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ABSTRACT: Oligoacenes form a fundamental class of polycyclic
aromatic hydrocarbons (PAH) which have been extensively explored
for use as organic (semi) conductors in the bulk phase and thin films.
For this reason it is important to understand their electronic properties
in the condensed phase. In this investigation, we use density functional
theory with Tkatchenko—Scheffler dispersion correction to explore
several crystalline oligoacenes (naphthalene, anthracene, tetracene, and
pentacene) under pressures up to 25 GPa in an effort to uncover unique
electronic/optical properties. Excellent agreement with experiment is
achieved for the pressure dependence of the crystal structure unit cell
parameters, densities, and intermolecular close contacts. The pressure
dependence of the band gaps is investigated as well as the pressure
induced phase transition of tetracene using both generalized gradient
approximated and hybrid functionals. It is concluded that none of the

oligoacenes investigated become conducting under elevated pressures, assuming that the molecular identity of the system is

maintained.

1. INTRODUCTION

Oligoacenes are a class of molecular crystals that have been
extensively investigated, both experimentally and theoretically,
due to their promising electro-optical properties. The large
amount of experimental properties data (X-ray, vibrational/
optical spectroscopy, material application, etc.) available in the
literature makes these materials excellent benchmarks for
computational methods.

In the past, pressure has been used to reduce the resistivity of
these semiconductors, suggesting that oligoacences could be
the first single component organic molecular crystals (OMC)
to show “metallic’ behavior.! The idea that oligoacenes
(particularly pentacene) under pressure are conductors is
perpetuated in recent articles” and reviews.”* However, a high
pressure optical study of pentacene up to ~32 GPa® showed no
metallization due to condensation reactions, though a steady
narrowing of the HOMO—LUMO band gap was observed until
the molecular identity of the acene components was
compromised.

The pressure dependent narrowing of the band gap in the
oligoacenes and other monomolecular OMCs® presents the
possibility that a semiconducting single component organic
system could exhibit conductance under pressure, but
predicting which structures to investigate experimentally is a
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daunting challenge as the pool of potential materials is
enormous. Therefore, it would be valuable to have a
computational method that can be used in a high-throughput
scenario to accurately predict the pressure induced structural
changes of OMCs as well as the corresponding electronic and
optical properties. In an effort to establish a consistent
methodology for the optimization of OMCs under varying
thermodynamic conditions, we employ Tkatchenko—Scheffler
dispersion corrected density functional theory (PBE+vdW) to
observe the pressure induced changes in the structural and
electronic properties of naphthalene (2A), anthracene (3A),
tetracene (4A), and pentacene (SA).

Many attempts at modeling the acene family have been
made, with an aim to understand the lattice dynamics, optical
properties, etc. [refs 7—18 and many more]. In regard to the
present study, the high pressure exploration of 3A—5A"%° is
one of the most relevant: In this investigation quasi harmonic
lattice dynamics (QHLD) using classical potentials were
combined with Raman spectroscopy and X-ray experiments
to understand the pressure response of unit cell dimensions and
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Table 1. Unit Cell Parameters from Low Temperature X-ray and PBE+vdW Calculation®

low temperature X-ray PBE+vdW
a () b () ¢ (4) p (g/mL) a (4) b () ¢ (4) p (g/mL)
naphthalene (NAPHTAO06 [92 K]) 8.108 5.94 8.647 1.239 8.117 5.897 8.647 1.244
anthracene (ANTCENO09 [92 K]) 8.414 5.99 11.095 1.297 8.399 5.906 11.12 1.313
tetracene (TETCENOI1 [175 K]) 6.056 7.838 13.01 1.323 6.050 7.706 13.030 1.343
pentacene H (PENCENO04 [90 K]) 6239 7.636 14333 1.397 6.129 7.676 1.531 1.392
C (PENCEN [298 K]) (7.900) (6.060) (16.010) (1.335) (7.658) (6.040) (15.847) (1.3887)

“Cambridge Structural Database (CSD) Refcodes are in parentheses. Temperature of the x-ray structure is in brackets. Pentacene has two
polymorphs, H and C; Parentheses in the pentacene row corresponds to values for polymorph C which is an entirely different structure than H, not

merely the same structure after thermal expansion.

the vibrational modes. Good agreement was achieved between
the modeling and experiment. However, the calculations
assumed rigidity of the molecules under increased pressure,
which may not be true as other “rigid” PAHs* have been
shown to be flexible under high pressures. Also, transferability
of interaction parameters developed for structures under
ambient condition may cause problems when used under
pressure. It is also of interest to note that the X-ray data in the
original study was not of sufficient resolution for a detailed
structure study (refinement) to validate the transferability.

Previously, we investigated the role of including 2-body (PBE
+vdW) vs. many-body (PBE+MBD) dispersion correction in
the calculation of sublimation energies and dielectric constants
for 2A—5A.*" It was ultimately concluded in that study,” as
well as others,”>?* that the 2-body Tkatchenko—Scheffler (PBE
+vdW) dispersion correction is an excellent method for
modeling crystal structures but that a many body method,
such as PBE+MBD, is necessary for deciphering between the
small energetic differences associated with calculating the lattice
binding energies. Consequently, if one wishes to explore only
structure, PBE+vdW is sufficient, but if calculations of
energetic/electronic properties resulting from intermolecular
interactions are required, the inclusion of many body effects is
necessary.

Though several methodologies have been applied to
understand 2A—5A, none have been universally applicable for
the investigation of thermochemical, kinetic, and optical
properties in the condensed phase. Also, while several different
dispersion corrected DFT schemes have shown promise in
calculating large sets of OMC structures and properties under
ambient pressure conditions,”**** the methods have yet to
show promise in application to the dynamic nature of molecular
crystals under high pressure. Here, we take steps toward
providing a reliable DFT method for modeling OMCs under a
variety of thermodynamic conditions.

2. COMPUTATIONAL DETAILS

Density functional theory”® implemented in the program
CASTEP” was used in this investigation. Starting structures
of each acene were obtained from the lowest temperature data
sets available in the Cambridge Structural Database (CSD).
The low temperature polymorphs were chosen for tetracene
and pentacene. The pressure was increased in 0.5 GPa steps.
The structure at each pressure was geometry optimized using
the BFGS minimizer within CASTEP which uses a startin%
Hessian that is recursively updated during optimization.”
Implementation of BEGS within CASTEP involves a Hessian in
the mixed space of internal and cell degrees of freedom. This
results in the optimization of both lattice parameters and
atomic coordinates.
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Norm-conserving potentials were utilized for C, where
valence electrons included 2s* and 2p” states. The planewave
basis set cutoff was 750 eV. The use of a relatively high plane
wave basis set cutoff is to ensure that the total energy and unit
cell volume converge, as demonstrated in a similar study of
crystalline indole* and 2A—3A.>" The k-point grid was kept to
maintain a spacing of ca. 0.07 A™'. The GGA functional of
Perdew, Burke, and Ernzerhof (PBE)*° was employed. The
convergence criteria for total energy, max force, max stress, max
displacement, and SCF iterations were 5 X 107¢ eV/atom, 0.01
eV/A, 002 GPa, 5 X 10°* A and 5 X 1077 eV/atom,
respectively.

An essentially nonempirical method, introduced by Tkatch-
enko and Scheffler (TS),>" was used to add the pervasive van
der Waals (vdW) interactions common in molecular crystals
which are missing in the PBE functional. In the TS method, the
polarizability, C¢ coeflicients, and vdW radii are determined
from the Hirshfeld partitioning of the self-consistent electron
density of the crystal.*! Unlike other empirically derived
dispersion corrections, the Cg coefficients and polarizabilities of
the TS scheme will change with pressure as the electron
density, and consequently Hirshfeld partitioning, changes.

There has been a surge of different methods within the past
decade which aim at accounting for vdW interactions in
quantum mechanical treatment of materials systems. Each
approach in this large collection has its own advantages and
shortcomings. We defer our readers to a recent comprehensive
review on the various methods.>* The choice of the present
scheme of vdW correction is to continue our systematic
effort”*** in validating/further developing the methodology
that (a) is generally applicable and scalable to extended solid
state systems and (b) yields remarkable accuracy for
intermolecular interactions, of 8% error for energies and 0.1
A for equilibrium distances.

Band gaps were calculated with PBE, HSE03, and PBEO
functionals on the PBE+vdW geometry optimized structures
while maintaining all other convergence criteria as above. The
hybrid PBEO functional was used as a remedy for the
underestimation of the band gap by PBE.'>'***

Hirshfeld surfaces and fingerprint plots were produced in the
program Crystal Explorer.” Hirshfeld surfaces represent the
surface space occupied by a molecule’s electron density as
derived from the 0.5 isosurface of the weight function, w,(r),
where the vdW radii are derived from Bondi.***’ Fingerprint
plots are a 2D representation of the deconvoluted Hirshfeld
surface; that is, for each point on the Hirshfeld surface, the
contact of the internal (d;) and external nuclei (d,) with the
surface is determined. Each unique d, and d; pair is represented
by a point on the 2D fingerprint plot. The color of each point
on the fingerprint plot corresponds to the relative area
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associated with a d, and d; pair. This provides for the
quantitative measurement of intermolecular close contacts.
Detailed explanations of the Hirshfeld surface and fingerprint
plots can be found in refs 35-37.

The present structural study corresponds to static energy
minimizations (0 K temperature) using TS pairwise dispersion
correction. While recent studies**®>” suggest that a many
body approach is necessary for the realistic calculation of the
intermolecular cohesive energies, the TS method has been
shown to reliably model the structures and energetics of other
OMCs under ambient and high pressure conditions.*>***%33
As a result, PBE+vdW is implemented for all structural
minimizations.

3. RESULTS AND DISCUSSION

3.1. Ambient Pressure. 3.1.1. Structure. The ability of the
PBE+vdW method to accurately model the crystalline
structures of the oligoacene series is demonstrated in Tables
1 and 2. The lowest temperature X-ray data was specifically

Table 2. Intermolecular Close Contact Interactions As
Calculated from Hirshfeld Surfaces”

low temperature X-ray PBE+vdW
CC% C--H% H-H% C--C% C-H% H--H%
naphthalene 0.4 46.9 527 0.4 46.9 52.7
NAPHTA06
[92 K])
anthracene 11 51.0 47.8 12 52.0 46.9
(ANTCEN09
[92 K])
tetracene 0.5 56.2 43.3 0.7 58.1 41.2
(TETCENO1
[175 K])
pentacene 0.4 614 38.2 0.5 59.7 39.8
(PENCEN04
(90 KJ)

“CSD Refcodes are in parentheses. Temperature of the X-ray structure
is in brackets. Error for the % is +0.2%."".

chosen as the initial structure in the present study to minimize
thermal expansion effects between the calculated and
experimental structures (as DFT optimizes at 0 K).

It is known that dispersion interactions do not play a large
role in the calculation of the (intra-) molecular geometry within
the crystal lattice when the unit cell parameters are held
constant,*® but no dynamic response of the lattice to
temperature or pressure can be obtained using this method.
In the present work, using the PBE+vdW method, good
agreement between the calculated and experimental molecular
structures is still retained (see Figure A in the Supporting
Information): All C—C distances are within 2% of experiment,
and H—C distances are within ~10% (due to the well-known
fact that X-ray structure determination gives shortened bond
length for polar bonds, where the centers of the electron
densities become closer than the positions of the corresponding
nuclei). The correlation of the calculated and experimental
crystal structures is presented in Table 1. It is worth pointing
out that <2% variations in unit cell parameters compared to
experimental is achieved; this is otherwise not possible without
vdW correction.

To exemplify the increase in correlation when using the low
temperature structures, the high and low temperature
polymorphs of SA (C and H)® are compared in Table 1. The
high temperature data of polymorph C of SA is within ~4% of
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experiment while that of the low temperature data of
polymorph H is within 1%. It is important nowadays to have
such tight tolerances between experimental and calculated
values as so much emphasis is put on the ability to calculate
sublimation enthalpies of these systems; where small variations
in the structure can lead to large variations in the
intermolecular cohesive energies.

While comparison of the unit cell parameters and density for
the calculated and experimental structures aides in under-
standing whether a calculated structure has realistic distances
between the molecules, it is also important to assess if the
calculated intermolecular interactions are similar to what exists
within the experimental structure. Hirshfeld surfaces can answer
this question by providing a quantitative measure of
intermolecular close contacts by sampling the electron density
surrounding each molecule, and correlating the intermolecular
close contacts occurring at the surface to specific atom
types.””>¥*>7>7* Hirshfeld surfaces enable the construction
of a “2D fingerprint plot” which demonstrates specific atom—
atom intermolecular interactions, providing a quantitative value
to the fraction of a given contact type at the surface with
respect to all others. The intermolecular close contact fractions
for the ambient pressure structures are demonstrated in Table
2, showing excellent agreement between the intermolecular
orientations of the calculated and experimental structures.

3.2. High Pressure. 3.2.1. 2A and 3A. Oligoacenes have
been extensively studied under a variety of thermodynamic
conditions where interesting optical/conductive properties are
expected to emerge. High pressure conditions are of specific
interest as one may tune the optical properties of these
materials, directly altering the conductivity/resistivity due to
increased overlap of adjacent molecules within the unit cell.**
The ability of PBE+vdW to model the pressure induced
structural changes of oligoacene crystals as observed via X-ray
diffraction is demonstrated in Figures 1—3. The structural
response of 2A and 3A up to 25 GPa is shown in Figure 1, and
excellent agreement with experiment is obtained for the unit
cell parameters. Further structural correlation beyond the unit
cell parameters is shown in Figure 1 through the interplanar*’/
herringbone angle19 (0) of 3A.

The response of the intermolecular close contacts as a
function of pressure for 2A and 3A is shown in Figure 2,
demonstrating that as pressure increases, the fraction of H---H
interactions decrease while the C---H and C---C interactions
increase (similar to the changes observed in pressurized
indole®®). This is the direct result of the increase in 6,'>°
which yields more efficiently packed structures by increasing
the fraction of C--C (-7 stacking) and C---H contacts and
decreasing the amount of H--H close contacts.

3.2.2. 4A. “Polymorph I’” (TETCENOL) of 4A was chosen
for investigation under high pressure as (a) it undergoes a
phase transition above 6 GPa’ to a phase possessing similar
Raman lattice phonon lines to “polymorph II””* and (b) it was
used in high pressure X-ray experiments™ which are useful
benchmarks. It should be noted that though numerous pressure
induced phase transitions have been reported for 4A (besides
the 6 GPa transition from phase I to II), the newest pressure
dependent Raman data’ and our results do not confirm these
transitions.

The unit cell parameters, 8, and the intermolecular close
contacts as a function of pressure for 4A are shown in Figures 2
and 3 up to 24 GPa. Comparison with experiment™® shows
good agreement for the unit cell parameters. PBE+vdW reveals
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Figure 1. Unit cell parameters and interplanar angles of 2A** and 3A" as a function of pressure from powder X-ray and PBE+vdW. In (d), “EXP” 0
values are from,*® 92 K @ value at 0 GPa is from ANTCENO09. b and ¢ of 2A are on the secondary axis for clarity.
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Figure 2. Relative contributions to the Hirshfeld surface area for the intermolecular close contacts as a function of pressure for 2A—SA. Error for the

% is +0.2%.*

discontinuities in the unit cell parameters, intermolecular close
contacts, and 6 between 6 and 7 GPa (this is indicative of a
phase transition as we will explain). Similar discontinuities are
also observable in the experimental parameters of Figure 3
(though not noted in the original manuscript®). While
previous classical QHLD calculations®® reasonably modeled
the unit cell parameters of 4A as a function of pressure, no
notable structural rearrangements indicative of a phase
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transition were reported from these simulations (possibly the
result of the rigid molecule assumption).

There is no change in the symmetry or motif*' of the crystal
associated with the calculated discontinuities (also observed in
comparison with the experimental structures of the two
phases’). The structural rearrangement increases the packing
efficiency by increasing 6. This increases the C---C and C---H
contacts while limiting the H---H contacts (detailed in Figure b

dx.doi.org/10.1021/jp406573n | J. Phys. Chem. A 2013, 117, 8323-8331
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Figure 3. Unit cell parameters and € of 4A and SA as a function of pressure from X-ray”® and PBE+vdW. The low temperature 6 values are from

TETCENO1 and PENCENO4 (polymorph H).

Figure 4. Molecular arrangement of 4A before and after the phase transition at 0 and 7 GPa. Red circles emphasize the shift between interlocking

hydrogens.

of the Supporting Information). Between 0 and 6 GPa, the
structure compresses anisotropically (despite the isostatic
pressure conditions). The compression ratio with increasing
pressure is 6.8%, 11.0%, and 4.6% along a-, b-, and c-cell
dimensions respectively. The phase transition can then be
characterized by a sudden increase in the c-dimension and a
2.2% density increase from 1.685 to 1.722 g/ml, while
atomistically, the phase transition corresponds to a change/shift
in stacking patterns in the molecular crystal. As illustrated in
Figure 4, the stacking shift is along the molecular axis, where
the interlocking hydrogens shift along the long molecular axis
by about one-quarter of the repeating distance.

The phase transition can also be characterized by a relatively
subtle but important structure change in the position of the 110
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reflection in the powder X-ray diffraction (PXRD) pattern (see
Figure S5). At ambient pressure, the 26 position of 110 is of
lesser magnitude than those of the near-degenerate 110/112
reflections. The relative position remains unchanged up to 6
GPa, but at the phase transition, the position of the 110
reflection moves significantly higher (by 1.82° 26). This
corresponds to a sudden decrease in d-spacing from 4.23 A at 6
GPa to 3.85 A at 7 GPa. The phase transition can therefore be
characterized by a simultaneous increase in the c-dimension and
a decrease in the 110 d-spacing (also refer to Figure 4). These
structural changes appear frozen-in after the structure is
quenched to ambient pressure (see Figure S).

Another important point to emphasize with regard to the
phase transition is the change in the intramolecular structure.

dx.doi.org/10.1021/jp406573n | J. Phys. Chem. A 2013, 117, 8323-8331
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Figure S. Simulated powder X-ray diffraction patterns of 4A under increasing isostatic pressure.

Figure 6 shows the C—H and C—C bond distance distribution
through radial distribution function (RDF) analysis, and its

glr)

13
r(A)

1.6

Figure 6. Radial distribution function of 4A as a function of pressure.

evolution as a function of applied pressure. It is evident that
immediately after the phase transition at 7 GPa, the C—C bond
distance distribution changes significantly; that is, there is a
more pronounced split for the two groups of C—C bond
distances, one centered at 1.37 and the other at 1.43 A,
respectively. Moreover, the shorter C—C bond distances
(centered at 1.37 A) become prominent, which is reversed
before the transition.

It is interesting to note that the intermolecular close contacts
of 4A undergo different trends than 2A and 3A in Figure 2.
While the C--C contacts have an overall increase over all
pressures (similar to 2A and 3A), the C---H contacts do not
(initially increasing until 8 GPa followed by steady decrease).
The H---H contacts also vary from the 2A and 3A trends in that
they stop decreasing after 9 GPa in 4A, leveling off at a 34.5%
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limit. These variations likely occur as 4A is an inherently
different structure than 2A and 3A (being triclinic instead of
monoclinic).2%*

It is noted that a second discontinuity is observed between
21 and 22 GPa in all parameters of 4A in Figures 2 and 3. In-
depth characterization of this discontinuity was not performed
as it occurs at pressures where the identity of the 4A molecules
is expected to be compromised due to condensation
reactions;>*’ this is beyond the scope of the present effort.

3.2.3. 5A. The present work focuses exclusively on the more
stable polymorph H of SA. The response of the unit cell
parameters and 6 as a function of pressure for polymorph H of
SA are shown in Figure 3. Good correlation with the X-ray data
is observed for all parameters and 6. The symmetry and motif
were maintained across all pressures as in experiment.

The reaction of SA to pressure, particularly the intermo-
lecular close contacts, is quite different than those of 2A and
3A, as seen in Figure 2. This is most likely due to symmetry
differences, where SA is triclinic and 2A/3A are monoclinic.
There are notable discontinuities in the a unit cell parameter
and 0 above 6 GPa resulting in discontinuous changes in the
intermolecular close contacts. The increase in 6 allows for
efficient molecular packing at a faster rate than the other
acenes. An explanation for this could be supplied by previously
DFT-D calculations*® which showed that there is an increased
likelihood of 7z-stacking as the number of rings increases. This
m-stacking trend can be further corroborated as there is an
increased pressure dependence of the C---C contacts when
proceeding from 2A—SA in Figure 2.

The fraction of C---H and H--H contacts also have
inflections in Figure 2 starting at 6 GPa, with the C--H
contacts decreasing and the H--H contacts increasing. The
decrease in the C---H contacts and increase in H---H contacts is
opposite in trend to the other acenes, owning to the unique
pressure dependent properties that SA possesses.

3.3. Oligoacene Band Gap Pressure Dependence. As
mentioned, OMCs have shown promise for use in electronics,

dx.doi.org/10.1021/jp406573n | J. Phys. Chem. A 2013, 117, 8323-8331
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but in order to predict whether an OMC has potential use as a
(semi-) conductor, experiments must be carried out to ensure
the viability of the material. Rational selection of new materials
to investigate is critical for efficient materials development, and
accurate prediction of the band structure would be valuable
before experiments are conducted. The need for cheaper,
flexible electronic materials creates a pressing need for band gap
engineering; that is, mapping out factors and their control over
band gap variation for a given material is of prime interest.

It is known that calculation of the band structure for
conducting OMCs is somewhat routine.*® On the other hand,
the calculation of the band gap for semiconducting OMCs is
problematic using DFT due to insuflicient description of the
exchange/correlation interactions. Despite the fact that DFT
(particularly PBE) underestimates the band gaps of oligoa-
cences (and other OMCs), it can typically reproduce electronic
trends within families of molecules (e.g., oligoacenes).m’14

Given PBEs success in calculating electronic trends in
families of molecules, there is still a need to verify/calibrate the
DFT band gap variation with more accurate predictions.
Various approaches aimed at improving the description of
exchange/correlation interactions have been proposed,**
among which, hybrid PBE0* or HSE03°**" functionals are
of particular importance. These are density functional
approximations that combine a PBE generalized gradient
functional with a predefined amount of (screened) exact
exchange. The absence of adjustable parameters fitted to
specific properties makes PBEO and HSEO3 particularly
attractive in calculating a large variety of properties for
significantly different materials.

The results of calculating the HOMO—-LUMO band gap for
2A—5A using PBE and the hybrid PBEO and HSE03 functionals
for the PBE+vdW optimized structures are shown in Table 3.

Table 3. Oligoacene Band Gaps As Calculated Using PBE
+vdW, HSE03, and PBEO (using PBE+vdW Structures) vs
Experiment13’14

band gap (E,) [eV]

PBE HSEO03 PBEO exp
2A 3.007 3.857 4.595 5.0-5.4
3A 1.926 2.615 3.330 3.9-4.2
4A 1.365 1.942 2.659 2.9-34
SA 0.858 1431 2.031 22-24

While PBE underestimates the band gaps in oligoacenes
(between ~40 and 65% error),">'* it does correctly establish
the trend of shrinking band gaps upon ring addition. To
improve the band gap results, the electronic structure was
computed with HSE03 and PBEO functionals at PBE+vdW
geometries. HSEO3 provides band gaps with better accuracy
than that of PBE (within ~30%), but PBEO yields the best
agreement with experiment (within ~8%), providing a
pragmatic approach to calculate the band gaps of aromatic
molecular crystals.

Since it is known that pressure can be used to alter the
optical and electronic properties of semiconducting OMCs, the
pressure dependence the of band gaps for 2A-SA was
investigated up to 30 GPa as shown in Figure 7. 2A and 3A
are not known to be conductive under high pressure, and
neither undergoes a phase transition up to 30 GPa. This is
reflected in the near linear response of the band gap to
pressure.
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Figure 7. HOMO—-LUMO band gap as function of pressure for 2A
and 3A as calculated with PBE.

As mentioned above, 4A undergoes a phase transition under
high pressures. This phase transition can be further observed in
the discontinuity in the band gap pressure dependence between
6 and 7 GPa in Figure 8a. 4A is not known to be a conductor
under high pressure” and is likely to undergo condensation
reactions at high pressures (>10 GPa).*” Nonetheless, PBE
predicts that the band gap will go to zero by 17 GPa (see Figure
8a). As explained earlier, PBE severely underestimates the band
gaps in organic materials, therefore we investigated the band
gap pressure dependence with PBEO as shown in Figure 8a. It
can be seen that, when the band gap pressure dependence is
calculated with PBEQ, the narrowing of the band gap stops at
0.4 eV and levels off in a similar manner to previous resistivity
measurements.

Particular attention was paid to SA as it is a semiconductor
under ambient conditions but was shown to become “metallic”
below 200 K and 27.0 GPa." In the face of the metallization
ﬁndings,1 more recent investigations at room temperature5
show that an amorphous product is produced between 8 and 11
GPa due to condensation reactions and that the loss of
molecular identity halts the band gap closure. Figure 8b
demonstrates the band gap of SA shrinking as a function of
pressure as calculated via PBE, HSE03, and PBEO. All
calculations result in a similar trend; that is, the band gap
continuously decreases as a function of applied pressure up to
18 GPA before subsequent expansion.

The decrease of the band gap in the more quantitative PBEO
and HSEO3 calculations are on the order of —0.09 and —0.07
eV/GPa, respectively. This correlates well with the —0.08 eV/
GPa decrease in the HOMO-LUMO transition energies
observed experimentally via optical absorption measurements.’
Linear extrapolation of the band gap vs pressure relationship for
PBEO in Figure 8b would have the band gap collapse to zero at
~24 GPa, in good agreement with the 27 GPa loss of resistivity
(metallization) observed for SA below 200 K.' However, the
band gap never goes to zero for the hybrid functional
calculations. This is in qualitative agreement with the band
gap narrowing and expansion observed in figure 4b of ref S.
The expansion of the band gap in the experiment is believed to
be due to the loss of molecular identity within the structure
where an amorphous product is produced between 8 and 11
GPa due to condensation reactions.” The present study reveals
that the band gap expansion may have a more fundamental
origin within the pentacene structure under high isostatic
pressure, which may be confirmed experimentally if pressure-
induced condensation/amorphization can be prevented. On the
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Figure 8. 4A and SA HOMO-LUMO band gap as function of pressure. (a) 4A band gap pressure dependence as calculated with PBE and PBEO. (b)
SA band gap pressure dependence as calculated with PBE, HSE03, and PBEO.

other hand, further computational studies may model the
aforementioned condensation reactions and the associated
structural/electronic properties under elevated pressure.

4. CONCLUSION

Tkatchenko—Scheffler dispersion corrected DFT (PBE+vdW
method) was used in this investigation to explore several
oligoacenes under pressures up to 25 GPa. Excellent agreement
between calculated and experiment crystal structures was
achieved for ambient and high pressure regimes. The ability
of PBE+vdW to dynamically adapt to changes in the chemical
environment was demonstrated by the reproduction of the
pressure induced phase transitions of tetracene. It was found
that good agreement between the calculated and experimental
band gaps was achieved when using the PBEO hybrid
functional. It was shown that the metallization of pentacene
under high pressures is not expected to occur, in agreement
with recent experiment. The good correlation achieved in this
investigation demonstrates the versatility of PBE+vdW in the
calculation of organic molecular crystal properties, and future
high throughput investigations of OMCs using PBE+vdW may
uncover several useful low band gap materials.
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