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Abstract: Understanding the effect intermolecular interactions have on the electronic properties
of highly conjugated/aromatic organic networks is important for optimizing these materials for
optoelectronic device applications. Here, we use dispersion inclusive density functional theory
(DFT+vdW) to study the effect of pressure up to 20 GPa on the intermolecular interactions of 42
herringbone (HB) polycyclic aromatic hydrocarbons (PAHs). In the first part of this two-part
study, we reported the pressure induced structural changes. Here, we elucidate the relation
between these structural changes and the electronic properties. Increased pressure leads to
variations in the intermolecular interactions and molecular conformations, resulting in alterations
of the band dispersion, band gap (magnitude as well as direct/indirect), and semiconductor
polarity (n-type vs. p-type). Specifically, increased pressure increases the C-H--m and -1
interactions, typically leading to increased intermolecular orbital overlap of the frontier
molecular orbitals, resulting in increased intermolecular coupling and band dispersion. In
general, the increased intermolecular coupling and band dispersion yield decreased band gaps
and increased crystalline polarizabilities, although some variation in these trends occur. The
majority of structures follow similar trends. However, some exhibit anomalous pressure
responses, including switching between n-type and p-type polarity, transitions between
direct/indirect gaps, and discontinuities in the pressure dependent band gap curves.



1. Introduction: The ever-expanding push to utilize mixed and single component organic
molecular networks in optoelectronic applications has created a significant demand for organic
materials with extraordinary properties. It is postulated that the synthesis of useful organic-
electronic materials would be a significant “green” advance for electronic devices owing to
lower material costs and increased ease of production.! Crystalline organic semiconductors have
shown promise in a wide range of device applications,?!> but further refinement of the electronic
properties through molecular- and/or crystal-engineering is needed to enhance long term
applicability and optimize device performance. One promising class of organic semiconductors
is polycyclic aromatic hydrocarbons (PAHs). PAHs are a group of non-polar organic compounds
comprised primarily of carbon and hydrogen, arranged in aromatic rings. PAHs have potential
for use in electronic devices due to their high stabilities, electron transport capabilities, and
potential superconductivity.”® PAHs may contain heteroatoms which can significantly perturb
the electronic properties of the material. Owing to the large properties variability in heterocyclic
structures, we have chosen to focus on PAHs containing only C and H for ease of comparison.
Semiconducting PAHs have been used in a wide range of applications including
transistors, diodes, and solar cells.””'? In organic light emitting diodes (OLEDs), recombination
of electrons and holes across the band gap (E;) leads to photoemission.'>!* Conversely, in
organic photovoltaics (OPV) the absorption of photons leads to electron excitations across E_,
resulting in charge carrier and electrical current generation. In both cases, the magnitude and
direct/indirect nature of Ej; has significant importance. In OPV, a small Ej is preferred as lower
excitation energies can provide for energy absorption across a broader spectrum. In OLEDs, E;
can be tuned in order to alter the color of the emitted light. A direct E; is preferred in both

devices because excitation/relaxation across an indirect gap requires coupling to phonons in
order to account for the change in momentum, resulting in energy loss. Tuning of E,, and
switching between direct/indirect gaps, is currently a coveted target in molecular- and crystal-
engineering as it has the potential to result in more efficient devices with tailored properties.

External pressure has been shown both theoretically and experimentally to alter E; in
crystalline PAHs, such as poly(para-phenylenes),'® picene,' oligoacenes,'”!® triphenylene,! and
rubrene? by modifying the intermolecular interactions and molecular conformations. In PAHs,
pressure is known to induce polymorphic phase transitions and can change other properties (e.g.,
aromatic character) of the molecular components that are ultimately linked to the electronic
properties of the crystals. Such changes have been shown to increase the internal energy and
enthalpy of the system, reducing the aromaticity and changing the band gap.?! Moreover,
increased charge carrier mobilities in organic semiconductor devices have been achieved
experimentally by applying hydrostatic pressure.!®?>2¢  For example, in crystalline
benz[a]lanthracene photocurrent has been shown to increase with increased pressure, along with a
reversible color change.”’” A recent first-principle study of the phenacene family revealed a
linear increase in the hole and electron mobilities with increasing pressure, as well as switching
between n- and p-type semiconductor behavior.?® The hole mobility of all three systems was
found to surpass that of amorphous Si around 9.3 GPa, 6 GPa, and 2 GPa for phenanthrene,
chrysene, and picene, respectively. Additionally, chrysene was found to convert from n-type
polarity, to ambipolar, to p-type via band structure analysis over the 0 to 3 GPa range. The
ability to control E, as well as other electronic properties in solid PAHs via engineering of the
intermolecular interactions could result in significant advancement of their applications in
organic electronic devices.



PAHs exhibit five typical crystalline packing motifs: 1) herringbone (HB) 2) sandwich
herringbone (SHB) 3) beta herringbone (B-HB) 4) beta (B) and 5) Gamma (y).2® Each motif is
characterized via the percent C---C intermolecular interactions present on the Hirshfeld surface
and the interplanar angle between neighboring molecules.?+*! Among the five arrangements,
the herringbone (HB) motif is the most common and is described as having primarily edge-to-
face (C---H) and edge-to-edge (H---H) interactions with a very small amount of cofacial
(n---m/C---C) contacts.” The relatively weak van der Waals (vdW) forces binding HB-PAHs
allow for easy perturbation of the crystalline structure with low-to-moderate pressures, and in
some cases enables the evolution of new polymorphs and physical properties.'®*>°> We present
a comprehensive study of the behavior of 42 HB-PAHs under the influence of isotropic pressure
up to 20 GPa, using dispersion inclusive density functional theory (DFT+vdW). Pressure
dependent structural trends were reported in the first part of this study.?® This paper explores the
corresponding pressure induced changes in the electronic properties of HB-PAHs.

2. Computational Methods
DFT calculations were conducted using the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation®’ with the pairwise dispersion scheme of Tkatchenko—Scheffler (TS).*
The reliability of PBE+vdW for modeling the structure and electronic properties of PAHs has
been established in our previous work.* Therein, it was shown that the variation between the
calculated mass densities, unit cell parameters, and Hirshfeld intermolecular close contact
fractions were within +5%, +2%, and +1% of experiment, respectively. Our previous high
pressure work on oligoacenes,!” rubrene,?’ indole,*> and TCNE* shows that PBE+vdW can
accurately model the pressure dependent structural response of molecular crystals that exhibit a
variety of intermolecular forces.?* Therefore, we are reasonably confident that the predicted high
pressure structures presented here offer realistic insight into the pressure response of the HB-
PAH group.
Band gaps were calculated using PBE and the PBE-based hybrid functional (PBE0)*.
The hybrid functional PBEO was used in some instances to mitigate the underestimation of the
band gap by PBE. We have shown in a previous ambient pressure investigation on PAHs that
addition of a 1.05 eV constant to the PBE+vdW E, values (E; BE) results in excellent agreement

with experimentally determined optical gaps (E; pt).” We have further demonstrated that
PBE-+vdW can reliably model the pressure dependent E, trends of HB-PAHs.!”** Comparison of
experimental high pressure data'® for E, Pt and EJPE of picene (ZZZOYCO1) provided in SI Fig
S1 shows clearly that excellent agreement at high pressure is achievable by adding the 1.05 eV
constant. Based on the performance of PBE+vdW for describing the ambient and high pressure
electronic-structure trends of PAHs in the aforementioned studies, and the correlation of our
calculated structures with new pressure dependent experimental data, we are confident that the
pressure dependent physicochemical trends reported here are reliable, and that values for the
optical gaps of these systems can be estimated via addition of a 1.05 eV constant.

From the standpoint of a high-throughput investigation, in which ~1700 calculations were
performed on fairly large periodic systems, a balance between chemical accuracy,
reproducibility, comparability, and speed needed to be met. This can be ensured by selecting a
standard set of input parameters for all calculations, which has provided reliable results in
previous investigations.!””" The Cambridge Serial Total Energy Package (CASTEP) electronic
structure code** was used, where all of the electronic wave functions are expanded in a plane-
wave basis set with periodic boundary conditions. The plane-wave cutoff energy was set to 750



eV. Other convergence criteria were set as follows: total energy, max force, max stress, max
displacement, and SCF iterations are 5 x 10" eV/atom, 0.01 eV/A, 0.02 GPa, 5 x 10* A" and 5 x
107 eV/atom, respectively. For the k-point sampling, we chose the Monkhorst-Pack*® scheme,
such that the k-point separation is about 0.07 A™! for the geometry optimizations.

For the band structure calculations, a tighter k-point spacing of ~ 0.015 A™! was selected.
CASTEP optimizes the k-point mesh according to the system symmetry to create the smallest
even number of k-points that satisfies the target spacing. Additionally, CASTEP has a flag called
NEXTRA BANDS that controls the number of bands calculated above the Fermi level (EF).
This feature was used to enhance the speed of the calculations by limiting the number of bands
above Er to 12. The energies of the bands calculated using the NEXTRA BAND option are the
same as when calculated without that option specified as shown in SI-Figure S11. Norm-
conserving pseudopotentials from the Open-source Pseudopotential Interface and Unification
Module (OPIUM), in which the RRKJ optimized method** is implemented, were employed for C
and H atoms.

The geometry (lattice parameters and atomic coordinates) of the PAH crystal structures
were optimized at pressures up to 20 GPa in 0.5 GPa increments with the Broyden—Fletcher—
Goldfarb—Shanno (BFGS) minimizer, which uses a starting Hessian that is recursively updated
during optimization.*> The starting structures were obtained from the data sets available in the
Cambridge Structural Database (CSD). All structures are referred to using their 6 to 8 letter CSD
reference codes (e.g., benzene = BENZEN or naphthalene = NAPANTO04). A table of all
structures and names is provided in the SI. All geometry optimized structures and properties
have been uploaded to the Organic Crystal Structure and Electronic Properties Database
(OCSEPD) at organiccrystalbandgaps.org.

Hirshfeld surfaces and the corresponding fingerprint plots were generated using Crystal
Explorer 3.0.* For the intermolecular interactions within the crystal structures, we constructed
fingerprint plots via Hirshfeld surface deconvolution.*”*34° Hirshfeld surface analysis has been
used previously as a powerful tool for determining intermolecular interactions within molecular
crystals! 72832

3.1 Pressure dependent Band Gap Analysis

3.1.1 General Band Gap Pressure Dependence of HB-PAHs.

High pressure can increase charge carrier mobilities and reduce the band gap (Eg) of
molecular crystals via two mechanisms. The first is increasing the band dispersion by enhancing
molecular orbital (MO) overlap and the second is deformation of the molecular conformation,
leading to changes in the single molecule MO energies, hereafter referred to as the band origin
energies.’’>2  Because the spacing between molecules in the solid is reduced at elevated
pressures, there is typically an increase in intermolecular electronic coupling. As a result, at
elevated pressures it is generally found that the eigenstates contributing to the band structure are
more dispersed along certain paths in k-space.’® This typically leads to a direct pressure
dependence of the bandwidth. As a result of the increased bandwidth, the lowest energy
eigenstate of the conduction band (associated with the LUMO) will have a lower energy
minimum, and the highest energy eigenstate of the valence band (associated with the HOMO)
will have a higher energy maximum, creating a reduction in E, (exceptions to this trend are
discussed in detail below). Similar effects are observable as a function of temperature: As the
temperature is decreased and the density of the material increases, the MO overlap increases and
the band dispersion becomes larger.>*



Conversely, pressure induced intermolecular interactions in organic molecular crystals have
been shown to perturb the molecular geometry of the individual components.>® Pressure induced
changes of intramolecular bonds or intramolecular bond angles can alter bond stabilization
energies within the molecule. This may lead to changes in the band origin energies with respect
to low pressure, resulting in E; expansion or contraction. These pressure induced structural
changes, and the ensuing changes in the electronic structures, could help produce new
polymorphs with enhanced electronic and optical properties for device applications.
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Figure 1. Pressure dependence of E} 5% for several HB-PAHs. a) Continuous decrease in E/® as a function of
pressure for aryl oligoacenes derivatives (cruciforms). b) Discontinuous increases in E} 5 as a function of
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Figure 2. Ambient and pressure dependent E} ®% distributions for 42 HB-PAHs: (a) ES?* distribution at
ambient pressure; (b) Absolute change in Ef®* from 0-20 GPa; (c) Percent change in EJ?* from 0-20 GPa with
respect to the density at 0 GPa. For TETCENO1, PENCEN, KEGHEJO1 and FANNUL EJ?* completely closes.
This is a result of deficiencies in the PBE functional, as shown below and elsewhere!”.

A continuous decrease in the PBE derived gaps (E; BEY) as a function of pressure is
observed for most HB-PAHs studied here. Plots of E/PF as a function of pressure for all
structures are provided in SI Fig S8. Here, we only show representative examples. A typical



example is shown in Fig. 1a for the cruciform series. Similar pressure dependent narrowing of
E, has been reported for the oligoacenes!’, the three polymorphs of rubrene,?® and picene'®. For
most HB-PAHs, the pressure dependent decrease in EJ®* is continuous, reinforcing the idea that
few pressure induced phase transitions occur in this packing motif of PAHs at low temperature
(this was also demonstrated in the accompanying pressure dependent structural study®). A few
structures exhibit discontinuous increases or decreases in the pressure dependent E; BE plots, as
seen in Figs 1b & ¢, hinting at the possibility of pressure induce phase transitions. These
discontinuities are examined in detail in section 3.1.7.

The ambient pressure EJ®F distribution for all 42 HB-PAHs studied here is presented in Fig
2a. The average ES%F and the STD of the distribution were found to be 2.08 eV and 0.73 eV,
respectively. The most probable E/®F-bin occurs in the 2 to 2.5 eV range with 37% of structures
exhibiting gaps in this range. The smallest 0 GPa gap occurred for KAGGEG (0.76 e¢V) and the
largest for BENZEN (4.36 eV). The absolute pressure dependent ES®F-change distribution
(from 0 to 20 GPa) is shown in Fig 2b. The average E;°"-change and the STD of the
distribution were found to be 0.86 eV and 0.42 eV, respectively. The most probable bin is in the
0.75 to 1 eV range with 31% of structures exhibiting this amount of change in their E;%*. The
smallest E; BE _narrowing occurred for the pressure resistant structure of VEHCAM (0.22 eV
change, or 10.54% of its 0 GPa value), while extreme pressure sensitivity was observed for
FANNUL, which exhibited a E/?E-narrowing of about twice the average at 1.62 eV

The distribution in the percent change of Ej%* over the 20 GPa range is presented in Fig 2¢
for all structures. Here, the average percent change is observed to be ~37%, where the 35% to
45% bin is the most probable, containing 21% of structures. The STD of the distribution is 22%,
and is attributed to the large deviations in intermolecular electronic couplings within the HB-
PAHs (this manifests in the wide variety of intermolecular close contact fractions in the SI of
Part 1°°). The three most and three least pressure sensitive crystal structures with respect to the
percent change in ES®5 from 0 to 20 GPa are tabulated in SI Table S2. Surprisingly, there is
little to no correlation between the density of the structure at 0 GPa and the pressure
dependent gap narrowing, as seen in Fig 2c¢. Some correlation between the Hirshfeld-surface
intermolecular close contact fractions present at 0 GPa and the pressure dependent gap
narrowing were observed, as discussed in more detail in the SI. We note that for TETCENOI,
PENCEN, KEGHEJO01, and FANNUL, the PBE gap drops to zero with increasing pressure. This
can be attributed to the deficiencies of PBE and is addressed in the following subsections where
we analyze trends within chemical families.
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Figure 3. E; BE a5 a function of pressure for (a) poly(para-phenylenes) and (b) oligoacenes.

3.1.2 E; pressure dependence of poly(para-phenylenes) and oligoacenes: For all
poly(para-phenylenes), the E; BE decreases continuously with pressure as shown in Fig 3a.
However, the EJPE pressure dependence differs as the number of phenylene units increases.
Specifically, the poly(para-phenylenes) with the largest gaps at ambient pressure have the
strongest E; BE pressure dependence; i.e., as the number of rings in the molecular units increases,
the pressure dependent E; BE _change decreases (from absolute and % standpoints). However, the
structures with larger EJ®F at ambient pressure maintain larger E;%Fs over the entire 20 GPa
range. To further demonstrate these trends, the 0 GPa EJE, absolute difference in Ej %, and the
percent difference in EJ®F from 0 to 20 GPa are provided in SI Table S4.

A somewhat different pressure dependent E;®* behavior is found for the oligoacenes as
shown in Fig 3b. As with the poly(para-phenylenes), the 0 GPa E;PE decreases with increasing
number of rings (see SI Fig $6 and SI Table S4). Likewise, the absolute change in E;®% from
0-5 GPa decreases as the number of rings increases. However, the percent change in the E; BE
from 0-5 GPa increases with increasing number of rings for the oligoacenes (see SI Table S4).
This is likely due to stronger intermolecular coupling, which manifests in a decrease in the
amount of H---H interactions as the number of rings increases (see Fig 2 in Ref '7). A continuous
EJPE decrease is observed for benzene, naphthalene, and anthracene up to 20 GPa. However,
tetracene undergoes a pressure induced phase transition around 6 GPa, which causes a
discontinuous decrease in E;®, and pentacene exhibits an anomalous increase in Ej%* with
pressure, which was also observed experimentally (these transitions are discussed in detail in Ref
17 and references therein). It is interesting to note that the oligoacenes always have a smaller
Egp BE compared to the para(poly-phenylenes with same number of rings. This may be attributed
to the seamless conjugation of the oligoacenes, whereas the conjugation is broken between
phenylene units in the para(poly-phenylenes) because of ortho-hydrogen repulsion. The pressure
dependent decrease in EJP is also always larger for the oligoacenes than poly(para-phenylenes)
with the same number of rings from 0-5 GPa, as well as for oligoacenes with continuous Eg BE
pressure dependence up to 20 GPa (detailed in SI Table S4).
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a function of pressure for phenacenes and antisymmetric phenacenes.

3.1.3. Phenacenes and Antisymmetric Phenacenes. The 0 GPa E;PF decreases with
increasing number of rings for the phenacenes as seen in Fig 4. However, the antisymmetric
phenacenes exhibit an increase in the 0 GPa E; BE \ith increasing number of rings. For both
groups, EJPE decreases continuously for all structures. For DBNTHRO02 and ZZZOYCOI,
discontinuities are found in the unit cell parameters and intermolecular close contacts>®.
However, these are not accompanied by discontinuities in E; BE  This demonstrates that large
structural changes are not always accompanied by significant changes in the electronic
properties.
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Figure 5. (a) Molecular structures and REF codes of the 1,8-dipyrenylnaphthalenes as extracted from the
crystal structure at 0 GPa. (b) Band Gap as a function of pressure for 1,8-Dipyrenylnaphthalenes.

3.1.4. 1,8-Dipyrenylnaphthalenes. The three isomers of 1,8-Dipyrenylnaphthalene, shown
in Fig 5, have a similar E/®F at 0 GPa (varying by less than 60 meV), despite the significant
differences in their unit cell parameters and intermolecular close contact fractions, reported in
Part 1°°. However, each system exhibits a unique E;?* pressure dependence, which correlates



with the structural pressure dependence observed in Part 1°*. CENYEZ shows a continuous
decrease in E;F over the 20 GPa range. Its structural isomer, CENXUO (see Fig 5) has a nearly
continuous EgP BE pressure dependence, except for a small discontinuity between 10 and 11 GPa,
consistent with the structural rearrangements observed in Figs 23 & 24 of Part 1°°. The
stereoisomer of CENXUO, CENYAYV, shows an exponential decrease in E;%* up to 9 GPa, at
which point the large structural rearrangements reported in Part 13° cause a significant
modification of the electronic properties, resulting in a discontinuity between 9 and 10 GPa.
Above 10 GPa, the EJ®F decreases continuously with pressure. The discontinuities in the Ef?5
pressure dependence are discussed further in section 3.1.7.

3.1.5. Aryl Oligoacene Derivatives (Cruciforms). For the aryl oligoacene derivatives,
shown in Fig. 6, the 0 GPa E;?* decreases with increasing number of rings, as shown in Fig 1a,
although the difference between QQQCIG04 and VEBIJES is small (40 meV). This may be
attributed to poor intermolecular electronic coupling in the VEBIJES crystal, as single molecule
calculations show that the HOMO-LUMO gap (E ; ~L) of VEBJES is 0.41 eV smaller than that of
QQQCIG04.* In the solid state, the energy gap of QQQCIG04 shrinks by 0.44 eV, whereas that
of VEBJES shrinks by only 0.07 eV (indicating significantly less dispersed bands). The EJ?F of
the aryl oligoacene derivatives decreases continuously over the 20 GPa range, as shown in Fig
la. The pressure induced gap narrowing of DPANTRO1 (AE{?F = 0.54 ¢V) and QQQCIG04
(AESPE = 0.91 eV) is stronger than that of VEBJES (AEJ?® = 0.32 eV). The weaker pressure
response of VEBJES may be attributed to the nearly flat pressure dependence of the H---H
intermolecular close contacts and the negative pressure dependence of the C:--H intermolecular
close contacts as seen in Figs 7 & 9 of Part 1°°. This leads to poor coupling between the HOMOs
and LUMOs of neighboring molecules, as H--H interactions generate repulsion and prevent
molecules from getting closer to one another in a preferential manner for frontier orbital overlap.

0 Q0 OC
(0 CO0 o
O OO0 O

DPANTRO1 QQQCIG04 VEBIJES
Figure 6. Structures and pressure dependent E; BE plot for phenylated acenes (cruciforms)
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3.1.6 Unique E; pressure dependence of pyracylene and annulene[14]: Pyracylene
(KEGHEJO1) is unique among the PAHs studied here because it contains two aromatic five
membered rings attached to a naphthalene core (see Fig 7¢). Its orthorhombic unit cell contains 6
molecules (Z=6) in a HB configuration and has a Cmca space group.’> Annulene[14] (FANNUL)
is unique because it is continuously aromatic over 14 carbon atoms, as opposed to be comprised
of six-membered aromatic rings (see Fig 7¢). The monoclinic unit cell of FANNUL has a P2i/c
space group with Z=2.6 E; BE as a function of pressure up to 20 GPa is plotted for FANNUL and
KEGHEJO1 in Figs 7a & b, respectively. E;%% of FANNUL and KEGHEJO1 goes to zero for
pressures above 17 GPa and 9 GP, respectively. Because PBE is known to underestimate Ej in
PAHs,*® PBEO was used to confirm the pressure dependence of E, using the optimized
PBE+vdW structures, following the procedure we have established for tetracene and pentacene!’.
Plots of the PBEO band gap (EJ®%°) vs. pressure in Figs 7a & b show that neither structure is
predicted to exhibit metallic behavior at elevated pressures, as Ej 5% never goes to zero. Rather,
EJBEC of both structures shows a steady decrease over the 20 GPa pressure range. Our
recommended best practice is to always use PBEO (or another hybrid functional) for verification
when PBE produces a zero gap.
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3.1.7 Discontinuous Pressure Dependent Changes in E§%F: The EJ®F vs. pressure
plots for CENYAV, FANNUL, and KAGFOP exhibit discontinuous decreases in ES%* with
increasing pressure, as shown in Fig 1¢. These discontinuities may be attributed to a combination
of conformational and crystalline rearrangements. The largest single Eg BE discontinuous
decrease of 0.27 eV is observed for CENYAV between 9 to 10 GPa. About half of this gap
decrease can be attributed to increased intermolecular electronic coupling of the HOMO and
LUMO, as indicated by the increase in the band dispersion by 0.043 eV for the HOMO-derived
valence band and by 0.086 eV for the LUMO-derived conduction band, seen in Figs 8a & 9a.
Fig 9a shows that the Ef; BE discontinuity is accompanied by a discontinuous increase in the band



dispersion with respect to pressure for both frontier orbitals. The remaining energetic differences
may be explained by the conformational change of the molecule, shown in Fig 10a. The
naphthalene and pyrene moieties become twisted (bent), which may reduce the aromatic
stabilization energy. Consequently, the band origins become closer in energy, further reducing
EJPP as seen in Fig 8a.

A discontinuous 0.1 eV decrease in E;%* of KAGFOP is observed between 13 to 14 GPa

in Fig lc. Again, the narrowing of the gap is attributed to increased band dispersion, combined
with a change of molecular conformation. The dispersion increases by 0.010 eV for the HOMO
and by 0.069 eV for the LUMO as seen in Figs 8b and 9b. Only the larger change in the LUMO
bandwidth is observed as a discontinuity in Fig 9b. Single point energy calculations performed
on the molecular units as extracted from the crystals at 13 and 14 GPa show that the minor
perturbations of the phenyl side groups (see Fig 10b) modulate the band origin energies,
lowering the LUMO and raising the HOMO, accounting for the remaining energetic difference
(see SI Table S11 for single point energy results).
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Figure 9. Dispersion of the HOMO-derived valence band and the LUMO-derived conduction band as
a function of pressure for (a) CEYAV, (b) KAGFOP and (c) FANNUL.
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Figure 10. Change in the conformation of a molecule extracted from the crystal structures of (a)
CENYAYV side and face views at 9 and 10 GPa, (b) KAGFOP at 13 and 14 GPa, and (¢c) FANNUL
side and face on views at 4 and 5 GPa. Light green structures corresponds to higher pressure.

EFPE of FANNUL exhibits a discontinuous decrease of 0.24 eV between 4 and 5 GPa
and another of 0.14 eV between 6 and 7 GPa, as shown in Fig 1c. The first discontinuity is
associated with increases of 0.18 eV in the dispersion of the HOMO-band and 0.12 eV for the
LUMO-band, as evident in Figs 8¢ and 9¢. Single point energy calculations of the molecules as
extracted from the crystal structures at 4 and 5 GPa show a shift of the band origin energies due
to changes in the molecular conformation, as illustrated in Fig 10c. This slightly broadens the
HOMO-LUMO gap by 0.03 eV. The net effect of the large dispersion increase and the small
molecular gap broadening leads to a net narrowing of the crystal band gap. The second
discontinuity at 6-7 GPa is accompanied by a 0.021 eV increase in the dispersion of the HOMO-
band and 0.069 eV increase for the LUMO-band. The remainder of the energy difference is
attributed to further conformational reorganization of the molecules, resulting in a downward
shift of the LUMO band as seen in Fig 8c. Notably, the larger discontinuity in EJ®* at 4-5 GPa
is accompanied by a significant discontinuous increase in the band dispersion, whereas the
smaller discontinuity at 6-7 GPa E; BE corresponds to a nearly continuous increase in the band
dispersion.
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Figure 11. Conformational changes in molecules extracted from the crystal structures of (a) DBPHENO2 at 6
and 7 GPa, side view on top and face view on the bottom; (b) ABECAL at 5 and 6 GPa; and (c) two views of
the two inequivalent molecules of SANQII at 7 and 8 GPa as orientated in the crystal. The light green structures
correspond to higher pressures.

Fig. 1b shows the pressure dependence of E;PF for ABECAL, DBPHENO(2, and
SANQIL In contrast to the pressure dependent Ej5% decreases presented in Fig 1c, all three
structures exhibit some pressure dependent E/®F increases. For DBPHEN(2, a 0.014 eV
increase is observed between 5 to 6 GPa, with another 0.029 eV increase occurring between 6 to
7 GPa. An overlay of the molecular structure of DBPHENO02 at 6 and 7 GPa as extracted from
the crystal structure is shown in Fig 11a, and demonstrates little perturbation of the molecular
structure with increased pressure. However the HOMO-LUMO gaps of the molecules as
extracted from the crystal at 4, 5, and 6 GPa broaden with increasing pressure (see SI Table
S11). Therefore, the increase in E; BE is a result of changes in the electronic coupling of the
frontier MOs and the band origin energies. Fig 12a shows that the bottom of the conduction band



sequentially shifts to higher energy with increasing pressure, broadening Eg BE Based on the
band structures of DBPHENO2 in Fig 12a, and the band dispersion vs pressure plots in Fig 13a,
the dispersion of the HOMO-band is observed to decrease about sevenfold more than the LUMO
band dispersion increases from 5 to 6 GPa. From 6 to 7 GPa the HOMO-band dispersion further
decreases about tenfold more than the LUMO-band dispersion increases. The decreased valence
band dispersion above 5 GPa indicates that the electronic coupling between the HOMOs of
neighboring molecules is decreasing, whereas the LUMO coupling is increasing.

For ABECAL, a discontinuous increase of 0.024 eV in EJP* is observed from 5 to 6
GPa. Figs 12b and 13b show that, in contrast to the dispersion trends of DBPHENO2, the
dispersion of the LUMO band of ABECAL increases about 2.5 times more than the HOMO band
dispersion decreases from 5 to 6 GPa. Based on the net increase in the band dispersion, one
would expect EF%F to decrease. However, the molecular units distort under pressure, as
indicated by red arrows in Fig 11b. This causes an increase in the HOMO-LUMO gap as
determined via single point calculations on molecules extracted from the crystal structures at 5
and 6 GPa, which leads to broadening of EJ?% (see SI Table S11). Therefore, the increase in
Eg BE is attributed predominantly to changes in the band origin energies, associated with the
molecular geometry.
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Figure 12. Band structures of DBPHEN(02, ABECAL, and SANQII at pressures that correspond to

discontinuities in EJ?*. The top of the valance band is set at 0 eV.
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Figure 13. Dispersion of the HOMO-derived valence band and the LUMO-derived conduction band as a

function of pressure for a) DBPHENO02, b) ABECAL and c¢) SANQIIL.

For SANQII, there is a discontinuous 0.2 eV increase in E;®F from 7 to 8 GPa in Fig 1b.
An overlay of the structures of the two inequivalent molecules in the unit cell of SANQII at 7
and 8 GPa shows significant perturbation of the molecular arrangement within the crystal, as
indicated by red arrows in Fig 11c. Additional pressure dependent deformations not seen here
are shown in SI Fig S3). In SANQII, the dispersion of the HOMO band decreases by 0.014 eV
from 7 to 8 GPa and the dispersion of the LUMO band decreases by 0.19 eV, as shown in Figs
12¢ and 13c. However, single point calculations for molecules extracted from the crystal
structures show that the HOMO-LUMO gap at 8 GPa is smaller than at 7 GPa. Therefore, the net
increase in E; BE is primarily the result of changes in the electronic coupling of the frontier

molecular orbitals.



3.2

Pressure-Induced Direct/Indirect E; Transitions: Semiconductors may exhibit

either direct or indirect band gap. In direct semiconductors, the top of the valance band and the
bottom of the conduction band are at the same k-point, such that creating an electron-hole pair
(exciton) only requires a photon with sufficient energy to vertically excite an electron across the
gap. For indirect semiconductors, the top of the valance band and the bottom of the conduction
band are at different k-points, such that exciting an electron across the gap requires coupling to a
phonon transition to satisfy momentum conservation.’’ As a result, the rate of exciton creation
in indirect semiconductors is slower than in direct semiconductors. Therefore, a direct gap is
more desirable for optoelectronics applications, whereas those with an indirect E; are good for

microelectronics applications.
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Figure 15 Direct/indirect switching of E; in PAHs under pressure: (a) E, changes from indirect to
direct for ZZZNTQO1; (b) E, changes from direct to indirect for CRYSENOI.

To show the effect of pressure on whether the band gap is direct or indirect, the smallest
direct and indirect E; values are plotted as a function of pressure for all structures in SI Fig S9.
The lower value of the two at any given pressure determines whether the material is a direct or
indirect semiconductor (if the direct and indirect values are the same, it is considered direct). For



most HB-PAHS, E; remains direct or indirect over the entire pressure range. Representative
examples for the indirect E; of ABECAL and the direct E; of DBNTHRO2 are shown in Fig. 14.
In contrast, some PAHs exhibit a direct/indirect transition upon pressurization. For instance,
ZZZ7ZNTQO1 has an indirect E; from 0 GPa to 14 GPa, at which point it switches to a direct Eg, as
shown in Fig 15. CRYSENOI undergoes the opposite transition from a direct E; up to about 3.5
GPa to an indirect E; for pressures up to 20 GPa. This may be attributed to changes the MO
coupling and the resulting band structure under pressure, as shown in Fig. 16.
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Figure 16 : Band structure of (a) ZZZNTQO1 at 8 and 20 GPa, and (b) CRYSENOI1 at 0 and 20 GPa.

3.3.  Pressure Dependence of Band dispersion

3.3.1 Pressure-Induced Polarity Switching: Organic optoelectronic devices require
organic semiconductors with high carrier mobilities. Transport in organic semiconductors may
occur via hopping, whereby localized charge carriers move from one site to the next, overcoming
an activation barrier. This mechanism is typical of weakly coupled or disordered materials. In
strongly coupled crystalline materials, the dominant mechanism is typically band transport,
whereby delocalized carriers have an effective mass, which is inversely proportional to the band
curvature. Transport in organic semiconductors may also occur in an intermediate regime
between the limiting cases of hopping and band transport. °"-62 Here, we focus on the band
transport regime in crystalline HB-PAHs. In this regime, the hole and electron mobilities are
related to the width and curvature of the valence and conduction bands, respectively.®® The larger
the band dispersion of the valence (conduction) band, the higher the hole (electron) mobility. The
bandwidth (band dispersion) is defined as the energy difference between the high and low energy
limits of a particular band. The widths of the HOMO-derived highest energy valence band and
the LUMO-derived lowest energy conduction band correspond to the hole and electron
mobilities, respectively. An organic semiconductor is considered to be in the band transport
regime if its bandwidth is at least 0.1 eV.** The band dispersion is associated with the strength
of the electronic coupling between similar molecular orbitals of neighboring molecules.’>%+68:62



Therefore, changes in the distances and relative orientation between molecules can be used to
tune the band dispersion®>*2, and pressure is the perfect tool for exploring these effects.

Relevant examples of the use of hydrostatic-pressure leading to increased conductivity in HB-
PAHS can be seen for single crystal pentacene and tetracene,?? pentacene thin-films,* and single
crystal rubrene’’.
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Figure 17. Band structure of FANNUL at 0 and 10 GPa. The top two bands of the valence band and the
bottom two of the conduction band demonstrate the general effect of pressure on band dispersion. Dotted
red lines are tangents to the minimum and maximum of the highest energy valence band (green band) and
lowest energy conduction band (black band). Note the general shift of the conduction band closer to the
Fermi level (0 GPa) under pressure.

As reported in Part 1 of this study,*® the intermolecular distances in crystalline HB-PAHs
typically decrease under pressure and the relative orientations change, such that co-facial and
face-to-edge intermolecular interactions increase while edge-to-edge contacts decrease.
Therefore, pressurization typically leads to stronger electronic coupling between the frontier
orbitals of neighboring molecules, which results in increased band dispersion. Fig 17 presents an
example of the band structure of FANNUL at 0 GPa and 10 GPa, showing that the top of the
valence band and bottom of the conduction band become more dispersed (broader) with pressure
due to increased frontier orbital overlap. Fig 18 shows the probability distributions of the
HOMO and LUMO band dispersion for the HB-PAHs at 0 GPa and at the pressure where the
dispersion is maximal (typically 20 GPa). The average value for the dispersion of the HOMO-
derived valence and LUMO-derived conduction bands at 0 GPa was found to be 0.20 eV and
0.25 eV with a standard deviation of 0.16 eV and 0.21 eV, respectively. The outliers with
particularly high bandwidths are the low temperature metastable HB structure of perylene
(PERLENO7),and pyracylene (KEGHEJO1). The average value for the maximum dispersion
across the entire pressure range was found to be 0.61 eV for the valence band and 0.60 eV for the
conduction band, with standard deviations of 0.35 eV and 0.29 eV, respectively. Structures
displaying the largest high pressure dispersion are FANNUL and again PERLENO7. Refcodes
and corresponding values used to construct Fig 18 are available in SI Table S7.
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Figure 18. HOMO-derived valence band and LUMO-derived conduction band dispersion values at (a) 0 GPa and
(b) maximum dispersion values within the pressure series. In a, outlying structures with VB in 0.7-0.8 eV bin and
CB in 0.9-1 eV bin is PERLENO7, CB in 1-1.1 eV bin is KEGHEJO1. In b, outlying structures in the 1.4-1.6 eV bin
are PERLENO7 (VB) and FANNUL (CB).

The polarity of an organic semiconductor is determined by the relative bandwidths of the
HOMO-derived valence band and the LUMO-derived conduction band. If the dispersion of
bottom of the conduction band is greater than the top of the valence band the crystal will be an n-
type semiconductor. If the opposite is true, the material will be a p-type semiconductor (where
the majority of charge carriers in n-type semiconductors are electrons, and in p-type are holes). If
the dispersion of the two bands is comparable (within ~0.015 eV), the material may be
considered ambipolar.?® While most energy bands become more dispersed with increasing
pressure for HB-PAHs, the widths of the valence and conduction bands may change at different
rates, as summarized in SI Fig S7 and SI Table SS. In many instances, the relative widths of the
valence and conduction bands maintains a constant relationship, where one is greater over the
entire pressure range and the polarity of the material remains fixed. However, some of the HB-
PAHs exhibit polarity switching through ambipolar regions between regions of p-type and n-type
behavior (and vice versa). For example, Fig 13 shows polarity switching and ambipolar regions
in DBPHENO02, ABECAL, and SANQII. We proceed to discuss the pressure dependence of the
band dispersion and polarity for several families of HB-PAHs.
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Figure 19. Bandwidth as a function of pressure for phenacenes: (a) phenenthrene, (b) chrysene, and (c) picene.



3.3.2. Phenacenes: Fig 19 shows the pressure dependence of the band dispersion of the
phenacenes, phenanthrene (PHENAN), chrysene (CHRYSENO1), and picene (ZZZOYCO01). All
phenacenes exhibit a steady increase in the bandwidth as the pressure increases. For
phenanthrene, the valence band is more dispersed than the conduction band at any pressure,
implying p-type semiconductivity, where the majority of carriers are holes. This agrees well with
previous theoretical work, where phenenathrene was shown to behave as a p-type semiconductor
up to 30 GPa, reaching the amorphous silicon drift mobility for pressure above 9.3 GPa.?
Chrysene is a p-type semiconductor at ambient pressure, up to 2 GPa, where it becomes
ambipolar as the valence and conduction bandwidths become approximately equivalent. These
findings are consistent with a previous pressure dependent theoretical study, in which chrysene
was found to become ambipolar at ~1.5 GPa.?® Here, we find that when the applied pressure
exceeds 6 GPa, chrysene reverts to a p-type semiconductor. This is in contrast to Ref. %6, where
chrysene was predicted to become n-type above ~3 GPa. This discrepancy is most likely because
a dispersion correction was not employed in Ref. %. Picene, like phananthrene, is predict to
remain a p-type semiconductor throughout the 20 GPa pressure range.
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Figure 20. Bandwidth as a function of pressure for the oligoacenes: (a) naphthalene, (b) anthracene,
(c) tetracene, and (d) pentacene. For tetracene, band dispersion above 16 GPa is not included because
the PBE band gap goes to zero.

3.3.3. Oligoacenes: Fig 20 shows the pressure dependence of the band dispersion of the
oligoacenes, naphthalene (NAPHTAO04), anthracene (ANTCEN), tetracene (TETCENO1), and
pentacene (PENCEN). Naphthalene and tetracene are found to be p-type semiconductors over
the entire 20 GPa pressure range, despite exhibiting some discontinuities in the band dispersion.
For TETCENOI, the discontinuity is associated with the experimentally observed phase
transition occurring at 6 GPa. Anthracene is found to be n-type from ambient pressure to 1 GPa,



ambipolar from 1.5 GPa to 3.5 GPa, and p-type from 4 GPa to 20 GPa. However, the largest
difference between the conduction and valence bandwidth in the n- and p-type regimes of
anthracene is only on the order of 0.05 eV, making it nearly ambipolar over the entire 20 GPa
range, in agreement with Ref. 19. Pentacene is arguably ambipolar at ambient pressure, as its
valence band is only slightly broader than the conduction band by 0.011 eV and remains
ambipolar up to 5 GPa. Above 5 GPa, pentacene is predicted to be p-type. A detailed
comparison to previous theoretical work>>’! on the oligoacenes is provided in the SI.
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Figure 21. Bandwidth as a function of pressure for (a) DPANTRO1, (b) QQQCIG04, and (c) VEBJES.

3.3.4. Cruciforms: Fig 21 shows the pressure dependence of the band dispersion of the
cruciforms, whose molecular structures are shown in Fig 6. Both DPANTRO1 and VEBJES have
ambipolar regions at low pressures and switch to n-type polarities above ~ 5 GPa, whereas
rubrene (QQQGIG04) maintains p-type polarity over the entire pressure range. Rubrene is
known to possess a very high hole carrier mobility, reaching u = 40 cm*/V.s.2® At ambient
pressure, the bandwidths of its conduction band and valence band are 0.23 eV and 0.49 eV,
respectively. This is in good agreement with previous work where values of 0.18 eV and 0.42
eV, respectively, were reported.”® The bandwidth of both the valence band and the conduction
band increases monotonously with pressure, and at 20 GPa it is higher by a factor of 2-2.5 than at
ambient pressure. Consequently, the carrier mobility is expected to strongly increase with
increasing pressure, in agreement with the experimental observation that the conductivity of
single crystal rubrene increases by a factor of 2.1 under pressure of 0.43 GPa.”

3.3.5. Poly(para-phenylenes): The bandwidth of all poly(para-phenylenes), exhibits a
similar pressure response, as shown in Fig 22. The valence bandwidth undergoes a continuous
exponential increase throughout the entire pressure range. The conduction bandwidth shows an
initial increase, followed a plateau region, followed by another increase up to 20 GPa. With
increasing number of rings, the valence bandwidth approaches the asymptotic limit more slowly
and the plateau region of the conduction bandwidth shifts to higher pressures. Most poly(para-
phenylene) structures are n-type semiconductors across the entire pressure range, as shown in
Fig 22 and SI Tables S3 & S5. Benzene (BENZEN) is ambipolar from 0 GPa to 7 GPa and
converts to n-type above 7 GPa. Biphenyl (BIPHEN) is n-type at 0 GPa and alternates between
ambipolar and n-type from ~2.5 to 13 GPa. This unique behavior is attributed to oscillations of
the two phenyl rings with respect to one another, which in turn produces discontinuous changes
in the pressure dependent intermolecular close contacts (see Fig 15 in Part 1°°) and MO overlap.
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Figure 22. Band dispersion of poly(para-phenylenes) as a function of pressure

For para-quaterphenyl, the monoclinic (QUPHEN) and triclinic (QUPHENO1)
polymorphs exhibit significantly different bandwidth pressure dependence. This may be
attributed to differences in the pressure dependent changes associated with the intermolecular
interactions of each polymorph, as visible in the decomposed percent area of the Hirshfeld
surfaces in Fig 23. In the monoclinic polymorph the molecular conformation is planar and the
crystal exhibits no C---C contacts on the Hirshfeld surface. Under pressure, the C---C contacts
increase, whereas the C---H and H---H contacts decrease. This results in a structure that maintains
n-type behavior across all pressures, accompanied by conduction and valence bandwidth
increases across the entire pressure range. In contrast, in the triclinic phase, the molecules adopt
a twisted conformation and the crystal structure has some C---C intermolecular contacts at 0 GPa.
When pressure is applied, the molecules become planar by ~0.5 GPa, similar to para-
terphenyl’>7*. This results in rearrangement of the crystal matrix as demonstrated by the
decrease in the C---C contacts up to ~ 2 GPa in Fig 23. The flattening of the molecules and



decrease in C---C contacts correlates with the decrease in the conduction band dispersion in Fig

22. Above 3 GPa the C---C contacts increase nearly linearly up to 20 GPa. As a result of the

aforementioned molecular and crystalline changes, the triclinic polymorph is initially an n-type

semiconductor, then it becomes ambipolar, and finally reverts to n-type behavior at higher

pressures.
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Figure 23. Percent close contact area on the Hirshfeld surface as a function of pressure for
monoclinic (QUPHEN) and triclinic (QUPHENO1) para-quaterphenyl.

4.0. Conclusion

In the second part of this two-part study, we investigated the influence of isotropic pressure up to
20 GPa on the electronic properties of 42 polycyclic aromatic hydrocarbons that crystallize in a
herringbone motif (HB-PAHs), using dispersion-inclusive density functional theory
(DFT+vdW). It was found that in most cases the PBE derived band gap (ES®) decreases with
pressure in a continuous manner. The continuous narrowing of E; BE may be primarily attributed
to increased coupling of the frontier molecular orbitals as the density of the materials increases.
However, discontinuities in pressure dependent E?F behavior were observed for six structures
(CENYAV, KAGFOP, FANNUL, ABECAL, SANQII, and DBPHENO02). The discontinuities
may be attributed to changes not only in the intermolecular coupling, but also in the molecular
conformation, resulting in changes to the bandwidths as well as band origin energies (i.e., the
single molecule HOMO and LUMO energies). Most systems were found to maintain their
direct/indirect nature and their n- or p-type polarity over the entire pressure range. However, in
some cases the evolution of the band structure under pressure leads to direct/indirect transitions
and polarity switching. We conclude that the band gap, polarity, and direct/indirect nature of the
band gap of HB-PAHs may be manipulated by applying pressure and altering the intermolecular
close contacts and the electronic coupling of the frontier molecular orbitals. The ability to tune
these electronic properties is a promising route for optimizing the performance of organic
semiconductors for applications in optoelectronic devices.
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