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Abstract

Singlet fission (SF) materials used in light-harvesting devices must not only efficiently
produce spin-triplet excitons but also transport them to an energy acceptor. N,N’-bis(2-
phenylethyl)-3,4,9,10-perylenedicarboximide (EP-PDI) is a promising SF chromophore due to its
photostability, large extinction coefficient, and high triplet yield, but the energy transport
mechanisms in EP-PDI solids are minimally understood. Herein, we use transient absorption
microscopy to directly characterize exciton transport in EP-PDI crystals. We find evidence for
singlet-mediated transport in which pairs of triplet excitons undergo triplet fusion (TF), producing
spin-singlet excitons that rapidly diffuse. This interchange of singlet and triplet excitons shuttles
triplets as far as 205 nm within the first 500 ps after photoexcitation. This enhanced transport
comes at a cost, however, as it necessitates favoring triplet recombination and thus requires a fine-
tuning of SF dynamics to balance triplet yields with triplet transport lengths. Through numerical
modeling, we predict that tuning the ratio of SF and TF rate constants, ksg/krr, to between 1.9
and 3.8 allows for an optimized triplet transport length (425 — 563 nm) with minimal loss (7 —
10%) in triplet yield. Interestingly, by adjusting the size of EP-PDI crystals we find we can subtly
tune their crystal structure and thereby alter their SF and TF rates. By slowing SF within small EP-
PDI crystals, we are able to boost their triplet transport length by ~20%. Although counter-
intuitive, our work suggests that slowing SF by introducing moderate structural distortions can be
preferential when optimizing triplet exciton transport, provided singlet exciton transport is not

significantly hindered.
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Introduction

Singlet fission (SF) is a multiple exciton generation process in which two spin-triplet
excitons are produced when a lone spin-singlet exciton divides its energy between neighboring
molecules.!? This phenomenon occurs in a wide range of organic materials*~® wherein triplet yields
near the theoretical maximum of 200% have been reported.®!%!* Because of this, SF has garnered
great interest in light-harvesting applications as a route for overcoming the Shockley-Queisser
limit.'*!¢ A light absorbing layer made of a SF-material, connected optically in series with a single-
junction solar cell, would serve to increase the power conversion efficiency of the device by
doubling the excitons generated per photon absorbed and minimizing losses from hot carrier
relaxation.'>!"% For such a device to work however, triplet excitons generated by SF must be
transported through the SF absorber to reach a semiconductor junction where they can dissociate
into charge carriers and contribute to the quantum efficiency of the device.?*? In recent SF-solar
cell devices though, slow triplet exciton transport has restricted device thicknesses to be within the
triplet diffusion length of the SF-material.>>2” Since triplet diffusion lengths in thin films (Lp ~
0.01 — 0.1 um)?%2® are often significantly shorter than the film’s optical absorption depth (La ~ 0.2

32,33

— 1.2 um)?*-32 device performances suffer from inadequate light absorption®>*? and singlet exciton

dissociation,>*3’

preventing them from reaching expected external quantum efficiencies. It is
therefore of great importance to study both the efficient production of triplet excitons by SF and
their subsequent transport, developing design principles that optimize both processes concertedly.

In a simple three state kinetic model of SF, a spin-correlated triplet-pair is formed as an
intermediate state that subsequently dissociates into two uncorrelated triplet excitons (Figure 1A).

Distinct from the independent triplets, the triplet-pair, '(TT), is a doubly-excited, spin-singlet state

composed of two triplets that maintain electronic and spin coherence, making SF a special

ACS Paragon Is%_s Environment



oNOYTULT D WN =

Journal of the American Chemical Society

A Singlet Fission1
— (TT) —>
81 - TT Pair T1 + T1
Triplet Fusion Dissociation
B Fast Transport
%? 7€ S % SF
/e
7 get.Medlate \
Slow %nsport 2 ’a”spo,,
(S 0.001 cm?s) D’Ss/\

Figure 1: (A) Reaction scheme describing triplet pair, '(TT), formation via singlet fission followed
by either triplet pair dissociation into independent triplets, T +Ti, or triplet fusion to reform the
singlet state, S;. (B) The interconversion of singlet and triplet populations via singlet fission and
triplet fusion allows for singlet-mediated transport. Abbreviations: TF — triplet fusion; SF — singlet
fission; Diss: Pair Dissociation.

case of internal conversion.*®3” Importantly, the lone singlet exciton can be regenerated through
recombination of the two independent triplet excitons or the triplet-pair state. This leads to an
equilibrium between the singlet and triplet exciton populations, the composition of which is largely
dictated by both molecular electronic structure and packing arrangements in the solid state.!*8
Most research on SF-materials focuses on optimizing these two design handles to skew the
equilibrium toward the formation of independent triplets. In particular, it is widely thought that
slightly exoergic or isoergic SF configurations, wherein the lowest spin-singlet state energy is
greater than or equal to twice the lowest spin-triplet state energy E(S1) > 2E(T1), is ideal. While
this type of energetic alignment typically results in sub-picosecond SF rates and high triplet yields,
little consideration is given to the subsequent, equally important step of exciton transport.

The transport of Frenkel excitons, tightly bound electron-hole pairs in low dielectric
materials, is mediated by different mechanisms depending on whether the net spin of the exciton
is zero (singlet) or one (triplet). Triplet exciton transport occurs through a Dexter-type electron-
exchange coupling® that is mediated by wavefunction overlap between neighboring molecules.

This dependence on nearest-neighbor coupling makes Dexter transfer highly susceptible to

-
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disruption by structural inhomogeneity within a material. Namely, trap sites that form when the
energetic disorder is comparable to the thermal energy (kgT)* and altered molecular packings at

M4 and crystal edges**¢ that induce poor wavefunction overlap

defects, grain boundaries,
between molecules can each act to hinder triplet exciton diffusion. The effect of structural
heterogeneity is readily observed in polyacene materials like rubrene where triplet diffusion
lengths drop from 2 — 8 um in highly ordered rubrene crystals**® to 25 — 30 nm in disordered
rubrene films.** In contrast, spin-singlet exciton transport is often described by the Forster
mechanism, which involves an inductive, long-range Coulombic coupling between donor and
acceptor transition dipole moments that can make their transport less susceptible to disruption by
local disorder. The larger spatial delocalization of singlet excitons with respect to triplet excitons
can also boost their transport by enhancing their transition dipole moment.’®>? As a result,
diffusion constants for singlet excitons are typically orders of magnitude larger than those of triplet
excitons in organic solids.>

While Forster transfer is inaccessible for triplet excitons due to the lack of a transition
dipole that links them to the ground spin-singlet state, in systems with a slightly endoergic SF
configuration (AEsr = E(S1) — 2E(T1) < 0), such as rubrene or tetracene,> triplet pairs can undergo
triplet fusion (TF) to reform a spin-singlet exciton that can rapidly diffuse prior to undergoing SF
once again (Figure 1B). In this singlet-mediated triplet transport pathway, triplets can exploit the
faster transport available to singlet excitons, possibly increasing their effective diffusion length by
several tens to hundreds of nanometers. However, this extended diffusion range comes at a
potential cost as introducing an endoergic barrier to SF will naturally skew the equilibrium between

singlet and triplet excitons towards the singlet state. Developing design principles for optimizing

singlet-mediated transport without making significant sacrifices in triplet yield can provide a
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means by which the problem of slow triplet exciton transport can be overcome.
Up until now, singlet-mediated transport has only been directly observed in tetracene and
rubrene crystals.*’>5® However, using these and other acenes in light-harvesting devices

59,60

introduces some key challenges due to their low photostability in the presence of oxygen ™ and

relatively low molar extinction coefficients,®!"-%?

which exacerbate the mismatch between the triplet
diffusion length and optical absorption depth. In contrast, perylenedimides (PDIs) constitute a
particularly promising family of SF-capable compounds as they are highly resistant to

photooxidation®*64

and possess large molar extinction coefficients on the order of 5 —
10 x 10* M~1cm™1.765%° Importantly, several PDIs exhibit an endoergic barrier for SF that is

similar to that of tetracene, AEsr = — (0.2 — 0.27) eV,”$77%7! yet have demonstrated SF with high

7,71-73 In 74-78

triplet yields. solids, PDIs form 1D slip-stacked columns wherein strong charge

transfer coupling between neighboring molecules allows them to undergo efficient SF despite the
unfavorable energetic alignment of their singlet and triplet states.”!-”*°
N,N’-bis(2-phenylethyl)-3,4,9,10-perylenedicarboximide (EP-PDI) is a particularly well-
suited chromophore for SF as it exhibits a triplet yield up to 189% in disordered thin films’! and
is predicted to display a SF rate on the picosecond timescale.”” However, little work has been done
to characterize exciton transport in this system. As such, EP-PDI was chosen as the focus of this
work wherein we use femtosecond transient absorption microscopy (TAM) to directly image
excitons within molecular crystals in space and time and elucidate mechanisms leading to their
transport. We find that SF in EP-PDI crystals is accelerated by nearly two orders of magnitude
(ksp = 1/3.3 ps™!) relative to rates of triplet pair production reported for EP-PDI thin-films (ksp =

1/260 ps') that exhibit substantial structural inhomogeneity on the micron scale.”! Our TAM

measurements also display evidence for the existence of singlet-mediated transport in EP-PDI
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crystals that enhances their effective triplet diffusion length by ~205 nm within the first 500 ps
after photoexcitation. By using numerical simulations to model exciton diffusion and extract
important kinetic parameters that influence singlet-mediated transport, we find it is optimized in
SF-materials when the ratio of rate constants for SF and TF (ksr/ktr) is between 1.9 and 3.8.
Interestingly, we find small EP-PDI crystals that contain some degree of structural heterogeneity
can display SF rates that are slowed by nearly a factor of 4 relative to large EP-PDI crystals. While
perhaps counter-intuitive, our modeling suggests this slowing of the SF rate in small crystals
moves their ksr/ktr ratio into closer alignment with ideal values for singlet-mediated transport and
thereby extends their triplet diffusion lengths. Our findings highlight EP-PDI as a promising
candidate SF-material; explicate relationships among structural ordering, the SF process, and
singlet-mediated transport in EP-PDI crystals; and point to a set of design principles for enhancing

singlet-mediated transport in future SF-materials.

Results and Discussion

Structural Characterization of EP-PDI Single Crystals. Needle-like EP-PDI crystals were
grown via a drop-casting method similar to the crystallization procedure outlined in Ref. 81 with
slight modifications (Supporting Information, Section SI). Notably, we found crystals of visibly
different quality and size could be preferentially grown by increasing the temperature of the
growing conditions, forming what we designate as o- and B-crystals, respectively. Optical
microscopy images show distinct morphological differences between the two crystal types (Figure
2A). The a-crystals, which are grown quickly at low temperature, are ~1 — 3 um in width and ~15
— 50 um in length and have visible defects that likely originate from kinetically trapped structures
formed during rapid crystallization. These defect sites can introduce small structural deviations

from the molecular packing arrangement preferred within the crystal’s bulk because of relaxed
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Figure 2: (A) Optical microscopy images of a (left) and B (right) EP-PDI crystals grown via drop-
casting a heated EP-PDI toluene solution onto DI-water at 20 °C and 40 °C respectively. The scale
bar in both images is 50 um. (B) Structure of an EP-PDI a-crystal showing its unit cell and slip-
stacked packing arrangement of neighboring EP-PDI molecules, with displacements of 3.28 A
along their n-m stacking direction, 3.11 A along their long (longitudinal) axis, and 0.62 A along
their short (transverse) axis (not shown). The n-n stacking occurs primarily along the crystalline b-
axis. (C) Absorption and PL spectra of a- and B-crystals collected via absorption and emission
microscopy.

structural constraints near interfaces and grain boundaries.* In contrast, the B-crystals, which are
grown slowly at elevated temperature, are much larger, with widths of ~10 — 15 um and lengths of
~100 — 200 um. These crystals also lack visual defects, which indicates their slower growth aids
in the optimization of intermolecular interactions that order the crystal’s structure and morphology.

Prior work has noted EP-PDI can form at least two distinct crystal structures that differ in
their n-w stacking distance and the angle formed between the plane of the PDI core and its pendant
phenyl groups.”777882 To determine if the different morphologies of the a- and B-crystals stem

from them being comprised of distinct polymorphs, we used microcrystal electron diffraction
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(MicroED)® to determine their underlying crystal structures. MicroED enables the determination
of atomically resolved structures using crystals 10° times smaller than typically required for x-ray
diffraction, and has demonstrated utility for structure determination of organic semiconductors .33
The structures of both a- and B-crystals were solved using data collected at ~90 K from two and
four crystals, respectively (Figure S2). Both a and B crystallize in the monoclinic space group
C2/c and adopt structures that are very similar to one previously reported by Hidicke and
Graser.”””® Figure S2 and Table S1 highlight the notable differences between a, B, and the
previously reported structure. Because MicroED necessitates data collection from multiple
crystals, we were able to compare the unit cell lengths of multiple a- and B-crystals. The two a-
crystals were characterized by having slightly longer unit cell lengths along the crystallographic
a-axis and shorter unit cell lengths for the crystallographic b- and c-axes when compared to all
four B-crystals. Although these differences appear small, they are statistically distinct and reflect
the differences in each microcrystal.

The structure obtained for the a-crystals shows that PDIs are arranged into slip-stacked

columns wherein molecules are slipped longitudinally by ~3.11 A and experience a small
transverse displacement of ~0.62 A (Figure 2B). This large longitudinal slip has previously been
highlighted to enhance SF by leading to constructive overlap of EP-PDI’s HOMO and LUMO
orbitals, which increases the electronic couplings involved in charge transfer-mediated SF.3%¢ The
short m-m stacking distance between neighboring EP-PDI molecules of ~3.28 A acts to further
strengthen these couplings. For B-crystals, the longitudinal and transverse slips are found to be
~3.15 A and ~0.51 A, respectively, while the n-7 stacking distance adopts a value of ~3.30 A. These
slight differences likely result from variations in the internal strain of a- and B-crystals due to their

differing size.
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To determine the impact of these differences on SF, we used a dimer model to compute the
electronic couplings involved in SF (Supporting Information, Section SIII). These calculations
employ a formalism outlined by Berkelbach et al. that accounts for both for direct two-electron
coupling between the Si and '(TT) states as well as coupling between these states mediated by
charge transfer pathways.®” We find that the magnitude of the effective SF coupling is roughly
4.4x larger for B-crystals relative to a-crystals, which per Fermi’s Golden Rule would predict that
SF should be nearly 20x faster in B-crystals. This finding highlights that subtle changes in crystal
structure can have a large impact on SF, which is consistent with prior work on PDI’!8%88 and
diphenylisobenzofuran solids.?%*°

Optical absorption and photoluminescence (PL) microscopy further highlight differences
in the electronic properties of a- and B-crystals (Figure 2C). The absorption spectra of both crystal
types consist of two prominent absorption bands centered at ~630 and ~450 nm that span most of
the visible region and bear a strong resemblance to the “black phase” spectrum observed in
thermally annealed EP-PDI films.”>®? The large bandwidth of these spectra arises from two

interfering contributions to the excitonic coupling between molecules within each crystal,”!?!=*

a
coulombic H-type coupling, which stems from the interaction of transition dipole moments on
nearby molecules, and an opposing charge transfer J-type coupling that arises due to orbital overlap
of the frontier molecular orbitals of neighboring molecules. Since the n-stacking is relatively close
in the EP-PDI crystals, the strength of the charge transfer coupling dominates in EP-PDI, leading
to an overall red-shift in its absorption onset relative to isolated EP-PDI molecules in solution.
Comparing absorption spectra of the two crystal types, we find the a-crystal spectrum

exhibits a considerable degree of peak broadening relative to that of the [B-crystal. This

inhomogeneous broadening is suggestive of structural heterogeneity and implies a-crystals contain
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a larger degree of internal structural variation relative to B-crystals. Differences are also found in
the PL spectra of the two crystals and may be associated with their degree of structural
heterogeneity. In the B-spectrum, we observe emission peaks that largely mirror the crystals’ low-
energy absorption band, indicating excimer formation does not occur within the crystal. On the
other hand, the a-spectrum closely resembles the PL spectrum of disordered EP-PDI thin films’!
and is both broadened and red-shifted relative to the B-spectrum. A red-shifted PL spectrum can
arise from downhill exciton migration to low-energy sites in the crystal, which should be more
pronounced in systems with a large degree of structural and energetic variation.>”?>~’

Exciton Transport in EP-PDI Crystals. Next, we set out to directly measure exciton
transport in both a- and B-crystals using a homebuilt femtosecond transient absorption microscope
(TAM) configured for galvo-scanning measurements.’® Here, a 530 nm pump beam was focused
onto an EP-PDI crystal while galvo mirrors raster-scanned a focused 650 nm probe beam across a
4x4 um size area, resulting in a transient absorption image that represents the spatial distribution
of excitons within the crystal at a particular pump-probe time delay. Figure 3A highlights some
of these measurements performed on an a-crystal at four different time delays, showing snapshots
of the exciton distribution 0, 15, 250, and 800 ps after photoexcitation by the pump. Similar
measurements collected for a B-crystal are shown in Section SVI of the Supporting Information.
The positive signal measured at this probe wavelength corresponds to a ground state bleach (GSB)
associated with photoexcited EP-PDI molecules. While such a signal in principle should show
equal contributions from singlet and triplet excitons, prior work has shown that the EP-PDI GSB
is partially cancelled by an overlapping triplet induced absorption band, which makes this signal
more sensitive to the singlet exciton population.”"”®> As the singlet and triplet excitons diffuse

through the crystal, the measured signal distribution will evolve, providing a direct measure of

-11-
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Figure 3: (A) Scaled TAM galvo-scanning measurements performed on an a-crystal showing the
spatially varying transient absorption signal at 0, 15, 250, and 800 ps after excitation. A dashed
white line marks the edge of the a-crystal and black arrows indicate the spatial time evolution of
the signal distribution. (B) Plot of the experimentally measured (circles) and numerically simulated
MSD (solid blue curve) of the TAM signal as a function of pump-probe time delay. Data was

collected with a pump fluence of 1893 ul/cm?, and red data points correspond to the measurements
highlighted in the images in (A).

exciton transport.
In a TAM experiment, the focused pump beam generates an initial distribution of excitons,

n(x,y,0), whose spatial arrangement reflects the size and shape of the pump point-spread

-12-
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function, which can be approximated as a two-dimensional (2D) Gaussian with an initial variance

of 62(0):

(x —x0)*+ (v — yo)2>l 1]

n(x,y,0) = N x exp I—O.S ( 2(0)

Spatial diffusion of the exciton population over time will preserve the Gaussian shape, allowing
us to extract the time-dependent variance, given as o%(t) = 4Dt + ¢2(0) for 2D diffusion, using

the following equation:

(x —x0)* + (y — 3’0)2>l 2]

n(x,y,t) = N * exp l—o.s ( 4Dt + 02(0)

Here, D is the exciton diffusion coefficient that is directly related to the mean squared displacement
(MSD = 4Dt) 5799100

The time-dependent MSD of the TAM signal for an a-crystal is highlighted in Figure 3B.
In a normal diffusive regime, the MSD is expected to grow monotonically and linearly with time.
However, we observe an anomalous evolution of the MSD curve as its value increases rapidly in
the first 15 — 20 ps due to a combination of singlet-singlet exciton annihilation and exciton
diffusion. Following this growth, the MSD shrinks, reaching a minimum size by 250 ps.
Interestingly, the FWHM of the TAM signal at 250 ps is ~440 nm narrower than the initial value
generated by the pump. The MSD then continues to grow monotonically and linearly over time
delays longer than 250 ps.

This behavior is qualitatively similar to measurements reported by Berghuis et al. that
examined tetracene crystals using PL microscopy, which selectively monitors the singlet exciton
population.>® There, the anomalous shrinking of the singlet exciton distribution was attributed to

TF, which can regenerate singlet excitons following SF. As this process can exhibit a quadratic
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dependence on the triplet exciton population, TF selectively occurs within the center of the exciton
distribution generated by the pump, thereby causing the FWHM of the signal to shrink over time.
Given that the GSB we observe selectively probes the singlet exciton population, we hypothesize
that TF underlies the anomalous shrinking of the EP-PDI TAM signal shown in Figure 3B.
However, a key point of difference between behavior reported in tetracene crystals®® and the
measurements we report for EP-PDI crystals is the timescale over which the anomalous behavior
occurs. In tetracene crystals, shrinking of the singlet exciton distribution due to TF occurs over the
course of several nanoseconds whereas in EP-PDI crystals, shrinking occurs within the first 100 —
200 ps following photoexcitation, depending on the crystal. We note that if the anomalous behavior
stems from TF, then the generation of triplet excitons via SF must have already occurred prior to
shrinking of the singlet exciton distribution. Thus, the difference in timescales must arise from a
difference in SF rates between tetracene and EP-PDI. Importantly, this implies that the overall
shape of the MSD curve (i.e., the spatial evolution of the singlet excitons) not only carries
information about exciton diffusion rates but also kinetic information relating to SF and TF.
Numerical Simulations of Exciton Diffusion. To test if our assignment of the evolution
of the MSD curve is consistent with dynamics stemming from SF and TF, we fit our TAM data
using an exciton diffusion simulation that accounts for the interconversion of singlet and triplet
exciton populations. Our three-state kinetic model begins with an initial singlet exciton population
that either relaxes to the ground state (kgp) or undergoes SF (kgr), forming a triplet pair state that
can dissociate (kg;5) into independent triplet excitons. The singlet and triplet populations are
coupled through both geminate and non-geminate recombination pathways. Geminate
recombination occurs when the triplet pair state undergoes TF to reform the singlet exciton (k&)

and has a linear dependence on the triplet pair population density. In contrast, non-geminate

-14-
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recombination involves two uncorrelated triplet excitons annihilating (k¥¢) and is quadratically

dependent on the triplet population density.

oNOYTULT D WN =

The spatial evolution of the signal intensity can be modeled by the following three coupled
partial differential equations:

ong
1 Fre DsV?ng — kspng — kgpng — kssang + kSpnep + k§n? [3a]
16 ongp

17 ot

= —krppnrp + kspng — k§pnrp — kgisnrp [3b]

3(1) I DrV?ny — krpny + 2(kqisnrp — ki n?) [3c]

23 where ng, nrp, and ny respectively represent the spatial distributions of singlet excitons (S1),
triplet pairs (!(TT)), and triplet excitons (T1). The factor of 2 in front of the dissociation and non-
28 geminate TF rate terms in Eq. 3c represents the generation of two triplet excitons as the result of
30 triplet pair dissociation and the removal of pairs of triplet excitons through bimolecular
32 annihilation. In most TAM measurements, due to the tightly focused laser pulses, singlet excitons
are produced at excitation densities wherein singlet-singlet exciton annihilation (SSA) is
37 unavoidable, making it necessary to explicitly consider it when modeling TAM data. To account
39 for SSA, we simultaneously fit three data sets recorded for each crystal type using different initial
exciton densities (Figures SA and S6) to determine the SSA rate (ksg,). We emphasize that the
44 model we have constructed is the minimal one required to describe the exciton dynamics we
46 observe after excitation. Removal of any component of the model, such as the presence of a distinct
triplet pair population, nyp, or either the geminate (k%;) or non-geminate (k¢) triplet fusion
51 pathway, prevents us from producing acceptable fits to our data (Supporting Information,
53 Section SV).

These coupled equations in our model cannot be solved analytically so we instead
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integrated them numerically at discrete time points using a Crank-Nicolson algorithm'®' to
approximate the spatial and time derivatives. We note that while intrinsic diffusion constants Dg
and D are assigned to the singlet and triplet exciton populations, respectively, only the singlet
excitons are mobile in these simulations as it is unlikely that the triplets will diffuse to an
appreciable extent via Dexter energy transfer within the 800 ps window we probe during our
measurements. We therefore decided to keep Dy fixed at 0 as changing it by multiple orders of
magnitude did not significantly affect the fitting results, preventing us from determining an
accurate value of Dy. The direct diffusion of triplet pairs is also omitted in our model. While prior
work has suggested triplet pairs can be partially brightened through intensity borrowing from the
S1 state,'™ their oscillator strength is likely to remain sufficiently small that FRET involving these
states can be neglected. Dexter transfer involving triplet pairs is also expected to be slow as it relies
on electronic couplings similar to those that enable triplet hopping between molecules. We also
note that to fit our TAM data, we found it necessary to assume triplet excitons contribute less than
1% of the GSB signal that we monitor. This is consistent with reports that have shown triplet
excitons in PDI thin films wherein neighboring molecules are slipped along their long axis, like
EP-PDI, possess induced absorption bands that substantially overlap with their ground state
absorption and thereby nullify the GSB in transient absorption measurements.””"’3 As such, we
assume in our modeling below that the GSB arises solely from singlet excitons.

The solid lines shown in Figures 3B, 5A, 6A, and S6 represent fits produced by this model
to experimental MSD curves for a- and B-crystals. We find the model well reproduces the
experimental data, capturing both the anomalous shrinking behavior as well as exciton density
dependence and thereby allows us to better understand the physical processes occurring in the

crystal after photoexcitation. As predicted, we found the shape of the MSD curves to be highly
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Table 1: Fitting parameters used to model exciton transport in EP-PDI Crystals.

Rate Constant a-crystal B-crystal Meaning
1/ksp [ps] 4100 4100 Decay rate of singlet excitons®
1/kyp [ps] 0 0 Decay rate of triplet excitons®
1/krpp [ps] 0 0 Triplet pair decay rate®
1/kgr [ps] 14+£2.3 3.3+0.8 Singlet fission rate
1/kéy [ps] 180+ 30 330+ 135 Geminate triplet fusion rate
1/kgis [ps] 100 + 17 140 + 55 Triplet pair dissociation rate
kgsa [um3/ps]| 1.6x 10" 1.3 x 10" | Singlet-Singlet annihilation rate
kNG [um®/ps] | 6.1 x 107" 3.6 x 10"* | Non-Geminate triplet fusion rate
Dg [um?/ps] | 8+£3 x 10™ |20+ 15 x 10| Singlet exciton diffusion constant
Dy [um? /ps] 0 0 Triplet exciton diffusion constant®

*The decay rate of singlets, ksp, was fixed using the value from Ref 71.
°The triplet pair decay rate, kypp, triplet decay rate, krp, and the triplet diffusion
constant, Dy, were fixed at 0 due to the limited time window of the experiment (~1 ns).

sensitive to the rates of SF and TF, providing a means for correlating SF kinetics with the distinct
transport properties of individual EP-PDI crystals. The resulting fitting parameters for a- and f-
crystals are summarized in Table 1. We find that the SF rate in B-crystals (1/3.3 ps™') is
approximately four times faster than the rate determined for a-crystals (1/14 ps™). This result is
qualitatively consistent with our calculations of the SF couplings for a- and B-crystals, which
predict that SF should be nearly 20x faster in B-crystals. The difference we observe between the
computed ratio of SF rates for a- and B-crystals and our experimentally determined one may stem
from a lack of a full treatment of vibronic coupling in our calculations, which has been shown to
impact SF in PDI crystals.”

Importantly, the SF rate we obtain for B-crystals is over an order of magnitude faster than
its corresponding value reported for EP-PDI thin films (1/260 ps™').”! Slower SF rates for PDI thin
films vs. crystals has previously been noted.!®® We hypothesize that the slower SF rate observed
for EP-PDI thin films vs. B-crystals arises from the inclusion of grain boundaries in thin films that

likely act to hinder SF by disrupting the crystalline packing of EP-PDI molecules. If correct, this
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behavior would be qualitatively different from that observed in rubrene crystals, wherein
disruptions in crystalline order were found to enhance SF.* Unlike rubrene, which adopts a crystal

structure with mirror symmetries that suppress SF,*>104

molecules within B-crystals of EP-PDI are
arranged such that they display strong electronic couplings for SF.”#° Disrupting this structure by
introducing disorder at grain boundaries would thus be expected to slow SF.

To examine the exciton dynamics occurring in EP-PDI crystals that lead to the anomalous
shrinking behavior in more detail, we separated out the total singlet exciton density into prompt
and delayed singlet populations (Supporting Information, Section SV). Prompt singlets are those
that were initially generated by the pump pulse while delayed singlets are those regenerated
through geminate and non-geminate TF (Figure 4A). Tracking the width of the prompt, delayed,
and total singlet exciton distributions in the simulation shows that the shrinking of the total singlet
distribution is accompanied by the generation of delayed singlets with a narrower spatial
distribution than the initial distribution of the prompt singlets (Figure S5B). Because there are two
pathways by which delayed singlets can be generated, we simulated scenarios where either
geminate or nongeminate TF was turned off to parse out their roles in delayed singlet generation
(Figure S4). For nongeminate TF, its quadratic population dependence causes it to occur more
efficiently near the center of the triplet exciton distribution, where the highest density of excitons
is located, and thus produces more delayed singlets there than at the edges of the distribution. This
increases the measured TAM signal toward the center of the pump focal spot, leading to its spatial
narrowing over time. Likewise, geminate TF leads to a spatial narrowing of the TAM signal due
to the immobility of triplet excitons, including triplet pairs, in our model. Triplet pair formation

halts exciton migration, thus when delayed singlets are generated via geminate TF, they possess a

narrower spatial distribution than that of prompt singlets that continue to diffuse over time.
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35 Figure 4: (A) Modified kinetic model for simulating the evolution of prompt singlets initially
36 generated by the pump pulse and delayed singlets formed through geminate (TFg) and non-
37 geminate TF (TFxc). (B-E) Profile slices of the simulated prompt singlet (green), triplet (blue), and
38 delayed singlet (yellow) exciton distributions at four time points matching those highlighted in
39 Figure 3A. Scales on the y-axes show the number of singlet (left) and triplet (right) excitons.
40
2; To visualize how the different exciton populations evolve with time within EP-PDI
43
44 crystals, we took profile slices of the simulated exciton distributions at each time point. The panels
45
46 in Figures 4B - 4E show four of these profile slices at time points that match the experimental
47
22 TAM maps highlighted in Figure 3A for the a-crystal. At time zero, we see a distribution of
50 . . . :
51 prompt singlets (green area in Figure 4B) that represent the excitons generated by the pump pulse.
52
53 As expected, given the fast SF rate in the a-crystal, a large triplet population forms within 15 ps
54
gg (blue area in Figure 4C). As TF starts to occur, delayed singlets begin to form (yellow in Figure
57
58
59
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4D) and by 250 ps the delayed singlets occupy a noticeably narrower spatial distribution than the
prompt singlets. Interestingly, comparing the simulated exciton distributions at 250 ps with those
at 800 ps (Figure 4E), we find that the triplet distribution broadens coincidently with the delayed
singlet distribution despite triplets being immobile in the simulation (D = 0). Experimentally, this
time range corresponds to one wherein the exciton MSD grows linearly with time, suggesting
normal diffusive behavior, which we assign to the diffusion of delayed singlets based on our
model. Because the delayed singlets are formed from the recombination of triplets, the correlation
in the simulations between spreading of the triplet and delayed singlet populations shows that
interchange between singlets and triplets via SF and TF acts to accelerate triplet diffusion within
EP-PDI crystals.

To verify this conclusion experimentally, we performed TAM measurements at different
pump fluences to observe how exciton transport at long time delays was impacted. Because the
rate of non-geminate TF depends on exciton density, we expect more delayed singlets to be
generated at higher fluences and thereby enhance singlet-mediated transport. This is indeed what
we observe in Figure SA, which shows a stacked plot of three TAM diffusion measurements
performed on an a-crystal at different exciton densities. As the exciton density increases, two
noteworthy changes in the MSD curve arise: First, the initial rise of the MSD at early times
becomes increasingly exaggerated due to an increased efficiency of SSA, which selectively
depletes excitons near the center of the exciton distribution.’® Second, over time delays of 300 —
800 ps, we see an increase in the slope of the MSD curve, with values ranging from 0.12 to 1.49
cm?/s for the low and high fluence measurements respectively (Figure 5B). In comparison to other
reported triplet diffusion constants,> these values are orders of magnitude faster than expected and

are unlikely to reflect the intrinsic triplet diffusion rate in EP-PDI. They are also markedly slower
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Figure 5: (A) MSD curves from three TAM diffusion measurements performed on an a-crystal
with varying excitation densities. The data are offset for clarity and gray dashed lines show the
zero-point for each dataset. (B) Zoom in of the MSD curves at delays of 300 — 800 ps that highlight
an increase in the MSD slope with increasing excitation density. The pump fluences used to collect
the plotted data are 1893 pJ/cm? (red), 1262 pJ/cm? (blue), and 252 pJ/cm? (brown).

these values do not represent the intrinsic singlet diffusion rate either. Indeed, prior studies
examining exciton diffusion in disordered EP-PDI films have suggested singlet diffusion rates that
are at least as fast as 7 cm?/s.!%!1% This is consistent with our model, which can reproduce the
curves in Figure 5A using a singlet diffusion constant of 8 cm?/s, a value that is an order of

magnitude larger than the diffusion constants inferred by linearly fitting the data in Figure 5B.
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Thus, we conclude that these diffusion rates represent an effective diffusion constant, D, ¢, whose
value represents the combined diffusion of the exchanging singlet and triplet population. As
triplets diffuse slowly, the value of D¢ is reduced relative to that of singlet excitons. However,
by skewing the equilibrium between singlets and triplets towards the singlet state, as is
accomplished in Figure 5B by increasing exciton density to favor TF, D¢ can be increased.

Comparing Exciton Transport Within a- and p-Crystals. To determine how slight
structural variations within EP-PDI crystals impacts singlet-mediated exciton diffusion, we also
preformed TAM diffusion measurements on a B-crystal at three different pump fluences (Figure
S6). In these measurements, we see the same behavior that was observed in a-crystals where the
MSD grows, shrinks, and then grows again; however, it occurs over an appreciably shorter
timescale in B-crystals (Figure 6A). This difference in timescales is partly due to the higher value
of ks in the P-crystal as this influences how rapidly independent triplet excitons appear that
subsequently generate delayed singlets, thereby modulating the MSD of the TAM signal. By
extension, the difference in timescales also indicates a difference in their singlet-mediated triplet
transport capabilities. This is most obviously seen in Figure 6B where the later time delays are
highlighted and show an approximately three-fold enhancement of D¢ in the B-crystal compared
to the a-crystal.

To rationalize this enhancement in D s, we first considered the rates of nongeminate TF
for both crystals. For the o-and B-crystals respectively, the nongeminate TF rates were 6.1x10713
um*/ps and 3.6x10°"? pm*/ps, which follow the same trend as D, consistent with what would
be expected for enhanced singlet-mediated transport in the B-crystal. A similar trend is also seen
among tetracene, rubrene, and TIPS-pentacene in which tetracene, having the most significant

singlet-mediated contribution to triplet transport out of the three, has the fastest rate of singlet
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37 Figure 6: (A) Comparison of MSD curves for the a-crystal (blue) and B-crystal (red). The inset
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40 showing the difference in the effective triplet diffusion constant, D, for the a- and B-crystals.
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44 regeneration by nongeminate TF.”* The rate of bimolecular exciton annihilation, however, only
45
46 provides a partial explanation for the enhanced D.sf as other exciton dynamics also play a
47
48 o
49 significant role.
50 . . ) . )
51 To improve D, the rates of both singlet regeneration and singlet exciton transport need
52
gi to be optimized. To the former point, comparing Ds between the two EP-PDI crystals studied here
55 ) B ) . : : .
56 (Dg" =8 cm*/s and Dg =20 cm/s), reveals another trend consistent with enhanced singlet-mediated
57
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transport in the B-crystal. Faster singlet diffusion in B-crystals is expected based on our steady-
state spectroscopic measurements (Figure 2), which show that B-crystals exhibit ~1.65% larger
overlap between their absorption and PL spectra relative to the a-crystals. According to Forster

HLUZ increasing this spectral overlap will accelerate the rate of singlet

energy transport theory,
energy transfer between different sites within a crystal. Moreover, the higher degree of structural
heterogeneity within a-crystals inferred from the broadening of its absorption and PL lineshapes
relative to B-crystals may also have a negative impact on singlet transport by lowering the
orientational factor in Forster theory whose value is dependent on the relative alignment of
transition dipole moments on donor and acceptor molecules. Structural defects that lead to a
distribution of molecular alignments across a crystal will act to lower Dg, which likely occurs to
some degree within a-crystals.

Simulating Exciton Transport at Solar Fluence. Non-geminate TF is only expected to
have a significant impact on singlet regeneration at exciton densities above the annihilation
threshold of the material. This threshold is typically higher than 1 X 10'* cm™ for organic solids
making it several orders of magnitude higher than the typical exciton density generated by solar
flux. Moreover, bimolecular exciton annihilation is diffusion-limited due to the distance
dependence of the excitonic interactions that facilitate the process; that is, either by a collisional
interaction such as with Dexter energy transfer or by a columbic interaction where one exciton
migrates within the Forster-radius of another exciton. A slower rate of triplet exciton transport,
therefore, translates into a lower probability of encounters between two excitons within their
lifetimes and thus acts as a rate-limiting step. As such, relying on slow-moving triplet excitons to

undergo non-geminate recombination to access singlet-mediated transport is not likely to improve

D¢ under low light illumination conditions. Rather, at low light flux, geminate TF will be the

24-
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primary mechanism by which singlet excitons are regenerated and should be the focus for
improving Dy .

To better understand how D,ff is influenced under low flux conditions, we simulated
exciton diffusion dynamics using an initial singlet exciton population density comparable to what
would be generated under solar illumination within EP-PDI. During the first 500 ps of these
simulations, we see a maximum effective triplet transport length of ~247 nm using the a-crystal
parameters and ~205 nm using the B-crystal parameters (Figure 7A). Surprisingly, the a-crystal is
predicted to have a ~20% improvement in its effective triplet transport length despite exhibiting
more structural heterogeneity, which is often viewed as detrimental to exciton transport. This result
is ostensibly in contradiction with our experimental results showing a faster D, for the B-crystal.
However, at lower fluences than those employed in the experimental measurements, we expect
geminate TF to make a greater contribution to triplet transport than non-geminate TF. Numerical
modeling shows the geminate TF rate for the a-crystal to be nearly twice that of the B-crystal,
suggesting that at lower fluences, the a-crystal can more readily access singlet-mediated transport.

This conclusion prompted us to consider how other kinetic parameters in our model can
influence singlet-mediated transport. Excluding other population loss pathways, the ratio of SF
and geminate TF rate constants, k = kgr/k%, nominally establishes the equilibrium between the
singlet and triplet pair populations and thus should have a significant impact on singlet-mediated
transport. Indeed, the maximum effective transport length simulated by Zhu, et al. for rubrene and
tetracene is shorter for rubrene (150 nm, k = 17.2) but farther for tetracene (260 nm, x = 8.3),
suggesting that a smaller k value leads to improved transport.>* Inspired by this, we calculated the
maximum triplet transport length and the corresponding triplet yield for varying x ratios while

keeping all other a-crystal kinetic parameters fixed (Figure 7B). Here, the triplet yield is
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Figure 7: (A) Simulated triplet MSD under solar illumination conditions using the a- and B-crystal
parameters. A dashed line indicates the effective triplet transport length 500 ps after photoexciation.
(B & C) The effective triplet transport length (right axis) and corresponding triplet yield (left axis)
simulated using the kinetic parameters of the a-crystal, varying either (B) k or (C) y under solar
illumination. The horizontal blue dashed line indicates the half-maximum triplet yield of 100%. In
B, the gray block indicates the range of « ratios between 1.9 and 3.8 while in C, a vertical dashed
line indicates where y = 1.
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determined from the integrated triplet population at the time point in which the transport length is
maximized and is normalized by the initial population of singlets at the beginning of the
simulation. The resulting plot shows that when singlet-mediated transport is improved, the percent
yield of independent triplet excitons decreases, creating a trade-off between SF efficiency and
energy transport. The range of k values between 1.9 and 3.8, however, allow for an optimized
transport length of 425 — 563 nm with only a minimal 7 — 10% cost to triplet yield.

The timescale over which the singlet-mediated transport pathway is active is effectively
determined by the dissociation rate constant, ks, Of the triplet pair. Thus, we further examined
how the maximum triplet transport length and triplet yield vary as a function of the branching ratio
¥ = kS:/kgyiss, which represents the probability of the triplet pair reforming a singlet exciton
instead of dissociating."!'* In Figure 7C, we plot simulation results computed using a fixed value
of k = 12.9, which corresponds to the k value of EP-PDI a-crystals. We again find an opposing
trend between the maximum triplet transport length and triplet yield. We identify an optimal
branching ratio just past y = 1, shown by the dashed grey line in Figure 6C.

Comparing the k and y ratios for a-crystals (ko = 12.9, y« = 0.55) and B-crystals (kg = 100,
yp = 0.42), we see in both cases that the a-crystal has the more optimal ratios for singlet-mediated
transport. In the first case, the faster SF dynamics in the B-crystal (kg > Ka), which is reflected in
its faster SF rate and slower TF rate, reduces the accessibility of the singlet-mediated transport
pathway. In the second case, the higher likelihood for triplet pair dissociation in the -crystal (yp
<) serves as a hinderance to singlet-mediated transport by shortening the timescale over which
this pathway is active. Thus, while slow SF is often perceived to be detrimental to the performance
of SF materials, we find moderately slowing SF can be of great benefit to energy transport.

Moreover, we find that very small differences in the structure between a- and B-crystals is
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responsible for a ~20% difference in triplet exciton transport length. This suggests that subtle
tuning of the crystal structure of SF materials can result in a marked difference in their exciton
transport ability. We emphasize that structural tuning to optimize parameters such as x and y must
be done with care to assess the impact of heterogeneity on the intrinsic singlet exciton diffusion

rate as a slow singlet diffusion rate can reduce benefits gained from singlet-mediated transport.

Summary & Conclusions

EP-PDI is a promising SF material for light-harvesting applications due to its good
photostability, strong light absorption strength and broad absorption spectrum, and its singlet-
mediated triplet transport capabilities. However, while allowing for a significant effective triplet
transport length, singlet-mediated transport in EP-PDI B-crystals is far from optimized despite their
high degree of structural order. On the other hand, while a-crystals show a slower SF rate due to
slight changes in their crystal structure and increased internal structural heterogeneity, this slowed
rate is closer to an ideal value for enhancing singlet-mediated transport. Although counter-
intuitive, we find that altering the structure of a SF-material to slow both its SF rate and rate of
triplet pair dissociation can be preferential for triplet exciton transport so long as these structural
changes do not also diminish its singlet diffusion. Our findings suggest that optimizing the singlet-
mediated triplet transport pathway in future SF-materials will necessitate a fine-tuning of
molecular ordering to confine the kg /k$% ratio to be in the range of 1.9 to 3.8 while also keeping
the triplet pair branching ratio, y, slightly greater than 1, marginally favoring the backward reaction
as defined in a simple three-state SF model. These two constraints can allow for a triplet transport
length on the order of 100’s of nanometers while only minimally sacrificing 7 — 10% in triplet

yield.
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