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ABSTRACT

The electronic and optical responses of an organic semiconductor (OSC) are dictated by the chemistries of the molecular or polymer build-
ing blocks and how these chromophores pack in the solid state. Understanding the physicochemical nature of these responses is not only
critical for determining the OSC performance for a particular application, but the UV/visible optical response may also be of potential use
to determine aspects of the molecular-scale solid-state packing for crystal polymorphs or thin-film morphologies that are difficult to deter-
mine otherwise. To probe these relationships, we report the quantum-chemical investigation of a series of trialkyltetrelethynyl acenes (tetrel =
silicon or germanium) that adopt the brickwork, slip-stack, or herringbone (HB) packing configurations; the n-conjugated backbones consid-
ered here are pentacene and anthradithiophene. For comparison, HB-packed (unsubstituted) pentacene is also included. Density functional
theory and GoWy (single-shot Green’s function G and/or screened Coulomb function W) electronic band structures, GoWo-Bethe-Salpeter
equation-derived optical spectra, polarized €, spectra, and distributions of both singlet and triplet exciton wave functions are reported. Config-
urational disorder is also considered. Furthermore, we evaluate the probability of singlet fission in these materials through energy conservation

relationships.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0097421

INTRODUCTION

Organic semiconductors (OSCs) have attracted considerable
attention because of their promise in low-power, lightweight, flex-
ible, and high-performance electronic and optoelectronic devices,
such as field-effect transistors,'’ light-emitting diodes,'" ° and
photovoltaics.'” ** From a fundamental perspective, OSCs offer
distinct opportunities to explore physical phenomena that dif-
fer from those exhibited by conventional inorganic semiconduc-
tors, as OSC building blocks are held together by weak non-
covalent interactions when compared to the strong covalent bonds,
ionic bonds, and permutations thereof among the atomic build-
ing blocks of inorganic materials. These non-covalent interac-
tions in OSC, notably, allow for varied means of manufacture
through vapor or solution processes.”” For instance, vapor pro-
cessing [e.g., physical vapor transport (PVT)] can be used to
produce high-quality organic crystals, while solution processing
techniques are more suitable for the production of large-area
[(semi-)crystalline, amorphous, and combinations thereof] thin
films.

The solid-state arrangements of the m-conjugated molecu-
lar or polymer building blocks of an OSC ultimately determine
the material’s electronic and optical responses. Here, we focus on
OSC molecular crystals for which several distinct molecular pack-
ing motifs have been identified. In particular, three arrangements
(Fig. 1) are often reported for molecules that have sizable long-
axis-to-short-axis aspect ratios (e.g., pentacene): Herringbone (HB),
brickwork (BW), and slip stack (SS).”””* In classic HB packing, a
molecule and its neighbors are arranged in an edge-to-face orien-
tation; HB packing is often found for molecules that have no or
small chemical substituents attached to the m-conjugated core. BW
and SS motifs, on the other hand, are realized through chemical
substitution with bulky substituents. In the BW motif [Fig. 1(a)],
the molecules present a two-dimensional (2D), face-to-face stack-
ing arrangement of the m-conjugated backbone of a molecule and
the backbones of four of its neighbors. The SS motif [Fig. 1(b)], on
the other hand, presents a one-dimensional (1D), face-to-face stack-
ing arrangement of the m-conjugated backbone of a molecule with
only two of its neighbors. All three packing arrangements can lead
to large intermolecular electronic couplings (transfer integrals) that
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influence the crystal’s electronic and optical properties. Note that
organic molecules often form crystals with different packing motifs
in ambient conditions, i.e., polymorphs.” "

Here, we are interested in delineating how the HB, BW,
and SS packing arrangements impact the electronic and opti-
cal properties of trialkyltetrelethynyl acenes (tetrel = silicon
or germanium), where the acene is either pentacene (PEN) or
anthradithophene (ADT). The materials studied include (unsub-
stituted) pentacene, 6,13-bis(triisopropylsilylethynyl) pentacene
(TIPS-PEN),  6,13-bis(triisopropylgermanylethynyl)  pentacene
(TIPG-PEN), 6,13-bis(triethylsilylethynyl) pentacene (TES-PEN),
5,11-bis(triethylsilylethynyl) anthradithiophene (TES-ADT), and
2,8-difluoro-5,11-bis(triethylsilylethynyl) anthradithiophene (diF-
TES-ADT). In particular, we investigate the following: (i) how the
varied molecular chemistries and packing motifs impact the elec-
tronic and optical properties, (ii) the possibilities to distinguish the
molecular packing of OSC crystals through their optical response,
and (iii) the propensity for these materials to undergo singlet
fission.

ARTICLE scitation.org/journalljcp

FIG. 1. Three common OSC packing
motifs. Molecular packings in the brick-
work (BW), slip-stack (SS), and herring-
bone (HB) motifs are shown in the left
column of (a), (b), and (c), respectively.
For clarity, only the backbones are dis-
played. Color is used to represent the
different packing motifs: BW in blue, SS
in red, and HB in green. The second
and third columns show the molecular
structures studied in this work.

COMPUTATIONAL METHODS

Experimental crystal structures determined by single-crystal x-
ray diffraction were employed in this study, with no further unit cell
or molecular geometry relaxation. This choice was made, in part,
as we are interested in deriving ways to identify optical properties
of experimentally relevant packing motifs through computational
approaches. The crystal structures can be obtained/downloaded
from the Cambridge Crystallographic Data Center (CCDC).*” Addi-
tional meta-data, both experimental and computational, pertaining
to these systems can be accessed in the Organic Crystals in Electronic
and Light-Oriented Technologies (OCELOT) database.”> CCDC
deposition numbers and OCELOT identification (ID) numbers are
listed in Table 1. Note that the crystal structures downloaded from
CCDC may contain disorder, while those from OCELOT have had
disorder removed. The types of disorder found in these molec-
ular crystals will be discussed in the section titled Results and
Discussion.

Initial density functional theory (DFT) calculations were per-
formed using the Quantum ESPRESSO plane-wave code’™”” with
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TABLE I. CCDC (Cambridge Crystallographic Data Center) deposition numbers and
OCELOT (Organic Crystals in Electronic and Light-Oriented Technologies) identifi-
cation (ID) numbers of materials considered in this work with the identified packing
configurations.

Material CCDC number ~ OCELOT number  Packing
TIPS-PEN 172476 com_k01029 BW
TIPG-PEN BW 1889786 com_x17059 BW
TES-ADT 269 924 com_k04014 BW
diF-TES-ADT 1406 651 com_x14203 BW
TES-PEN 1028702 com_k01066 SS
TIPG-PEN SS 1889787 com_x17061 SS
PEN 1230799 csd_PENCEN HB
TIPG-PEN HB 1889788 com_k13114s HB

pseudopotentials generated by the ONCVPSP (Optimized Norm-
Conserving Vanderbilt Pseudopotential) code® coupled with the
Perdew, Burke, and Ernzerhof (PBE) exchange-correlation func-
tional.”” We include 1 (1s'), 4 (2s*2p%), 7 (2s*2p°), 4 (3s*3p?),
6 (3s% 3p4), and 14 (3d1°4sz4p2) electrons as valence electrons for H,
C, F, Si, S, and Ge, respectively, and their core cutoff radii are 0.70,
1.20, 0.95, 1.60, 1.40, and 1.75 a.u., respectively. An energy cutoff
of 1088 eV was used with k-point meshes of 4 x 2 x 5,4 x 2 x 4,
4x4x2,4x3x3,2x2x2,4x3x%x3,4x4x2,and4x4x2
for PEN, TIPS-PEN, TIPG-PEN BW, TIPG-PEN SS, TIPG-PEN HB,
TES-PEN, TES-ADT, and diF-TES-ADT, respectively.

The results of the DFT calculations were used as input for
the BerkeleyGW package” "’ to carry out GoWo-Bethe-Salpeter

(a) Lower energy configuration (L)

(c¢) Anti-configuration with
Lowest energy (AL)

(d) Anti-configuration with
Highest energy (AH)
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equation (BSE) calculations. As we aim to investigate the electronic
and optical properties of molecular crystals with 72-100 ions/atoms
per unit cell, self-consistent GW (the Green’s function G and/or
screened Coulomb function W are updated self-consistently) is an
approach that is generally too computationally expensive. Further-
more, it has been shown for organic crystals that self-consistent
GW can produce results that are in poor agreement with exper-
iment when compared to single-shot GW, denoted GoWy, with
a generalized gradient approximation (GGA) starting point.'""”
Hence, we made use of GoWy in this study. 792 bands were
included to determine the dielectric function and self-energy for all
materials, with 163 eV for the dielectric function planewave cut-
off. The BSE is solved under the Tamm-Dancoff "' and static
approximations. Band structures were plotted by the Wannier90
code.””

RESULTS AND DISCUSSION
Impact of molecular disorder

Two types of molecular disorder are considered to understand
their influence on the crystal’s electronic and optical properties.
First, disorder manifest in the side chains (as shown in the top
panel of Fig. 2) occurs when the side-chain orientations differ, e.g.,
as exhibited by the top right (and, by symmetry, the bottom left)
C3H7 that is connected to Si (or Ge). TIPS-PEN and TIPG-PEN
in the BW packing present this type of disorder. The most proba-
ble configuration has the lowest total energy (labeled L), while the
least probable configuration has the highest total energy (labeled
H). The second disorder type considers the location of heteroatoms

(b) Higher energy configuration (H)

(e) Syn-configuration (S) with
energy between AL and AH

FIG. 2. The upper row [(a) and (b)] reveals disorder that occurs in the side chains of TIPS-PEN and TIPG-PEN BW. The differences are highlighted by red surfaces. The
lower row [(c)—(e)] shows the disorder that can occur in the anthradithiophene (ADT) backbones of TES-ADT and diF-TES-ADT; for clarity, the side chains and H atoms are
not displayed, and the adjacent backbones are displayed in different colors. C atoms are represented by green and brown spheres, hydrogen atoms are represented by
orange spheres, Si (or Ge) atoms are represented by purple spheres, sulfur atoms are represented by blue and red spheres, and F atoms are represented by yellow and

black spheres, respectively.
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in the m-conjugated backbone—here, occurring for systems with
the anthradithiophene (ADT) backbone. 1090 When accounting for
this kind of disorder, there are several potential variations in the
packing based on the sulfur positions (anti- vs syn-) in the carbon
framework.”’ Here, we consider three packing motifs that depend
on anti- or syn-positioning of the sulfur atoms, as depicted in the
bottom panel of Fig. 2: (i) for the anti-configuration of the sul-
fur atoms in the backbone, the sulfur atoms in the neighboring
molecules are placed at the farthest inter-sulfur distance possible,
a configuration that leads to the lowest total energy (labeled AL);
(ii) for the anti-configuration of the sulfur atoms in the back-
bone, the sulfur atoms in the neighboring molecules are made to
be in close contact, a configuration resulting in the highest total
energy of the three configurations considered (labeled AH); and,
(iii) for the syn-configuration of the sulfur atoms in the back-
bone, the molecules are arranged where the sulfur atoms in all
molecules are oriented in the same direction, a configuration result-
ing in a total energy that lies between the two anti-configurations
(labeled S).

The electronic band structures of TIPS-PEN and TIPG-PEN
BW, each with disordered side chains, determined at the GoWy
level are shown in Fig. 3, and the calculated absorption spectra
determined at the GoW,-BSE level are shown in Fig. 4. From the
upper panel of Fig. 3, one observes that the band structures of
the L and H configurations of TIPS-PEN are similar, with excep-
tions arising in the high energy bands [i.e., those 3 eV higher than
the conduction band (CB)]. For TIPG-PEN BW, the band struc-
tures of the L and H configurations are identical (lower panel of
Fig. 3). For both TIPS-PEN and TIPG-PEN BW, the electronic
bandgaps and bandwidths of the valence band (VB) and conduc-
tion band (CB) are the same for both the L and H configurations.
Figure 4 shows absorption spectra of TIPS-PEN and TIPG-PEN BW
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FIG. 4. Absorption spectra of (a) TIPS-PEN and (b) TIPG-PEN BW using the
GoWy-BSE approach. L (H) stands for the lower (higher) energy configuration as
defined in the upper panel of Fig. 2. The intensities of first peaks are normalized.

in the L (solid red curves) and H (dotted green curves) configura-
tions. In both cases, the spectra for the lower energy configurations
are almost coincident with that of the higher energy configura-
tions, with exceptions occurring in the high energy regions of the

Energy (eV)
Energy (eV)

®)

FIG. 3. Band structures of (a) TIPS-PEN
L, (b) TIPS-PEN H, (c) TIPS-PEN BW

L, and (d) TIPS-PEN BW H. L stands
for the lower energy configuration, while

H stands for the higher energy config-
uration, as defined in the upper panel
of Fig. 2. Bands in solid red (dotted

Energy (eV)
Energy (eV)

blue) are calculated at the GoWy (DFT)
level. The highest energies of valence
band maximum are set to zero (eV). The
definition of high symmetry k-points can
be found in the work of Setyawan and
Curtarolo.”

Jpd-auluo™ LT €0.780/SYEZSSIL/L T L600°G/€90 1 0 L/10P/Pd-ajoe/dol/die/Bio die sqnd//:dly wouy papeojumoq

I R b e I

3 SIS BN S S LIS S0 B

X T Yl I ZN IMR T X T YIL r ZN

IMR T

J. Chem. Phys. 157, 084703 (2022); doi: 10.1063/5.0097421
Published under an exclusive license by AIP Publishing

157, 084703-4


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

spectra. These results imply that side-chain disorder in these crystals
has little effect on the electronic and optical properties. There-
fore, we will only discuss results from the L configuration for the
remainder of the paper.

Figure 2 shows the sulfur position and packing disorder con-
sidered for TES-ADT and diF-TES-ADT. In TES-ADT (diF-TES-
ADT), the distances between the sulfur labeled 1 in red and that
labeled 2 in blue are 8.80 (6.13), 6.43 (4.45), and 7.25 (4.58) A in the
AL, AH, and S configurations, respectively; the distances between
sulfur 1 and sulfur 3 are 6.73 (8.54) A in all three configurations.
When comparing the total energies of these packing configurations,
the further the sulfur atoms on neighboring molecules (intermolec-
ular sulfur interactions) are from each other, e.g., the distances
between the sulfur atoms labeled 1 and 2 in Fig. 2, the lower the total
energy. This result implies that the sulfur atoms tend to avoid each
other as much as possible to reach an enthalpic-driven low-energy
structure.

The band structures of TES-ADT and diF-TES-ADT structures
are shown in Fig. 5, and the relevant physical quantities are pro-
vided in Table I1. Even though the band structures look similar in the
AL, AH, and S configurations, the electronic band gaps differ con-
siderably. The AL configuration has the largest electronic bandgap,
while the AH configuration has the smallest; the difference between
these gaps is about 0.1 eV at the DFT level and about 0.2 eV at the
GoW)y level. The differences in GoWy gaps propagate to the BSE
absorption spectra shown in Fig. 6; some physical quantities from

ARTICLE scitation.org/journalljcp

GoWy-BSE calculations are listed in Table 1. The AL configura-
tion spectrum exhibits a blue shift compared to the spectra of the
S and AH configurations. The first peaks in each spectrum result
from the lowest singlet excitons; the eigenenergies (denoted by Es in
Table 111) also correspond to the first peaks in Fig. 6. In both TES-
ADT and diF-TES-ADT, the energy differences in the GoWy elec-
tronic bandgaps and first singlet excitons between the AL and AH
configurations are each about 0.2 eV, making the exciton binding
energies (E;) of the AL, AH, and S configurations nearly the same.
The above results show that, unlike side-chain disorder, disorder in
ADT backbones can significantly impact the electronic and optical
properties.

The general procedures for molecular synthesis and the result-
ing sulfur positional disorder in the crystallographic information
file (CIF) suggest that crystals of diF-TES-ADT and TES-ADT have
ADT backbones with both anti- and syn-configurations. Such a sit-
uation suggests that the experimental absorption spectra for these
materials may be combinations of the spectra from the AL, AH, and
S configurations. To explore this, we implemented weighted aver-
ages of the AL, AH, and S configuration spectra—based on (i) the
order of total energies (AL < S < AH), (ii) the sulfur occupancy
percentages embedded in the CIF, and (iii) an additional assump-
tion to maximize AH (though maintaining the constraint from the
total energies)—to develop spectra to represent these mixed config-
urations in a single material. Based on this analysis, we analyzed a
diF-TES-ADT packing structure composed of 84% AL, 4% AH, and
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> s N
L L L
> > >
2T JUPTL A IRCPVUN IR e Rl e T U UUCEEL BNV SENSUPEE ST SPEE o B N UL e AU e
& 2 2
m 53] m
0 0
. Akl T .
X T YL r ZN IMR T X T YL r ZIN X r YIL I ZIN
@ 0]
) T 3 2
=S TP SO UOSN O N 5 =S O PR O S S W I
2 D B O N EASRIF AL T R ARRETE SR CTE M S
<3 <3 =
m 53] s3]
0 0
-1 -1
X r YIL r ZN IMR T X r YIL ZIN IMR T X r YIL I ZIN IMR T

FIG. 5. Band structures of (a) TES-ADT AL, (b) TES-ADT AH, (c) TES-ADT S, (d) diF-TES-ADT AL, (e) diF-TES-ADT AH, and (f) diF-TES-ADT S. AL (AH) represents the
anti-configuration with lowest (highest) total energy, while S represents the syn-configuration, as defined in the lower panel of Fig. 2. Bands in solid red (dotted blue) are
calculated at the GyWy (DFT) level. The valence band maxima are set to zero (eV). The definitions of high symmetry k-points can be found in the work of Setyawan and

Curtarolo."’
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TABLE |II. Calculated electronic bandgap (Eg), bandwidths of the valence band (Wysz), and the conduction band (W¢g) at
DFT and GoWj levels for TES-ADT and diF-TES-ADT in different configurations. AE is the difference between GyW, and

DFT bandgaps. All energies are in eV.

Material and configuration Eg FT Eg w AE, WHET w2ET woy wey
TES-ADT AL 0.91 2.52 1.61 0.50 0.35 0.63 0.49
TES-ADT AH 0.82 2.35 1.53 0.56 0.28 0.74 0.38
TES-ADT S 0.88 2.45 1.57 0.53 0.31 0.68 0.43
diF-TES-ADT AL 1.09 2.83 1.74 0.52 0.24 0.67 0.33
diF-TES-ADT AH 0.99 2.63 1.64 0.68 0.21 0.91 0.29
diF-TES-ADT S 1.06 2.76 1.70 0.60 0.22 0.78 0.30

12% S and a TES-ADT packing structure composed of 54% AL, 14%
AH, and 32% S. The weighted spectra are shown in Fig. 6. Since the
AL configuration is dominant, the weighted spectra are each like the
spectra of the respective AL configurations. Note that even with the
large AH assumption, the AH configuration contributes little to the
averaged spectra (shown on the lower energy side of the first strong
peak); in other words, the first/lowest-energy exciton from the AL
configuration is much brighter/stronger than that from the AH con-
figuration even though the latter presents a lower-energy exciton.
Based on this analysis, we propose that the small shoulder on the
low-energy side of the first strong peak shown in the experimental
absorption spectra [in Fig. 8(c)] for TES-ADT may arise from the
presence of some AH configuration in an AL-dominant sample.

()
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=1
g
a
g O\
2 .
< /

15 2 25 3

Energy (eV)
()

Z | AL —
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15 2 25 3

Energy (eV)

FIG. 6. Absorption spectra of (a) TES-ADT and (b) diF-TES-ADT by the GoWp-
BSE approach. The definitions of AL, AH, and S configurations can be found in
the lower panel of Fig. 2. The black mixed curves (labeled by mix) are a mixture
of AL, AH, and S configurations; more precisely, mix = 0.54 x AL + 0.14 x AH
+ 0.32 x S for TES-ADT, whereas mix = 0.84 x AL + 0.04 x AH + 0.12 x S for
diF-TES-ADT. The intensities of the first peaks are normalized.

These results show that, strictly speaking, one should con-
sider disorder in the ADT backbone for ADT derivatives when
discussing their electronic and optical properties. However, a rea-
sonable approximation is to only consider the lowest-energy, AL
configuration in lieu of the weighted average. Here, of course, one
would save tremendous computational cost and time. For this rea-
son, OCELOT provides only calculated physical quantities from the
AL configuration for ADT derivatives. For the remainder of this
work, we only show the results from the AL configuration.

Electronic properties as a function of crystal packing

Figure 7 shows the DFT (blue dotted lines) and Go W, (solid red
lines) electronic band structures. The valence band maxima (VBM)
are placed at the zero energy (in eV) in each plot; the definitions
of high symmetry k-points in the Brillouin zones can be found in
the work of Setyawan and Curtarolo.”’ Select physical quantities
extracted from the electronic band structures are listed in Table IV,
including electronic bandgaps at both DFT (EgD 1) and GoWy lev-
els (ng), the difference between DFT and GoW, gaps (AE,; = ng

- E? FT) and VB and CB widths at both DFT and GoW, levels.
The GoWy electronic bandgaps across the crystals range from 2.0
to 2.8 eV. All crystals present direct electronic gaps, with the excep-
tion of TIPG-PEN SS; for TIPG-PEN SS, the difference between the
direct gap and the indirect gap is small (0.13 eV) due to its relatively
flat VB and CB.

TABLE Ill. Fundamental/GyW, bandgap (EgW), lowest singlet exciton energy (Es),
lowest triplet exciton energy (Et), exciton binding energy with respect to the lowest
singlet exciton (Eg), exciton binding energy with respect to the lowest triplet exciton
(EZ), and energy conservation criterion for singlet fission (Es — 2E7) for TES-ADT
and diF-TES-ADT in different configurations. All energies are in eV.

Material

and configuration EJ" Es Er E, E; Es-2Er
TES-ADT AL 252 208 135 044 117  -0.62
TES-ADT AH 235 191 123 044 112  -0.55
TES-ADT S 245 201 129 044 116  -0.57

diF-TES-ADT AL 2.83 238 155 045 1.28 -0.72
diF-TES-ADT AH 2.63 221 148 042 1.15 -0.75
diF-TES-ADT S 276 231 152 045 1.24 -0.73
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(a) TIPS-PEN (b) TIPG-PEN BW (c) TES-ADT
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FIG. 7. DFT (blue dotted lines) and GyWj (red solid lines) electronic band structures of the materials considered in this work. We follow the notations of Setyawan and
Curtarolo to label high symmetry k-points in the Brillouin zone.>! The VB maxima are set to zero (eV) in each plot. (a)—(d) labeled in blue are categorized to the BW motif.
(e) and (f) labeled in red belong to the SS maotif. (g) and (h) labeled in green are classified in the HB packing motif.

TABLE IV. DFT (EJFT) and GoWy (ES") bandgaps of the materials considered in this work. AEg = EG" — EDFT In each
system, the former energy represents the indirect bandgap, while the latter energy represents the direct bandgap; however,
for materials that are exactly direct-gap materials, only the direct bandgap is shown. Bandwidths of the VB (W) and the CB
(W¢p) at both DFT and GyWy levels are also included. All energies are in eV. N.A. stands for not available.
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Material EJ*" ES" AE, whET o wRET WOy wEY
TIPS-PEN 0.56/0.59  1.99/2.03  1.43/1.44  0.12 0.73 0.24 0.99
TIPG-PENBW  0.56/0.60  2.08/2.10  1.52/1.50 0.05 0.70 0.09 0.95
TES-ADT 0.91 2.52 1.61 0.50 0.35 0.63 0.49
diF-TES-ADT 1.09 2.83 1.74 0.52 0.24 0.67 0.33
TES-PEN 0.67/0.68  2.37/2.38  1.70/1.70 0.23 0.45 0.38 0.62
TIPG-PEN S$ 0.87/0.95  2.56/2.69  1.69/1.74 0.1 0.16 0.17 0.24
PEN 0.76 2.32 1.56 0.17 0.21 0.26 0.26
TIPG-PEN HB 0.95 N.A. N.A. 0.02 0.03 NA.  NA
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VB and CB widths are proportional to the intermolecular
electronic couplings among the molecules in the crystals and can
provide insights into estimate aspects of the charge-carrier mobili-
ties. Typically, a large bandwidth implies a large band curvature and
a small effective carrier (hole, VB, or electron, CB) mass. As shown in
Fig. 7, TIPG-PEN HB has a nearly flat VB and CB (the smallest W%T
and WEET in Table 1V). TIPG-PEN SS has slightly larger VB and CB
widths. Although the VB width of TIPG-PEN BW is smaller than
that of TIPG-PEN SS, the CB width is much larger than that in SS
and HB packings. From Table IV, one can see that, in general, mate-
rials with the BW packing have moderately dispersive VB and/or
CB, while materials with HB and SS packings (PEN, TIPG-PEN S8,
and TIPG-PEN HB) are less dispersive. The calculated VB and CB
widths are consistent with measured charge-carrier properties for
the trialkyltetrelethynyl acenes, where materials with HB packing
usually have smaller charge-carrier mobilities than materials with
SS or, especially, BW packing. The exception is TES-PEN in the SS
packing, where moderately dispersive VB and CB are comparable to
those in diF-TES-ADT in the BW packing.

ARTICLE scitation.org/journalljcp

Optical properties as a function of crystal packing

Figure 8 shows calculated absorption spectra (solid red curves)
via the GoWy-BSE approach compared with the corresponding
experimental data (dotted black and blue curves). Table V lists select
physical quantities extracted from both the GoW-BSE calculations
and available experimental data. The energies of the first peaks in
the GoWy-BSE absorption spectra are coincident with the energies
of first/lowest-energy singlet excitons (denoted by Es in Table V),
i.e., the first allowed excitons are bright. We assume that the above
statement is also true for the experimental data and, thus, denote
the energy of the first peak in each experimental spectrum by Esexp.
Comparing Es and Eg,exp, one observes that the differences, |AEg|, are
all ~0.1 eV, a typical difference noted for the GoWy-BSE approach
applied to OSCs.” Furthermore, we note that, overall, the calculated
absorption spectra are in good agreement with the experimental
spectra, though the relative intensities of the peaks can differ.

Given that TIPG-PEN has known HB, SS, and BW crystal pack-
ings, we use these structures to focus on how the different packings
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FIG. 8. Absorption spectra of the materials considered in this work. The solid red lines are calculated by the GyW,-BSE approach, while the dotted black and blue lines
are extracted from experimental spectra (if available, and the first peak intensities of calculated and experimental spectra are normalized). The black (blue) curve in (a)
is extracted from Ref. 53 (Ref. 54). The experimental/black curve in (b) is extracted from Ref. 55. In (c), both experimental curves are extracted from Ref. 56. In (d), the
black (blue) curve is extracted from Ref. 57 (Ref. 58). The experimental/black curve in (e) is extracted from Ref. 54. The black (blue) curve in (g) is extracted from Ref. 59
(Ref. 60). (a)—(d) labeled in blue are categorized to the BW motif. (e) and (f) labeled in red belong to the SS motif. (g) labeled in green is classified in the HB motif.
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TABLE V. Direct Gy\W, bandgap (Egg/), lowest singlet exciton energy (Es), lowest triplet exciton energy (Er), exciton binding

energy with respect to Eg (E;f), exciton binding energy with respect to Et (E[), and energy conservation criterion for singlet
fission (Es — 2E7) of materials considered in this work. The energy of the first peak of an experimental absorption spectrum

(shown in Fig. 8) is denoted by Eg eyp. |AEs| = [Esexp — Es|. All energies are in eV. N.A. stands for not available.

Material By Es Er E; E,  Es-2Er Esexp |AEs|
TIPS-PEN 203 165 091 038 112 -0.17 1.78'/1.78"  0.13/0.13
TIPG-PENBW 210 169 089 041 121 -0.09 1.82° 0.13
TES-ADT 252 208 135 044 117  -062  2.14/213"  0.06/0.05
diF-TES-ADT 283 238 155 045 128  —0.72 2.26°/2.26°  0.12/0.12
TES-PEN 238 182 103 056 135  -024 1.80" 0.02
TIPG-PENSS 269 214 103 055 166  +0.08 NA. N.A.
PEN 232 181 102 051 130  -023 1.85°/1.84"  0.04/0.03

*Reference 53.
PReference 54.
“Reference 55.
dReference 56.
“Reference 57.
Reference 58.
SReference 59.
"Reference 60.

impact the optical properties. Figures 8(b) and 8(f) show that the first
peak of TIPG-PEN in the SS packing shows a blue shift compared to
that of the BW packing. The blue shift is significant (0.45 eV), mak-
ing it a good fingerprint to distinguish BW and SS crystal structures.
To further distinguish the origins of optical absorptions in TIPG-
PEN BW and TIPG-PEN SS, we determined the imaginary parts of
dielectric constants (denoted by €, ) via different incident light polar-
izations (Fig. 9). From Figs. 9(b) and 9(f), we observe that the first
peak in the BW packing arises from incident light polarized along
the short axis, while the first peak in the SS packing results from
light polarized along both the short and long axes. In addition, one
observes that the second peak in the BW (SS) packing can only be
observed when the incident light polarization is parallel to the long
axis (short axis). These features reveal strong anisotropy in the opti-
cal properties of these materials and suggest parameters that can
(further) be used to distinguish crystal structures of TIPG-PEN by
polarized UV-vis absorption spectroscopy.

Figure 10 shows the exciton wavefunctions. From Figs. 10(b)
and 10(f), for singlet excitons, one observes that TIPG-PEN SS
exhibits an extremely strong charge-transfer (CT) character, as the
electron and hole are localized on different molecules. On the other
hand, the singlet exciton of TIPG-PEN BW shows an admixture
of CT and Frenkel-like (localized) excitonic character. Hence, the
optical properties of these molecular materials can change consider-
ably if the crystal structures/packings differ, as previously shown for
other OSCs."

We now expand beyond TIPG-PEN to address whether one can
distinguish the HB, SS, and BW packing of a molecular crystal if only
the optical absorption spectra are known. To answer the question,
we need to determine properties/features solely dependent on mate-
rial packing. It may not be easy to achieve the goal if we solely rely
on Fig. 8, in which, no matter whether we examine the calculated
or experimental spectra, all spectra show several (two to six) peaks
within the chosen energy range (1.2 - 3.2 eV) and the profiles are

generally similar. For example, the spectrum of TES-PEN does not
look like the one of TIPS-PEN SS (both materials are in the SS pack-
ing). On the contrary, the experimental spectrum of TES-PEN is
similar to the spectra of materials with the BW packing, including
TIPS-PEN, TIPG-PEN BW, TES-ADT, and diF-TES-ADT. There-
fore, it is difficult to say that materials with a particular packing will
have similar absorption spectra. However, when we examine Fig. 9
(and Fig. 8), we find that the e, spectra of TIPG-PEN SS and TES-
PEN, except for the first peaks, mainly arise from the spectra with
incident light that is polarized along the short axis of the pentacene
backbone; on the contrary, e, spectra of other materials arise from
spectra with incident light polarized both along the short- and long-
directions of the pentacene or ADT backbones. These differences
relate to the fact that long-range n-stacking is 1D for the SS packing
and 2D for the BW packing.

To verify our conjecture, we analyze the molecular configura-
tions of TIPG-PEN SS (TES-PEN) in the crystal, where it is noted
that the angle between the direction of 1D n-stacking and the short-
axis is 75° (82°), while the angle between 1D n-stacking and the
long-axis is 28° (30°). The geometric analyses show that the short
axis (long axis) is nearly perpendicular (parallel) to the direction
of the 1D 7t stack.”” We further calculate e, with incident polar-
ized light exactly parallel (perpendicular) to the direction of 1D nt
stack, plotted in solid magenta (dotted green) in Figs. 9(h) and 9(i)
for TES-PEN and TIPG-PEN SS, respectively. The geometric anal-
yses and the similarities among spectra (e) and (h), and (f) and
(i) as well, suggest that the direction of the long-range m stack is
a special feature in materials with the SS packing. When incident
light is polarized along the stacking direction of the m-conjugated
backbones, the resulting absorption spectrum shows mainly the
lowest singlet exciton; other excitons with higher energies can be
observed with incident polarized light perpendicular to the direc-
tion of the m stack. In summary, the €, spectrum of a material with
the SS packing is dominated by incident light perpendicular to the
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FIG. 9. Calculated ¢, (the imaginary part of the dielectric constant) of the materials considered in this work. The solid red curves are obtained when incident light is polarized
along the long-axis of the pentacene backbone, while the dotted blue curves are obtained when incident light is polarized along the short-axis of the pentacene backbone.
In (h) and (i), the solid magenta (dotted green) curves are obtained when incident polarized light is parallel (perpendicular) to the direction of one dimensional r-stacking.
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n stack. The e, spectra of materials with HB and BW packings
have contributions that more evenly arise from incident light polar-
ized along both the short and long axis of the pentacene or ADT
backbone.

Evaluating the potential for singlet fission

We now turn our attention to singlet fission. Organic solar cells
are a promising alternative to inorganic solar cells because of the fol-
lowing: (i) They are comprised of earth-abundant elements; (ii) they
can be flexible, semi-transparent, and lightweight; (iii) their elec-
tronic and optical properties can be tuned through straightforward
chemical syntheses; and, (iv) they can be fabricated through solu-
tion processing methods that allow for large scale, and potentially
lower cost, production.””**” The process of singlet (exciton) fission

makes organic materials even more attractive as it offers the poten-
tial for photovoltaic conversion efficiencies (PCEs) that go beyond
the conventional Shockley-Queisser limit.”’ ’ Singlet fission was
first proposed in 1965 to explain the photophysics of anthracene
crystals.”” In short, singlet fission is a process by which a singlet
exciton is converted to two triplet excitons. In a photovoltaic device,
these triplet excitons can then be harvested by a companion material
where each exciton can be converted to an electron and a hole—i.e.,
from a single photon, two electron-hole pairs can be formed. In
1961, Shockley and Queisser determined the upper PCE limits for
p-n junction solar cells to be ~30%.”" In 2006, Hanna and Nozik
showed that the maximum PCE for single gap photovoltaic devices
with materials that undergo efficient singlet fission can approach
44%.” From the viewpoint of energy conservation, the low-lying
singlet (S; state) exciton energy (denoted by Es) should be more
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than twice (2x) the triplet (T, state) exciton energy (denoted by
Er). This criterion is simple and intuitive, and is often used as a
first determination as to whether a material is a good candidate sin-
glet fission material or not.”” Several OSCs exhibit singlet fission,
including crystalline pentacene.””*’

We now turn to the GoWo-BSE approach’ " to evaluate
singlet fission energy conservation criteria for the pentacene and
ADT-based materials considered here. To examine the potential for
singlet fission, we need to understand the properties of the lowest-
energy singlet and triplet excitons. We start by describing these
exciton wave functions, > %"%! depicted in Fig. 10; in each inset,
the upper panel shows the singlet exciton wave function, while the
lower panel shows that for the triplet. In general, the triplet exci-
ton wave functions are more localized than the singlets, as expected.
Comparing the singlet exciton wave functions, we observe two cate-
gories: The first group, with TIPS-PEN, TIPG-PEN BW, TES-ADT,
and diF-TES-ADT (each with the BW packing), shows large elec-
tron probability densities on the molecule where the hole resides,
a more Frenkel-like (localized) exciton, while the adjacent (near-
est) molecules have smaller electron probability densities. On the
contrary, PEN, TIPG-PEN SS, and TES-PEN have electron proba-
bility densities on the hole-residing molecule that are smaller than
those on the adjacent molecules. Among these materials, TIPG-
PEN SS shows almost pure CT character, i.e., the electron and
the hole are localized on different molecules; the other materials
possess some CT and Frenkel-like character. From Table IV, we
observe that materials in the first (second) group have dispersive
(flatter) VB and CB, showing that a material with a more dispersive
VB and CB leads to excitons with mixed CT and Frenkel charac-
ter. The relatively flat bands in TIPG-PEN SS result in pure CT
character.

The first triplet exciton energy in each material is given in
Table V, denoted by Er; the exciton binding energy with respect
to Er, denoted by EZ, and those for the singlet states (Eg) are also
provided. E{ show minimal deviation, ranging from 0.4 to 0.6 eV,
though the GoW, bandgaps (Egzv) and singlet exciton energies (Es)
fluctuate more, ranging from 2.0 to 2.8 and 1.7 to 2.4 eV, respec-
tively. We note that the exciton binding energies (E;) are sufficiently
large; if they were too small, the singlet excitons may rapidly dis-
sociate and, thus, decrease the singlet fission efficiencies. Since the
singlet fission amounts to splitting a singlet exciton (with energy
Es) to two triplet excitons (each with energy Er), one would expect
that the energy conservation criterion, Es ~ 2Er, should be applica-
ble. We, therefore, use Es — 2E1 as an energy conservation criterion
for singlet fission; results for Es ~ 2Ey are provided in Table V (and
Table III for higher energy configurations of TES-ADT and diF-
TES-ADT). Experimentally, PEN, TIPS-PEN, and similar deriva-
tives are well-known materials for efficient singlet fission.”*’"'
Interestingly, both TIPG-PEN in BW and SS packings exceed the
energy conservation criterion for these studied materials, while TES-
ADT and diF-TES-ADT do not; these results suggest that the ADT
backbone is not favorable for singlet fission when compared to
pentacene.

We considered two additional energy criteria of concern to
singlet fission. To ensure that the two lowest triplet excitons (T} +
T,) will not annihilate to form the second-lowest triplet exciton
(T2), ie., T1 + T — T, the energy of this second triplet exciton,
denoted by E(T:), should ideally be larger than 2E; (Table VI).

ARTICLE scitation.org/journalljcp

TABLE VI. Second energy criterion for singlet fission, E(T,) — Eg, where E(T,) is
the energy of the second triplet exciton (Ty), Et is the energy of the lowest triplet
exciton, and Eg is the energy of the lowest singlet exciton.

Material E(Tz) E(Tz) -2Er E(Tz) —Eg
TIPS-PEN 1.73 —-0.09 0.08
TIPG-PEN BW 1.74 -0.04 0.05
TES-ADT 2.15 -0.55 0.07
diF-TES-ADT 2.44 —0.66 0.06
TES-PEN 1.97 —-0.09 0.15
TIPG-PEN SS 2.14 +0.08 0.00
PEN 1.86 -0.18 0.05

Here, with the exception of TIPG-PEN SS, E(T,) are each smaller
than their respective 2Er via the GoWy-BSE approach, suggesting a
potential competitive mechanism for singlet fission. Furthermore,
to prevent intersystem crossing from S; to T, E(T2) should be
larger than the energy of the lowest singlet exciton (Es), i.e., E(T>)
> Es.””” Apart from TIPG-PEN SS, where E(T>) is nearly identi-
cal to Eg, E(T,) are each slightly larger than the corresponding S;
energies (ranging from 0.05 to 0.15 eV), suggesting that these mate-
rials may not suffer from this competitive mechanism for singlet
fission.

CONCLUSIONS

Using the GoW)-BSE approach, we explored the electronic and
optical properties of several OSC crystals of trialkyltetrelethynyl
acenes. We first show how configurational disorder impacts elec-
tronic and optical properties: side-chain disorder has a limited-
to-no effect on the material’s electronic and optical properties,
while heteroatom disorder in the ADT-based backbones can sig-
nificantly affect the electronic bandgap (up to about 0.2 eV) and
the first/lowest-energy singlet exciton. Although one should take
a weighted average of physical quantities in materials with poten-
tial sub-configurations (i.e., the AL, AH, and S configurations
of the ADT-based systems), the physical quantities determined
from the lowest energy, highest-weight configurations (here, the
AL configuration) are generally close in nature to the averaged
spectra.

We next explore the electronic and optical properties of these
materials by evaluating their GoWy band structures, GoWo-BSE
absorption spectra, polarized €, spectra, and exciton wave functions;
as one may expect, both the chemical molecular structures and solid-
state packings influence each of these characteristics. The average VB
and CB widths in a material with the SS packing can be comparable
to that in a material with the BW or HB packing. The GoWy-BSE
absorption spectra agree well with experimental data (at least in
terms of the first/lowest-energy peak positions, with errors of about
0.1 eV). The absorption spectrum of a material with the SS pack-
ing (e.g., TES-PEN) may be similar to that of a material with the
BW packing (e.g., TES-ADT) but different from that of a material
with the same SS packing (e.g., TIPG-PEN SS). Hence, it may be
challenging to determine the packing of molecular crystals by solely
examining their absorption spectra. To distinguish the SS packing
from the BW and HB packings, however, polarized e, spectra can
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be used to achieve the goal due to the long-range, 1D n stacking in
the SS packing. Apart from the first peak, the e; spectrum with inci-
dent light perpendicular to the direction of m-stacking dominates
in a material with the SS packing. On the contrary, the €, spectra
of materials with the BW and HB packings have contributions that
arise from incident light polarized along both the short and long axis
of the pentacene or ADT backbone. Analyses of the exciton wave
functions reveal that flatter VB and CB tend to produce more CT-
like singlet excitons. Finally, based on energy conservation criteria,
we find that materials derived from molecules with the pentacene
backbone should outperform those derived from molecules with the
ADT backbone for singlet fission.
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