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Abstract

The escalating global energy predicament implores for a revolutionary resolution—one that converts
sunlight into electricity—holding the key to supreme conversion efficiency. This comprehensive review
embarks on the exploration of the principle of generating multiple excitons per absorbed photon, a
captivating concept that possesses the potential to redefine the fundamental confines of conversion
efficiency, albeit its application remains limited in photovoltaic devices. At the nucleus of this phenomenon
are two principal processes: multiple exciton generation (MEG) within quantum-confined environments,
and singlet fission (SF) inside molecular crystals. The process of SF, characterized by the cleavage of a
single photogenerated singlet exciton into two triplet excitons, holds promise to potentially amplify photon-
to-electron conversion efficiency twofold, thereby laying the groundwork to challenge the detailed balance
limit of solar cell efficiency. Our discourse primarily dissects the complex nature of SF in crystalline
organic semiconductors, laying special emphasis on the anisotropic behavior of SF and the diffusion of the
subsequent triplet excitons in single-crystalline polyacene organic semiconductors. We initiate this journey
of discovery by elucidating the principles of MEG and SF, tracing their historical genesis, and scrutinizing
the anisotropy of SF and the impact of quantum decoherence within the purview of functional mode electron
transfer theory. We present an overview of prominent techniques deployed in investigating anisotropic SF
in organic semiconductors, including femtosecond transient absorption microscopy and imaging as well as
stimulated Raman scattering microscopies, and highlight recent breakthroughs linked with the anisotropic
dimensions of Davydov splitting, Herzberg-Teller effects, SF, and triplet transport operations in single-
crystalline polyacenes. Through this comprehensive analysis, our objective is to interweave the
fundamental principles of anisotropic SF and triplet transport with the current frontiers of scientific
discovery, providing inspiration and facilitating future ventures to harness the anisotropic attributes of
organic semiconductor crystals in the design of pioneering photovoltaic and photonic devices.
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Solar cells offer a promising, clean solution to the global energy crisis by converting incident solar
radiation into electricity which can be stored and harnessed. Since their conception, their efficiency has
been on an upward trajectory. The first generation of solar cells, typically polycrystalline or single-
crystalline silicon, where a pn-junction is used to convert incident photons into electrical current. Due to
their extended use and commercial optimization, first-generation photovoltaics are also some of the most
efficient. However, they are still bulky, resource-demanding, and out dated. Second generation solar cells,
thin film pn-junction systems, are made of amorphous silicon or other semiconductor thin films, constructed
in multiple layers to maximize incident light utilization. Initially, second-genration cells possessed an
economic advantage over their predecessors which compensated the slightly reduced conversion efficiency.
However, this is not the case any more which has rendered most photovoltaics of this kind obsolete. The
third genration of solar cells includes engineered materials such as those with multiple junctions, dye
sensitization, quantum dots, perovskites, and organic semiconductors. These photovoltaics offer a wide
range of applicability, efficiency, and affordability. One such branch of third-generation solar cells, organic
semiconductors, may still yet achieve excellent conversion efficiency by overcoming the thermodynamic
limit for single-junction solar cells of 30% .!

The third generation of solar cells is varied in the materials employed, from organic semiconductors to
multijunction constructions and from dye molecules to quantum dots. Among the different means by which
third generation solar cells can overcome this efficiency barrier is by generating more than one exciton, or
electron-hole pair, per absorbed photon. The most general case of such a process is impact ionization (II),
where an incident photon with excess energy generates a high-energy exciton, or hot carrier. This hot carrier
can then collide with a nearby molecule and impart some of it excess energy to it, resulting in more than
one generated exciton. Two more precise cases of greater-than-unity exciton conversion are known as
multiple exciton generation (MEG) which occurs in quantum-confined inorganic systems, and singlet
exciton fission (SF) wich occurs in some organic semiconductors such as acene crystals. Both MEG and
SF have been applied to photovoltaic and photonic systems in recent years, and are sometimes even
combined to further enhance overall device performance. For this reason, we believe that it is relevant to
first give an outline of previous work covering MEG and SF as they apply to optoelectronic systems before
comprehensively discussing the anisotropic nature of SF and related properties of acene single-crystals.

1. History of Singlet Fission in Organic Materials

Singlet fission (SF) emerges in molecular systems like chromophores. SF initiates when a high-energy
photon creates a singlet state exciton, an exciton possessing energy approximately twice that of the triplet
state. This singlet exciton then transitions into two triplet excitons, potentially enabling a photon-to-exciton
conversion efficiency of 200%. Microscopically, this phenomenon proceeds from the formation of an
electronically and spin correlated triplet biexciton, !(TT), followed by the dissociation into a spin-correlated
but spatially separated triplet biexciton !(T -+ T), namely quantum decoherence. Eventually, spin
decoherence gives two spin-uncorrelated T; excitons. The mechanism for SF is given by,**
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where Sy represents a ground state, S; is a singlet exciton, Ty is a triplet exciton, (TT) is the electronically
and spin correlated triplet biexciton that has overall singlet spin, and '(T--T) is the spatially separated triplet
biexciton with overall singlet spin. In the fission process, the S; loses energy to an adjacent S, such that
both are converted to the triplet state at rate kg, forming the correlated pair. With rate kqp, the pair
undergoes quantum decoherence (QD) to !(T--T) which can be further extracted as electrons for light-to-



energy conversion as . If §; > 2T, then the process is exothermic and favorable. If this is not the case, the
SF process is endothermic and requires assistance in the form of additional energy or an intermediate state
to be completed. The precise mechanisms for the formation of !(TT) adn its dissociation into (T;+ T;) have
been studied extensively depending on the material and are discussed in detail in the literature.> °-!! Similar
to MEG in inorganic semiconductors, SF is a potential way to increase photovoltaic efficiency.

The potential of SF to double photovoltaic output and overcome the thermodynamic limit of ~30%
efficiency,!? potentially boosting the photovoltaic power efficiency of a single junction solar cell to over
40%, makes it significant in the field.'> '* The origins of SF can be traced back to polyacene molecular
crystals, initially employed to interpret exciton and fluorescence behaviors of anthracene under laser
radiation,'® and later confirmed through the explanation of nonradiative decay of crystalline tetracene.'¢
While studies in the 1970s affirmed the presence of SF in tetracene!” '8 and perylenes,! it was not until
much later that value of SF in photovoltaics was recognized, triggering more research.?’ These benefits of
SF include creating double the excitons compared to absorbed photons, spin-forbidden relaxation from the
triplet state, and the triplet state's longer lifetime, providing an extended window for carrier separation.? A
recent upsurge in SF research is evident, surpassing publications on MEG around 2015, as demonstrated in
Figure 1. Over the past few years, many reviews have been published in the field of SF research. The first
major review of the field was conducted by Smith and Michl in 2010, which provided a comprehensive
overview of spin physics, chromophores, and spectroscopy in the field.> Since then, the field has made
significant progress and expanded, resulting in the publication of numerous specialized reviews including
several recent ones covering SF.?!%

The first application of SF in a potential photovoltaic device showcasing over 100% internal quantum
efficiency (IQE) came to fruition in 2009,>* with a multilayer organic semiconductor composed of
pentacene and Cgo components. Note that IQE pertains only to the conversion from one singlet to two
triplets, excluding recombination post-SF.? In the case of pentacene, its exothermic SF process boosted the
likelihood of increased QE. Thirty bilayers of pentacene and C¢o comprised the absorptive material in this
construct, and the compatible absorptions of these materials facilitated high absorption across almost the
entire visible spectrum. This accomplishment motivated further SF research, aiming to incorporate such
materials in next-gen solar cells. Following the influential review by Smith and Michl,? SF research gained
substantial attention and progressed significantly. Another polyacene, tetracene, was later incorporated in
an SF-based organic solar cell's design, paired with copper phthalocyanine and Ceo.? In this design, the
phthalocyanine complex facilitated the transportation of generated triplet excitons from the tetracene layer
to the Ceo layer, broadening the absorption spectrum into the red wavelengths. This phthalocyanine addition
also offset the voltage potential reduction by SF. This breakthrough introduced another compatible layer to
the polyacene/bucky ball system for enhanced solar conversion efficiency. It also showed that a "blended"
tetracene/Ceo layer retained efficient SF activity while simplifying fabrication.

In terms of SF materials, tetracene has a very useful triplet excitation energy of 1.2 eV.? The first
steadfast use of tetracene for SF in photovoltaics was in 2014, where it obtained an IQE of nearly 130%.
This report also demonstrated that thicker layers of tetracene must be used than could be with pentacene as
the SF process is considerably slower. On the other hand, it was later observed that a tetracene polymer
exhibited much faster SF than the monomer thin film while retaining high triplet excitation energy.?
Tetracene has also been introduced into a layered device with silicon, however it did not provide any notable
improvement to the system.? Luckily, there was a breakthrough in SF devices in 2019 which used sub-
nanometer hafnium oxynitride between the tetracene and silicon layers and boasted an impressive 5.1%
power efficiency and 13.3% EQE, reinstating tetracene as a viable SF material in solar cell devices. Rubrene,
a polycyclic aromatic hydrocarbon, has also been used in SF devices with some potential. Using a different
organic layer to generate a singlet which would then generate two triplets in the rubrene layer, it was shown
that the addition of rubrene more than doubled the EQE, reaching 27.6%.%* This efficiency was optimized
even further by combining rubrene with Ce to 30% EQE.*' Interestingly, while triplet-triplet annihilation
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(TTA) was found to be significant cause for decreased efficiency in rubrene, the effect actually promoted
charge separation in amorphous rubrene, improving its EQE over crystalline rubrene where SF was low.*
Returning the focus to pentacene, the first demonstration of EQE >100% was in 2013.% This device used a
pentacene thin film for SF, a poly(3-hexylthiophene) (P3HT) layer for exciton confinement, and a fullerene
acceptor layer, 109% EQE was achieved after obtaining a 160% IQE from nearly 200% triplet yield.
Another source of loss in efficiency for photovoltaics, with or without SF, is simply through the reflection
of incident light by the device surface.

SF also offers avenues for enhancing photonic devices.*** To boost SF performance in pentacene, PbS
and PbSe nanocrystals have been successfully integrated into layered devices by capturing triplet electrons
through visible light and IR absorption.** The system's efficiency was further improved by adjusting the
nanocrystals' size to align their energy gap closely with the triplet state.’® 37 This configuration, using a
pentacene derivative, set a new record with 4.8% power efficiency. In an innovative approach, an organic
(pentacene) and inorganic (silicon) photovoltaic cell were combined to achieve a maximum power
efficiency of 5.1%, with the cells connected electrically in parallel but optically in series, so the light passed
first through the organic layer.*’ In a later instance, rubrene was used to generate triplet excitons which
were then transferred to a receptor that provided radiative recombination, producing photons in the near-IR
at over 100% efficiency.*! With applications of SF devices branching far and wide into photovoltaics and
photonics, this process must be robustly understood for as many materials as possible to continue to push
forward in applications frontiers.

Most of the studies of SF focus on polycrystalline thin films of organic semiconductors. The
photophysics observed in polycrystalline samples may differ from those in single crystals due to various
factors, such as the presence of defect sites and interfaces that could accelerate SF. Single crystals,
conversely, provide certain advantages. These include minimal defects, which promote more accurate and
reliable experimental results, and greater comparability with theoretical models, allowing for deeper
insights into the photophysics of SF. Furthermore, due to the continuous crystal axes, single crystals
facilitate the observation of anisotropy more readily. This could result in a greater dependence of the excited
state transition dipole orientation on the crystal orientation, offering a new dimension of investigation.

This review will focus on these anisotropic characteristics in polyacene single crystals. Specific topics
of focus will include Davydov splitting, anisotropic SF, and anisotropic exciton diffusion, which provide a
fresh perspective on the mechanisms of SF and potential paths for optimization in photovoltaic applications.
We will start with a thorough theoretical analysis of SF. Then, the anisotropic effects in single crystalline
organics will be discussed as they pertain to Davydov splitting, Herzberg-Teller effects, SF, and triplet
diffusion. Lastly, we will provide our perspective on current unanswered questions facing SF research.

2. Theory of Singlet Fission
2.1 Functional Mode Singlet Fission Theory

Based on functional mode analysis,* a theory has been developed to better understand the process of
electron transport in semiconductor systems as well as the involvement of vibronic coupling strengths
therein, which is referred to as functional mode electron transfer theory (FEMET).* FEMET has been
successfully extended to apply to hot electron transfer under nonthermalized conditions.* More precisely,
the electron injection rate from a photoexcited dye molecule into anatase TiO, was found to depend on
incident photon energy. Here we extend this theory to model SF processes, including multiple spin
configurations which participate in the generation of multiple excitons.

The reaction coordinate, V, of an electron transfer or spin transition process between donor, ¥;,, and
acceptor, W,,, diabatic states can be formulated as a linear combination of all vibrational normal modes:*
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where the expansion coefficient, c;, indicates the relative contribution of the i*" vibrational mode, I7i, to
the degeneracy of vibronic energy that is required for a non-radiative transition. Here, the vibrational modes
were determined by diagonalizing the mass-weighted cross-correlation matrix of atomic displacements in
a molecular dynamics trajectory. By following the functional mode analysis method,* V is ascertained
through maximization of the Pearson’s correlation coefficient, R, which is defined as

cov(py(6)4Epa(D))

R = , 3)

Oy OAEp 4

where py(t) = (F(t) — (7)) - V is the projection of instantaneous nuclear configuration #(t) on V,
AEp,(t) = Ep(t) — E4(t) is the instantaneous diabatic energy gap, cov (py(t),AE DA (t)) is the

covariance function between py and AEp,, with their standard deviations denoted as oy and oyg,, ,
respectively. The search for the maximum value of R reduces to solving a set of linearly coupled equations:

Vb ¢ cov (pV (0).py, (t)) = cov (AEDA(t),ij (t)) J=1 Ny @)

Due to the multiexciton character of the acceptor, 1(T;T;) is constructed through a
multiconfigurational constrained density functional theory-based approach.*> % To be specific, a spin-
polarized Hartree potential was applied to a pair of adjacent chromophore molecules to achieve a net spin
difference of +4 (or -4) between them as quantified by Becke population analysis.*” The resulting molecular
orbitals were then adopted as building blocks to construct the six constituent spin configurations of
the 1 (T, T;) state through spin flips. Construction of the donor S,S; state was accomplished by using linear-
response time-dependent density functional theory (LR-TDDFT) to determine its molecular orbitals via
excitation of multiple Kohn-Sham electron-hole pairs.*

Because of thermodynamic reversibility, the free energy gap between the S,S;and *(T;T;) states,
AGg s, 1(r,1,) 18 given by

AGSQS]_—>1(T1T1) = AGSQS()—)l(TlTl) - (AESOSO—)S()S:[ - AETR) 4 (5)

where AGg g _1(r,71,) 1s the gap between SpSpand 1,1, AEg, 5,55, 18 the vertical excitation energy,
and AErp is the thermal relaxation energy at §p5;. Although it is trivial to calculate both AEg s, 5,5, and

AErg using LR-TDDFT,* the thermodynamic integration method* must be utilized to compute
AGg, 5,1 (r,1,) through a linearly mixed Hamiltonian, Hy;y (), that spans over eleven sampling windows

of 10-ps each with evenly spaced values of 17 :
Hix () = (1 = mHs,s, + nHrz, - (6)
After sampling the gradient of Hy;, () along Hyixc (), AGg,s,-1(r,1,) 1S Obtained by discrete summation:

_ N OHmix (1)
AGSOSO—>1(T1T1) = 2121 (T)n- an; . (7

Without any additional simulation, the reorganization energy, A, can be also deduced:



A= (Hnix(n =1) — Hpixy(n = 1))11=0 + AGSOSO—>1(T1T1) . (®)

Moreover, using the extended Slater-Condon rule® for non-orthonormal molecular orbitals (see Supporting
Information), { *(TyTy)|Hy|SoS; ) is simplified to the sum of couplings between selected spin configurations:
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In order to ensure rigorous orthogonality between 1(T;T;)and S,S;, a revised expression’! that affords
orbital renormalization is adopted:

T ofsosy) = [3(Zrsrsries), (10)
where
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Once the free energy gap, AG,, reorganization energy, A, and electronic coupling strength, J, associated
with the SyS; — (T, T,) transition are all determined, we are ready to evaluate the overall SF rate, kg,
using either the Jortner formula for strong vibronic coupling (4 > h®) or the energy-gap law for weak
vibronic coupling (1 K hw)).*

2.2 Perturbation Theory for Mediated Coherent Vibronic Transition

According to Fermi’s golden rule, the direct transition rate, k;_, s, between initial and final vibronic states
is given by the first-order perturbation theory:

kiny = (0| Ao (obl0d 0y (12)

where ¢, and ¢,, denote the electronic and vibrational wavefunctions, respectively, and py is the density

of states. Specifically, the electronic coupling strength can be quantified as | = (<p£|ﬁ |<p£ ), whereas the
Vibrational wavepacket overlap, or the so-called Franck-Condon factor, can be expressed as

= (¢} |<pv )2. If the same orthogonal basis vectors, {v]} are adopted for both ¢} and (pv ,

FC=3; i)y =3 vi|v])?, (13)



enabling the decomposition of FC onto individual vibrational modes. Interestingly, if a particular
vibrational mode, v;, is orthogonal to the designated reaction coordinate, I_?)if , associated with the
nonadiabatic { - f transition, the corresponding mode-resolved FC;; = (v]-i|v]f ) vanishes due to the
complete directional misalignment between the initial and final vibrational wavepackets. By contrast, FC;;
is maximized when v; coincides with ﬁi - Therefore, any deviation of v; with respect to ﬁi s can be treated
as an out-of-plane rotation of the vibrational wavepackets that results in their diminished overlap and thus
areduced FC;. If ﬁif itself is expressed as a linear combination of {vj}:

Rif = Z] Ciﬁj , (14)
the rotation angle, 8.°¢ = ¢, due to the unavailability of a single vibrational mode, vy, is given by 8°¢ =

sin~! cZ where ¢y, reflects the mode’s relative vibronic coupling strength. In a similar fashion, if the i > f
transition is coherently mediated by a non-degenerate intermediate vibronic state, m, the second-order
perturbation form of the Fermi’s golden rule reads:

27)%J% fFCimFC
m _ im/mfrtimtfbmf
i»f — h’AErzni Pf; (15)

where AE,,; = E,, — E; is the energy gap that governs the strength of vibronic mixing between the initial
and final states facilitated by the intermediate. Interestingly, since

FCimFCony = X0} o/ Y2 (0 1v] )2, (16)

only the vibrational modes that align well with both ﬁim and ﬁm s can leave appreciable footprints during
this two-step coherent process. From a practical standpoint, the intermediate state, m, serves as a “coherence
filter” that blocks the transfer of coherence for all vibrational modes that are uncritical to the mediated i —
f transition. Experimentally, the “coherence filter” could be implemented by selectively polarized photo-
exitation in anisotropic single crystals.



3. Experimental Methods for Singlet Fission
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Figure 1. Schematic diagrams of (a) transient absorption microscope, (b) transient
absorption imaging, and (c) femtosecond stimulated Raman scattering microscope
setups.

Reproduced from [A. A. Cassabaum, K. Bera, C. C. Rich, B. R. Nebgen, S. Y.
Kwang, M. L. Clapham, and R. R. Frontiera, “Femtosecond stimulated Raman
spectro-microscopy for probing chemical reaction dynamics in solid-state materials,”
J. Chem. Phys. 153 (2020) 030901.] with the permission of AIP Publishing.

With the main concern of this article being the anisotropic nature of organic semiconductor materials,
methods for investigation must be able to accurately define crystal axes. In acene single crystals, individual
crystalline domains suitable for transmission spectroscopy measurements have sizes on the order of tens of
microns.’*** However typical optical spectroscopy setups employ spot sizes greater than 100 pm, which
would result in signal mixing among multiple crystal domains and not obtain the spatial resolution required
to observe anisotropic behaviors. For these reasons, common methods for polarization angle-resolved
spectroscopy of crystalline acenes often employ microscope objectives to achieve micron-scale spatial
resolution. Here we will briefly describe the principles of transient absorption and femtosecond stimulated
Raman microscopy methods.>?%’

3.1 Transient Absorption Microscopy and Imaging

TA microscopy setups are similar, with additional measures to control the time at which the pump and
probe lights are incident on the sample.>*>* With TA being a method for observing electronic properties of
excited states, it is useful to have a reference of the absorption or transmission spectra of the material in the
UV-vis range. A schematic of a general TA microscope is shown in Figure 1(a). First, a seed femtosecond
laser is divided to generate the pump and probe pulses. Different methods are used to obtain the desired
wavelength of the pump pulse, such as an optical parametric amplifier (OPA). The pump pulse is also
directed through a motorized translation stage which provides precise adjustment of the optical path length,
thereby controlling pump-probe temporal delay. It is often desirable to have a broadband probe pulse, so
measures are taken to generate a white light continuum from the original seed laser. The pump and probe
pulses with controlled polarizations are then directed collinearly through the microscope objective to the
sample. Another microscope objective is used to collect the transmitted probe light which is then directed
to the detector. Precise synchronization of the laser, an optical chopper, and the detector allow the collection
of absorption (or transmission) spectra with and without pumping the sample, which allows the user to then
calculate the change in absorption (or transmission) of the sample with respect to the pump pulse. An
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additional reference is sometimes used in TA experiments which redirects a weak portion of the probe light
around the sample and to the detector to provide a reference of the incident spectrum for every collected
sample spectrum. To achieve sample imaging in the same TA microscopy setup, beam splitters are inserted
into the collinear light path before the sample to introduce an illumination source which is directed to its
own separate camera for optical image collection.*® 3* To collect UV-Visible spectra for single crystals, a
lamp and/or LED light with tunable intensities are usually aligned into the microscopy setup, and
measurements can be taken before the sample to obtain the desired polarization of the incident light.>* The
illumination is then focused through a microscope objective to a spot with a diameter of tens of um, striking
the sample normal to the surface. A collection objective is then used to gather the transmitted light before
it is directed to a detector such as a spectrometer fitted with a charge-coupled device (CCD).

TA imaging is usually used to study exciton diffusion and transport, and spatial heterogeneity with
microscopic resolution in a sample.’® %° A schematic of a general TA imaging microscope is shown in
Figure 1(b). Instead of employing a broadband probe, a narrowband pulse is used to study specific regions
of the TA spectrum. To study exciton diffusion and transport, the probe pulse is directed through a pair of
galvanometer mirrors as shown in Figure 1(b), which provides minute changes in the angle of the incident
light. Such small changes are made to systematically illuminate different parts of the sample. The
subsequent TA signal is then detected by a photodiode and its responses are correlated with the
galvanometer position to compile a TA image map. To study structural heterogeneity in a sample, the pump
and probe pulses are kept stationary, and the sample is moved using a piezoelectric translation stage. This
allows different regions of the sample to be investigated by the TA microscope and an image is compiled
to map out is characteristics. Instruments for exciton diffusion studies have a higher spatial resolution by
design while those studying heterogeneity cover more area to investigate the sample on a slightly larger
microscopic scale.362

3.2 Femtosecond Stimulated Raman Microscopy

Femtosecond stimulated Raman spectroscopy (FSRS) uses ultrafast laser pulses to study the excited
states of a material by observing changes in vibrational modes of an excited material.®*® Opposed to TA
and other electronic techniques, FSRS can be used to investigate vibrational dynamics in SF systems.®® A
schematic of an FSRS microscope is shown in Figure 1(c). FSRS employs three incident laser pulses: an
actinic pump which excites an electronic mode of the sample as the TA pump does, a Raman pump, and a
Raman probe. In this case, the difference in frequency between the Raman pump and probe pulses is near
a resonant frequency of structural modes in the sample. Both Raman and actinic pump pulses pass through
individual translation stages to control their temporal delay with respect to the white light Raman probe.
The three polarization-controlled pulses are collinearly incident on the sample through a microscope
objective. The FSRS signal and probe are then collected and directed to a spectrometer and CCD for spectral
detection. The advantage of microscopic FSRS is that it affords the ability to visualize structural differences
and surface defects while precisely orienting the sample’s crystal axis.

4. Singlet Davydov Splitting in Tetracene, Pentacene and Hexacene
4.1 Structural Properties of Tetracene, Pentacene, and Hexacene

Tetracene, pentacene, and hexacene are linear acenes, polycyclic aromatic hydrocarbons (PAHs) composed
of fused benzene rings in a linear arrangement. These acenes share several common properties that
contribute to their potential applications in organic electronics and semiconductors. They possess a planar,
rigid structure with extended m-conjugation, leading to high charge carrier mobility and unique
optoelectronic properties.®®%® With increasing number of fused benzene rings, these acenes exhibit a
redshift in their absorption and emission spectra, which results in distinct colors ranging from yellow to
dark green.’*3* % As shown in Figure 2, both the singlet and triplet energy levels decrease from tetracene
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to hexacene. For tetracene, the singlet state lies at approximately 2.32 eV, while its triplet state is at about
1.25 eV. Pentacene has a singlet state energy of around 1.86 eV and a triplet state energy of roughly 0.86
eV. Hexacene, the larger acene among the three, has a singlet state energy of about 1.46 eV and a triplet
state energy level close to 0.5 eV. Their chemical stability decreases with an increasing number of benzene
rings, making pentacene and hexacene more susceptible to oxidation and degradation in ambient conditions
than tetracene.”® ! Tetracene, pentacene, and hexacene are all SF materials. Their extended pi-conjugation
allows for strong electronic interactions between the molecules and facilitates efficient SF. Efficient SF is
also facilitated by their relatively low-lying triplet state energy.’® "> 7* Additionally, these materials are
absorptive in the visible region, making them attractive for use in solar energy conversion devices. 3 3%
74,75 Despite these shared properties, there are also differences in the SF behavior of tetracene, pentacene,
and hexacene, which depend on factors such as crystal packing and molecular morphology. Understanding
and optimizing these differences can lead to improved SF performance and the development of more
efficient and scalable solar energy conversion technologies.

. 2xT,
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Figure 2. Energy level diagrams depicting the singlet and triplet energies of
tetracene, pentacene, and hexacene.

5.2 Basic Concept of Singlet Davydov Splitting

Davydov splitting (DS) was defined as “the splitting of bands in the electronic or vibrational spectra of
crystals due to the presence of more than one (interacting) equivalent molecular entity in the unit cell” by
IUPAC.” 7" This coupling leads to a splitting of the energy levels of the excitations, which can have
important implications for the optical and electronic properties of the crystal. The splitting is determined
by different spatial orientations of anisotropic molecules in the crystal.”® The magnitude of this splitting
depends on several factors including temperature and pressure.” ® At low temperatures®® and high
pressures,” for example, the splitting can be significantly larger than at standard temperature and pressure.
In molecular crystals with more than one molecule per unit cell basis, the interaction of translationally
inequivalent molecules leads to DS in the excitonic states.”” This splitting results in not only distinct energy
levels but also different polarizations, which are the manifestation of the crystal's symmetry or the structural
anisotropy of the crystal. For acenes, the existence of two non-equivalent molecules per unit cell in these
crystals leads to two optical transitions primarily polarized along the two directions of the herringbone ab-
plane as shown in Figure 3(a).

DS with excitation normal to the ab-plane ranges approximately 630 cm™ (0.078 eV) in tetracene,* 8"
82 roughly 1100 cm™ (0.136 V) in pentacene®>** and 1160 cm™ (0.144 eV) in hexacene®> ** for the lowest
vibronic (0—0) transition. An extensive analysis of the DS in oligoacenes was previously conducted by
Schlosser and Philpott,®> who concluded that a reasonably good agreement with experiment could only be
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achieved by including higher-lying Frenkel (i.e., molecular) excitations for tetracene and pentacene.
However, Schuster et al.®, employing inelastic electron scattering on pentacene crystals, revealed the
limitations of a purely Frenkel exciton model in accounting for the exciton dispersion, suggesting the need
to incorporate coupling to intermolecular charge-transfer (CT) excitons. In crystalline oligoacenes, the
presence of CT excited states was initially demonstrated by Sebastian et al.?”- 3 through electro-absorption
experiments, and more recently, by Zhu and colleagues using time- and angle-resolved two-photon
photoemission spectroscopy.®”* In fact, a strong CT contribution to the DS of tetracene was suggested by
the theoretical work of Petelenz et al.”! in the late 1980s. A more recent theoretical analysis for pentacene
by Tiago et al.” also highlighted the significance of CT to DS. However, vibronic coupling, which greatly
influences DS, was not included in these two studies. More recently, more quantitative studies by Spano
and co-workers were able to reproduce both 0-0 DS as well as 0-x vibronic intensities for oligoacenes by
considering particle states, Frenkel bands, and vibronic CT states.’> °* In the following section, the details
of the singlet Davydov splitting in tetracene, pentacene and hexacene are reviewed.

5.3 Singlet Davydov Splitting in Tetracene Single Crystals
(b)

630 cm”
— -—

b

0-0
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"

Absorption

20000 25000 30000
wave numbers

Figure 3. (a) Diagram of the crystal structure of crystalline tetracene
with the @ and b axes are slightly obtuse at y = 94°, (b) comparison of
solution-phase (dashed) and crystalline absorption spectra along (solid
black) and perpendicular to (solid red) the b-axis showing Davydov
splitting of 630 cm™.

Reproduced from [H. Yamagata, J. Norton, E. Hontz, Y. Olivier, D.
Beljonne, J. L. Brédas, R. J. Silbey, and F. C. Spano, “The nature of
singlet excitons in oligoacene molecular crystals,” J. Chem. Phys. 134
(2011) 204703.] with the permission of AIP Publishing.

In solution, the absorption spectrum of tetracene shows a single peak at around 435 nm,*! corresponding to
the lowest energy singlet excited state. However, in crystalline form, this transition is represented by two
distinct peaks at around 435 nm and 455 nm,*"** as shown in Figure 3(b). This splitting is known as
Davydov splitting (DS) and it arises from the coupling between electronic excitations and lattice vibrations.
The nature of this coupling depends on several factors, including the crystal structure and orientation, as
well as the nature of the electronic excitations themselves. The absorption spectra of tetracene single crystal
was first reported in the 1950°s”” and the DS of its 0-0 band was found to be 575 cm™ (0.071 eV). In 1965,
Ohigashi ef al. studied the effect of pressure on DS in tetracene single crystals.” They found an increase in
DS with increasing pressure, where the observed value was 200 cm™ (0.025 ¢V) under the pressure of 5.2
kbar. In 1969, Philpott investigated the contribution of dipole-dipole interactions to the DS of various
molecules including tetracene.” Using the classical theory of exciton states, the Bose character of molecular
excitons was assessed and the calculated DS values aligned well with experiments for anthracene and
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tetracene and suggesting the importance of dipole-dipole interactions in DS. Schlosser and Philpott %3
conducted a more comprehensive analysis of the DS in oligoacenes and found that, for tetracene, the DS is
mainly influenced by crystal-induced mixing with higher-lying Frenkel excitations. It was found that
splitting is dependent on both dipole-dipole and nonpolar interactions.

In tetracene crystals, it has been shown that there is a significant charge transfer (CT) character to the
lowest energy exciton.®” ?° This indicates a transfer of electron density from one part of the molecule to
another upon excitation. This CT character leads to an increased sensitivity to lattice vibrations, which in
turn leads to larger DS. Recently, DS in tetracene crystals was re-examined by Yamagata ef al.”® Using all
Frenkel couplings, calculated spectra revealed a -32 cm™ vibronic band for the lowest energy transition DS
in tetracene, much lower than previous measurements. Additionally, the predicted spectrum had the
incorrect sign. However, when Frenkel-CT coupling is considered, the agreement with the experimental
results is greatly improved, giving a value of 601 cm™ (0.075 eV) compared to the experimental value of
631 cm™ (0.078 V). Such inclusion also resulted in the relative spectral intensities of the 0-n vibronic
components being nearly reproduced. The theoretical study shed new light on DS by providing detailed
calculations of the exciton properties in tetracene crystals.

5.4 Singlet Davydov Splitting in Pentacene Single Crystals

Although the optoelectronic properties of pentacene have received much attention, few reports of its
polarized absorption spectra have been made.®* *> ¢ Such published spectra are challenging to analyze
beyond the 0-0 DS, which is reportedly 1000-1100 cm™ (0.124-0.136 €V). In a recent study, the polarization
dependence of the absorption spectrum in crystalline pentacene was examined by Hestand et al.>? Figure
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Figure 4. (a) Experimental and calculated absorption spectra of solution phase pentacene, (b)
polarized absorption spectra of crystalline pentacene along the a and b crystal axes exhibiting
Davydov splitting (DS), (c) crystalline structure of pentacene viewed along its c-axis,
comparison of experimental and simulated polarized absorption spectra of pentacene single
crystals along (d) and perpendicular to (e) the b-axis.

Reproduced with permission from J. Phys. Chem. C. 119 (2015) 22137. Copyright 2015
American Chemical Society.

4(a) displays the absorption spectra of pentacene in the solution phase and compares experimental and
simulated results. A vibrational progression around 17,000 cm™ (2.11 eV) can be observed which is
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associated with a vibrational energy of 1380 cm™ (0.171 V), the symmetric ring stretching mode. Figure
4(b) compares the experimental absorption spectra for crystalline pentacene samples along and normal to
the b-axis. The crystal structure of pentacene is shown in Figure 4(c) for clarity.

Using a Frenkel/CT Holstein-style Hamiltonian, the polarized absorption spectra of crystalline
pentacene were calculated along and normal to the b-axis. The simulated and experimental spectra are
compared in Figures 4(d) and (e). The calculated spectra qualitatively align with the experimental data for
both polarizations and capture both DS and shape properties including peak positions and intensity ratios.
From these observations, it was determined that in oligoacenes, generally, upper and lower Davydov
component polarizations depend on the relative signs of the electron and hole integrals which connect
molecules in sublattices. It was also shown that elevated CT content in S; was responsible for DS along the
b-axis which agrees with unpolarized absorption spectra.

5.5 Singlet Davydov Splitting in Hexacene Single Crystals

Polarized reflection experiments were conducted on hexacene single crystals in 2014 by Busby et al. to
investigate its DS character.3* It was found that the intensities of the peaks at 1.44 and 1.60 eV are dependent
on polarization, asserting the presence of a Davydov doublet of 160 meV DS energy. Possibly indicating a
high degree of CT in hexacene. The DS value of hexacene is greater than those of tetracene and pentacene
which are about 80 and 130 meV, respectively. Polarization-dependent reflection spectroscopy has also
been conducted on single crystalline hexacene at cryogenic temperatures by Chernikov et al., resulting in
even higher DS energy.?’ After using a multi-Lorentzian model to quantitatively analyze the anisotropic
transitions, it was suggested that the response indicates a significant dispersion in the electronic band
structure that increases intermolecular interactions. The DS of 180 meV of hexacene single crystals at low
temperatures furthers the strong CT character of the low-lying excitations.®

(a) (b)
2.5 al al=761 nm
ad b1=835 nm
—_ a Davydov Splitting
5 20 ~ 144 meV
&
g 15
g b1 — alongb-
é i — — Theoretical b
2
<
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Figure 5. (a) Crystalline structure of hexacene viewed along its c-axis, (b) comparison of
experimental (solid) and simulated (dashed) absorption spectra of single-crystalline hexacene along
the a (blue) and b (red) axes.

Reproduced with permission from iScience 19 (2019) 1079. Copyright 2019 Elsevier.

Single-crystalline hexacene was also recently investigated using polarization-resolved transmission
spectra.> The crystalline hexacene triclinic unit cell is shown in Figure (a). Using a transient absorption
microscope, the absorption spectra shown in Figure 5(b) were collected along the a- and b- axes which are
displayed along with their theoretical counterparts. It should be noted that the a- and b-axes are reversed
compared to the previously shown pentacene structure. A clear anisotropy is observed between the
perpendicularly collected spectra shown in Figure 5(b). Comparing the al and b1 peaks at 761 and 835 nm,
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respectively, reveals a DS shift of 144 meV which is interestingly lower than that observed in the reflection
experiments.

5.6 Herzberg—Teller Effects in Tetracene, Pentacene, and Hexacene

Vibronic coupling has a major impact on the process of SF in crystalline acenes and is manifested through
the Herzberg-Teller (HT) effect.’® 37-97-1% The selection rules of vibrationally resolved electronic transitions
depend heavily on molecular symmetry, especially when the molecular dependence of the electronic
wavefunction is treated with Franck-Condon (FC) factors, FC/HT interference, and HT coupling.
Accordingly, calculations have shown that HT considerations can greatly impact the photophysical
description of polyacenes, where first- and second-order photoluminescence quantum yield calculations
were contradictory to each other for naphthalene, anthracene, and tetracene.!®! It was shown that although
all three acenes exhibited a quantum yield near 100% at the FC point, the inclusion of HT effects resulted
in values near 10% for anthracene and tetracene, but that for naphthalene was around 90%. Further
investigation showed that the lack of consideration of HT effects resulted in the overestimation of efficiency
due to inadequate accounting for strong second-order contributions. Such a strong impact on the
photophysical description of acenes indicates that HT effects should also be considered in SF scenarios for
polyacenes.

Considerations have also been made to investigate the HT-effect on the vibrationally-resolved
absorption of pentacene single-crystals.’® Using HT theory to include contributions from FC factors, FC/HT
interferences, and HT coupling, vibronic coupling encoded in polarized UV-absorption spectra at different
temperatures was resolved. All modes which were strongly coupled to the lowest energy excitons along the
crystalline a- or bh-axis were found to oscillate along their respective axes. By inspecting the absorption
spectra at different temperatures, the authors underscored the importance of destructive FC/HT interference
at elevated temperatures which may suppress electronic transitions. This work also demonstrated good
agreement between experimental spectra and those calculated by considering HT effects, corroborating a
relationship between such effects and SF characteristics in crystalline acenes.

Such HT effects have been investigated for hexacene single crystals as well.>” Using polarized visible-
near IR microscopy and calculated spectra, both at different temperatures, dominant HT contributions to
spectral features were observed. By using a quasi-harmonic approximation, coefficients of thermal
expansion were calculated for individual hexacene unit cells at low and room temperatures through
Helmholtz free energy minimization. Density functional theory was then used to obtain phonon modes for
each temperature and other calculations were performed to obtain electronic transition dipole moments and
their nuclear gradients. Through combining FC factors, FC/HT interference, and HT coupling into HT
vibronic theory, complete absorption spectra were calculated for single-crystalline hexacene, which agreed
well with the experimental spectra. This work not only solidified the correlation between HT effects and
the intricate photophysics for crystalline acenes but provided a theoretical framework by which such
correlations can be explored.

To study the impact of molecular symmetry on HT-affected absorption spectra in acenes, considerations
have also been made for mono-brominated tetracene, pentacene, and hexacene.’” This work showed that
the loss of symmetry from bromination provided more FC/HT interference thorough vibrational normal
modes and increased HT coupling through pairs of such modes. A linear relationship was observed between
FC/HT intensity and acene size by projecting the vibrational normal modes to their irreducible
representations. Furthermore, the relationship between HT intensity and acene size was found to be
quadradic in nature. These calculated correlations aligned with numerical simulations which exhibited an
increased agreement with experimental data upon inclusion of HT theory. It was also found that the FC
intensity was weaker than FC/HT and HT intensities for the reduced-symmetry species depending on
excitation energy, solidifying the need for HT theory in understanding vibronic coupling.

14



While HT effects impact SF activity in linear acenes, the direct theoretical modeling of the vibronic
states of a multi-exciton correlated triplet pair remains challenging due to the desired conservation of its
singlet spin state (S=0) beyond the vibrational overlaps. For these reasons, we do not further discuss the
theory of HT effects here, and refer the interested reader to work relating such phenomena to vibronic
coupling in pentacene and hexacene.*® 5’

5. Anisotropic Singlet Fission in Acene Crystals

In section 5, singlet Davydov splitting and Herzberg—Teller effects were discussed for tetracene, pentacene
and hexacene single crystals. In this section, we will focus on anisotropic SF in those polyacene single
crystals.

6.1 Quantum Decoherence of the Correlated Triplet Pair: Redfield Quantum Dispersion Theory

The process of SF, the generation of two triplet excitons from one following singlet exciton can be
described as the chemical reaction in Eq. 1. According to Redfield quantum dispersion theory, kqp is
approximated by>?

AE_
2wy AE eknT
~ 14
kQD ~ AEZ_'_hZa%( AE 5 (17)

ekpT—1

where AE is the energy difference between the initial and final states of the QD process, A is the
reorganization energy, and @), is the system-band coupling energy. # is the reduced Planks constant, kj, is
Boltzmann’s constant, and T is the temperature in Kelvin. If we assume that the decoherence of the
correlated pair is strictly the result of vibronic coupling, functional mode analysis can be used to determine
@yp. Sun et al. used this method to determine that QD was mostly driven by slow vibrations of @,< 50 cm’
in crystalline hexacene, concluding that the QD was brought about by electron-hole interactions. It was
also found that AE along the a-axis was nearly twice that of AE along the b-axis. Even though the
heterogeneity factor, the ratio of koo along the b- and a-axes, kqp ,/kqp,q, Was a variable in calculations
but a constant experimentally, the calculated values were well within the range of experimental values.

The coherence of the singlet fission process in acenes has mixed viewpoints. Here, we define coherence
as the superposition of two or more states. One such opinion is that the formatin of '(TT) from a localized
(Frenkel) S; is an incoherent process which may contain some charge transfer (CT) character.'>!% On the
other hand, it has been suggested that CT presence can promote the coherent formation of the correlated
pair,'% and has been corroborated for tetracene and pentacene through the observation of nearly coincident
formation of both S; and '(TT) states.” ' Interestingly, Zhu et al. have proposed a mechanism which
combines coherent and incoherent processes: the coherent formation of '(TT) from S; occurs on ultrafast
timescales and begins in the excited delocalized S, and the incoherent likeness happens in 180 fs and begins
in the localized Frenkel S;.!” However, a more straightforward, and likely appropriate view of the coherent
processes is that the S; and '(TT) states are populated simultaneously and therefore their electronic
wavefunctions must be in phase. For the purposes of this review, however, the only coherence which can
be stated with certainty is within the correlated triplet pair, and this coherence is what is refered to in this
review.

6.2 Anisotropic Singlet Fission of Tetracene Single Crystals
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As noted above, crystalline tetracene has a triclinic structure with a herringbone arrangement in the ab-
plane (see Figure 3). Such a structure gives way to anisotropic optoelectronic properties like electron
diffusion® and polarized optical absorption as shown in section 5. Similar materials have demonstrated
anisotropy in excited state exciton behavior due to the polarization of transition dipoles, which is expected
to hold true for tetracene.'® In fact, anisotropic excited states in tetracene were observed by West et al., but
not for rubrene.®> However, transient absorption (TA) spectroscopy has been used by Zhang et al. to address
this anisotropy by studying single crystalline tetracene’s SF dynamics.!” Their TA spectra showed a strong
anisotropic nature for singlet and triplet excitons depending on probe polarization and are displayed in
Figure 6.
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Figure 6. Transient absorption (TA) spectra of single
crystalline tetracene polarized along (top) and perpendicular to
(bottom) the b-axis: (a) 2D pseudocolor plots and (b) TA
spectra at different time delays.

Reproduced from [B. Zhang, C. Zhang, Y. Xu, R. Wang, B.
He, Y. Liu, S. Zhang, X. Wang, and M. Xiao, “Polarization-
dependent exciton dynamics in tetracene single crystals,” J.
Chem. Phys. 141 (2014) 244303.] with the permission of AIP
Publishing.

When the tetracene single crystals were probed along the b-axis, three key features were observed as
shown in Figure 6(a): ground state bleaching (GSB) between 2.2 and 2.3 eV, photoinduced absorption (PIA)
at 1.9 eV, and long-lived PIA at 1.5 eV. However, when probing perpendicular to the b-axis (Figure 6(b)),
no GSB was observed, and the PIA modes were clearly different. To further investigate the impact of probe
polarization, individual TA spectra and time traces were extracted. Polarized TA spectra at different delays
are shown in Figures 6(c) and (d), and time traces at different energies and polarizations are shown in
Figures 7(a-f). For the GSB peak, which represents the Sy — S transition, its polarization dependence is
owed to the dipole arrangement along the b-axis and is too weak to be observed when probed perpendicular
to the b-axis. It was found that the PIA modes may be triggered by excited state absorption (ESA)
representing the S; — S, transition whose polarization dependence results from the symmetry of the S;and
Sy, states. Due to the complexity of S, states, the polarization dependence of the ESA and GSB peaks are
different, as shown in Figure 7(b). On the other hand, the dynamics of the peak at 1.88 eV are similar along
both polarizations.
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Figure 7. Time traces extracted from transient absorption spectra at
different energies for single crystalline tetracene probed along (a-c)
and perpendicular to (d-f) the crystalline b-axis.

Reproduced from [B. Zhang, C. Zhang, Y. Xu, R. Wang, B. He, Y. Liu,
S. Zhang, X. Wang, and M. Xiao, “Polarization-dependent exciton
dynamics in tetracene single crystals,” J. Chem. Phys. 141 (2014)
244303.] with the permission of AIP Publishing.

The long-lived PIA feature at 1.53 eV has been ascribed to the triplet state, and its instantaneous rise
and following delayed rise components are attributed to the transition from S; to S,, states, respectively.'!
The polarization-dependence of the transient data align well with previous assertions of the PIA feature
containing both singlet and triplet contributions.'"! Furthermore, PIA at 1.53 eV observed from
polycrystalline tetracene was much weaker than that of the single crystal sample.!'? This is due to
differences in dipole alignments between the S; = S,, and T; = T,, which causes their contributions to the
ESA feature to be different as well.

By thoroughly investigating the polarized TA data from tetracene single crystals, Zhang et al. could
understand correlations between singlet and triplet populations.!% In fact, they were able to reconstruct the
triplet dynamics by eliminating the singlet contributions to the PIA at 1.53 eV following Wilson’s
approach.''! This showed that dynamical behaviors for both polarizations were similar, excluding amplitude,
and the polarization ratios did not change much over time. It was also found that the reconstructed triplet
signal was proportional to the total density of triplet excitons, and that the time constant of the SF process
was slightly above previously reported values.

Birech et al. also used polarized TA to study the ultrafast excitation dynamics of single crystalline
tetracene around the same time.*® Using optically thin tetracene single crystals, they found that the fission
process can happen in different mechanisms which occur on different timescales, aided by deconvoluting
the TA spectra. It was shown that ultrafast fission channels from the higher Davydov state, which lies
perpendicular to the b-axis, could be identified. Furthermore, the authors demonstrated that vibrationally
excited singlet states, which are suppressed when pumped along the b-axis, could be identified as well.
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Birech et al. also showed that DS occurred at room temperature for tetracene single crystals in the T; — T,
transitions with a value of 0.04 eV.!13

Recently, Wang et al. reported polarized two-dimensional electronic spectroscopy (2D-ES)
measurements on single crystalline tetracene where the method was used to study SF dynamics specifically
in the excited state.!'* This method allowed the authors to probe sub-picosecond dynamics and vibrational
coherences which were determined to be very sensitive to photoexcited states. Their analysis also suggested
that the observed high-frequency mode was coupled to the locally excited and correlated triplet pair states
which may contribute to energy compensation. This work highlighted the importance of the relationship
between exciton/vibration coupling and dipole-dipole interactions in endothermic SF molecular systems.

Comparisons of polycrystalline and single-crystal species of tetracene have also been conducted by
Beardeen et al regarding the material’s photophysical characteristics. " !'* The authors observed a faster
decay rate of the singlet state in polycrystalline tetracene compared to single-crystal samples, as well as a
reduced temperature dependence on the rate.!"® To further examinine the impact of sample structure on SF
in tetracene, the polycrystalline samples were annealed, which resulted in larger crystalline domains that
caused the material to behave more like a single-crystalline sample. These results could also provide some
explanation to observed differences in SF rate in tetracene, ranging from 250 to 300 ps. It was hypothesized
that diffusion of excitions to defect and interface states in polycrystalline tetracene contributed to the
accelerated SF rate. SF of different polymorphs of polycrystalline tetracene has also been investigated by
Arias et al, showing an acceleration of SF with increasing crystal size, depending on the polymorph.'¢
These works highlight the effects of sample morphology and molecular packing on the SF characteristics
of tetracene materials.

6.3 Anisotropic Singlet Fission of Pentacene Single Crystals

Pentacene has been studied extensively as a SF material and is often used as a benchmark for other
systems.*!1: 34 65,75, 117-122 However, most ultrafast experiments have been conducted on polycrystalline
pentacene due to the challenges associated with growing a macroscopic single crystalline sample. In 2014,
Kolata et al. used ultrafast pump-probe spectroscopy to study SF dynamics in single crystalline
perfluoropentacene (PFP).'** For this model system, they demonstrated that anisotropy in the material’s SF
character produces different relaxation mechanisms for different crystal orientations thereby impacting
conversion efficiency. Figures 8(a-b) show the crystal structure for PFP which exhibits anisotropic packing
in the bc-plane, a slip-stacked structure along the b-axis, and a herringbone pattern along its c-axis. Such
an arrangement minimizes interactions between molecules in the face-to-edge direction which only leaves
interactions along the b-axis for contributions to SF. This is manifested in the observed anisotropy in the
linear absorption spectra for PFP shown in Figures 8(c-¢). The spectra along the b- and c-axes, show an
absorption maximum near 1.7-1.8 eV which is ascribed to the singlet state based off the nearby maximum
for the sample in solution. This anisotropy is made even more apparent by the time-resolved differential
absorption spectra along the different crystal axes shown in Figures 8(f-h).

Another pentacene derivative, 6,13- bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene) has also
been investigated using polarized TA microscopy to better understand its SF dynamics.'?* Using a white
light probe with tunable polarization, the authors were able to investigate the anisotropic nature of SF in
this single-crystalline material. It was shown that the correlated triplet pair remained intact for hundreds of
picoseconds before dissociating which was caused by triplet-triplet interactions stemming from the stacking
of morbitals. This work used ultrafast techniques to uncover connections between structure and SF
dynamics, promoting 7z-stacking as a favorable structure when designing SF systems.

TIPS-pentacene single crystals have also been studied using 2D white-light (2D-WL) and TA
microscopies by Jones et al..'? It was found that low-energy singlet states were dispersed throughout the
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microcrystals with higher densities near the material’s edges and defects. They also showed that the spectra
were indicative of the slip-stacked geometry which enhanced CT coupling. Interestingly, the picosecond
kinetics of the low-energy singlet states were similar to those for the (T, T;) which indicated that these
sites were the location for internal conversion. Combined, the 2D-WL and TA imaging were used to provide
population geometry and spatial mapping, respectively. A correlation was found between the crystal edges,
interfaces, and defects with the observed low-energy states, and it was determined that the singlet energies
resulting from the molecular geometry provided a mechanism for resonant energy conversion between
singlet and triplet populations.

Looking intitially at the first singlet resonance, the authors observed bleaching along both b- and c-axes
shortly after excitation. PIA was observed along the b-axis and was indicative of partially delocalized
excitations between two molecules. Photoinduced luminescence (PIL) was also observed at a lower energy
which is typically ascribed to the sharing of excitations between neighboring molecules. Investigating the
dynamics along the a-axis revealed intense PIA at 2.28 eV which was deemed the dipole-allowed Ty — T,
transition.'?® The change in lineshape from asymmetric to symmetric with time was determined to be a
result of dephasing of the correlated triplet pair.'?” 12 The dynamics of the rise of the S} resonance’s GSB
and PIA along the a-axis, which are associated with the correlated triplet pair, happen at the same time
which suggests that the triplet pair is immediately formed upon excitation, before the population of excimer-
like states below the S; state. The authors used a rate equation model to quantify these dynamics and found
excellent agreement with simulations. They concluded that the partially delocalized triplets along the b-
axis were correlated with the stacking geometry, that the dephasing of the correlated pair is observed in the
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Figure 8. Crystal structure perfluoropentacene (PFP) in the (A) bc- and (B) ab-planes. Absorption of PFP
along the (C) b-, (D) c-, and (E) a-axes: linear absorption (open circles), transient absorption (TA) after time
delays of 300 fs (dashed) and 1 ps (solid) for the b- and c-axes. Dashed and solid lines correspond to 1 and
90 ps delay along the a-axis. 2D pseudocolor plots of TA spectra along the (F) b-, (G) ¢-, and (H) a-axes.
Reproduced with permission from ACS Nano 8 (2014) 7377. Copyright 2014, American Chemical

Society.

of nanoseconds.
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More recently, Deng et al. used polarized TA microscopy along with ab initio simulations to study the
impacts of vibronic coupling on SF in single crystalline pentacene.>* They found that SF was facilitated by
a vibrational coherence of 35.0 cm™ which persists for picoseconds. This phonon was found to be facilitated
by a cross-axial CT intermediate state and is the driving force for the QD of correlated triplet pairs.

For the TA experiments, the pump was polarized along the b-axis of the pentacene single crystal sample
while the pump was polarized along either the a- or b-axis. These time- and angle-resolved differential
transmission spectra are shown in Figures 9(a) and (c), where GSB and PIA have positive and negative
magnitudes, respectively. The triplet PIA bands exhibit clear anisotropy in Figures 9(b) and (d), and
suggests the coexistence of two different types of correlated triplet pairs: 1(T;T;),, probed along the b-
axis, and (T, T;) zq» probed along the a-axis. It was found that the 1(T;T;),q triplet pair was 30meV more
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thermodynamically stable than the *(T;T;)ppvariety, which agreed with calculations. Furthermore, this
study reveals notable triplet DS in pentacene through the TA microscopy experiments.
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Close inspection of the TA spectra revealed oscillatory features in the triplet PIA modes with
progressing time, as shown in the time traces for the two polarizations in Figure 10(a). The authors
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Figure 10. (a) Time traces from transient absorption measurements
of single-crystalline pentacene probed along the a- and b-axes
exhibiting oscillations, (b) Fourier-transformations of oscillations
from (a) along the a- and b-axes, time traces after deconvolution of
oscillations probed along the (c) b- and (d) a-axes.

Reproduced with permission from J. Phys. Chem. Lett. 12
3142(2021).). Copyright 2021, American Chemical Society.

performed a Fourier transform on the time traces which revealed a dominant frequency of 34.5 cm™ when
probed along either crystal axis, as shown in Figure 10(b). This feature was attributed to coherent phonons
which accompanied photogenerated excitons. Fittings of the time traces allowed the authors to investigate
both kg and kqp, as shown in Figures 10(c) and (d). When probed along the b-axis, it was found that the
generation of the correlated triplet pair and its subsequent quantum decoherence had rate constants of 8.1
and 5.7 ps’!, respectively. Additionally, the formation rate when probed along the a-axis was 1.5 times
slower than in the perpendicular direction while the QD rates were comparable. Since the rates of QD were
comparable to the pair’s formation, it was concluded that both processes are of about equal importance in
pentacene single crystals. The authors then went on to calculate the QD rate constant by assuming that the
process is mainly driven by vibronic coupling between 1(T;T;) and the surrounding heat bath using
Redfield dispersion theory. Interestingly, they found that the QD process was driven by slow vibrational
modes (<100 cm™!) with no notable directionally with respect to the crystal axes.

Overall, the authors connected their results in the conclusion that the SF mechanism for pentacene
single crystals was coherent and facilitated by a cross-axis charge transfer state (CT,;) and the coherent
phonon described above. It was found that CT,, is nearly degenerate with (T T;) 4, as well as *(TyTy) pps
making it ideal to mediate the process. Functional mode SF theory corroborated that the process was made
possible through the coherent phonon and that it contributed greatly to and from the CT intermediate. The
CT,;, state encompasses the cross-axial collective motion of neighboring pentacene molecules. The authors
suggest that the process is more dominant along the b-axis than along the a-axis, which aligns with the
differences in intensity for the peaks shown in Figure 10(b) along with calculations presented in the original
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paper. Although these calculations presented other FC-active phonons, only the phonon of 35.0 cm™ was
experimentally observable.

The presence of a coherent phonon reported by Deng et al. was corroborated by Seiler et al. using
femtosecond electron diffraction.'?® With assistance from density functional theory and molecular dynamics
simulations, they suggest that coherent and incoherent movements contribute to SF in pentacene single
crystals. The simulations uncovered atomic and coherent phonon movements which agreed with their
experimental data, and noted the significance of the role of long-range intermolecular structural dynamics
for the accurate description of SF in pentacene, considering processes which have effects outside of the unit
cell.

Stimulated Raman spectroscopy has also been used to investigate the SF character of single-crystalline
pentacene. Hart et al. found that energy shifts in pairs of excited state peaks relative to the ground state
denoted the creation of an intermediate state.® In this process, a 1369 cm™ ground state peak divides into
two peaks: one at 1365 cm™! and the other at 1382 cm!, as shown in Figure 11(a). After 1 ps, the two peaks
shift to lower and higher frequencies, respectively, as shown in Figure 11(b). It was proposed that this
process was the result of the formation of both cationic and anionic species from partial intermolecular
electron density transfer. Extracting the time traces from the collected stimulated Raman spectra, the
authors were able to evaluate the dynamics of the CT intermediate (1365 cm™) and the triplet transition
from its absorption at 840 nm with ultrafast resolution. The evolution from the CT state to the triplet state
around 500 fs is clear. Additionally, the calculated frequencies for the neutral, cationic, and anionic species
are shown in Figure 11(c), which agreed qualitatively with the authors’ experimental results. This work
demonstrated the usefulness of ultrafast time-resolved vibrational spectroscopy in contributing to our
deeper understanding of SF processes. Further, the authors highlighted considerations that must be taken
when working with polycrystalline or single crystal samples: polycrystalline systems contain more defects,
have crystal lattice interfaces, and are not eligible for studies based on crystal lattice orientation. Such
differences complicate the interpretation of experimental results through modeling and lead to
misinterpretations.
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Figure 11. (a) Ground and excited state Raman spectra of single-crystalline pentacene showing
splitting of the ground state peak, (b) divergence of excited state peak position over time, and
(c) calculated Raman spectra for the neutral, anionic, and cationic species in single crystalline
pentacene

Reproduced with permission from Chem. Sci. 9 (2018) 1242. Copyright 2018 Royal Society

of Chemistry.

Recent developments like ultrafast interferometry-based pump-probe microscopy techniques have also
been used to study SF in pentacene thin films.'*° These techniques have revealed clear anisotropy along
different crystal directions and have provided insights into the dynamics of singlet excitations and
correlated pair formations. These findings further underline the anisotropic nature of SF.
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6.4 Anisotropic Singlet Fission of Hexacene Single Crystals

The analysis of the optoelectronic properties of single crystalline larger polyacenes such as hexacene
has been challenging largely due to lacking sufficient preparation techniques. Busby et al. experimentally
studied the SF dynamics of hexacene thin films in 2014, where TA measurements observed that SF occurred
on the order of 500 fs.** This rate is much faster than smaller acenes, with SF in tetracene ranging from 10
to 100 ps,!!! 128 31 byt yet much slower than pentacene whose SF process occurs in around 100 fs.% 7> 117
8 The intermediate SF rate of hexacene was explained by a multiphonon relaxation process which was
accompanied by a significant exotherm.® More recently, Sun et al observed significant anisotropicy in the
SF character of single crystalline hexacene using polarized TA microscopy.> They found that while the
L(T,T,) forms at comparable rates along the a- and b-axes, the subsequent QD rates exhibited anisotropy.

The TA spectra were collected from the single crystalline hexacene samples along a- and b-axes while
the sample was pumped along its b-axis. The differential transmission (A7/T) pseudocolor plots from
probing along the b-axis are shown in Figures 12(a) and (b) while those from probing along the a-axis are
shown in figures 12(c) and (d). Spectra at different time delays are shown in Figures 12(e) and (f) for
probing along the b- or a-axes. Along either crystal axis, positive features were observed between 620 and
730 nm which were attributed to GSB and the following recovery. On the other hand, negative features
below 620 nm were indicative of PIA from the T; — T,, transitions. Further inspection revealed that the
broad features from 496 to 577 nm were short-lived and were due to ESA from theS; — S, transition. The
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Figure 12. Transient absorption (TA) spectra of single-crystalline hexacene: 2D pseudocolor plots of TA spectra
probed (a & b) along the b-axis and (¢ & d) along the a-axis; TA spectra at different time delays probed (e) along
the b-axis and (f) along the a-axis.

Reproduced with permission from iScience 19 (2019) 1079. Copyright 2019 Elsevier.

peaks from 508 to 544 nm and from 590 to 620 nm persisted for a longer time and were labeled as triplet
transitions. The authors observed anisotropy in the triplet transitions shown in Figures 13(a) and (c) where
a 9 nm redshift was noted between the peaks at 599 and 608 nm which were collected along the »- and a-
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axis, respectively. Such a property indicated that the triplet excitons observed along the different crystal
axes were unique from one another with a DS energy of 30 meV where the Ty, + T;; species was more
energetically stable than the Ty, + Ty,.

Kinetic traces were extracted from the polarized TA spectra at different wavelengths to investigate the
rates of SF in single crystalline hexacene. Global fittings of the kinetic traces in Figures 13(a) and (b)
revealed that the formation rates along both axes were comparable with kg pp, = 4.5 ps™* and kg 4, =
5.0 ps™1. On the other hand, the rate constants for QD along the different hexacene axes were remarkably
different with kqp ,p = 6.7 ps~!and kop,aa =33 ps~1, revealing the anisotropic nature of SF in single
crystalline hexacene.

Considering the observed DS character, isotropic 1 (T;T;) formation, and anisotropic QD, the authors
then developed a unified vibronic model of the SF process. This model used a non-adiabatic functional
mode approach.'¥ '3 [t was determined that the SF process was primarily controlled by the QD rate rather
than that of formation. The anisotropy of the correlated triplet pair state was found to be caused by the
anisotropic environment in the single crystal samples. It was also found that the QD process in hexacene
was driven only by vibronic coupling between the 1(T;T;) state and low-frequency phonon modes. The
calculations also confirmed that the T;; + Ty, was at a lower energy level than the Ty, + T;, which is
contradictory to tetracene and pentacene.

The recent studies into anisotropic SF in polyacenes provides valuable information for the design of
organic semiconductors and photonic devices which can be applicable to other organic systems.
Furthermore, the insights gained into the necessary instrumentation for studying SF and optoelectronic
properties in organic semiconductors will aid in the design and investigation into new, more efficient
systems. Specifically, these methods can be used to study the photophysics which govern and are governed
by oriented transition dipoles in other molecular crystals.
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Reproduced with permission from iScience 19
— (2019) 1079. Copyright 2019 Elsevier.
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In addition, rubrene, a derivative of tetracene, has been studied extensively'**'*° and single crystalline
rubrene has exhibited fast and efficient SF.!*”- 138 However, outstanding challenges and questions remain
regarding the SF mechanism for this polyacene. For example, the impact of molecular packing and
intermolecular interactions is not explicit, due in part to a lack of focus on the anisotropic nature of SF in
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rubrene. Here we consider some important advancements in the understanding of SF in rubrene single
crystals. Using ultrafast transient transmittance and 2D-ES methods as well as theoretical modeling, the SF
mechanism for single-crystalline rubrene was mapped up to the spin dephasing step.!*® The dynamical
features from these observations also exhibited anisotropic characters. In addition to observing an increased
rate along the herringbone axis compared to the slip-packed axis, a fast component of ~100 fs was observed
in both directions. This difference was attributed to delocalization of the S; excitons, vibronic couplings,
and coupling to the correlated triplet pair. More recently, Liu studied the effects of different stacking
geometries on SF in single crystalline rubrene using ultrafast TA microscopy.'*! They observed coherent
and incoherent SF pathways in orthorhombic and triclinic morphologies because of tighter 77 stacking.
On the other hand, the monoclinic moiety with looser packing only exhibited incoherent SF channels.
Furthermore, it was observed that incoherent SF in orthorhombic rubrene crystals was thermally activated
while it was more spontaneous for monoclinic and triclinic samples. Using quantum-mechanical
calculations, the authors confirmed that electronic coupling strength was the culprit for the difference in SF
dynamics among the different crystal arrangements. Even without a focus on the anisotropic nature of SF
in this investigation, it was made clear that molecular packing and orientation in rubrene single crystals
affects their SF pathways and should be considered when designing devices using organic crystal
semiconductors.

6.5 Morphology Effects on Optoelectronic Properties in Other Materials.

Organic semiconductors other than polyacenes have also been investigated for their photo-physical
properties which can be affected by morphology brought about by functionalization.'**'* For example,
different functionalizations of fluorinated anthradithiophene (FADT) have been studied using absorption,
photoluminescence, and density functional theory and revealed dynamics of CT, correlated triplet pairs,
and Frenkel excitons in solution and single-crystalline samples.'* For the solution samples, the authors
observed an FC state at all presented concentrations and an excimer state for higher concentrations. In single
crystalline FADT samples, absorption, emission, and calculations led to the discovery of mixing between
Frenkel and CT excitons and that the degree of mixing was dependent on crystal geometry. Emission studies
of the functionalized FADT single crystals identified Frenkel excitons, correlated triplet pairs, and self-
trapped excitons. A twisted column arrangement resulted in Frenkel exciton formation over a range of
temperatures with the appearance of 1(T;T;) and self-trapped states at lower temperatures. On the other
hand, the “brickwork™ arrangement exhibited all three exciton types across the whole temperature range.
Interestingly, the sandwiched-herringbone geometry did not exhibit correlated triplet pair features, although
Frenkel and self-trapped species were apparent at all temperatures. This work demonstrated the severe
impact that crystal structure can have on the optoelectronic properties of a material, especially for organic
semiconductors.

The effects of molecular packing in single-crystalline FADT SF have also been investigated by
polarized TA microscopy.'¥” It was found that while “brickwork™ and twisted column structures were
probed along their CT axis the population of the *(T;T;) state could be observed on the ps timescale, and
when probing normal to the CT axis a decrease in singlet state population was observed. It was found that
the ratio of the conversion rate relative to that of exciton self-trapping was up to 100% depending on crystal
structure. The authors also found that a sandwiched-herringbone structure only featured a reduction in self
trapping and singlet states, suggesting that SF is prohibited by the lower symmetry of the structure. This
was quantified by the 3x increase in energy difference between the S; and CT states for the sandwiched-
herringbone structure compared to the other morphologies. This work further exemplified the impact of
molecular ordering on optoelectronic properties for organic semiconductors and provided quantitative
information useful for designer semiconductor materials. Although single-crystalline samples offer
quantification of anisotropic effects and more straightforward theoretical analyses, polycrystalline organic
semiconductors offer easier and more cost-effective production.
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Another SF material that has been investigated for uses in photovoltaics is perylene-3,4:9,10-
bis(dicarboximide) (PDI).!*¥-152 Using absorption and emission techniques, the effects of derivatizing PDI
molecules to change molecular arrangements were investigated for polycrystalline thin films of PDI and
TIPS-pentacene.'*® In this film, it was determined that after SF occurred in TIPS-pentacene to form a triplet,
a PDI/TIPS-pentacene geminate radical ion state was formed which led to intersystem crossing, and charge
recombination that also produced the triplet TIPS-pentacene state. This work highlighted the importance of
understanding all pathways which can lead to exciton formation in organic semiconductors. The SF
characteristics of a PDI derivative have also been investigated in polycrystalline thin films.!*® TA
measurements of the sample discovered that although SF was quite slow (a few nanoseconds), its triplet
conversion efficiency was high (about 50%). This work added another potential material to the growing list
of organic semiconductors that exhibit SF properties.

7. Anisotropic Triplet Diffusion in Polyacene Crystals

Exciton diffusion, the process of transporting energy in a material via the movement of an exciton, dictates
the performance of many processes from photosynthesis to optoelectronic devices.!33-1% It has been found
that long-range order in materials promotes exciton diffusion.!>” 13® Exciton diffusion has also been shown
to be anisotropic in organic crystals, but such interpretation is not straightforward.!>* '®* Recent valuable
information into exciton diffusion has been provided by way of spatial, temporal, and spectral analyses. For
example, Wan et al. have identified a cooperative singlet/triplet transport pathways in tetracene.” A study
by Akselrod et al. determined that instead of photon emission and reabsorption being the main mode of
exciton transport in crystalline tetracene, energy is transported by an electron hopping mechanism.®® A
better understanding of anisotropic exciton diffusion in molecular crystals may aid in the design of more
efficient organic photovoltaics by directionally optimizing the process.
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Figure 14. Fluorescence microscopy of triplet diffusion along the (a) b- and (b) c-axes; comparison of anisotropic
diffusion rates (¢).
(G. M. Akselrod et al., Nat. Commun. 5 3646(2014).

In molecular solids, excitons are believed to be transported by the “random walk” process in which
localized excitement is transferred to nearby molecules.'®! 62 In the random walk mechanism, exciton spin
state dictates the type of hopping that occurs: singlet excitons undergo Forster energy transfer which is a
dipole-dipole interaction with a distance of about a few nanometers, as interaction decays proportionally to
R’ where R is radius.'® Triplet excitons, on the other hand, use Dexter energy transfer which
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simultaneously exchanges two electrons between neighboring molecules which avoids any spin-forbidden
transitions to the ground state.!®> 14165 Dexter energy transfer depends on the spatial and temporal overlap
of the molecular wavefunctions of neighboring molecules to facilitate the process. In materials like
polyacenes, triplet excitons are dominant because of SF. In this section we will focus on anisotropic triplet
exciton diffusion in single crystalline tetracene, pentacene, and hexacene.

In tetracene crystals, the molecules are arranged in a herringbone pattern that results in a greater overlap
of p-orbitals in the crystal’s ab-plane than along the c-axis, as shown in Figure 3. the asymmetry in orbital
overlap results in significant anisotropy in Dexter transfer rates, thereby resulting in anisotropic exciton
diffusion.'> To date, this anisotropic exciton diffusion has been theoretically predicted'®* and
experimentally observed in the steady state of rubrene single crystals.!®® Work by Akselrod et al.
investigated possible differences between triplet diffusion in crystalline tetracene. in the ab-plane versus
along the c-axis and reported notable anisotropy.®® Using fluorescence microscopy, they were able to map
exciton diffusion in space and time along both /- and c- crystal axes, as shown in Figures 14 (a-c). A seven-
fold anisotropy was observed between the b- and c-axes, which was consistent with previous theoretical
predictions.!®> Because exciton transport in tetracene depends on wavefunction overlap, previous
measurements of exciton transport along the c-axis have displayed wide variations. In tetracene, unlike
other conjugated organics, the dipole moment is perpendicular to the long molecular axis. From the
orientation of the dipole moment, the highest reabsorption rate caused by the strongest dipole alignment
occurs along the b- and c-axes. This results in the highest anisotropy in reabsorption to be between the a-
and b-axes with the anisotropy between the b- and c-axes being smaller. This assessment aligns with the
three-fold anisotropy in absorption and emission between the a- and b-axes reported previously.'” However,
triplet exciton diffusion relies on z-orbital overlap. Therefore, the largest anisotropy in triplet exciton
hopping should be between the b- and c-axes. Akselrod et al. determined that the observed distribution
broadening was the result of triplet hopping instead of reabsorption but noted that small contributions from
radiative transfer cannot be overlooked. However, the anisotropy in exciton diffusion between the a- and
b-axes was not discussed.

TA imaging has also been used to determine the effects of SF driving forces on exciton diffusion in
single crystalline tetracene, rubrene, and TIPS-pentacene.'®® It was found that while rubrene and TIPS-
pentacene exhibit the fastest exciton diffusion along the a-axis, the fast exciton transport in tetracene
happened along the b-axis, as shown in the TA microscopy images in Figures 15(a-c).

By calculating the modified contribution to triplet transport, the authors found that the difference in SF
endothermicity between TIPS-pentacene, rubrene, and tetracene produces prominent singlet-mediated SF
pathways.!®® In crystalline tetracene, the contribution of these pathways is 21x greater than the contribution
from triplets alone. On the other hand, the ratios of singlet-to-triplet contributions are 7 for rubrene and 0.6
for TIPS-pentacene. This results in the effective triplet transport lengths being hundreds of nanometers in
nanoseconds for tetracene and rubrene. This TA microscopy study on anisotropic exciton diffusion in
crystalline acenes demonstrated that singlet-mediated diffusion pathways can impact triplet transport on the
ps and ns timescales. As such tetracene and similar molecular crystals like rubrene are ideal for utilizing
SF in double-layer photovoltaics because the SF and triplet transport directions can be optimized.
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Figure 15. Transient absorption microscopy images (left) and diffusion plots (right) for (a) tetracene, (b)

rubrene, and (c) TIPS-pentacene single crystals. Images were taken in the ab-plane and plots follow arrows

indicated in images.

Reproduced with permission from Adv. Mater. 28 7539(2016). Copyright 2016, John Wiley & Sons.

Ultrafast polarized TA microscopy has provided the direct observation and visualization of exciton
diffusion in single-crystalline tetracene with 200 fs time resolution and 50 nm spatial resolution.” By
looking at the TA images at different pump-probe delay times, the progression of the triplet exciton
diffusion can be seen in Figure 16(a). The change in transmission with respect to pump-probe distance are
shown explicityly along the b- and a-axes in Figures 16(b) and (c). The progression of the transport results
in the TAM image become ellipsoidal and fitting the data with a 2D surface function allowed the authors
to determine the fast and slow transport axes, demonstrating anisotropic exciton diffusion. This anisotropy
was determined to be caused by the strength of intermolecular coupling along different crystal axes.'®> As
such, the b-axis exhibits the strongest coupling and was labeled as the fast axis for exciton diffusion. Since
the TAM images were collected in the ab-plane, the a-axis would then be the slow axis. Further
investigation of the tetracene single crystals showed that singlet exciton diffusion exhibited similar
anisotropy. A strong coupling between triplet and singlet transport was observed which resulted in a 10x
enhancement in the diffusion constant for triplet excitons. Even though SF is comparatively slow in
tetracene due to its endothermic nature, the equilibrium between singlet and triplet excitons leads to better
and faster long-range transport and can promote its usefulness in optoelectronic devices.

In contrast, using quantum chemical and kinetic random-walk simulations, Xie and Ma observed
anisotropy opposite to that observed experimentally for crystalline tetracene.!® They showed that while
exciton diffusion was anisotropic, the preferred directions differed significantly to experimental results: the
dominant distribution of singlet diffusion was found to be along the b-axis and triplet diffusion was along
the a-axis. The direction of singlet exciton diffusion was attributed to the greatest exciton coupling in the
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Figure 16. Transient absorption microscopy of triplet diffusion in single-crystalline tetracene: (a) triplet
diffusion at different time delays, diffusion plots along the (b) b- and (c) a-axes.
(Y. Wan et al., Nature Chem. 7 785(2015).)

same direction. Even though triplet coupling is minimal along the a-axis, the major coupling was in the ab-
direction which resulted in triplet exciton diffusion along the a-axis. The reasons for the discrepancy
between theoretical and experimental results is unclear and should be studied further.

More recently, Hudson et al. were able to quantify triplet exciton diffusion in TIPS-pentacene using
TA spectroscopy, showing that diffusion along the crystal’s a-axis was over an order of magnitude more
prominent than in other directions.!”® By extracting the kinetic data from the TA experiments as shown in
Figure 17 and fitting it to a model which assumed isotropic diffusion, anisotropic diffusion was confirmed.
By changing the model to consider prominent diffusion along one crystal axis, the process was physically
reasonable, and it was determined that triplet diffusion in the functionalized sample on a ps-ns timescale
was highly anisotropic. DFT analysis of the system indicated that diffusion along the g-axis was 25x faster
than other directions. Investigating this adapted acene system highlighted the importance of dictating crystal
packing structure when designing and building SF devises with optimal efficiency.
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Another recent study has used TA microscopy to investigate triplet diffusion in single crystalline
hexacene.” The dynamical behavior of triplets was studied by monitoring their kinetics under different
excitation intensities and faster recovery was observed under high fluence, as shown in Figures 18(a) and
(b). Interestingly, no additional features were observed as have been under low fluence.>* 3° Furthermore,
the enhanced recovery rate under high intensity excitation was observed along both @ and b crystal axes,
although the increased recovery rates were shown to be anisotropic. To this effect, triplet recombination
was shown to occur earlier along the b-axis than along the g-axis. This work also compared recombination
rates in hexacene polycrystalline thin films to those in single-crystal sample and found that recombination
in the thin films occurred at a rate that was the average between the rates along the a- and b-axes of the
single crystal sample.

Further analysis of the fluence-dependent triplet kinetics shown in Figure 19 determined that two
distinct relaxation processes occur in crystalline samples: one being fluence-dependent and the other being
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Figure 19. (a)Time traces from transient absorption measurements of single-crystalline hexacene at
different fluences along the a- (blue) and b-axes (red), (b) anisotropy of fluence dependence of triplet
diffusion along the a- and b-axes.

Reproduced with permission from J. Phys. Chem. Lett. 11 (2020) 1261. Copyright 2020 American
Chemical Society.

fluence-independent, with the independent process being slower than its fluence-dependent counterpart.
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Using a double exponential function do fit the kinetic traces as shown in Figure 19(a), the fast components
of recombination along the a- and b-axes were determined to take 36.3 and 11.9 ps, with slow components
of 135.4. and 202.0 ps, respectively. It was also found that the fluence-dependence of the fast component
was also anisotropic, as shown in Figure 19(b). The differences in fast and slow rate components for triplet
diffusion for the different crystal axes confirms that triplet exciton motion in hexacene single crystals is, in
fact, anisotropic.

Han et al. made further considerations to better understand the anisotropic nature of triplet diffusion in
hexacene single crystals.” They supposed that the trait was a due to a mixture of geminate and non-
geminate recombinations or energy transfers. Geminate energy transfer occurs when non-correlated triplet
exciton pairs recombine in a monomolecular process. Non-geminate energy transfer occurs when excitons
diffuse through a material and recombine bimolecularly later on. The authors suggest that the triplets relax
in parallel through both processes, explained by a phenomenological model to provide quantitation.> The
rate constants for the geminate process were determined to be about 0.0074 and 0.005 ps™ along the @ and
b crystal axes, respectively. Conversely, the rate of the non-geminate process is fluence-dependent and is
thereby diffusion-limited through energy transfer. This bimolecular process was found to be almost four
times faster along the b-axis than the a-axis. It was also determined that this process is dependent of
molecular orientation in the crystalline sample. Recent calculations have shown that the anisotropy in triplet
exciton diffusion is the result of anisotropic energy change between the correlated and separate triplet pairs
as well as molecular configuration.” Referring back to Figure 5(a), the crystal structure for hexacene,
molecular orientation along the b-axis is head-to-tail and J-type while it is face-to-face and H-type along
the a-axis. H-type configuration results in destructive interference in coupling probability and decreases the
rate of exciton recombination relative to J-type ordering. This aligns with the experimental observations of
anisotropic diffusion in single crystalline hexacene. Lastly, it was observed that recombination through the
non-geminate process was much slower in polycrystalline thin film hexacene, likely caused by sample
defects and grain boundaries.

Irkhin and Biaggio employed localized photoexcitation and spatially resolved detection of excitonic
luminescence to map out exciton diffusion in rubrene single crystals.!®® The study revealed that exciton
mobility in rubrene is significantly anisotropic, with long-distance diffusion spanning several micrometers
occurring exclusively along the direction of molecular stacking in the crystal, specifically the b axis.
Furthermore, the researchers have determined a triplet diffusion length of 4 micrometers along the b axis
of these rubrene single crystals.

8. Anisotropic Spin Dynamics in Organic Semiconductors

The correlated triplet pair, '(TT), the intermediate formed in the SF processes, possesses characteristics
which are both interesting and practically useful. Importantly, the electrons in the '(TT) are spin correlated,
and their subsequent decoherence underpins the harvesting process of generated excitons which is essential
to overall SF efficiency. Accordingly, we will describe some of the recent progresses made in understanding
spin dynamics in acenes relevant to singlet fission. The two electrons in the '(TT) are delocalized between
two adjacent molecules. There are also sublevels which are split from !(TT): three triplet *(TT)’s and five
quintet >(TT)’s, whose occupation probabilities rely on the degree of interaction between the adjacent
molecules. These substates can tell us more about the physics of the triplet pair and have interesting
properties of their ow. For instance, the >(TT) may be useful in quantum information due to its
responsiveness to microwave pulses, high degree of entanglement, and optical measurability. Electron spin
resonance spectroscopy (EPR) has been used to study the *(TT) in tetracene derivative single crystals. In
fact, Weiss et al used this method to detect strongly coupled triplet pairs with long lifetimes in single
crystalline and thin film TIPS-tetracene.!”! They found through coherent spin manipulation that exchange-
coupled quintet complexes existed alongside weakly coupled triplets. The lifespans of the electron pairs
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were measured to be on the order of 3 ps where their spins were coherent for nearly 1 ps at 10 K. This work
showed that triplet pair interactions was more powerful than previously expected, which resulted in the
long-lived interactive states.

More recently, Rugg et al investigated the spin dynamics of triplet pairs in single-crystalline 2-
triethylsilyl-5,11-bis(triisopropylsilyl ethynyl) tetra-ceno[2,3-b]thiophene (TES TIPS-TT), in whose
structure all molecules share a common z-axis.!” In this work, angle-dependent time-resolved EPR (TR-
EPR) spectra were used to study the kinetics of *(TT). The longest decay time of the >(TT), 100 ns, was
observed when the molecular x-axis was oriented parallel to the applied magnetic field, By (x-axis|Bo),
followed by z-axis||Bo, with much faster decays at intermediate orientations. By comparing these angle-
dependent TR-EPR spectra to calculations based on the Hamiltonian and nonadiabatic transition theory, it
was concluded that z-axis||Bo resulted in °(TT) being strictly from '(TT). It was also concluded that separate
5(TT) populations are formed in distinct pair that dissociate on the order of nanoseconds, which supports
the model for strong and weak coupling in electron pairs.

In 2022, Jacobberger et al. used TR-EPR with angular resolution to investigate 5,12-
bis(tricyclohexylsilylethynyl)tetracene (TCHS-tetracene) single crystals.!”* Upon photoexcitation, >(TT) is
produced through SF and the crystal framework allows for uniform spin alignment and thus specific
targeting of spin-sublevel transitions. The >(TT) states in TCHS-tetracene display notable spin qubit
properties like a coherence time of 3 s at 10k, a population time of 130 us at 5 K, and stability under
ambient conditions. These works have uncovered mechanisms which result in decoherence such as exciton
diffusion, dipole coupling, and nuclear interactions, as well as presenting guidelines for physical conditions
like temperature.

More recently, a pentacene/tetracene heterodimer was investigated using coherent EPR nutation
spectroscopy where transient spin states where identified.!”* Both coherent and noncoherent methods were
used to study different population processes which were spin- and orientation-dependent, specifically,
multiple simultaneous quintet formation routes were identified. The pulsed EPR experiments suggest that
the formation of quintet multiexcitons influences triplet populations, opposed to the previous attribution of
polarization flips to the anisotropic decay of the triplets. This work showed that by tailoring molecular
arrangement of SF materials, they could be used for generating multiple electron spins in distinct quantum
states.
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Table 1. Summary of SF anisotropic SF character in acene semiconductor crystals.

Tetracen | Pentacene Hexacene TIPS- Method
e Pentacene
0.144 76
0.075 12 0.121
DS(Sy) 0.16 '77 DFT!02.52,54
Davydov ! 0.078 1" 0.128 *2 0.18 80 TA!75:176,177,178,54
Splitting : 052
(V) . . . Absorp‘uon80
DS(Ty) 0.04 0.03 0.03 Reflectance
krq 33+1.6% | 5.0+021'7
SF Rate Krp 81=1.1% | 4502 ® DFTS
Constants ’ 54 178 178,54
(ps) kop,a 6.8+0.5 33+0.2 TA
kop,b 57+£12> | 6.7£02'"
1.35+0.0 -3
Drg | 1x103 106-10
0.06 >°
2.28+0.0 .
Diffusion Dy 7%107 60 4.14x107° pLoo
constant b 0.10 % i TAS9:170
(cm’s™) 0.3120.0 <Ix10°10
DT,C 2% 10—3 60 170
Ds, 0.85%°
Ds ) 2.8%

9. Summary and Outlook

In the pursuit of harnessing solar energy more efficiently, linear polyacenes, such as tetracene, pentacene,
hexacene and their derivatives, have emerged as powerful model systems for studying singlet fission (SF).
Their high efficiencies are particularly conducive to the exploration of SF mechanisms. This article offers
a compelling review of the anisotropic characteristics of vibronic coupling, SF, and triplet transport in single
crystalline acenes. These findings reveal how crystal orientation and morphology can be carefully
manipulated in organic semiconductors to optimize SF efficiency significantly. Further, the quantified
effects of anisotropicity have been summaries in Table 1 for tetracene, pentacene, hexacene, and TIPS-
pentacene.

The insights presented here spotlight the potential of anisotropic SF dynamics, not only as a crucial tool
for elucidating the complexities of SF mechanisms in molecular crystals but also as a driving force for
designing superior photovoltaic and photonic devices. The study of exotic physics governed by oriented
transition dipoles in a broad range of molecular crystals could also benefit from this approach.
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In this context, we have utilized the Functional Mode Electron Transfer Theory (FMET), a critical tool
for understanding electron transfer processes in complex systems, as previously applied to charge transfer
processes in acenes. We also discused how advanced spectroscopic techniques have provided more
profound insights into SF pathways, contributing to enhanced performance of photovoltaic devices through
increased conversion efficiency and chemical stability.

The anisotropic nature of SF in polyacene single crystals is a fascinating result of electronic coupling
between molecules and the thermodynamic driving force along different crystal axes. These forces guide
the formation and separation of the correlated triplet pair, central to the SF process. Thus, by controlling
crystal structure through molecular morphology and crystal orientation, and minimizing energy loss,
researchers can optimize the overall efficiency of an SF material.

Advanced instrumentation can reveal the underlying SF mechanisms and suggest ways to achieve
improved performance and superior triplet yields. While the SF process could double the number of
generated excitons, efficiency is highly dependent on factors such as molecular structure, packing, and
orientation within a crystalline material. Understanding how these factors interplay with SF anisotropy
could inform the design of optimal photovoltaic materials, potentially achieving unprecedented efficiency
levels.

However, there are challenges associated with studying and utilizing the anisotropic nature of SF in
single crystal polyacenes. For instance, a comprehensive catalog of structural motifs and energetic
conditions promoting SF in various materials would be incredibly beneficial. Machine learning has recently
been employed to evaluate the viability of different functionalizations to promote SF in organic systems.'”
New methods based on machine learning and quantum chemistry are being developed and applied to
understand and manipulate the anisotropic nature of SF better. These innovative methods promise to
accelerate the exploration of more functionalizations of SF materials more quickly than conventional
methods would allow.

Further research is needed to understand how molecular alignment and orientation are influenced by
different environments and how these relationships can be optimized for maximum performance. Many
questions remain unanswered regarding the ideal device architectures for efficient exciton diffusion and
transport and for making the most of acene anisotropy.

In conclusion, we believe that the future of SF materials and understanding their fundamental
mechanisms will rely on a robust, multifaceted approach that harnesses machine learning, quantum
chemistry calculations, 2D spectroscopies, and temporal-, spatial, and frequency-resolved electronic and
vibrational techniques. Our primary goal is to stimulate further research into anisotropic SF and exciton
transport mechanisms, inspiring the development of innovative techniques to deepen our understanding in
the field. By harnessing and manipulating the anisotropic nature of SF and exciton transport, we can guide
the design of SF materials for a wide range of optoelectronic applications.
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