc films.?® The optical absorption of R-Tc molecules

in the visible wavelength range in all films and crystals decreased with photodegradation,
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Figure 9: PL lifetime decays in a) TBDMS-Tc crystal at 100K and b) TES-Tc crystal at
200 K, at OT and 6T, spectrally filtered to isolate emission bands (Fig. S20a): S1 (‘550
nm’), Slagg (‘600 nm’, in TBDMS-Tc¢) and Sx (‘700 nm’, in TES-Tc). Inset in a) shows
MFE on the average Slagg lifetime in a TBDMS-Tc crystal as a function of temperature. c)
Steady-state Sx (Slagg) PL MFE in TES-Tc¢ (TBDMS-Tc) crystals measured at 100 K (data
points) overlaid with simulated MFEs (lines) for Sx and Slagg population using steady-state
solution in the kinetic model for T = 100 K. d) Simulated MFE on time-dependent solution
of kinetic model for Sx (TES-Tc) and Slagg (TBDMS-Tc) showing similar lifetime decay
behavior to that in the experimental data.
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Figure 10: Photodegradation of optical absorption in air in a) TBDMS-Tc crystals, b)
amorphous TES-Tc films, and ¢) TES-Tc crystals under unpolarized white light; inset shows
absorption decays of the lower- and higher-energy Davydov components, la and 1b. d)
Integrated absorption photodegradation at 0 T and 2.2 T for a TBDMS-Tc crystal, TES-Tc
crystal, and TES-Tc film. Dashed lines are fits to decays (parameters in Table S23.)

whereas the spectral evolution of PL depended on the system and the photodegradation

mechanism, as discussed below.?*?®

3.3.1 Photodegradation in air: EPO Formation

Figures 10 and 11 show evolution of absorption and PL spectra, respectively, of air-
exposed TBDMS-Tc¢ and TES-Tc crystals, as well as of an amorphous TES-Tc¢ film, upon
continuous light excitation (50 W/cm? of white-light and 40 W/cm? of 532 nm for absorption-
and PL-based measurements, respectively) at room temperature (300 K), due to photoin-

duced reactions with oxygen.'®'®% In order to quantify the reaction rate constants, we fit
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Figure 11: Evolution of PL emission due to photodegradation in air in: a) TBDMS-Tc¢
crystal, b) TES-Tc crystal, and ¢) TES-Tc film under 532 nm cw laser illumination under
40 W/cm?. Insets show integrated PL over time at 0 T and 2.2 T; dashed lines are fits to
decays (parameters in Tables S25-S26).
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the decay of the integrated absorption (Fig. 10c) with a monoexponential function (Table
S23), which reveals that overall, the TBDMS-Tc crystals are about a factor of 6 more sta-
ble than TES-Tc crystals with respect to the EPO formation, with decay time constants
of 2460+100 s and 397+20 s, respectively, under the same illumination conditions. The
TES-Tc amorphous film is about a factor of 2.5 less stable than the TES-Tc crystal, with
the half-life of absorbance decay in films of about 150 s as compared to 355 s in the crystal.
Lower stability of amorphous films in air as compared to crystals was previously observed in
a variety of organic materials,®® in part due to a higher oxygen permeability in disordered
films.

Interestingly, in TES-Tc crystals, the 1a and 1b features in the absorption spectra (Fig.
10c) had different photodegradation behavior, where 1a decayed considerably faster (half-life
of 140 s) and 1b exhibited a slow initial decrease, with rates similar to TBDMS-Tc, followed
by a faster decay component (overall half-life of 445 s, inset of Fig. 10c). The amorphous
TES-Tc films (where the 1a feature is not present in the spectra) exhibited behavior similar
to that of 1b in crystals but with faster dynamics (Fig. 10b,c).

The evolution of the PL spectra during the photodegradation-inducing 532 nm cw illu-
mination (Fig. 11) provides insights into susceptibility of specific molecular populations to
photodegradation and shows more complicated behavior than the absorption. In our exper-
iments, emission only in the 540-800 nm wavelength region is monitored, which is due to
the parent molecules and does not include any contributions of UV-absorbing photoproducts
(such as EPOs) with emission below 500 nm.?*%®

In ‘slip-stacked’ crystals such as TES-Tc, the PL evolution during photodegradation in-
volves multiple emissive states.”® As discussed in Sec. 3.2.2, at room temperature, the
dominant PL in freshly made TES-Tc crystals is from the low-energy (>650 nm) Sx states
with low QY (<1%). Upon continuous 532 nm illumination, the total PL yield rapidly in-
creases by more than an order of magnitude, with S1 (540-560 nm), Slagg (580-630 nm), and
Sx (640-700 nm) emissions growing within the first 40 s after photoexcitation (Fig. 11b) with
slightly different rates (Table S25). This PL yield increase is due to the rapid degradation of
molecules in configurations conducive to dark '(TT) and T1 states formation, which reduces
the probability for SF and enhances PL by populating various emissive states instead.?*%
This is followed by the decrease in PL from all emissive states as the molecules participating
in populating the emissive states and the emissive species themselves undergo degradation
(Table S25). In TES-Tc amorphous films under the same illumination conditions, there are
considerably fewer molecules in the dark states and so the increase in the PL emission is
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considerably less pronounced than in TES-Tc crystals. Instead, the dominant effect is the
fast decay of the Sx emission (630-750 nm) within the first ~10 s of illumination, similar to
that in TIPS-Tc films,? with the S1 (540-550 nm) emission only slightly increasing before
decreasing (Fig. 11c).

In TBDMS-T¢c crystals, the nature of PL evolution during the photodegradation depends
on the photodegradation-inducing light intensity. At 40 W/cm? (same as used for TES-Tc
crystal in Fig. 11b), a monotonic decrease in Slagg PL (>600 nm) is observed during the
degradation, with no evidence of an increase in emission from other states (Fig. 11a). The
parameter y, which describes the fraction of the initially emissive population that remains
emissive (obtained from a monoexponential fit to the PL decay in the inset of Fig.11a, Table
S26) is about 0.6, which means that 60% of emissive TBDMS-Tc molecules and/or molecules
that populate that state are not susceptible to the photodegradation under these illumination
conditions in air. The emissive population, however, constitutes only a small subset of the
overall TBDMS-Tc population (PL QY of <1%) at room temperature, and it is possible that
considerably smaller percentage of the overall population is expected to stay intact after a
long irradiation time period in air (e.g., ~4-7% in TIPS-Tc* and ~7% in TES-Tc¢ films).
At higher illumination intensities, a qualitatively similar to TES-Tc crystals behavior, with
an initial rise in both Slagg and S1 emission, is observed in TBDMS-Tc crystals (Fig. S33),
which is further discussed in Sec. S8.1.

The photodegradation of R-Tc in air involves generation of reactive oxygen species fol-
lowed by a chemical reaction to form an EPO, with both of these steps potentially spin-
selective. Therefore, they are expected to be sensitive to the the SF efficiency and TI
dynamics, as discussed in Sec. 4.3.1."%'% In order to investigate this, we performed the
photodegradation experiments with an applied B-field.

The EPO formation in TBDMS-Tc crystals probed via absorption decay was about
25% slower under the B-field of 2.2 T as compared to that in the absence of B-field (Fig.
10d). The PL emission is more sensitive to the B-field, and fitting the integrated Slagg PL
photodegradation-induced decay to a monoexponential function, we find the degradation
rate is a factor of ~2 slower at 2.2 T than at O T. Relatively strong B-field dependence of the
EPO formation was also observed in the PL of TES-Tc crystals, where overall PL dynamics
were about 50% slower at 2.2 T as compared to those at O T (inset of Fig.11b and Table
S25). This includes longer rise time (20% —80% of the max) of 30 s vs 19 s, time to reach
max PL of 65 s vs 40 s, and PL half-life time of 32 s vs 24 sat 2.2 T vs 0 T.

The pronounced B-field effect observed in the PL degradation is consistent with relatively
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large MFEs observed in Slagg and Sx PL in R-Tc crystals (Fig. 8) due to these states’ kinetic
connection to the SF process. The slower rates under B-field are consistent with a less efficient
'(TT) separation into triplet excitons T1 in high B-fields inferred from the MFE PL data,
with fewer molecules in T1 states leading to a slower singlet oxygen generation via Type
I mechanism relying on T1 states'® and thus slower photo-oxidation reaction. However,
if EPO formation requires T1 states produced via SF, the photodegradation rates should
decrease as the sample degrades and SF pathways are destroyed. Instead of this, we see
continued degradation of molecules emitting from singlet states (S1/Slagg) after SF yields
diminish (which manifests into the PL decrease following the increase with comparable rates
(Table S25). This suggests that there is a degradation pathway that does not rely on the
SF, for example a singlet state mediated process of oxygen sensitization which can form the
precursor states, 'O, and T1, for the EPO formation. Sensitization of the S1 state in TIPS-
Tc with oxygen has been identified as an important pathway for the production of both
EPO precursors,'® which can subsequently catalyze the chemical reactions to form EPOs, as
discussed further in Section 4.3.1.

Interestingly, about a factor of 2 slowing down of the degradation rate constant at 2.2 T
as compared to 0 T was observed in the Sx PL in TES-Tc amorphous films as well (inset of
Fig. 11 and Table S24), even though the PL MFEs were minimal in these films (Fig. S14) at
this field. This is consistent with the Sx-emissive molecular populations being distinct and
well-separated from SF-enabled ‘hot spots’. In this scenario, the high B-field slows down
the T1 generation and the production of reactive singlet oxygen via Type II mechanism in
the ‘hot spots’,'® which in turn slows down the reaction between the singlet oxygen (that

diffuses towards emissive species) and the Sx-emitting molecules.

3.3.2 Photodegradation without air: photodimerization

The effects of photodimerization, the dominant photodegradation process in the absence
of oxygen,?®**** was investigated both in R-Tc or R-Tc:PMMA films and in R-Tc crys-
tals. The R-Tc:PMMA blends with d = 2 nm had minimal photodimerization due to a
large average separation of the R-Tc molecules. In R-Tc:PMMA blends with d = 1 nm,
absorption of the parent R-Tc molecules under white-light illumination (which induced the
photodimerization) decreased, with no new features forming in the visible spectrum (Fig.
S34). Therefore, we consider that the conventional ’butterfly’ photodimer, with absorption
44,45,66

in the UV region,
study.

is the dominant dimerization product in R-Tc derivatives under
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Figure 12: Evolution of PL due to photodegradation via photodimerization in a) TBDMS-Tc
and b) TES-Tc crystals illuminated by cw 532 nm laser. Insets show integrated PL over
time at 0 T and 6 T. Dashed lines in inset are fits to decays (fit parameters in Tables S28
and S29).

The PL spectra under a photodimerization-inducing 532 nm excitation in R-Tc:PMMA
blended films with d = 1 nm, in which the emission was dominated by the low-energy
Sx state (Sec. 3.2.2), exhibited a fast decrease in the Sx emission accompanied by a rise
and saturation in S1 emission (Fig. S35). This is consistent with the physical dimer-like
species which form Sx and '(TT) states to be susceptible to photodimerization,* causing a
reduction in Sx and SF yields. This results in an increase in S1 emission from monomer-
like species as sites which would previously emit via Sx or undergo SF now emit from
S1 as they lack neighboring undegraded molecules to undergo multi-molecular processes.
During photodimerization, the PL yield levels off after a large increase. In contrast, during
EPO formation, after the temporary increase, the PL quickly degrades and the S1 emission
disappears as more EPOs form. This suggests that while EPO formation has a significant
effect on all molecular populations, the S1-emissive molecular population is not particularly
susceptible to photodimerization.

In pristine amorphous TES-Tc films, the PL behavior under photodimerization-inducing
532 nm excitation was similar to blended films, and it was further investigated at different
temperatures in the 100-300 K range. The photodimerization in these films was thermally
activated, with rate constants (obtained from fits to the integrated PL spectral evolution)
differing by two orders of magnitude in this temperature range. This temperature dependence
was quantified using the Arrhenius function (Kdimer ~ exp (— Edimer/ ksT), where Kdimer is
the faster rate obtained from bi-exponential fits to the time dependence of the integrated
PL) with an activation energy Edimer of 61 meV (Fig. S36 and Table S27). The fraction of
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non-dimerizable molecules yo = 0.18 at 300 K is in the 0.16-0.3 range observed in similar
experiments in TIPS-Tc films.” The photodimerization of molecules could also be induced
by a direct 633 nm excitation of Sx states (Fig. S36), despite minimal absorption at that
wavelength, consistent with the high affinity of the molecules responsible for the Sx emission
to photodimerization, as expected from molecules in physical dimer-like configurations.*

In R-Tc crystals, we found that the white light intensities used for inducing the EPO
formation in air for absorption-based measurements did not induce any photodimerization
for these samples in vacuum, consistent with photodimerization being considerably slower
than the EPO formation.”® The photodimerization in R-Tc crystals could still be monitored
via PL under strong 532 nm excitation at 40 W/cm? (same as used in experiments in air for
direct comparison), with Fig. 12 (Fig. S37) showing evolution of PL spectra of TBDMS-Tc
and TES-Tc (tBu-Tc and TMS-Tc¢) crystals upon photodimerization. Similar to the EPO
formation, the TBDMS-Tc crystals were more stable with respect to photodimerization than
other R-Tc crystals. This could be related both to the differences in photophysics and to the
positional requirements for the ‘butterfly’ dimerization which are better met by the molecular
arrangements in TES-Tc¢ (as well as tBu- and TMS-Tc) crystals as compared to TBDMS-
Tc.”® In particular, while the same number of pairs per unit volume (~4 per 1.5 nm®) are in
configurations potentially amenable for photodimerization in both TES-Tc and TBMDS-Tc
crystals (TBMDS-8, TBMDS-a, and TES-a, Fig. 1b-c, with intermolecular spacing of ~3.3-
3.4 X)®° the TES-a dimer has a more favorable geometry, with intermolecular short-axis and
long-axis slip distances of only 1.31 § and 2.9 A, respectively (as compared to 0.89 § and
6.03 X in TBDMS-f and 1.48 & and 8.08 A in TBDMS-a).

Photodimerization in TBDMS-Tc (Fig. 12a) had similar effects on the PL as the EPO
formation, only at longer time scales. The Slagg PL monotonically decreased, with no
increase in emission from other states. Monoexponential fits to the decay (Table S28) yield
a decay time constant of 318 s, about an order of magnitude slower than that for the EPO
formation (Table S26) under the same illumination conditions. The photodimerization was
also less B-field dependent than EPO formation, consistent with a predominantly singlet
state mediated process or lack of spin state selectivity in the photodimerization process. The
fraction of the molecules which contribute to Slagg emission (i.e. those that populate Slagg
and emissive Slagg molecules themselves) that are not susceptible to photodimerization, yo of
~0.7, was higher than the corresponding parameter for the EPO formation (~0.6), consistent
with fewer molecules susceptible to photodimerization as compared to photo-oxidation, due

to positional constraints.
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The photodimerization of TES-Tc (Fig. 12b) had a qualitatively similar initial PL be-
havior to that due to EPO formation in air, with the PL increasing the initial yield by a
factor of ~40 in the first 200 s of illumination, due to molecules in configurations conducive
to forming dark states, such as '(TT), converting to photodimers and disabling the (TT)
and T1 formation. Unlike with EPO formation, however, this PL emission levels off at its
maximum (inset of Fig. 12b) instead of decaying (inset of Fig. 11b), which indicates that
molecules in dark states, and in configurations that favor dimerization, have converted to
photodimers, leaving behind molecules in S1 and Slagg states that are not in dimerization-
prone orientations. Under a B-field of 6 T, the photodimerization proceeds at a ~2X slower
rate, but the fraction of the overall population susceptible to photodimerization increases
(Table S29) as compared to 0 T.

Similar to films, in all R-Tc crystals the photodimerization was strongly thermally acti-

vated, and no dimerization was observed at or below 100 K under our illumination conditions.

4 Discussion

4.1 Exciton dynamics depending on molecular packing

The R-Tc crystals data are consistent with the model in Fig. 7c with the parameters
summarized in Table S10. In crystals of all derivatives, upon 532 nm (SO-S1) excitation,
the '(TT) formation proceeds even at 1.6 K, with an additional thermally activated pro-
cess depending on the molecular packing. The '(TT) dissociation also has a temperature-
independent and thermally activated components, with the higher thermal barrier and longer
'(TT) lifetimes in a ‘slip-stacked’ TES-Tc as compared to ‘gamma’-packed TBDMS-Tc. At
higher temperatures, the steady-state '(TT) population and the T1 formation rate are com-
parable in TES-Tc and TBDMS-Tc, whereas TES-Tc packing is more advantageous for SF
at lower temperatures (below 150 K). In all R-Tc crystals, the '(TT) dissociation is partially
suppressed by strong B-fields, yielding positive MFEs in PL, which are present even at 1.6
K and increase with temperature.

The presence of thermally activated and temperature-independent '(TT) formation and
dissociation pathways reflects the anisotropy of properties of '(TT) pairs in R-Tc crystals,
where SF could proceed by different mechanisms due to a distribution of exchange cou-
pling energies J and different propensity for stochastic changes of J driven by molecular
conformations and lattice vibrations.”” For example, in TIPS-Tc crystallites, three '(TT)

states with different energies and J values were observed down to 1.4 K.° and ultrafast
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temperature-independent vibronically coherent '(TT) formation was promoted by a 760
cm™ vibrational mode'? (consistent with intramolecular ring deformation’). In rubrene, a
ps-time scale thermally activated '(TT) formation was driven by a symmetry-breaking low-
frequency (~100 cm™) intermolecular torsional mode.”” Both mechanisms (driven by inter-
molecular vibrations and intramolecular vibrations or high intermolecular coupling strength
to enable thermally-activated and nonactivated '(TT) formation, respectively) could be rele-
vant for the R-Tc crystals under study. For the '(TT) dissociation into uncorrelated triplets,
the characteristic triplet hopping time is an important parameter,'? and it varies among dif-
ferent (TT) pairs and directions in anisotropic R-Tc crystals. For example, in TIPS-Tc,
over four orders of magnitude difference in hopping times (i.e., between 2.5 ps in a m-stacked
dimer and 52 ns in a dimer extracted from TIPS-Tc crystal structure) was theoretically
predicted depending on the intermolecular orientations.'? These differences could enable
the co-existence of thermally activated and nonactivated mechanisms of '(TT) dissociation;
additional factors are '(TT) separation via different hopping mechanisms (characterized by
different temperature dependence)’® and CT mediation.”

In all R-Tc crystals, the PL emission is low at room temperature, dramatically increasing
at low temperatures. In ‘slip-stacked’ derivatives (TES-, TMS-, and tBu-Tc), the emission
(Sx) primarily originates from defect sites with energies red-shifted by ~0.4 eV from the
monomer S1 emission. Stronger room-temperature Sx emission was observed in TMS-Tc
and tBu-Tc derivatives as compared to TES-Tc, which may suggest that tighter molecular
packing of TMS-Tc and tBu-Tc, characterized by larger exciton coupling energies V (Tables
S19-S22) in lowest-energy dimers (97 and 94 meV in TMS-a and tBu-f as compared to 78
meV in TES-a) is conducive to dimer-like defect formation. Instead, the ‘gamma’-packed
TBDMS-Tc with the highest V of only 20 meV exhibited J-aggregate-like emission Slagg,
red-shifted by about 0.24 ¢V from the monomer S1 emission and by about 0.1 eV from the
lower-energy Davydov component of absorption. Such J-aggregate-like emission is similar
to that in unsubstituted Tc crystals (with a red-shift of 0.32 eV and ~0.1 eV from the S1
monomer emission and the absorption from the lower Davydov component, respectively),
which was attributed to intrinsic delocalized exciton emission.* Nevertheless, J-aggregate-
like defects were also observed in crystalline acenes forming, for example, at dislocation
sites,*®
different nature of the emissive states in TBDMS-Tc¢ vs TES-, TMS-, and tBu-Tc, there are

remarkable similarities in their temperature- and B-field-dependent steady-state emission

and so the presence of such defects in TBDMS-Tc cannot be ruled out. In spite of

and PL dynamics behaviors. This is due to their similar role in the overall excited-state
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dynamics (Figs. 6 and 7c¢), where populating these states serves as a parallel channel to the
SF, which is not competitive to the SF at room temperature, but becomes highly competitive
at low temperatures.

No clear signature of '(TT) emission previously reported in TIPS-Tc crystals and films
was observed.”'? The ~650 nm-dominated emission in TIPS-Tc disordered films attributed
to }(TT) emission in Ref.'? is similar to the Sx emission in our TES-Tc films. However, we
showed that we can directly excite this state at 633 nm (Fig. S13) and that upon direct
excitation the Sx emission has no B-field dependence (Fig. S23a) implying no participation
in the SF process under these conditions.’® The Slagg emission in TBDMS-Tc could be
a candidate for the Herzberg-Teller '(TT) emission occurring from the 0-n (n>1) states,’
but similarity of its PL behaviors, other than its higher exciton delocalization at low tem-
peratures, to those of Sx in other R-Tc crystals is inconsistent with this state being of a
fundamentally different origin. The 560-570 nm-dominated emission which was attributed

9,12

to '(TT) states in TIPS-Tc polycrystalline films and crystals,”'* was not observed in our R-

Tc samples. The ~610-620 nm-dominated Slagg PL is considerably broader than the '(TT)

PL in TIPS-Tc at low temperatures,’ and Slagg is more than 0.1 eV lower in energy than
the TIPS-Tc '(TT) PL. While it is possible that the '(TT) state in TBDMS-Tc is slightly
lower energy than that in TIPS-Tc based on the DFT calculations, the temperature depen-
dence of the Slagg spectral shape is more consistent with the evolution of a 0-0-dominated
J-aggregate emission than with that of the Herzberg-Teller emission,’ making it unlikely
that Slagg is an emissive '(TT) state in this endothermic system and more likely that it is
the relaxed S1 exciton. The Slagg emission is suppressed in TES-Tc due to efficient SF and
relaxation to the low-energy Sx states in fresh crystals, but is observed in partially degraded
samples (Figs. 11 and 12). Weak ~550 nm S1 exciton emission was also detected in all R-Tc
crystals at most temperatures, exhibiting long PL lifetimes at low temperatures, similar to
those in Sx and Slagg, and strongest MFE in the PL dynamics (Fig. 9), indicative of the

strongest kinetic connection of this state with '(TT), of all emissive states.

4.2 Comparison with DFT

TDDFT calculations (CAM-B3LYP/6-31+G*) provide several insights into our experi-
mental observations. On the monomer level, all R-Tc derivatives under study have a similar
calculated energy difference between the singlet state S1 and double of the triplet state
T1: 2E(T1)-E(S1) = 0.11-0.14 eV, with both TES-Tc and TBDMS-Tc at 0.11 eV in the
optimized geometry. This would make them slightly endothermic SF materials, with SF
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activation barriers lower than the 0.16 eV and 0.23 eV similarly predicted for TIPS-Tc and
unsubstituted Tc (Tables S12-S15). The energies of Tn states (n = 1, 2, 3) are similar among
all R-Tc derivatives (Table S16), suggesting that any losses due to intersystem crossing (ISC)

3475 would be similar in

(which are promoted by T1/T2 and S1 or }(TT) energy alignment),
these derivatives.

Comparison of lowest-energy transitions in dimers generated from the crystal structures of
R-Tc derivatives (Tables S18-S22) reveal that TBDMS-Tc supports the formation of dimers
with optically bright transitions with a spread of energies, including a lower-energy Frenkel-
charge transfer (CT) state at 2.43 eV with the oscillator strength f = 0.4 in TBDMS-f (lower
by 0.06 eV than the calculated monomer energy). In contrast, the optically bright TES-Tc¢
dimer states have energies close to/higher than those of the monomer (e.g., 2.51 eV Frenkel
state with f = 0.7 in TES-y, higher by 0.02 eV than the monomer energy, Fig. S18 and Table
S20), with dark (f <0.0001) lower-energy dimer states. Generalizing to other ’slip-stacked’
R-Tc derivatives, TES-, TMS-, and tBu-Tc all have at least one low-energy dimer state
with a <0.0001 oscillator strength, Frenkel-CT character, and larger energy offset from the
monomer energy than TBDMS-Tc (e.g., 2.37 eV in TES-a and 2.24 eV in TMS-a offset by
0.12eV and 0.16 eV, respectively, from the monomer energy, Tables S20 and S22). Based on

our observation of Sx PL in the ‘slip-stacked’ crystals, we hypothesize that a defect formed
on these lowest-energy dimers (e.g. with a decreased intermolecular distance and increased
slip along the short molecular axis in a rr-stacked pair) could further lower the energy and
create a state responsible for low-energy Sx emission in ‘slip-stacked’ TES-, TMS-, and tBu-
Tc crystals.”® We also note that the explicit inclusion of the surrounding crystal environment
would serve to redshift the low-lying singlet states even further. A previous study from one of
the authors found that in pentacene derivatives exhibiting a herringbone packing structure,
explicit inclusion of the environment leads to redshifts in S1 on the order of nearly 0.1 eV.”’
Importantly, the lower-energy states in dimers extracted from crystal structures of all R-
Tc derivatives under study have a mixed Frenkel-CT character (Tables S18-S22), which has
been shown to enhance the Davydov splitting and SF.**”® The Frenkel-CT admixture could
further mediate the '(TT) formation,” in addition to the mechanisms relying on intra- and
intermolecular vibrations discussed above. In contrast, TIPS-Tc crystal structure supports
dimers of primarily Frenkel origin.

The intermolecular interactions were quantified through TDDFT methods (Sec. S7),

which estimate the strengths of the exciton coupling energy V and electron and hole transfer

integrals t. and t in dimer pairs extracted from R-Tc crystal structures.'> The compar-
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ison between coupling energies V (Tables S18-20) in various dimer pairs extracted from
the crystal structures indicates that ‘slip-stacked’ derivatives (TES-, TMS-, tBu-Tc) have
considerably more anisotropic exciton coupling V , with intermolecular interactions in the
m-stacked or ‘sandwiched’ dimers (TES-a, tBu-8, and TMS-a) largely standing out among
the rest. The dominant interacting dimer pairs in TBDMS-Tc (TBDMS-a and TBDMS-J3)
have a considerably lower V than those in the ‘slip-stacked’ derivatives, and the values of V
among the three interacting dimer pairs in TBDMS-Tc are considerably more similar.

The more isotropic interactions could potentially play a role in entropy-driven '(TT)
formation and dissociation,®® lowering the activation barrier for separating the entangled
triplet pairs, similarly to the charge carrier dynamics in organic semiconductors where more
isotropic charge transfer integrals promote higher charge carrier mobility.®" This is consistent
with our observation of lower barriers (Ea,;; and Eag, in Table S10) in TBDMS-Tc than
in TES-Tc. In previously studied TIPS-Tc, the calculation predicts a relatively isotropic
distribution of low values of V (Table S21), which may promote '(TT) dissociation (thus
partially balancing the higher energy barrier (2E(T1)-E(S1)) for SF) in TIPS-Tc as compared
to the R-Tc derivatives under study.

The magnitudes of charge transfer integrals t« and th relative to that of the exciton
coupling energy V', were previously related to the propensity of the molecules to form excimer
states.'® In particular, functionalized anthradithiophene (diF R-ADT) crystals with packing
motifs having pairs for which || or |t| > | V| were more prone to forming excimers as
compared to those with |te|, || = |V|. The parameter values in Tables S18-S22 suggest
that there would exist configurations conducive to excimer formation in all R-Tc derivatives
(including TIPS-Tc). It is possible that defects in ‘slip-stacked’ derivatives skew the balance
between V and t or th further, such that some of the low-energy Sx emission in these
crystals is excimeric in origin, similar to that observed in TIPS-Tc.®? On the other hand, it
is possible that dimer pairs with |te| ~ |t| (such as TBMDS-a and TES-y) would support

CT-mediated Dexter transfer’* to aid in triplet pair separation.

4.3 Photochemistry depending on molecular packing
4.3.1 EPO formation

The main mechanism of degradation in air is considered to be formation of EPOs, which
in tetracenes proceeds efficiently via the Type II mechanism due to the energy of triplet

states T1 (Table S14) being higher than the 0.98 eV necessary to generate reactive singlet
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oxygen (‘O,) from the ground-state triplet oxygen (°0,).'® This mechanism involves energy
transfer from the T1 state of tetracene, typically formed via ISC in solution or SF in the
solid state, to ®0, to generate 'O,. Another mechanism of T1 generation is through oxygen
sensitization, which utilizes the the energy difference E(S1)-E(T1)>0.98 eV (~1.2 ¢V in R-
Tc, Tables S12 and S14) and which was also reported in acenes.'® This process proceeds via
singlet-triplet annihilation where the acene molecule in the excited singlet S1 state transfers
the E(S1)-E(T1) excess energy to *0O,, resulting in the acene molecule in the T1 state and
the oxygen in the 'O, state (S1 + %0, — T1 + 30,). The singlet oxygen then may react
with the Tc molecule in its ground state SO or excited states S1 or T1 to form EPOs,'®*
which is the mechanism responsible for EPO formation in dilute TIPS-Tc solutions where
SF is inefficient.'® Once the reactive oxygen is generated, the photo-oxidation reaction could
proceed with the TIPS-Tc molecule in any state, but only TIPS-Tc molecules in their T1
states had considerable reaction rates, whereas EPO formation from S1 or SO states was
negligible.'® Based on these considerations, higher population of free triplets T1 is expected
to promote degradation via EPO formation, but the reaction is still possible for molecules
not participating in SF.

Our experiments exploring EPO formation in R-Tc crystals side by side with the photo-
physical studies enable relating photophysical and photochemical properties which we probed
via time evolution of optical absorption and PL properties during the photodegradation-
inducing illumination. The optical absorption probes an entire molecular population, whereas
PL reports on the emissive populations (<1% of the total population at room temperature)
and kinetically connected dark populations. The photodegradation probed both through the
optical absorption and PL was considerably slower in TBDMS-Tc crystals as compared to
TES-Tc (Figs. 10-11). This is interesting because our model predicts only a slightly lower
generation rate for the free triplets T1 in TBDMS-Tc as compared to TES-Tc at room tem-
perature (Fig. 7b), which would be expected to promote both the reactive oxygen generation
and subsequent reaction.

A further insight is obtained from comparison between photodegradation of the molecular
populations responsible for the la and 1b features in the absorption spectra of TES-Tc
and TBDMS-Tc crystals (Fig. 10a,c). While in TBDMS-Tec, these decayed similarly and
uniformly under continuous illumination, significant differences were observed in TES-Tc
where the la feature clearly degraded considerably faster than the 1b. In ‘slip-stacked’

crystalline acenes, the lowest-energy absorption (such as Sla in TES-Tc) was theoretically

predicted to have a transition dipole moment along the = — 1 stacking direction.*® Therefore,
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the rapid degradation of 1a suggests that '(TT) states form and dissociate into free triplets T1
predominantly along the ‘slip-stack’ direction, which promotes degradation of the molecules
forming such ‘slip-stacks’. The 1b feature in TES-Tc initially has a slow degradation rate,
matching that in TBDMS-Tc, which then accelerates. This may suggest that the ‘slip-
stacked” molecular arrangements disrupted by initially degraded molecules open up efficient
pathways for oxygen diffusion, as was observed in rubrene crystals.?* Such acceleration is
absent in TBDMS-Tc which is the key to its enhanced stability in air as compared to TES-Tc.
The PL-based degradation data provides further clues to the molecular populations af-
fected by degradation. The fast destruction of the 1a absorption feature in TES-Tc coincides
with a rapid increase in PL from S1 and Slagg states as the molecules in configurations con-
ducive to SF, forming '(TT) and T1 states are destroyed. High B-fields slow down the T1
and reactive oxygen production, which delays the R-Tc degradation in air. Additional B-
field dependence may arise from the spin-dependent kinetics of biradical stepwise mechanism
of the EPO formation itself,*® as observed, for example, in the reverse reaction to the EPO
formation, the EPO thermolysis, of acenes where high B-fields impede the release of the
singlet oxygen.®® The destruction of molecules capable of SF prolongs the lifetime of the
surviving molecules in singlet states S1, Slagg, and Sx. This makes them more vulnerable
for chemical reactions via mechanisms of reactive oxygen generation from singlet states (such
as that discussed above'®) and/or the Type II mechanism involving triplet states produced
via ISC, ultimately leading to the degradation of most of the emissive molecules in R-Tc

crystals and films in air (Fig. 11).

4.3.2 Photodimerization

In contrast to EPO formation where morphology plays a secondary to role to the excited
state dynamics, both the photophysics and morphology are important for photodimeriza-
tion.* Previous studies established that the ‘butterfly’ photodimer formation in unsubsti-
tuted acenes occurs from singlet states, possibly with an excimer as a precursor.?*%

The crystals of ‘slip-stacked” TES-, TMS-, and tBu-Tc derivatives were more susceptible
to photodimerization than ‘gamma’-packed TBDMS-Tc.”® In TBDMS-Tc, most molecules
do not meet the positional requirements for photodimerization and are relatively stable. This
is in contrast to TES-Tc, in which the molecules that form '(TT) and Sx states are most
susceptible to photodimerization, while the molecular populations responsible for the S1 and
Slagg emission are stable in oxygen-free environments. Similar considerations are applicable

to the two other ‘slip-stacked’, TMS-and tBu-Tc, crystals and amorphous TES-Tc films.
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It is interesting that the effect of high B-field on photodimerization of TES-Tc, although
weaker, is qualitatively similar to that on the EPO formation: high B-field slows down
the photodegradation dynamics (Figs. 11-12). This indicates that '(TT) and T1 states
may play a role in both mechanisms. For example, high B-fields could affect the unlikely
but possible formation of excimers as a product of triplet-triplet annihilation® that serve
as a precursor to photodimerization (e.g. TI1+T1 — TT) — excimer — photodimer)
and, additionally, modify the potential energy surfaces that modulate the photodimerization
reaction barrier itself.’” The overall effect is that the photodimerization rate is slower, but
the photodimerization-affected population is higher at 6 T as compared to 0 T. Formation
of such excimer states is less supported by the TBDMS-Tc crystal structure, enhancing its
stability.

5 Conclusions

We applied a combination of spectroscopy techniques, kinetic modeling, and TDDFT
analysis to study photophysics and photochemistry of R-Tc crystals and films with different
molecular packing. In both the ‘gamma’-packed TBDMS-Tc and ‘slip-stacked’ TES-Tc crys-
tals, temperature-independent and thermally activated pathways of formation and dissocia-
tion of '(TT) states were observed, with free triplet yields of 191+2% (58+6%) and 181+4%
(29+£4%) in TES-Tc and TBDMS-Tc, respectively, at 300 K (1.6 K) predicted by the kinetic
model. We established that the TES-Tc derivative is superior to TBDMS-Tc¢ in terms of
forming '(TT) states and dissociating '(TT) states into free triplets at all temperatures,
but especially below 150 K. All three ’slip-stacked’ R-Tc derivatives (TES-Tc, TMS-Tc, and
tBu-Tc) exhibited formation of dimer-like defects responsible for low-energy emission (Sx)
in films and serving as exciton traps in crystals. Such emission was absent in TBDMS-Tc;
instead, a J-aggregate-like emission (Slagg), likely due to a relaxed S1 exciton, dominated
the emissive properties of TBDMS-Tc crystals. When Slagg and Sx are populated from
S1, their emission is kinetically connected to the '(TT) formation and dissociation, which
manifests in the temperature and B-field dependence of PL from these states such that the
PL is higher at lower temperatures (by two orders of magnitude at 1.6 K than at 300 K) and
at strong B-fields (by ~20-50% at 7 T, depending on the derivative). Even at 1.6 K, positive
MFEs are observed in R-Tc crystals due to the presence of a non-thermally-activated SF
pathway.

The ‘slip-stacked” TES-Tc derivative was found to be considerably more prone to pho-
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todegradation both via the EPO formation in air and the photodimerization in vacuum as
compared to the ‘gamma’-packed TBDMS-Tc. In TES-Tc in air, the molecules in dark '(TT)
and T1 states degraded first, followed by the emissive molecules in singlet states. In vacuum,
only the TES-Tc molecules in dark states and in emissive low-energy Sx states photodimer-
ized, dramatically increasing the PL emission from the higher-energy S1 and Slagg states
of molecules in configurations resistant to photodimerization. Both the EPO formation and
photodimerization in TES-Tc were slower under high B-fields, highlighting the role of the
triplet states in the degradation dynamics via both mechanisms.

At room temperature, TBDMS-Tc and TES-Tc structures support similarly high SF
yields, but TBDMS-Tc is superior in terms of photostability both with respect to EPO for-
mation in air and photodimerization in vacuum. Therefore, it is possible to achieve high
photostability simultaneously with efficient SF by selecting an appropriate packing motif.
While the ‘slip-stack’ motif of TES-Tc promotes efficient SF at lower temperatures, the
‘gamma’ motif of TBDMS-Tc offers both efficient SF and high photostability for optoelec-

tronic devices operating under ambient conditions.
Supplementary Material
See Supplementary Material for additional crystal structure and spectral data, details on

fits and fit parameters, kinetic modeling, and DFT procedures and results.
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