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Singlet fission (SF), the spontaneous down-conversion of a singlet exciton into two triplet excitons
residing on neighboring molecules, is a promising route to improve organic photovoltaic (OPV) device
efficiencies by harvesting two charge carriers from one photon. However, only a few materials have
been discovered that exhibit intermolecular SF in the solid state, most of which are acene derivatives.
Recently, there has been a growing interest in rylenes as potential SF materials. We use many-body per-
turbation theory in the GW approximation and the Bethe-Salpeter equation to investigate the possibility
of intermolecular SF in crystalline perylene and quaterrylene. A new method is presented for deter-
mining the percent charge transfer (%CT) character of an exciton wave-function from double-Bader
analysis. This enables relating exciton probability distributions to crystal packing. Based on compar-
ison to known and predicted SF materials with respect to the energy conservation criterion (Eg-2ErT)
and %CT, crystalline quaterrylene is a promising candidate for intermolecular SF. Furthermore, quater-
rylene is attractive for OPV applications, thanks to its high stability and narrow optical gap. Perylene
is not expected to exhibit SF; however, it is a promising candidate for harvesting sub-gap photons by
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triplet-triplet annihilation. Published by AIP Publishing. https://doi.org/10.1063/1.5027553

l. INTRODUCTION

Many applications of organic solids, ranging from sensors
to photovoltaics,' involve photon absorption and charge gen-
eration. Organic chromophores used in these devices have the
advantage of being low-cost, lightweight, and having chem-
ically tunable properties. Previously, the Shockley-Queisser
limit,* stating that one photon only creates one electron-hole
pair, placed an upper bound on the efficiency of organic pho-
tovoltaics (OPVs). However, this limit may be surpassed by
singlet fission (SF),>'3 a collective many-body quantum
mechanical process whereby one photogenerated singlet exci-
ton splits into two triplet excitons located on different
molecules, generating two carriers for harvesting. SF was first
observed in crystalline anthracene in 1965.'* Recently, there
has been a surge of renewed interest in SF following the real-
ization that it may improve the theoretical solar conversion
efficiency limit from 33% to 47%.%13

The number of materials reported experimentally to
exhibit SF to date is very small,'®!®!7 considering the
infinitely vast chemical compound space. For the occurrence
of SF to be thermodynamically favorable, the singlet excita-
tion energy (Es) should be larger, or at least not much smaller
than twice the triplet excitation energy (Et). If this condition
is met, SF will be exoergic or not significantly endoergic.>'®
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This energy conservation criterion excludes most organic chro-
mophores. Furthermore, for SF to be observed experimentally,
its rate should be faster than all competing processes, such as
fluorescence, intramolecular relaxation processes, and, in par-
ticular, triplet-triplet annihilation (TTA), which is the reverse
process of SE.>1%:16.19 1n this respect, meeting the energy con-
servation criterion also helps suppress TTA. Long exciton
lifetimes may be crucial to prevent singlets from decaying
via fluorescence and enhance triplet harvesting. It has been
postulated that a singlet exciton with charge-transfer (CT)
character (i.e., with the electron probability density concen-
trated away from the hole position) would be favorable for
intermolecular SF because it could couple more easily with
triplet excitons localized on neighboring molecules, while sup-
pressing electron-hole recombination.’>~’?%->2 For practical
photovoltaic device applications, there are additional require-
ments of SF materials, such as optical absorption of a broad
range of the solar spectrum and long-term chemical stabil-
ity under operating conditions. These stringent requirements
leave much to be desired and call for exploration of new SF
candidates.

Oligoacenes and their derivatives stand out
among organic chromophores and have been pivotal in funda-
mental research of SF. Both tetracene®’*! and pentacene*>**
are top performers, exhibiting fast SF and near 200% triplet
yield.'%37:4? To elucidate the success of the acene family, exci-
tonic properties have been investigated both experimentally
and theoretically, especially in crystalline pentacene, which

23-34 35,36
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satisfies the energy conservation criterion, unlike most other
organic crystals. In a recent computational study,*’ the wave-
function of the lowest energy singlet exciton in pentacene was
found to have 94% CT character, which may contribute to
accelerating the SF process. SF has also been observed in
several acene derivatives, such as bis(triisopropylsilylethynyl)
pentacene (TIPS-pentacene)**® and orthorhombic rubrene
(which may be considered as functionalized tetracene).*’—*
The two meta-stable monoclinic and triclinic polymorphs of
rubrene, which have not been widely studied experimentally,
have been predicted theoretically to exhibit more efficient
SF than the orthorhombic form.* Inspired by the success
of oligoacenes and their derivatives, we turn to other conju-
gated hydrocarbons in search of new promising candidates
for SE.

Oligorylenes are another family of polycyclic aro-
matic hydrocarbons (PAHs) with unique thermodynamic, elec-
tronic, and excitonic properties, including SF.%%7 The smallest
member of this family, perylene, shown in Fig. 1, has been
reported to undergo SF from super-excited singlet states, as
well as TTA.”® Recently, SF has been measured experimen-
tally in crystalline perylene derivatives.”*%> In particular, a
triplet yield of 140% + 20% in 180 + 10 ps was reported
for perylenediimide thin films.®! The second member, terry-
lene, may be superior to perylene, based on the experimental
observation of endoergic SF by only 70 meV and close to
200% triplet yield in two tert-butyl-substituted terrylenes.®
In both perylene and terrylene derivatives,®”-%® SF quantum
yield may be further enhanced by manipulating the crys-
tal packing,®® similar to rubrene.*>*® A theoretical study of
gas-phase oligorylenes, using time-dependent density func-
tional theory (TDDFT), has suggested that larger molecules
of this family are more likely to meet the energy conserva-
tion criterion:>® however, this study did not consider inter-
molecular SF in the solid state. In molecular crystals, the
molecular orbitals evolve into dispersed bands, and exci-
tons may be delocalized over several molecules.”*3 This
may facilitate the coupling between the singlet exciton and
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FIG. 1. (a) Perylene (left) and quaterrylene (right) single molecules, (b) the
herringbone (HB) and sandwich-herringbone (SHB) packing of one molecular
layer in the two perylene polymorphs viewed along the long edge of molecules,
and (c) the unit cells of HB perylene, SHB perylene, and SHB quaterrylene
with their respective CSD reference codes. C and H atoms are shown in dark
and light blue, respectively.
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the triplet excitons of neighboring molecules, contributing to
efficient intermolecular SF.%7-20-22

We investigate crystalline perylene and quaterry-
lene,”*7>7* shown in Fig. 1, as candidates for intermolecu-
lar SF (no crystal structure has been reported for terrylene,
therefore it is not considered here). Quaterrylene crystallizes
in a sandwich-herringbone (SHB) packing motif’*”> with
four molecules per unit cell. Perylene has two known poly-
morphs. The @ form has a SHB structure, similar to quater-
rylene. The 8 form has a herringbone (HB) structure”> with
two molecules per unit cell, similar to tetracene and pen-
tacene. To describe the excited state properties of perylene
and quaterrylene, we use a beyond-DFT approach, based on
Green’s function many-body perturbation theory (MBPT).
The GW approximation,’®’® where G is the one-particle
Green’s function and W is the screened coulomb interac-
tion, is used to calculate properties derived from charged
excitations, such as fundamental gaps and band structures.
GW accounts for the dynamical correlation (screening) effects
that cause the renormalization of quasiparticle energies in
response to particle addition/removal. GW quasiparticle ener-
gies are then used to construct the two-particle Green’s func-
tion, which describes coupled electron-hole excitations, and
then solve the Bethe-Salpeter equation (BSE)’®8 to obtain
properties derived from neutral excitations, including the
optical absorption spectra, singlet and triplet energies, and
exciton wave functions. A new method of double-Bader anal-
ysis is introduced to evaluate the degree of CT character
of exciton wave functions produced by BSE calculations.
Perylene and quaterrylene are then compared to pentacene,
tetracene, and the three polymorphs of rubrene with respect to
a two-dimensional descriptor based on the energy conserva-
tion criterion (Es-2E1) and the degree of singlet exciton CT
(%CT) character. The comparison between eight molecular
crystals reveals trends across chemical families and pack-
ing motifs (the computational cost of GW+BSE calculations
prohibits screening a large number of materials). We find crys-
talline quaterrylene to be a promising candidate for inter-
molecular SF.

70-72

Il. METHODS

A. Double-Bader analysis of exciton character

Bader analysis®"-%? is a widely used partitioning scheme

applied to charge densities, p(r.), with one electron position
variable, r,, in the format of volumetric data on a discrete
three-dimensional spatial grid. For each atom, a Bader volume
is defined,’>83 which contains a single electron density maxi-
mum and is separated from other volumes by a zero flux surface
of the gradients of the electron density. Once the hole posi-
tion, 7y, is fixed, the two-particle exciton wave-function from a
BSE calculation, |¥(r,, rh)|2, becomes an electron charge den-
sity with only one electron position variable, | 'Y (r,, fixed rh)|2,
and thus may also be treated with Bader analysis.®* Based on
this, we propose a new method for calculating the degree of
CT or Frenkel (i.e., the electron and hole are located on the
same molecule) exciton character by a “double-Bader” analy-
sis, performing nested sums over electron and hole positions.
As illustrated schematically in Fig. 2, we define the probability
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FIG. 2. Schematic illustration of the double-Bader analysis. A hole, denoted
by a red dot, is placed in the Bader volume of atom i of molecule A. The
electron probability density corresponding to this hole position is shown in
yellow. The inner sum in Eq. (1) runs over all atoms j of molecule B. The outer
sum is over all symmetry-inequivalent atoms of molecule A. The middle sum
is over the number of hole positions sampled in the Bader volume of each
atom i of molecule A.

of finding a hole and an electron, respectively, on molecules
A and B in the supercell as follows:

Ph@moleculeA — Z w: Z ;
e@molecule B atomicA " r, € atom i th

€ atom i
x Z ' Ph@ﬁxed € atom i. (1
atomj € B~ e@atom j

W; is a weight corresponding to the relative probability of
finding a hole in the Bader volume of atom i in molecule A
and Pfgff: ,er" €aomi is the probability of finding the elec-
tron in the Bader volume of atom j in molecule B when
the hole is located in the Bader volume of atom i, both of
which are calculated using Bader analysis.®'*2 N,, ¢ qom ;i is
the number of hole positions sampled in the Bader volume of
atom i.

The lowest-energy singlet excitation in molecular crys-
tals typically corresponds to transitions from the top valence
bands to the bottom conduction bands, derived from the sin-
gle molecule highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), respectively
(for quaterrylene, for example, four bands are derived from
the four molecules in the unit cell). Therefore, the electron
charge density distribution of the single molecule HOMO is a
reasonable estimate for the hole probability. We perform Bader
analysis of the HOMO electron density obtained from a DFT
calculation of a gas-phase molecule to determine the weight
factors, W;, corresponding to the relative probability of a hole
positioned at atom i. The probability of finding an electron

plCfied ry catomi 4 hen obtained via Bader anal-
e@atom j

ysis of the BSE exciton wave-function, |W¥(r,, fixed rh)|2. W;
corresponds to the hole probability in the whole Bader vol-
ume centered at atom i, while Pi’gff n‘f;” €aomi i calculated
with ry, placed at a fixed position within this volume. There-
fore, r;, should be sampled at enough positions, Ny, € aom i
within the Bader volume of atom i to calculate the averaged

h@fixed r, € atom i :
c@atom | for each W;. In the case of quaterrylene,

changing the hole position from 0.2 A above an atom to

on atom j,
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04, 0.6, 0.8, and 1.0 A resulted in negligible change of
the exciton wave-function (see the supplementary material).
Therefore, the hole position could be sampled at only one
distance, e.g., 0.8 A above atom i in molecule A, to evalu-
ate P:’gf ;er‘;;" € 4Ot n crystalline quaterrylene, there is one
cofacial neighbor on one side of each molecule and two her-
ringbone neighbors on the other side. Therefore, two positions
were sampled, one on each side, for each atom i. The middle
sum in Eq. (1) is for r;, sampling within the Bader volume of
atom i. The outer and inner sums are over hole and electron
probabilities on atoms i and j belonging to molecules A and B,
respectively. The percentage of CT character (%CT) is defined
as the probability for the electron and hole not to be located
on the same molecule,*3-35-86

1 .
0t = (1= 5 3, phemied) oo,

where the degree of Frenkel character is averaged over Z
inequivalent molecules in the unit cell.

Recently, Sharifzadeh et al. proposed a different approach
to quantitatively evaluate exciton character,*> which involves
sampling two hole positions for each C atom in the primi-
tive cell. We only consider inequivalent atoms on inequivalent
molecules in the primitive cell, which significantly reduces
the number of hole positions sampled. In the double-Bader
approach, the dependence of the exciton character on the
hole position in the unit cell is captured by the intermedi-
ate results with r;, fixed at different positions. Error bars for
%CT are then estimated from the maximal and minimal val-
ues obtained with ry, fixed on different atoms in inequivalent
molecules A,

e@molecule A

%CTaomica = (1 - Plgmed @) 100%.  (3)

Furthermore, for a molecule possessing special chemical
groups (e.g., electron donating or withdrawing groups), hole
and electron probabilities may be selectively evaluated on
these special groups in the outer and inner sums of Eq. (1),
respectively, to quantify their effect on the exciton character.
Although perylene and quaterrylene do not have any functional
groups, this may be a useful feature of our method for other sys-
tems. Thus, the double-Bader method provides a quantitative
way to analyze exciton wave-functions. A detailed step-by-
step example of the double-Bader analysis for quaterrylene
is provided in the supplementary material. Similar analyses
were carried out for the lowest energy singlet excitons of HB
perylene, SHB perylene, pentacene, tetracene, and the three
polymorphs of rubrene. For pentacene, we obtain 97% CT,
in good agreement with the result of 94% CT, reported by
Sharifzadeh et al.*?

B. Computational details

Initial geometries of crystalline HB perylene, SHB
perylene, quaterrylene, and tetracene were obtained from the
lowest temperature data sets available in the Cambridge Struc-
tural Database (CSD) with reference codes of PERLEN07,!
PERLENO05,2 QUATER10,° and TETCENO1.8’ Geome-
try optimization was performed with the CASTEP code®®


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-009818
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using Perdew, Burke, and Ernzerhof (PBE)®**° coupled to
the Tkatchenko-Scheffler (TS)°! pairwise dispersion method.
Norm-conserving pseudopotentials were utilized for C and
H atoms. The plane wave basis set cutoff was 750 eV,
and a Monkhorst-Pack k-grid with a spacing of about
0.07 A~! was used. The convergence criteria for total energy,
maximum force, maximum stress, and maximum displace-
ment were 5 X 107° eV/atom, 0.01 eV/A, 0.02 GPa, and
5% 10* A=, respectively. The relaxed structures are in good
agreement with experiments, as shown in the supplementary
material.

The GW approximation and Bethe-Salpeter equation
(BSE), as implemented in the BerkeleyGW code,®? were used
to calculate the electronic and optical properties of crystalline
HB perylene, SHB perylene, quaterrylene, and tetracene, sim-
ilar to our previous work.*> First, DFT eigenvectors and
eigenvalues were generated with Quantum Espresso,”? using
the PBE exchange-correlation functional (GW calculations
for perylene and quaterrylene molecules based on different
starting points are provided in the supplementary material).
Troullier-Martins®* norm-conserving pseudopotentials with
the 2s> and 2p’ states considered as valence for C were
generated with FHIO8PP.”> The DFT calculation was per-
formed with k-grids of 4 X 4 X 2,2 X 2 X 2,2 X 2 X 2,
and 4 x 4 x 2 for HB perylene, SHB perylene, quaterry-
lene, and tetracene, respectively. The kinetic energy cutoff
was 50 Ry. Second, non-self-consistent GoW( was employed
to compute quasiparticle band structures. This is denoted as
GoWy@PBE. The dielectric function and self-energy oper-
ator were constructed by summing over 550 unoccupied
bands, for HB perylene, SHB perylene, and quaterrylene,
and 556 unoccupied bands for tetracene. The static remain-
der correction®® was applied to accelerate convergence with
respect to the number of unoccupied states. An energy cut-
off of 10 Ry was adopted to truncate the sums used for
the calculation of the polarizability. Band structures were
calculated along the high symmetry directions suggested in
Ref. 97.

Finally, the optical excitation properties were obtained
by solving the BSE within the Tamm-Dancoff approximation
(TDA).”? This is denoted as GoW(+BSE@PBE. For the BSE
calculation, denser k-grids of 5 x5 x 4,4 x4 x 4,4 x4 x4, and
8 x 8 x 4 were used for HB perylene, SHB perylene, quater-
rylene, and tetracene, respectively. 24 valence bands and 24
conduction bands were considered. The polarization of light
was directed along the three crystal axes. The experimental
absorption spectrum of quaterrylene was measured along an
unknown direction in Ref. 98. Therefore, the total absorption
spectrum was simulated by combining the calculated spectra
along the three lattice vectors with weights providing the best
fit to experiment. The lowest energy singlet and triplet exciton
wave-functions were calculated to describe the possibility of
finding electrons in 10 X 3 X 3,4 X 4 x 4,4 x 4 x 4, and
8 X 8 x 4 extended HB perylene, SHB perylene, quaterry-
lene, and tetracene supercells, respectively. The hole position
was fixed at a high hole probability site, determined based
on the DFT HOMO density. The HB perylene supercell was
particularly extended along the a direction because the sin-
glet exciton wave-function is significantly extended along the

J. Chem. Phys. 148, 184101 (2018)

molecular cofacial stacking direction, requiring a larger dis-
tance to converge. The results for tetracene are provided in the
supplementary material.

lll. RESULTS AND DISCUSSION

A. Electronic and optical properties
of perylene and quaterrylene

In molecular crystals, the discrete energy levels of gas
phase molecules turn into dispersed energy bands. The fron-
tier molecular orbitals of the chromophores considered here
are derived from the carbon m-electron density and are orien-
tated above and below the plane of the molecule. Therefore,
the band dispersion, determined by the electronic coupling
between molecules in the crystal, may be related to the pres-
ence of cofacial intermolecular interactions. These cofacial
interactions may be visualized via the deconvoluted C---C
Hirshfeld surface, as discussed in the supplementary material.
Significant cofacial intermolecular interactions lead to larger
intermolecular overlap integrals, producing more dispersed
bands.

Figure 3 shows the GoW( @PBE quasiparticle band struc-
tures of crystalline perylene and quaterrylene. The main
features are summarized in Table I and compared to pen-
tacene, tetracene, and the three polymorphs of rubrene. The

Perylene (HB)

Perylene (SHB)

Quaterrylene

ry HC

EM,A XHM DZY D

FIG. 3. GoWy@PBE quasiparticle band structures of perylene and
quaterrylene.
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TABLE I. Summary of computed excitonic properties, including fundamental gap (Eg), lowest-energy singlet
and triplet excitation energies (Eg/t), the energy conservation condition for SF (Eg-2Et), and %CT for the lowest

lying singlet excitons.

(eV) Eg Es EsexP ET ETexp ES—ZET %CT
Perylene (HB) 2.82 246 2.6570 1.55 -0.64 99.7
Perylene (SHB) 3.10 261 2.6570 1.68 -0.75 93.7
Quaterrylene (SHB) 1.64 1.33 1.48%8 0.82 -0.31 98.2
Tetracene (HB) 270 224 2.38102,103 1.34 1.25%8,109 -0.44 80.1
Pentacene (HB) 225% 172 1.85104 097 08628109110 27 97.3
Rubrene (monoclinic) 2.96% 2.6 23610 1.40 -0.24 99.1
Rubrene (orthorhombic) 2.69% 228 2.31-2.32106-108 1.45 1144711113 _0 62 96.1
Rubrene (triclinic) 2.68% 225 2.31-2.35105 1.39 -0.53 91.0

top valence bands and bottom conduction bands (two bands
for HB perylene and four for SHB perylene and quater-
rylene) are derived from the single molecule HOMOs and
LUMOs, respectively, and are energetically separated from
other valence and conduction bands by 0.5-1.0 eV in all
three band structures. This is consistent with the isolated
HOMO peaks in the gas phase spectra, shown in the sup-
plementary material. The dispersion of the HOMO-derived
bands in HB perylene is 0.9 eV, much larger than 0.4 and
0.3 eV, respectively, in SHB perylene and quaterrylene. This
may be attributed to the different packing motifs, shown in
Fig. 1(b).

In the HB polymorph of perylene, the molecules are
stacked, such that each molecule has two cofacial neighbors
along the a direction, leading to continuous intermolecular
coupling along the stacking direction and a large band disper-
sion. In the SHB structure, each molecule has only one cofa-
cial neighbor, leading to less continuous C- - - C interactions
throughout the matrix, and therefore weaker intermolecular
coupling. Pentacene and tetracene exhibit HB packing, sim-
ilar to perylene; however, their top valence band dispersions
are only 0.5 and 0.4 eV, respectively (see the supplementary
material of this work and of Ref. 49). This may be attributed
to the smaller cofacial interaction between molecules in the
stacking direction as evident from the diminutive amount of
C- - - C contacts produced from Hirshfeld surface analysis (see
the supplementary material).

The fundamental band gaps of HB perylene, SHB pery-
lene, and quaterrylene are 2.82 eV, 3.10 eV, and 1.64 eV,
respectively, significantly smaller than the gas phase HOMO-
LUMO gaps of perylene, 5.13 eV, and quaterrylene, 3.28 eV
(see the supplementary material). This is due to polarization
induced gap narrowing in extended systems.”®~'°! Notably,
quaterrylene has a smaller gap than the known SF materials
listed in Table T and most other PAHs.”> A narrow gap is desir-
able for solar cell applications because it enables absorption
of a broader spectral range.

Figure 4 shows the GoW+BSE@PBE optical absorption
spectra of perylene and quaterrylene, compared to experimen-
tal data. The main features are summarized in Table I and
compared to pentacene, tetracene, and the three polymorphs
of rubrene. For both perylene polymorphs, optical absorption
spectra were measured’’ and calculated for light polarized
along the a and ¢ directions. The single crystal absorption

spectrum of quaterrylene was measured along an unknown
direction.”® Therefore, spectra computed for light polarized
along the three crystal axes were combined with weights
providing the best fit to experiment. The calculated optical
gaps of HB perylene, SHB perylene, and quaterrylene, which
correspond to the lowest energy singlet excitation, are under-
estimated by 0.19 eV, 0.04 eV, and 0.15 eV, respectively. For
HB perylene, the computed spectra agree well with experi-
ments, except for an underestimation of about 0.3 eV in the
positions of the peaks at 4.8 and 4.7 eV in the a and ¢ direc-
tions, respectively. The computed spectra of SHB perylene
agree qualitatively with experiments; however, the sharp peak
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FIG. 4. The experimental optical absorption spectra of two perylene poly-
morphs from Ref. 70, compared with GoWy+BSE@PBE absorption spec-
tra along a (blue) and ¢ (magenta). The experimental absorption spectrum
of quaterrylene single crystal from Ref. 95 is compared with the total
GoWy+BSE@PBE absorption spectrum (black), obtained by combining spec-
tra calculated for light polarized along the three crystal axes with weights of
480:3600:1 along a, b, and c, respectively. Experimental and computational
optical gaps are shown in solid and dashed vertical lines, respectively.
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at 2.7 eV along the a direction is seen as a broad spectrum in
experiments, and the absorption intensity in the region around
4.0 eV is overestimated along the a direction, compared to
the ¢ direction. For quaterrylene, the observed peaks may be
attributed mainly to the spectra for light polarized along the a
and b directions, while the ¢ direction has a very minor con-
tribution. The two peaks centered at 2.5 and 3.0 eV are repro-
duced well in the simulated total spectrum and can be attributed
primarily to the b direction. Additionally, the relative intensity
of the strong peak at 1.4 eV compared to the aforementioned
two peaks is in agreement with the experiment. However, this
strong peak at 1.4 eV, mainly contributed by the a direction
spectrum, is shifted to a lower energy compared with the exper-
imental peak position of 1.7 eV. The solar conversion efficiency
of a device is limited by several unavoidable losses,* one of
which is that photons with energy below the optical gap cannot
be absorbed. Overall, quaterrylene exhibits a broader absorp-
tion spectrum than the two polymorphs of perylene. Among
the eight materials listed in Table I, crystalline quaterrylene
has the smallest optical gap leading to the broadest absorption
region.

Differences between the simulated and measured optical
spectra (in particular for SHB perylene) may be the result of an
accumulation of errors from approximations used in all three
steps of the calculation, starting from DFT, through GoW, to
BSE. Sources of errors in GW and BSE calculations are dis-
cussed extensively in, e.g., Refs. 79 and 114-121. Excitonic
properties may be sensitive to differences in the relaxed geom-
etry obtained with different DFT methods.?8122 PBE+TS, used
here, has provided reliable predictions for the structure of
PAH crystals;>”7>123-125 however, somewhat larger deviations
from the experiment are obtained for HB perylene, as dis-
cussed in the supplementary material. Errors in the GoW) step
may stem from the Go W approximation itself (i.e., neglecting
the vertex, lack of self-consistency, and the diagonal approxi-
mation),'?6-131 numerical settings, pseudopotentials,'3>133 the
mean-field starting point (e.g., self-interaction errors in DFT
functionals),! 4134136 and approximations used in the self-
energy evaluation, such as the Hybertsen-Louie generalized
plasmon-pole model.””> GW+BSE only considers particle-hole
interactions and cannot describe states with multi-exciton char-
acter'37-138 (it has been postulated based on multi-reference
calculations that one of the low-lying excitons of the quater-
rylene molecule in the gas phase may have a fraction of
double-excitation character;!3%140 however, such calculations
cannot be performed for molecular crystals with periodic
boundary conditions). Furthermore, only direct transitions are
considered in the BSE calculation. Perylene, quaterrylene, and
tetracene have indirect band gaps, which are slightly smaller
than their direct gaps. Contributions from indirect transitions
could slightly lower the optical absorption threshold. The
optical spectrum is sensitive to numerical settings, such as
k-point sampling, which must be carefully converged.*” The
TDA, which amounts to neglecting the resonant anti-resonant
coupling term, may lead to errors in both peak position and
intensity.>>!13-17 Finally, dynamic and thermal effects, such
as geometry relaxation in the excited state and coupling to
phonons, are not considered here. Despite its limitations,
GW+BSE is the present state-of-the-art method for calculating
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the excitonic properties of large periodic systems with a few
hundred atoms in the unit cell.

The energy conservation criterion (Eg-2Et) is currently
the primary descriptor thought to be associated with SF effi-
ciency. The energy differences between the singlet exciton
energy and twice the triplet exciton energy for perylene, quater-
rylene, tetracene, pentacene, and rubrene are summarized in
Table I. Eg and Et are compared with experimental data where
available. As we have noted previously, GoW,+BSE@PBE
systematically underestimates Es-2E1 (see also the above
discussion of the limitations of GoWo+BSE).*’ This is par-
ticularly obvious for pentacene, for which SF is computa-
tionally predicted to be endoergic by 0.22 eV, inconsistent
with experimental reports of fast SF with near 200% triplet
yield.** Several recent benchmarks for molecular systems,
using different codes, have shown that GoWy+BSE@PBE
systematically underestimates both singlet and triplet exci-
tation energies.!'5-117-12 It is presently unknown whether
the same trends persist in molecular solids, in part owing
to the lack of high-level reference data for periodic sys-
tems. From here on, we restrict the discussion to qualitative
trends.

The Eg-2Et values for both perylene polymorphs are
much smaller than that of quaterrylene. This is consistent with
the trend reported for single molecules based on TDDFT calcu-
lations.”® Based on the energy conservation criterion, the best
SF candidates are pentacene and monoclinic rubrene,* fol-
lowed closely by quaterrylene. Eg-2ET in quaterrylene is sig-
nificantly higher than in tetracene and orthorhombic rubrene,
where SF has been experimentally observed; therefore, we
conclude that SF is energetically favored with high efficiency
in quaterrylene. Moreover, in a theoretical simulation of pho-
tovoltaic cells with different carrier multiplication absorbers,
the highest solar conversion efficiency of 47.7% was predicted
for an ideal two gap tandem photovoltaic device where the top
cell is a SF absorber with a triplet gap of 0.84 eV.!> There-
fore, the triplet excitation energy of crystalline quaterrylene,
0.82 eV, which is also significantly smaller than all other mate-
rials in Table I, makes it an ideal SF candidate for a tandem
photovoltaic device.

B. Effect of crystal packing on exciton wave-functions

While energy conservation is considered a necessary con-
dition for SF to be thermodynamically favorable, the nature
of the exciton wave-function may affect its efficiency. The
degree of charge transfer character of the singlet exciton may
determine the strength of its coupling with the multi-exciton
state of two correlated triplet excitons localized on neighbor-
ing molecules and thus influence SF dynamics.’-%:20:22141,142
The lowest energy singlet exciton wave-functions of perylene,
quaterrylene, tetracene, pentacene, and rubrene are visualized
in Fig. 5 (plots of triplet exciton wave-functions are provided
in the supplementary material). The electron probability den-
sity is shown as yellow isosurfaces with respect to a fixed hole
position indicated by a red dot. The eight crystals considered
here exhibit different packing motifs, which give rise to differ-
ent exciton spatial distributions. Hirshfeld surface analysis of
the crystal packing is provided in the supplementary material
in order to relate the exciton wave-function distribution to the
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FIG. 5. Singlet exciton wave functions for perylene, quaterrylene, tetracene,
pentacene and rubrene crystals. Red dots indicate hole positions. Electron
probability densities are shown in yellow.

different intermolecular interactions in each system. Consis-
tent trends in the singlet exciton distribution are found across
different chromophores with similar crystal packing. Two of
the systems considered here, perylene and rubrene, have poly-
morphic forms, in which the different crystal packing produces
significantly different exciton wave-functions by modifying
the intermolecular coupling.

The electron probability distribution is localized primar-
ily on the molecules that have the strongest electronic coupling
with the molecule on which the hole resides. In structures
with strong cofacial m-stacking interactions, characterized by
a high fraction of C. - - C intermolecular interactions (see the
supplementary material), such as orthorhombic and triclinic
rubrene, the electron and hole of the lowest energy singlet
exciton typically reside on the cofacial neighbors. Based on
double-Bader analysis, the combined electron probabilities for
the two neighbors along the rt-stacking direction in orthorhom-
bic and triclinic rubrene are 75.7% and 80.1%, respectively.
In the HB structure of B-perylene, tetracene, and pentacene,
there are limited cofacial interactions, indicated by a smaller
fraction of C:.-C intermolecular interactions and a large
fraction of C- - - H interactions (see the supplementary mate-
rial). As a result of every nearest neighbor in the molecular
layer having approximately the same type and amount of
intermolecular electronic coupling, the electron is distributed
on several neighbors with approximately equal probabilities.
When a crystal is comprised of HB-layers, as in S-perylene,
tetracene, and pentacene, the lowest-energy singlet exciton
is typically delocalized within a single molecular layer 43144
because the electronic coupling is strongest between molecules
in the plane. As discussed in our previous work,** nearly no
cofacial interactions exist between neighboring molecules in
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monoclinic rubrene. As a result, the electron is distributed
on four neighboring molecules. The SHB structure of
a-perylene and quaterrylene is comprised of slightly offset
cofacially stacked dimers arranged in a HB motif. As a con-
sequence, their lowest-energy singlet excitons have features
typical of both packing motifs. The significant cofacial over-
lap of the dimer pair, characterized by a high fraction of C- - - C
interactions, results in 60.2% and 66.0% probabilities of the
electron being found on the cofacial neighbor in perylene and
quaterrylene, respectively. At the same time, the electron is
dispersed over the molecular layer, characterized by a high
fraction of C- - - H intermolecular interactions.

C. A two-dimensional descriptor for SF efficiency

In Fig. 6, the molecular crystals considered here are eval-
uated with respect to a two-dimensional descriptor for SF
efficiency, based on the energy conservation criterion (Es-2Er)
on the x-axis and the degree of singlet exciton charge trans-
fer character (%CT) on the y-axis. A quantitative estimation
of the degree of charge transfer character is provided by the
double-Bader analysis method described above. The error bars
represent the minimal and maximal %CT obtained for different
hole positions, owing to slight changes in the electron proba-
bility distribution (see the supplementary material). Materials
experimentally observed to exhibit SF are colored in red.

Figure 6 reveals trends across chemical families. For
acenes and rylenes with the same crystal packing, namely,
tetracene and pentacene in the HB structure and perylene and
quaterrylene in the SHB structure, the larger molecules are
more likely to exhibit SF, in terms of both the energy con-
servation criterion and the degree of CT (we note, however,
that even if this trend continued beyond pentacene, the larger
acenes would not be practical for solar cell applications owing
to their instability). The trend for rylenes is consistent with the
single molecule calculations of Ref. 56. This trend only holds
within the same chemical family. For example, HB perylene
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FIG. 6. Crystalline perylene, quaterrylene, tetracene, pentacene, and rubrene
ranked with respect to a two-dimensional descriptor based on the energy con-
servation criterion, Eg-2ET, and the degree of charge transfer character of
the singlet exciton, %CT. Error bars indicate the minimal and maximal %CT
obtained for different hole positions. Materials in which SF has been observed
experimentally are shown in red. The most promising candidates are in the
upper right corner.
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is predicted to be less efficient than HB tetracene, although it
is a larger molecule.

Of the chromophores shown in Fig. 6, perylene has two
polymorphs and rubrene has three polymorphs. In both cases,
modifying the crystal structure leads to significant changes
in the singlet and triplet excitation energies, as well as the
character of the singlet exciton wave-function. For perylene,
the HB structure, which has stronger intermolecular elec-
tronic coupling in the ground state, as indicated by its greater
band dispersion, is ranked higher than the SHB structure with
respect to both Eg-2Et and %CT. This is consistent with
the conclusions of Refs. 20-22 that large electronic coupling
leads to a high %CT and efficient SF in dimers and small
aggregates of pentacene molecules in geometries derived from
the HB crystal structure. The rubrene polymorphs, however,
exhibit a different trend, whereby the monoclinic structure,
which is weakly coupled in the ground state, as indicated
by its flat bands, exhibits a high degree of CT character in
the excited state.*” Applying the methods of Refs. 20-22
to the rubrene polymorphs and additional chromophores other
than pentacene in different packing arrangements than the
HB structure may provide further insight. In summary, Fig. 6
shows that intermolecular SF is the result of a complex inter-
play of the single molecule properties and the crystal packing.
Therefore, predictive models should consider both.

The best candidates for intermolecular SF in the solid
state, based on maximizing the two-dimensional descriptor
(Es-2ET1, %CT), are in the upper right corner of Fig. 6. Pen-
tacene, the quintessential SF material, is ranked as the top
candidate. The monoclinic form of rubrene is predicted to be
close to pentacene in terms of both the energy conservation cri-
terion and the degree of CT character of the singlet exciton,*
and quaterrylene is a close third. Because SF has been observed
experimentally in tetracene and orthorhombic rubrene, which
are ranked low here due to low %CT and low Eg-2ErT, respec-
tively, we expect SHB quaterrylene to exhibit SF. Based on
the trend for the perylene polymorphs, growing quaterrylene
in a HB structure could further enhance its SF performance.
Compared to pentacene and monoclinic rubrene, quaterrylene
has several additional advantages for device applications. Its
narrow bandgap would enable absorbing a broader range of
the solar spectrum, its triplet energy is in the optimal range
for maximizing conversion efficiency in a tandem cell,!® and
finally, it is extremely stable, as it can be heated to over
500 °C without decomposing,'*> which would prevent degra-
dation under operating conditions. Both perylene polymorphs
have a high degree of CT character. However, they are ranked
lower than tetracene and orthorhombic rubrene with respect to
the energy conservation criterion. Therefore, they are unlikely
to exhibit SF. They may be useful for harvesting sub-gap
photons by TTA >10:16.19

IV. CONCLUSION

Inspired by the recent observation of SF in various rylene
derivatives, we investigated the possibility of SF in crys-
talline perylene and quaterrylene. Many-body perturbation
theory within the GW+BSE formalism was used to describe
excited-state properties. A new method of double-Bader
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analysis was introduced for quantifying the degree of Frenkel
vs. CT exciton character. A two-dimensional descriptor for
SF efficiency was then proposed, based on maximizing the
energy conservation criterion (Es-2Et) and the degree of CT
character of the lowest energy singlet exciton (%CT). The two
polymorphs of perylene and quaterrylene were compared with
other known and predicted SF materials (pentacene, tetracene,
and the three polymorphs of rubrene) to assess their likelihood
of exhibiting SF.

Intermolecular SF in the solid state is the result of a com-
plex interplay between the single molecule properties and the
crystal structure. The comparison of chromophores of different
chemical families in different crystal structures revealed trends
across chemical families and elucidated the effect of crystal
packing. Within the acene and rylene families, the larger chro-
mophores are more likely to exhibit SF in terms of both the
energy conservation criterion and the degree of singlet charge
transfer character. For polymorphic chromophores, the crys-
tal structure significantly affects both Eg-2Et and %CT. In
particular, the exciton wave-function is sensitive to the crys-
tal packing with the electron probability distribution mainly
localized on the molecules that have the strongest electronic
coupling with the molecule on which the hole resides. This may
enable the tuning of SF performance via crystal engineering.

Of the eight molecular crystals considered here, quater-
rylene emerges as a promising candidate for the realization of
solid-state SF-based solar cells. Based on Eg-2Et and %CT,
quaterrylene is ranked as a close third after pentacene and
monoclinic rubrene and could possibly be further enhanced
by crystallization in a herringbone structure. From the device
perspective, quaterrylene offers the further advantages of high
stability, a narrow optical gap, and triplet excitation energy
in the optimal range to maximize solar conversion efficiency
in a tandem cell. Both polymorphs of perylene are excluded
as SF candidates based on the energy conservation criterion.
However, they are promising for increasing the conversion effi-
ciency of solar cells by harvesting photons with energy below
the optical gap via triplet-triplet annihilation.

SUPPLEMENTARY MATERIAL

See supplementary material for the comparison of
the relaxed geometries of perylene and quaterrylene to
experiment, GW calculations of perylene and quaterrylene
molecules, GW+BSE results for tetracene, detailed examples
of the double-Bader exciton character analysis, lowest energy
triplet exciton wave functions, Hirshfeld surface analysis of
crystal packing, and convergence of absorption spectra of
crystalline perylene.
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