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Abstract
Photodegradation poses a significant challenge in organic optoelectronic devices; understanding its relationship with 
photophysics is necessary for optimizing optoelectronic performance and photostability. We study such relationship in singlet 
fission (SF) materials TIPS-Pentacene (TIPS-Pn) and tetracene derivatives (R-Tc) with different morphologies. We explore 
how photochemistry can promote understanding of intermolecular processes such as SF through the evolution of excited 
states during photodegradation. Photoluminescence emission competitive to SF experiences a large increase in yield during 
photodegradation as SF pathways are disabled from either endoperoxide formation (in air) or photodimerization (without air) 
degradation processes. We observe morphology-dependent photodimerization in TIPS-Pn films and R-Tc crystals and multiple 
emissive states in R-Tc crystals. The ‘slip-stack’ packing motif in R-Tc crystals favors formation of emissive trap states and 
promotes photodimerization. In strong external magnetic fields that suppress SF in R-Tc, enhanced photodimerization is 
observed, which suggests that morphologies conducive to triplet pair separation could reduce photodimerization.

Introduction

Photodegradation is one of the major obstacles in the appli-
cation of organic semiconductors in devices such as field-
effect transistors, light-emitting diodes, and photovoltaic 
cells. Functionalized acenes are benchmark (opto)electronic 
materials, which have high-charge carrier mobility, photo-
conductivity, and efficient singlet fission [1, 2]. However, 
these materials are susceptible to photodegradation via 
reactions with oxygen and photodimerization [3–5], and the 
quest for molecular design of more stable acenes remains 
open. Singlet fission is a spin-allowed conversion of a singlet 
exciton  (S1) into two triplet excitons  (T1),  S0+S1→1(TT)→
(T..T)→T1+T1, where the triplet pair 1(TT) is an intermedi-
ate state, which is delocalized across neighboring molecules 
and (T..T) denotes partially separated triplet pairs that main-
tain spin coherence [6]. Singlet fission could enable higher 
theoretical charge conversion efficiency than that in current 

devices, potentially helping surpass the Shockley–Queisser 
limit for silicon solar cells [7]. The efficiency of 1(TT) for-
mation and separation into free triplet excitons depends on 
the molecular structure and packing [8]. This prompts the 
need for designing molecules with structure and packing 
motifs that are optimized for both highly efficient singlet 
fission and low photodegradation, which motivates our study 
of photophysics side by side with photochemistry in selected 
functionalized acenes.

In this article, we study the photodegradation of bench-
mark singlet fission material TIPS-Pentacene (TIPS-Pn) 
and functionalized tetracene derivatives (R-Tc) with differ-
ent packing motifs dictated by side groups R (Fig. 1). We 
investigate the photodegradation mechanisms of endoperox-
ide (EPO) formation and photodimerization and their impact 
on optical and electronic properties. We also explore how 
photochemistry responsible for degradation could provide 
insight into intermolecular processes such as singlet fission 
and elucidate the excited states involved.
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Methods

Materials and sample preparation

TIPS-Pn solutions were prepared in toluene with 
poly(methyl methacrylate) (PMMA) in different 
concentrations to yield TIPS-Pn:PMMA films with average 
intermolecular distances (d) between TIPS-Pn molecules 
of d = 1.3 nm and d = 2 nm as described in [9]. Two 
sample configurations were utilized (Fig. 2): the ‘bottom’ 
sample, where a 45 nm silver (Ag) mirror was deposited 
onto a glass substrate and the solution was spincast onto 
the mirror, or the ‘top’ sample, where the solution was 
spincast onto the glass substrate and the mirror was 
deposited on top of the thin film to protect it from oxygen.

To form R-Tc crystals, 3–5  mM R-Tc solutions in 
toluene or chlorobenzene were deposited onto a substrate 

in a 0 ◦ C chiller and let slowly evaporate, resulting in 
multiple R-Tc crystals; X-ray diffraction data from a 
collection of such crystals for TES-Tc and TBDMS-Tc are 
included in Fig. 1c. XRD data were taken using a Rigaku 
SmartLab in a �∕2� geometry with a wavelength of 1.54 
Å . Crystals were deposited either onto a glass substrate 
and capped with a 45 nm Ag layer (similar to the ‘top’ 
samples described above) for optical measurements or 
on a glass substrate patterned with 80/10 nm-thick Au/Cr 
interdigitated electrodes with 25 � m spacing for electrical 
characterization. The latter samples were then capped 
with a 25 nm layer of Si

3
N
4
 to prevent the crystals from 

oxidizing.
Crystals of four R-Tc derivatives, with two packing 

motifs, were explored: R-Tc with R= tBu, TMS, and TES 
groups (inset of Fig. 1b) have a ‘slip stack’ packing with 
different ‘slip’ and intermolecular spacing, and TBDMS-Tc 
has ‘sandwich-herringbone’ structure (inset of Fig. 1c). The 

Fig. 1  a Absorption and PL spectra of TIPS-Pn:PMMA thin films 
(d = 1.3 nm and d = 2 nm), inset: TIPS-Pn molecular structure. b 
Absorption and PL spectra of dilute TES-Tc solution, representative 
of R-Tc (R = TMS, TBDMS) monomer behavior; tBu-Tc spectra are 
blue-shifted by 7 nm (data not shown). Insets: molecular structures of 
R-Tc and the side groups R. c XRD of tBu-Tc and TBDMS-Tc crys-

talline samples on glass/Ag substrates. The tBu-Tc is representative of 
‘slip-stack’ packing shared by TMS- and TES-Tc, whereas TBDMS-
Tc has ‘sandwich-herringbone’ packing (inset). d PL spectra of fresh 
(i.e., before photodegradation) R-Tc crystals, with several emissive 
states exhibited by R-Tc derivatives
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side groups R have different volume (tBu: 100 Å3 , TMS: 109 
Å

3 , TES: 151 Å3 , TBDMS: 156 Å3 ), which contributes to 
limits on the nearest intermolecular distance. These volumes 
were determined with DFT calculations using Gaussian 16 
Rev A.03. Geometry optimizations (wB97XD/6-31 G*) 
were performed with solvent modelled using a polarizable 
continuum model (PCM). The PCM is an implicit solvation 
model where solvent molecules are approximated as spheres 
with size and polarity according to the chosen solvent. The 
calculated volume that does not contain solvent particles is 
taken to be the volume of the side chain. The three ‘slip-
stack’-packing crystals have Z=2 unit cells with lattice 
constants: tBu-Tc a=9.6 Å , b=10.6 Å , c=11.8 Å ; TMS-Tc 
a=11.1 Å , b=11.5 Å , c=12.1 Å ; and TES-Tc a=11.8 Å , 
b=12.4 Å , c=13.2 Å . TBDMS-Tc has a Z=4 unit cell with 
a=6.9 Å , b=32.7 Å , c=13.3 Å.

Measurements

For optical absorption measurements, samples were 
illuminated by a tungsten halogen lamp focused onto the 
sample with a 20x objective. Reflected light was collected 

and analyzed with a fiber-coupled OceanOptics USB2000 
spectrometer. Photoluminescence (PL) was measured using 
continuous wave (cw) 633 nm HeNe laser excitation for 
TIPS-Pn and 532 nm Nd:YVO4 laser (Verdi-5, Coherent, 
Inc.) excitation for R-Tc. The excitation beam was focused 
on the sample and the PL was collected as in measurements 
of absorption, using a 633 nm or 532 nm long-pass (LP) 
filter.

Select TES- and TBDMS-Tc crystal samples were placed 
in a magneto-optic cryostat (OptiCool, Quantum Design, 
Inc.) for magnetic-field- (B-field) dependent measurements. 
PL was measured with 532 nm cw excitation focused with 
a 10x objective to a near diffraction-limited spot (<5 � m) 
on a single crystal. The PL was collected in reflection and 
measured using a SpectraPro HRS-300 spectrograph after 
filtering the excitation beam with a 532 nm LP filter.

For photocurrent measurements, the samples were 
illuminated with a 532 nm cw laser. Voltage was applied, and 
the current–voltage and current-time (using modulated laser 
excitation) characteristics in the dark and under illumination 
were measured using a Keithley 237 source-measure unit. 
The photocurrent was calculated by subtracting the dark 
current from the current under illumination after 10 s of 

Fig. 2  a Integrated  S0-S1 absorbance of TIPS-Pn:PMMA films with 
d = 1.3 and 2 nm, in ‘top’ and ‘bottom’ samples, during photodeg-
radation under 633 nm cw excitation at 20 W/cm2 . Single-exponen-
tial fits to the data are also included. Inset shows spectral evolution 
of absorbance during photodegradation of TIPS-Pn:PMMA d = 1.3 
nm ‘bottom’ sample. b Integrated PL of TIPS-Pn during photodeg-
radation under 150 W/cm2 633 nm excitation, where the d = 2 nm 

‘bottom’ and both d = 1.3 nm samples have a large increase in PL 
yield as they degrade via EPO formation (‘bottom’ samples) and pho-
todimerization (‘top’ samples). Inset shows spectral evolution of PL 
in TIPS-Pn:PMMA d = 1.3 nm ‘bottom’ sample during photodegra-
dation via EPO formation. c Schematics of ‘bottom’ and ‘top’ sample 
configurations; arrow depicts excitation direction
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light exposure. The dark current was measured as the current 
before each period of light exposure.

To measure evolution of optical and electronic properties 
during photodegradation, the sample was continuously 
exposed to the 633 nm or 532 nm laser for TIPS-Pn and 
R-Tc, respectively, to induce photodegradation. Absorption 
and PL spectra were measured periodically over time to track 
the evolution of these properties as the sample undergoes 
chemical reactions. For the photocurrent degradation 
measurements, the sample was continuously illuminated 
with a 532 nm laser for 1, 2, 3, or 4  min; after each 
illumination cycle, the sample was kept in the dark for 1 min, 
after which the light was turned on and the current under 
illumination was measured after 10 s of light exposure. The 
photocurrent was calculated by subtracting the dark current, 
immediately preceding illumination, from the current under 
illumination.

Results

Optical absorption and PL spectra of fresh (i.e., before pho-
todegradation) samples are shown in Fig. 1. In dilute solu-
tion, both TIPS-Pn and R-Tc (TES-Tc shown) absorption 
and PL spectra are vibronic progressions due to the exci-
tation coupling to C–C stretching modes [10]. The  S0-S1 
0–0 absorption exhibits peaks at ∼647, 534, and 527 nm 
in TIPS-Pn, R-Tc (R= TES, TMS, TBDMS), and tBu-Tc, 
respectively, and the Stokes shifts are below 10 nm.

TIPS-Pn:PMMA film with d = 2 nm exhibits absorption 
spectrum similar to that of solution; the more concentrated 
TIPS-Pn:PMMA d = 1.3 nm film has both amorphous and 
crystalline domains [9], with the absorption spectra of 
amorphous domains matching those of the d = 2 nm film 
(Fig. 1a). Both TIPS-Pn:PMMA films emit only from the 
 S1 state with the solution-like 0–0 peak at 660 nm followed 
by a vibronic progression. This emission originates from 
molecules in domains with morphology unfavorable 
for singlet fission, which is the dominant process that 
quenches PL in TIPS-Pn films. The emission from the 
TIPS-Pn:PMMA d = 1.3 nm film is considerably reduced 
as compared to that from the d = 2 nm film, due to a more 
efficient singlet fission in more concentrated films, as 
reported in our previous study [9].

Similar to other functionalized acenes [10, 11], R-Tc (R = 
TES, TMS, TBDMS) dilute solution spectra are unaffected 
by side groups R. In crystals, however, the side groups have a 
large impact on the morphology, and crystalline R-Tc has sig-
nificantly different photophysics depending on the molecular 
packing. These effects are apparent in the PL, as shown in 
Fig. 1d, with a range of emissive states in the 590–720 nm 
range, red-shifted from the  S1 0-0 emission in solutions at 540 

nm. The emission with a dominant peak centered at ∼600 nm, 
present in PL from all derivatives, will be referred to as  S1agg 
emission from molecular aggregates [12]. Emission maxi-
mized at >630 nm in TES-, TMS-, and tBu-Tc is attributed 
to low-energy trap states [13] and will be referred to as Sx 
emission. At room temperature, both the  S1agg and Sx emission 
were weak (<10% quantum yield) in all crystals under study, 
as most of the initial excitation populates dark 1(TT)/T..T states 
in the process of singlet fission.

TIPS‑Pn:PMMA films: photophysics vs 
photochemistry

To study the effects of photodegradation, both absorbance 
and PL of TIPS-Pn:PMMA films were measured as the sam-
ple was continuously illuminated with a 633 nm light [14]. 
Qualitatively similar behavior was observed in both ‘bottom’ 
and ‘top’ samples: the total  S0-S1 absorbance decreased, 
while the  S1 PL increased over time, with no new absorp-
tion or PL from photodegradation products observed in the 
spectral range under study (Fig. 2). Inset of Fig. 2a shows 
the evolution of TIPS-Pn:PMMA d = 1.3 nm film absorption 
in the ‘bottom’ sample configuration (Fig. 2c). The  S0-S1 
absorption of TIPS-Pn decreased, which we attribute to the 
EPO formation, the dominant photodegradation process 
when the TIPS-Pn molecules are exposed to oxygen in air 
[3]. The molecules in films in the ‘top’ configuration, which 
minimizes oxygen exposure (Fig. 2c), degraded considerably 
slower, via photodimerization, most likely forming a ‘butter-
fly’ dimer [4]. Both EPOs and ‘butterfly’ dimers have signif-
icantly blue-shifted spectral features as compared to parent 
TIPS-Pn molecules and do not contribute to absorption or 
emission in the >530 nm range under study. Therefore, the 
observed initial increase in PL during the photodegradation 
is due to degradation of one of the molecules in the molecu-
lar pairs that undergo singlet fission, which enhances PL 
from the remaining molecules that are still intact. Figure 2a 
shows integrated  S0-S1 absorbance, normalized at its value 
at t = 0, vs illumination time (t) of TIPS-Pn:PMMA d = 1.3 
nm and d = 2 nm films in both sample configurations. To 
compare the photodegradation rate constants (k), the data 
were fitted by a single-exponential decay ( ∼ e−kt ). For the 
‘bottom’ samples these fits yield k=(1.3 ± 0.1) ⋅ 10−3 s −1 for 
the d = 2 nm film and k=(1.6 ± 0.1) ⋅ 10−3 s −1 for the d = 1.3 
nm film. The d = 1.3 nm ‘top’ sample had a degradation rate 
constant of k=(3.3 ± 0.6) ⋅ 10−4 s −1 , indicating that in the d = 
1.3 nm samples, under the same excitation conditions, EPOs 
formed with a rate constant about five times higher than 
photodimers. In the d = 2 nm ‘top’ sample, minimal pho-
todimerization occurred under our illumination conditions, 
consistent with the relatively large average intermolecular 
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distance reducing the number of neighboring molecules in 
configurations favorable for photodimerization.

The integrated PL vs time upon continuous 633 nm light 
illumination for the same samples is shown in Fig. 2b. Ini-
tially, the  S1 emission increases (inset of Fig. 2b) as the 
sample is illuminated, increasing the total PL yield over 
time. This growth in PL yield, which was observed both in 
‘bottom’ and ‘top’ samples, indicates that photodegradation 
via either EPO formation or photodimerization is disabling 
a competitive process by destroying the molecules partici-
pating in the singlet fission (i.e. those in dark 1(TT)/ T..T 
states). This leads to a greater population of molecules that 
are unable to undergo singlet fission and relax via emis-
sion instead. In the ‘bottom’ samples, the PL yield reaches 
maximum (at factors of ∼ 5 and ∼ 6 higher emission than that 
from the fresh samples with the d = 2 and 1.3 nm, respec-
tively) followed by a decrease as the rest of the molecules 
reacts with oxygen to form the EPOs. In the ‘top’ samples, 
the PL yield increases for the duration of the measurement, 
reaching a level higher by a factor of ∼ 6 than that from the 

fresh sample with d = 1.3 nm, as molecules in the dark states 
slowly dimerize, inhibiting singlet fission and increasing  S1 
PL. The photodimerization in the sample with d = 2 nm is 
considerably reduced, and the PL change is small, similar 
to that in the absorbance (Fig. 2a). Comparison between 
the TIPS-Pn:PMMA d = 2 nm sample data in the ‘bottom’ 
and ‘top’ configuration suggests that there are domains in 
this film where singlet fission occurs, leading to significant 
molecular populations residing in the dark 1(TT)/T..T states, 
but most of these molecules are in intermolecular configura-
tions not conducive to dimerization. In contrast, most of the 
dark molecular populations in a more concentrated sample 
with d = 1.3 nm are capable of dimerization.

TMS‑Tc and tBu‑Tc: photophysics vs photochemistry 
and photoconductivity

Photodegradation measurements on encapsulated crystal-
line tBu- and TMS-Tc in Fig. 3 display the evolution of 
emissive states during photodimerization. In fresh TMS-Tc 

Fig. 3  Evolution of PL spectra in a TMS-Tc and b tBu-Tc crystals 
during photodimerization under 532 nm cw excitation at 5 W/cm2 . In 
a, the initial TMS-Tc PL from a trap state Sx decreases, accompanied 
by a fast rise in  S1/S1agg emission. Inset shows integrated  S0-S1 opti-
cal absorbance decays due to dimerization for the TMS- and tBu-Tc, 
where tBu-Tc has a faster decay rate. Diagram in lower right depicts 
TMS-Tc packing motif. In b, the initial tBu-Tc PL from Sx increases 
before decreasing, while  S1/S1agg emission increases. The inset tracks 
the PL counts at 544 nm, 588 nm, and 636 nm to show differences in 

the evolution of emissive states. c Photocurrent in tBu- and TMS-Tc 
crystals exposed to a periodic 532 nm cw excitation (200 mW/cm2 ) 
at the applied voltage of 110 V (two light on/off cycles are shown). 
a Photocurrents obtained by subtracting the steady-state current in 
the dark from that under illumination, normalized by their values at 
t = 0 (fresh sample) in TMS-Tc and tBu-Tc devices as the molecules 
undergo photodimerization under 532 nm cw illumination, showing a 
large photocurrent decrease in tBu-Tc, while TMS-Tc is more stable. 
Inset shows schematics of the measurement
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and tBu-Tc samples, PL is initially dominated by a broad 
excimer-like emission maximized at ∼660 nm and ∼630 nm, 
respectively, from a trap state Sx. As TMS-Tc degrades, this 
Sx emission decreases in yield while there is a simultaneous 
increase in PL from the  S1/S1agg states. In tBu-Tc, however, 
there is a large increase in the Sx state emission at the begin-
ning of the measurement, followed by its decay and the even-
tual dominance of  S1/S1agg PL (inset of Fig. 3b).

The photocurrent measures the ability of the material to 
photogenerate and transport charge carriers. Photocurrents 
measured periodically during a photodimerization-
inducing continuous 532 nm illumination (Fig. 3c) show 
a more pronounced loss in charge generation and transport 
properties in tBu-Tc as compared to TMS-Tc (reaching 30% 
of the initial photocurrent in tBu-Tc as compared to 75% in 
TMS-Tc under the same conditions), a trend qualitatively 
consistent with a faster decay of the  S0-S1 absorption 
for the tBu-Tc as compared to that in TMS-Tc (inset of 
Fig. 3a) as the molecules photodimerize. No correlation 
in the photocurrent behavior was observed with that of PL 
emission. This is consistent with most of the molecules 
residing in dark states and emissive molecules being only 
a small subset of the overall population responsible for the 
photocurrent generation.

TES‑Tc and TBDMS‑Tc: B‑field‑dependent 
photochemistry

The evolution of the PL spectra of TES-Tc and TBDMS-Tc 
crystals in vacuum due to photodimerization under 532 nm 
25 W/cm2 excitation are shown in Fig. 4. While TES-Tc 
does have some broad Sx emission at >650 nm in a fresh 
sample, similar to TMS- and tBu-Tc (Fig. 1d), it rapidly 

(within seconds) degrades upon light exposure, after which 
it emits only  S1/S1agg PL with a vibronic progression in the 
550–670 nm range, and without further spectral evolution. 
Over the duration of the measurement, the total PL yield 
of TES-Tc increases by more than an order of magnitude, 
indicating that the photodimerization is efficiently disabling 
a nonradiative process, such as dark 1(TT)/T..T states 
formation, which suppresses  S1/S1agg PL in the fresh sample.

TBDMS-Tc PL has the opposite trend, where the 
photodimerization causes a small decrease in the already 
low initial PL from the aggregate state  S1agg with a vibronic 
progression in the 600–700 nm range, with no evidence of 
accompanying increase in PL from any other emissive state. 
Unlike the ‘slip-stack’ R-Tc derivatives, TBDMS-Tc does 
not have an appreciable population of low-energy emissive 
trap states Sx.

To explore the relationship between singlet fission and 
photodimerization, we studied TES-Tc and TBDMS-Tc sin-
gle crystals undergoing photodimerization in vacuum under 
magnetic fields (B-fields). In these materials, B-fields medi-
ate singlet fission, with high B-fields impeding the separa-
tion of the 1(TT) states into weakly correlated triplet pairs 
(T..T) and free triplets [15]. Photodimerization-induced evo-
lution of PL spectra was measured at 0 T and 6 T B-field, 
with integrated PL counts for these two cases shown in the 
insets in Fig. 4. In both cases, the B-field induces faster 
photodimerization, where TES-Tc PL increases faster and 
TBDMS-Tc PL decreases faster. Comparison between the 
integrated PL time evolution at 0 T and 6 T also suggests 
that a larger population is susceptible to dimerization at 6 
T. In particular, bi-exponential fits to the data in the insets 
of Fig. 4 yield a maximum PL yield increase in TES-Tc of a 
factor of ∼ 14 at 0 T, and ∼ 23 at 6 T. Similarly, in TBDMS-Tc 

Fig. 4  Evolution of PL spectra of a) TES-Tc and b) TBDMS-Tc crys-
tals during photodimerization induced by 532 nm cw excitation at 25 
W/cm2 in vacuum. Inset diagrams in the lower right depict packing 
motif. TES-Tc has a large increase in PL yield during photodimeri-
zation due to nonradiative processes becoming disabled, increasing 
PL from competitive emissive states. TBDMS-Tc instead has only a 

small decrease in PL yield during photodimerization. The inset plots 
show integrated PL counts during photodimerization at 0 T and 6 
T B-fields, and the black lines are bi-exponential fits to the decays. 
When 1(TT) separation into T..T is impeded at 6 T, both materials 
undergo more pronounced photodimerization
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the minimum total PL yield reached is about 0.65 at 0 T and 
0.4 at 6T of the original yield at t = 0.

Discussion

The effects of photodegradation on nonradiative decay 
processes are qualitatively similar in TIPS-Pn and R-Tc. 
There are two key takeaways from the photodegradation 
measurements: a) a large increase in PL yield from the 
 S1/S1agg state in TIPS-Pn and R-Tc derivatives with ‘slip-
stack’ packing, which is related to the EPO (in air) and 
photodimer (no air) formation disabling singlet fission and 
b) photodimerization is enhanced in B-field.

In TIPS-Pn:PMMA films with average intermolecular 
spacing d = 1.3 nm, the EPO formation and photodimer-
ization rates were found to differ by a factor of ∼ 5. This 
is in contrast to TIPS-Tc [14], which exhibited a factor of  
∼650 faster EPO formation as compared to dimerization 
in pristine films. This difference is largely due to a con-
siderably less efficient EPO formation in TIPS-Pn, as com-
pared to TIPS-Tc. Type II mechanism of EPO formation 
in acenes, which proceeds via energy transfer from  T1 of 
the acene to the ground-state triplet oxygen followed by 
reactive singlet oxygen generation, is dominant in TIPS-
Tc but inefficient in TIPS-Pn due to the low triplet energy  
( ∼0.8 eV) of TIPS-Pn as compared to 0.98 eV necessary 
to sensitize singlet oxygen formation [3, 5]. Type I mecha-
nism that relies on electron transfer from a singlet state  S1 
to oxygen to form a reactive superoxide, which is important 
for EPO formation in dilute TIPS-Pn solutions [3], could 
also be impeded in films because of ultrafast singlet fission 
depopulating the  S1 state.

Analysis of photophysical properties of R-Tc derivatives 
is challenging due to the multitude of excited states 
involved and the presence of emissive low-energy trap 
states in most derivatives under study, which have been 
previously observed in similar systems such as DPH and 
DBP derivatives [13, 16]. In particular, crystals of three 
derivatives with a ‘slip-stack’ packing motif, but not the 
TBDMS-Tc with a ‘sandwich-herringbone’ packing motif, 
exhibited low-energy trap Sx emission. This may suggest 
that formation of trap states is promoted by large availability 
of �-stacked molecules in dimer-like configurations. Our 
observation of higher affinity for dimerization of ‘slip-
stacked’ tBu-Tc, with the smallest lattice unit cell and the 
lowest volume of the side group R, to photodimerization 
(Fig.  3) supports this hypothesis. Also in tBu-Tc, the 
competition between populations of the dark 1(TT)/T..T 
states and Sx is apparent via an initial increase in Sx 
emission (inset of Fig.  3b) as molecules in dark states 
dimerize and become unavailable for singlet fission.

In spite of differences in the emissive excited states and 
how their PL evolves during photodimerization in TES-Tc 
and TBDMS-Tc (PL increases in TES-Tc and decreases 
in TBDMS-Tc, Fig. 4), the B-field effect on the photo-
dimerization is qualitatively similar in these two crys-
tals: both the photodimerization rate and the number of 
dimerization-affected molecules increase at high B-fields. 
High B-fields impede the separation of the triplet pairs  
1(TT) into weakly correlated/uncorrelated triplet states T..T/
T1 states [15]. Therefore, higher population of 1(TT) would 
be expected, and it could increase populations in the sin-
glet states (such as  S1/S1agg or Sx). Therefore, the B-field-
enhanced photodimerization (insets of Fig. 4) suggests that 
molecules in the 1(TT) intermediate and singlet states with 
populations promoted by B-field are more susceptible for 
photodimerization as compared to molecules in configura-
tions favorable for separation of triplet pairs towards free tri-
plet formation. Therefore, morphologies conducive to triplet 
separation [17] while avoiding parallel molecular stacks with 
short intermolecular spacings would both enhance singlet 
fission and suppress photodimerization.

Conclusion

We have shown that photodegradation of a material can 
be used to understand photophysical processes impacting 
nonradiative relaxation such as singlet fission and to identify 
the nature of emissive states. Our investigation into the 
impact of photodegradation in TIPS-Pn and R-Tc derivatives 
reveals key insights into the photophysics of these singlet 
fission materials. Both endoperoxide formation and 
dimerization disable singlet fission as molecules degrade and 
remove nonradiative relaxation pathways, resulting in large 
increases in PL from the singlet states. In TIPS-Pn:PMMA 
films, dark 1(TT)/T..T states form even in relatively dilute 
films, and only a minor subset of these dark molecules 
are in configurations susceptible to photodimerization. In 
more concentrated TIPS-Pn:PMMA films, we observed 
EPO formation and photodimerization rates differing by a 
factor of ∼ 5, as compared to over two orders of magnitude 
in TIPS-Tc [14], due to strongly suppressed EPO formation 
in TIPS-Pn.

Comparison of the photophysics and photochemistry 
of R-Tc crystals revealed significant differences in both 
photodimerization and singlet fission/emissive state 
formation behavior of derivatives with ‘slip-stack’ (R 
= tBu, TMS, TES) and ‘sandwich-herringbone’ (R = 
TBDMS) packing motifs. The ‘slip-stack’ packing was 
found to favor formation of an emissive trap state Sx and 
undergo photodimerization with efficiency dependent 
upon the intermolecular spacing. In derivatives with both 
‘slip-stack’ and ‘sandwich-herringbone’ packing motifs, 
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suppressing triplet pair separation with strong magnetic 
fields shows similar decreases in photostability as more 
molecules reside in  S1/S1agg/Sx and 1(TT) states, which 
promotes photodimerization.
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