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Abstract

Singlet fission (SF) is a process where one singlet exciton splits into two triplet
excitons. Utilizing SF may potentially increase the efficiency of solar cells beyond the
Shockley-Queisser limit. In order to discover new SF materials, predictive descriptors
for SF performance are needed. We consider multiple descriptors in order to assess
several zethrene derivatives as candidate materials for intermolecular SF in the solid
state. The descriptors include single molecule multi-radical characters, many-body per-
turbation theory calculations of the thermodynamic driving force for SF and the singlet
exciton charge transfer character in crystals, and a kinetic model based on molecular
dimers extracted from the crystal structures. The zethrenes are compared to acenes
known to exhibit SF with respect to these descriptors. The results indicate that all

zethrene and heptazethrene derivatives studied here may exhibit SF. In particular,



7,14-bis(2,4,6-trimethylphenyl)dibenzo|de, mn|naphthacene (Z-T) emerges as a promis-
ing candidate. Its SF driving force is higher than tetracene, whose fission process is
slightly endoergic, but lower than pentacene; Its singlet exciton charge transfer char-
acter is close to pentacene; and its crystal packing leads to a higher SF rate than
other zethrene derivatives. Therefore, it may undergo fast SF with high energy effi-
ciency. The approach of considering multiple descriptors may be useful for evaluating

additional candidate materials for SF.

Introduction

Singlet fission (SF) is a spin-allowed conversion process in organic chromophores, where one
singlet-state exciton (S;) splits into two triplet-state excitons (77).' ¢ SF is considered as a
possible path to surpass the Shockley-Queisser limit of solar cell efficiency, which is around
30%, depending on the absorber’s band gap.”® The Shockley-Queisser limit is based on
the assumption that one exciton is generated per absorbed photon. SF may increase power
conversion efficiency by reducing the energy loss caused by the thermalization of high-energy
photons. Rather than losing the excess energy to heat, high-energy photons may undergo
SF and produce two charge carriers per photon. Theoretical analysis has suggested that
efficiency as high as 47% may be achieved in a two-gap tandem photovoltaic device, based
on SF.?

The realization of commercial SF-based solar cells is hindered by the dearth of suit-
able materials.'® To be viable for commercial applications, in addition to having good
SF performance, a material should be relatively straightforward to synthesize and should
have a sufficiently long service life under working conditions, including exposure to sunlight
and ambient environment. Crystalline oligoacenes have demonstrated exceptional quan-
tum yield and fission rates.'''* However, insufficient photo-stability and poor solubility of
large acene molecules preclude their usability as absorbers in photovoltaic devices. Some
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stabilized acene derivatives have been predicted to be potential SF materials, with ex-



perimental verification still pending. Among the emerging classes of SF materials are 1,3-
diphenylisobenzofuran'® and rylene derivatives.!™2! However, they have yet to be incorpo-
rated into a functioning solar cell.

The search for new SF materials requires predictive descriptors for the performance of a
candidate material. SF may be intramolecular??2* or intermolecular.?%2¢ Most of the SF-
based solar cells developed to date have relied on intermolecular SF in the solid state.?” 3" The

efficiency of intermolecular SF depends on both the molecular properties and the crystal pack-
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ing In fact, different polymorphs may have a significantly different performance.

Therefore, it is important to consider both single molecule and crystal descriptors.
The primary criterion for a material to undergo SF is that the energy difference between

S1 and 277 should be greater than 0 €V, in order to provide the thermodynamic driving force

for the process:

Es, —2Ep >0 (1)

In addition to the energetic requirements, descriptors related to the nature of excitons in
molecular crystals may correlate with SF performance. There is a growing body of exper-
imental evidence indicating that an intermediate charge transfer state may be involved in
SF, 33841 although in some experiments an intermediate state was not observed.*? There-
fore, exciton character has been considered as a secondary descriptor associated with efficient

inter-molecular SF in the solid state. 19:21:36:43

A singlet exciton with a degree of charge trans-
fer character (%CT), meaning that the hole and the electron are not located on the same
molecule, is thought to be beneficial to SF.32%% Another facet of exciton behavior is diffu-
sion. Chan et al.?® have suggested that diffusion of the singlet exciton in a tetracene crystal
provides entropic driving force for SF, which may compensate for enthalpic loss and lead to
high quantum yield. They estimated the entropic driving force for SF in crystalline tetracene
based on experimentally measured values of the exciton diffusion length. Kolomeisky et al. 4

have used similar considerations of exciton delocalization to estimate the entropic contribu-

tion in tetracene, pentacene, and hexacene by counting neighbouring chromophores from



delocalized singlet excitons and ways in which multiexcitons can separate within the Dexter
radius. However, their model only applies to acenes with a herringbone crystal packing, in
which excitons are delocalized over a layer of molecules.?'4® Currently, there is no model of
the entropic contribution to SF, which does not rely on information from experiments and
is generally applicable across different classes of materials.

It has been suggested that compounds with biradicaloid character could be promising SF
chromophores.*” In order to quantify this, Nakano et al.?°#%4% have proposed a descriptor
based on multi-radical characters as an indicator of the SF potential for molecules. The dirad-
ical character, yo, and the tetraradical character, y,, are calculated based on the occupation
numbers of the highest occupied and lowest unoccupied natural orbitals (HONO/LUNO),
and on the occupation numbers of the HONO-1 and LUNO+1, respectively. The values of
y; range from 0 to 1. They reflect the degree of open shell character of the molecular ground
state. (yo,y1) values of (0,0), (1,0), and (1,1) represent a closed-shell ground state, a pure
diradical, and a pure tetraradical, respectively. Based on a linear H; model, it has been
proposed that the energetic criterion for SF is satisfied when g, of a molecule is larger than
0.1 except for highly tetraradical cases.*® It has been shown that molecules with interme-
diate yo paired with small y; would satisfy the SF feasibility condition. Several known SF
chromophores have been evaluated and new candidates have been proposed based on this
descriptor.?%9953 Here, we examine whether this descriptor correlates with the results of
many-body perturbation theory for the SF driving force of chromophores.

In addition to thermodynamic considerations, kinetics affect SF' performance. A number
of recent papers have studied the effect of crystal packing and exciton delocalization on SF
kinetics. #5756 Yost et al.?® have used the Bixon-Jortner (BJ)5" rate expression for estimat-
ing SF rates in molecular crystals. The electronic coupling and driving force were assumed
to be the only material dependent parameters in the rate expression. The electronic coupling
of all possible molecule pairs were computed using Configuration interaction based on con-

strained density functional theory.”® Quantum mechanics/ molecular mechanics (QM/MM)



techniques were used to model the electronic states of a dimer embedded in the electrostatic
crystal field. A few parameters of the BJ model were obtained from experimental data for
aceneoid systems. The driving force was chosen according to the backbone of the material.
With these assumptions, reasonable agreement was obtained with experimental SF rates for
a class of tetracene and pentacene derivatives. Kolomeisky et al.#® have used a three-state
model (initial singlet, multiexciton, separated triplet) for singlet fission dynamics to obtain
order of magnitude estimates of SF rate. Rate calculations were based on the Fermi Golden

159 with some parameters obtained from experiments. Using

rule and first passage time mode
this model, they have explained the experimentally observed magnitude difference between
the SF rates in tetracene and pentacene.

Michl et al.3? have proposed a model for comparing the SF rates among molecular dimers
with different geometries, implemented in the Simple code package. This model could offer
insight into how to manipulate the packing of molecules in a crystal to achieve the optimal
SF performance by finding the molecular pair geometries that maximize the SF rate. The
model does not rely on experimental information and may be applied to any material. How-
ever, it cannot be applied for comparisons between materials. Under the assumption that
the thermodynamic conditions for SF are already met, the model focuses on the rate of for-
mation of the singlet biexciton state from the initial singlet state. The biexciton state is the
complex of two molecules in the triplet state, which subsequently separates into two inde-
pendent triplet excitons. Marcus theory is used to calculate the rate of biexciton formation
in molecular dimers. The renormalization energy for the Marcus rate is assumed to be inde-
pendent of the molecular pair geometry. The SF rate is calculated based on the Fermi golden
rule with the matrix elements calculated using a frontier orbital model, which contains only
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the two molecules. The singlet configuration is represented by '(hA — [A) and
Y(hB — IB), where hA, lA, hB, IB correspond to HOMO and LUMO of molecules A and B,

respectively. Fission is mediated by charge transfer states, in which an electron is transferred



from one molecule to the other. The final biexciton state is represented by two lowest triplet
states, 3(hA — [A) and 3(hB — [B) coupling into an overall singlet state. Simple calculates
only superexchange electronic couplings involving CT states. Because Simple is designed to
identify optimal dimer geometries for singlet fission, the contribution from the direct term
is neglected.® The contribution from superexchange coupling has been found to be more
prominent than direct coupling in several cases with high SF rates.%'"% Others have also
considered the direct term.®® The model is further simplified by neglecting intermolecular
overlap of orbitals and assuming zero differential overlap. These approximations were built
into Simple for fast evaluation and are strictly valid only near local maxima. The frontier
orbitals are expanded in a natural atomic orbital (NAO) basis. The main limitations of
Simple are that many-body interactions, and the possibility that the initial singlet exciton
is delocalized on more than two molecules in a crystal are neglected. Moreover, Simple does
not take into account other processes that can compete with SF. Here, we apply the Simple
model to molecular dimers extracted from crystal structures to assess the effect of crystal

packing on of SF rates.

Z-P: A=—H
H,C
Z-T: A= CH,

Figure 1: Molecular structures of zethrene and its derivatives Z-P, Z-D, Z-T, and Z-B, and
heptazethrene derivative HZ-BTB. The abbreviated names are listed beside the correspond-
ing molecules.

Zethrenes have been drawing increasing attention as potential high-efficiency SF chro-



mophores.®* However, due to their unstable nature, zethrenes have not been incorporated
into a functioning solar cell device. Functionalization with side groups has been explored as
a strategy for stabilizing zethrenes.%% The effect of backbone length and side group func-
tionalization on the crystal structure and excitonic properties of zethrene derivatives has not
been well studied. A systematic investigation could provide guidance for designing zethrene
derivatives as feasible SF materials.

Here, we examine a series of zethrene derivatives, whose molecular structures are shown
in Figure 1. These include the zethrene derivatives dibenzo|de,mn|naphthacene (Z-P), 7,14-
diphenyldibenzo|de,mn|naphthacene (Z-D), 7,14-bis(2,4,6-trimethylphenyl)dibenzo|de, mn| naph-
thacene (Z-T), and 7,14-Di-n-butyldibenzo|de, mn|naphthacene (Z-B), and the heptazethrene
derivative 7,15-bis(4-t-butylphenyl)-1,9-dimethylheptazethrene (HZ-BTB). The correspond-
ing Cambridge Structural Database (CSD) reference codes are KAGGEG,%” KAGFOP,®
KAGGAC,%® KAGGIK,® and OBOHUL.% The excited-state properties of the zethrene
derivatives are calculated using many-body perturbation theory (MBPT) methods, based on
the GW approximation and the Bethe Salpeter equation (BSE). To explore the correlations
between the multi-radical characters and the exciton energies among this class of zethrenes,
we calculated the diradical character gy, and tetraradical character y;. To elucidate the effect
of crystal packing, we use Simple to find the relative SF rates of different dimers in crys-
tals of zethrene derivatives that share the same backbone. We find that Z-T could be an
outstanding SF candidate given its favorable thermodynamic driving force, decent exciton
charge transfer character, and outstanding fission rates compared to other zethrene deriva-
tives. Z-P could exhibit comparable singlet fission performance to the pentacene derivative
diphenylpentacen (DPP). Based on the Simple analysis of Z-T, Z-D, and Z-B, the fission
rate in zethrene derivatives may be modified by introducing side groups that alter the crys-
tal packing. Relatively small geometrical differences between molecular dimers in different
crystal structures may lead to significant differences in the fission rate. HZ-BTB satisfies

both the energetic conservation criterion and suitable exciton behavior, which makes it pos-



sible SF candidate. However, the worst energy efficiency is identified in HZ-BTB among the
zethrene series. Thus, HZ-BTB might not be a practical SF candidate to advance the power

conversion efficiency of solar cells.

Methods

Starting geometries were extracted from the Cambridge Structural Database (CSD). Geom-
etry relaxations of the isolated molecules and the crystal structures was performed using the
FHI-aims™ electronic structure package. Density functional theory (DFT) was employed
with the generalized gradient approximation of Perdew, Burke and Ernzerhof (PBE) " func-
tional coupled to the Tkatchenko-Scheffler (TS) pairwise dispersion method.™

Many-body perturbation theory calculations within the GW approximation and the
Bethe-Salpeter equation (BSE)™ ™ were performed to investigate the excitonic properties
for both gas-phase and solid-state zethrenes and heptazethrene. Single molecule calculations

677 using PBE as the mean-field starting point and the

were performed using FHI-aims,
aug2tier2 basis sets. The PBE functional yields a closed shell ground state for all zethrene
and heptazethrene derivatives studied here, which is consistent with experimental observa-
tions.% The subsequent BSE calculation within the Tamm-Dancoff approximation (TDA)"®
was performed using 30 unoccupied and 30 occupied states.

GW-+BSE calculations for molecular crystals were performed using the BerkeleyGW
code.™ Quantum ESPRESSO® was used to to compute the mean-field eigenvectors and
eigenvalues and to generate the mean-field coarse-grid and fine-grid wave functions with the
PBE exchange-correlation functional. Troullier-Martins norm-conserving pseudopotentials®!
were used and the kinetic energy cutoff was set to 50 Ry. About 550 unoccupied bands were
included in the GW calculation. The static remainder correction was applied to accelerate

the convergence with respect to the number of unoccupied states.®? 24 valence bands and 24

conduction bands were included in the BSE calculation within the TDA. The exciton wave



functions were converged based on the threshold proposed in Ref.!®

We note that the PBE exchange-correlation functional was selected as the starting point
for GW-+BSE calculations thanks to its computational efficiency. Although using more com-
putationally expensive hybrid functionals as a starting point for GW+BSE calculations may
improve the accuracy, PBE has been found to be an adequate starting point for polycyclic
aromatic hydrocarbons (PAHs) because it produces qualitatively correct spectra.3%®¥ The
TDA has been found to improve the accuracy of triplet excitation energies obtained from
GW-+BSE calculations, while its effects on the accuracy of singlet excitation energies is still
debated. ™8 GW-+BSEQPBE systematically underestimates the value of Eg, —2Er, . 14:36:7885
Therefore, we restrict the discussion to qualitative comparisons between the relative SE driv-
ing force of different materials, rather than absolute values of Eg, — 2Ep,.

The diradical and tetraradical characters of the zethrene derivatives studied here were
calculated following the procedure of Refs. 449 Multiple diradical characters were calculated
based on the spin-projected unrestricted Hartree-Fock (PUHF) method, using the GAMESS
package,®® with 6-31G* basis sets.®” The multi-radical characters, y;, are calculated based

on the occupation numbers of the HONO—i and LUNO+-i. y; is defined as:

(2)

where T; is defined with n;,qex With its subscript indicating the index of the natural orbital:

T, = NHONO-i ; NLUNO+4 (3)

To calculate SF rates with the Simple code,?? dimers were extracted from the crystal
structures of the zethrene derivatives Z-T, Z-D, and Z-B. Because Simple can only be used
to compare SF rates between dimers of the same molecules, the side groups of Z-B, Z-D,
and Z-T were removed and replaced by hydrogen atoms, whose positions were relaxed. For

the same reason, Z-P, which has a planar backbone unlike the others, was not considered.



Dimers comprising molecules with a center of mass distance of 8 A at most were considered.
The frontier orbitals needed for Simple were calculated with the Gaussian 16 package®® using
the restricted Hartree-Fock (RHF) method with the 6-311G basis set. Natural bond orbital
(NBO) analysis version 3.1 was used within Gaussian for generating the natural atomic
orbitals (NAO) for Simple. To evaluate the relative SF rates between dimers, the energy of
CT states was set to 2 eV. The superexchange coupling values obtained for different dimers
are provided in the SI.

The reorganization energy for Marcus theory, A\, was calculated based on the difference
between the triplet excitation energies in the initial state geometry (with one molecule in the
singlet excited state geometry and the other in the ground state geometry) and in the final
state geometry (with both molecules in the triplet excited state geometry), E[T1,q(S1)] +
E[T1,q(S0)] — 2 x E[Ty,q(T1)] where q(X) stands for equilibrium geometry in the state X.
Geometry optimizations in the excited states were performed with the Gaussian® code,
using the B3LYP® functional and 6-311G basis sets. The reorganization energy of the

zethrene molecule studied here was found to be A = 0.77 eV.

Results and discussion

We begin by evaluating the zethrene derivatives as isolated molecules. Figure 2 shows the
tetraradical character, y, as a function of the diradical character, yo. The known SF chro-
mophores tetracene, pentacene, and two phenylated acene derivatives DPT and DPP are
shown for comparison. Tabulated yo and y; values are provided in the Supporting Infor-
mation (SI). Among the zethrene derivatives, both yo and y; increase with the zethrene
backbone size from the zethrene derivatives to heptazethrene, which indicates a stronger
open-shell character for larger zethrenes. Different side groups modify the multi-radical
characters. Among the acenes, the phenyl side groups do not significantly change the multi-

radical characters for DPT and DPP compared to tetracene and pentacene, respectively.
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Figure 2: The tetraradical character, y;, as a function of the diradical character, y9. The
radii of the red circles are proportional to the relative SF driving force (Es, —2Er,) calculated

using GW+BSEQPBE. Zethrenes and acenes are labeled in black and blue, respectively.

The zethrene derivatives Z-T and Z-D have a slightly larger y, than tetracene and DPT,
but smaller gy, than pentacene and DPP. All zethrene and acene derivatives studied here

are within the feasibility region for SF as defined by Minami et al.*® with moderate 3, val-
The radii of the red circles

ues between 0.1-0.6 and relatively low y; values, below 0.1.
in Figure 2 are proportional to the relative SF driving force (Es, — 2E7,), calculated us-

ing GW+BSEQPBE. Tabulated values of excitonic properties are provided in the SI. In

48,5153 chromophores with moderate 7, paired with small y; have a

agreement with Refs.,
favorable SF driving force. The highest molecular SF driving force is found for the hep-

tazethrene derivative HZ-BTB, followed by the zethrene Z-P. The zethrene derivatives Z-B,

Z-T, and Z-D, with smaller gy, have a smaller SF driving force than Z-P, HZ-BTB, pen-
tacene, and DPP, but somewhat higher than tetracene and DPT. This means that within
the SF feasibility range smaller y, is correlated with higher SF efficiency, in the sense that
the energy loss is smaller. Our findings that zethrene derivatives with larger backbones yield
higher 3, and 7, as well as a higher SF driving force are in agreement with Naskar et al.?!

Figure 3 shows the quasi-particle band structures of the crystalline zethrene derivatives,
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Figure 3: Quasi-particle band structures of the five zethrene crystals obtained with

GoWy@PBE. The crystal packing is illustrated next to the corresponding band structures

with the backbones and side groups colored in purple and cyan, respectively. The band gap
values are shown on each band structure plot.
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obtained with GoWy,@PBE. Illustrations of the crystal structures are also shown. Of the
four zethrenes derivatives, Z-P, which has no side groups, has a herringbone (HB) pack-
ing motif, similar to acene crystals. Z-D, Z-T, and Z-B, whose side groups create steric
hindrance are slip stacked with larger distances and less cofacial interactions between the
zethrene backbones. The different packing motifs lead to different band structures. Z-D,
Z-T, and Z-B have approximately the same band gap of around 2.7 eV and relatively flat
bands. The stronger cofacial interactions in Z-P, in which the shortest distance between the
backbones of neighboring molecules is approximately 3.42A, leads to a significantly different
band structure. Z-P has a smaller band gap of 1.98 ¢V and more dispersed bands, which
may be attributed to the cofacial inter-molecular interactions in the HB structure. The
heptazethrene derivative, HZ-BTB, is also slip stacked due to its bulky side groups. Less
co-facial interactions leads to relatively flat bands, similar to that of slip-stacked Z-D, Z-T,
and Z-B. The band gap of HZ-BTB is 2.21 eV, which is about 0.5 €V smaller than the slip-
stacked zethrene derivatives. This may be attributed to the longer backbone, which creates
a larger aromatic system and hence smaller energy difference between HOMO and LUMO.

The absorption spectra of the five zethrenes calculated with GW-+BSEQPBE are shown in
the Figure 4. The absorption spectra of tetracene and pentacene are shown for comparison.
Because no experimental data are available for the specific compounds studied here, we
compare the optical gap (the lowest singlet exciton energy) to experimental results for similar

f.93 The computed optical gaps of the Z-D, Z-T, and Z-B crystals are

systems reported in Re
2.23, 2.37, and 2.35 eV, respectively, slightly higher than the experimentally measured gap of
the zethrene derivative in Ref.,?? 2.02 eV, whereas the optical gap of Z-P, 1.86 €V, is slightly
lower. The theoretical result for the heptazethrene derivative HZ-BTB, 1.79 €V, is very
close to the averaged experimental optical gaps of the heptazethrene derivatives reported in
Ref.,? 1.80 eV. The optical gaps of Z-P and HZ-BTB are comparable to pentacene. However,

the main absorption peak of Z-P is centered around 2.5 ¢V, which is higher than the main

absorption peak of pentacene. The main absorption peak of HZ-BTB is in a similar range
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Figure 4: The absorption spectra of Z-P, Z-D, Z-T, Z-B, and HZ-BTB, calculated using
GW+BSEQPBE. The absorption spectra for light polarized along the a, b, and c crystal axes
are represented by dashed black, magenta, and yellow lines. The total absorption spectra
are plotted as solid blue lines. The optical gaps are indicated by red dashed lines. The
calculated absorprtion spectra of tetracene and pentacene are shown for comparison. The
solar spectrum?? is illustrated as a solid cyan line.
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to pentacene. The optical gaps of Z-D, Z-T, and Z-B are comparable to tetracene and they

absorb in a similar range.
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Figure 5: A two-dimensional descriptor for assessing SF candidates. The thermodynamic
driving force for SF (Eg, — 2E7,) is plotted on the x-axis and the singlet exciton charge
transfer character (%CT) is plotted on the y-axis. The error bars correspond to the range
of %CT values obtained using different hole positions when performing double-bader analy-
sis. 1»2! The results for tetracene, pentacene, rubrene, DPT, and DPP are colored in red to
indicate that they have been experimentally observed to undergo SF.

To assess the zethrene derivative as potential SF candidates we employ a two-dimensional
descriptor based on the thermodynamic driving force for SF and the degree of singlet
exciton charge transfer character.'®'%2! In Figure 5 the SF driving force obtained from
GW+BSEQPBE is plotted on the x-axis and the degree of singlet exciton charge transfer
character (%CT) obtained from double-Bader analysis is plotted on the y-axis. Tabulated
values are provided in the SI. The zethrene crystals are compared to acene derivatives known
to exhibit SF in the solid state: tetracene, pentacene, rubrene, diphenyltetracene (DPT),
and diphenylpentacene (DPP).1* Of the materials studied here, the heptazethrene derivative
HZ-BTB exhibits the highest SF driving force, significantly higher than pentacene and DPP,
and the highest %CT. This indicates that HZ-BTB could be an outstanding SF candidate.

The zethrene derivatives present comparable excitonic properties to the acene derivatives.
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The SF driving forces of Z-T, Z-D, and Z-B are about 0.1 eV higher than tetracene and
0.1 eV lower than pentacene. The %CT for these zethrene derivatives is significantly higher
than tetracene and DPT and close to pentacene. This means that Z-T, Z-D, and Z-B could
potentially undergo SF with a higher triplet yield than tetracene and with fewer losses than
pentacene. Z-P is located close to DPP in Figure 5, which implies its SF performance could
be similar to that of DPP. It is interesting to note that Z-P has a significantly higher SF
driving force than its derivatives Z-T, Z-D, and Z-B. The difference between zethrene and its
derivatives is larger than the difference between tetracene and ruberene and the difference
between pentacene and DPP. The difference between zethrene and its derivatives may be
attributed primarily to their gas-phase excitonic properties. As shown in Figure 2, Z-B,
Z-D, and Z-T have a similar SF driving force, which is about 0.4 eV lower than that of
Z-P. Moreover, as shown in Figure 3, the steric hindrance caused by the side groups of Z-
B, Z-D, and Z-T leads to a different packing arrangement than Z-P and hence to different
excitonic properties in the solid state. Thus, functionalizing zethrene with side groups may
significantly alter its excitonic properties.

Beyond the degree of singlet exciton CT character, the different packing motifs of the
crystals studied here lead to different exciton distributions, which may have implications for
the entropic contribution to SF.2645 Both Z-P and HZ-BTB have a higher degree of singlet
exciton charge transfer character than tetracene. However, as shown in Figure 6, their
exciton wave-functions have different characteristics. Both the Z-P and tetracene crystals
have HB packing. In tetracene, the electron probability density is distributed over a shell of
neighboring molecules surrounding the molecule on which the hole is located. In contrast, in
Z-P the electron charge mainly distributes over the stack of molecules parallel to the molecule
on which the hole is located, but barely transfers to adjacent rows. The singlet exciton wave-
functions of the zethrene derivatives Z-B, Z-D, and Z-T display similar characteristics, as
shown in the SI. In contrast, in HZ-BTB the electron charge mainly transfers to the two

neighboring slipped stacks but barely distributes along the stack parallel to the molecule on
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Tetracene

HZ-BTB

Figure 6: The singlet exciton wave-functions for tetracene, Z-P, and HZ-BTB. The red sphere
indicates the hole position and the electron density distribution is shown in yellow.
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which the hole resides. This difference may be attributed to the different packing motifs of
Z-P and HZ-BTB . In the HB structure of Z-P alternate stacks of parallel molecules have
different orientations. In the slip-stacked structure of HZ-BTB all molecules have the same

orientation.

ESo=0 =Sl S===

i

= @5&% @%&M
B o s

-10.30 -10.34

Fission Rate (log)

Z-T Z-D Z-B

Figure 7: The highest three fission rates for dimers extracted from Z-T, Z-D, and Z-B with
side view (top) and top view (bottom) illustrations of the corresponding dimer structures.

Finally, to investigate the effect of crystal packing on SF rates, we use Simple to compare
the three zethrene derivatives, Z-T, Z-D, and Z-B, whose different side groups lead to different
packing arrangements. Due to the assumptions of the model, Simple can only be used to
compare the fission rates among different dimers of the same molecule with the same frontier
orbitals.3? In order to make the three zethrene derivatives comparable, the side groups of Z-
T, Z-D, and Z-B were replaced with hydrogen atoms. Z-P was excluded from this comparison
because in this structure the zethrene backbone adopts a planar conformation, whereas Z-T,
Z-D, and Z-B have a twisted backbone conformation, and the conformational change may
affect the frontier orbitals. HZ-BTB is not included because of its larger backbone. We
note that the fission rates produced by Simple are approximate and should only be used for

qualitative comparisons.
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Figure 7 shows the fission rates obtained with Simple for the three best dimers out of
each crystal structure with visualizations of their dimer structures. The differences in the
crystal packing of Z-T, Z-D, and Z-B lead to changes in orders of magnitude in the predicted

I'is found for a dimer extracted from the

fission rates. The highest fission rate of 1078%s~
Z-T structure. The three dimers extracted from the Z-D crystal structure have intermediate
fission rates of the order of 1071%s7!, similar to the dimer with the second highest rate in
Z-T. The dimers extracted from the Z-B crystal structure yield significantly lower rates, the
highest of which is 10711615~ Of these three materials, whose SF driving force and singlet

exciton CT character are similar (see Figure 5), Z-T is likely to be the best candidate for

inter-molecular SF in the solid state, based on kinetic considerations.

Conclusion

In summary, We have assessed zethrene (Z-P), three zethrene derivatives (Z-B, Z-D, and Z-
T), and a heptazethrene derivative (HZ-BTB) as candidate materials for intermolecular SF in
the solid state. These materials were evaluated with respect to multiple descriptors, including
the single molecule multi-radical characters, many-body perturbation theory calculations of
the thermodynamic driving force for SF and the singlet exciton charge transfer character in
crystals, and the Simple kinetic model based on molecular dimers extracted from the crystal
structures. In addition, we have compared the zethrenes to acenes known to exhibit SF. All
zethrene and heptazethrene derivatives studied here satisfy the SF' feasibility condition based
on their multi-radical characters. Z-P and HZ-BTB have an exceptionally high SF driving
force, compared to pentacene and its derivative DPP, as well as a high singlet exciton charge
transfer character. This means that although they are likely to exhibit SF, the energy loss
would be considerable. The SF driving force of the zethrene derivatives Z-T, Z-D, and Z-B
is higher than tetracene, whose fission process is slightly endoergic, and its derivative DPT,

but lower than pentacene. Therefore Z-T, Z-D, and Z-B would be preferable SF materials in
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terms of their energy efficiency. The singlet exciton charge transfer character of Z-T, Z-D,
and Z-B is higher than tetracene and DPT and close to pentacene. Of these three materials,
the Simple kinetic model predicts that the crystal packing of Z-T would yield the fastest SF
rate. Therefore, having considered multiple descriptors, Z-T emerges as the most promising
SF candidate of the zethrene derivatives studied here. Our approach of considering multiple

descriptors may be used by us and others to evaluate additional candidate materials for SF.
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