
into five crystalline motifs, definable by the π⁰-parameter (a 
product of the inter-planar angle between molecular components 
and the fraction of C•••C intermolecular close contacts4). The five 
motifs: a) herringbone (HB) b) sandwich-herringbone (SHB) 
c) beta-herringbone (β-HB) d) gamma (γ) and e) beta (β) are 
depicted in Figures 1a-1e using structures which exemplify the 
characteristics of each motif 5,6.  

Despite the extensive knowledge of gas phase PAH band gap 
trends, little is known about the band gap vs. structural/motif 
dependence in crystalline PAHs.  Dispersion inclusive density 
functional theory had been used previously to investigate the 
oligoacenes7,8 (a prototypical group of PAHs) in great detail.  In 
those studies (as well as others9,10), the Tkatchenko-Scheffler 
dispersion energy method (PBE+vdW) had been benchmarked 
for structural and properties predictions of molecular crystals 
with a specific aim on the larger PAH family.  The oligoacene 
investigations mentioned above demonstrated that PBE+vdW 
can provide excellent structural agreement with experiment, 
as well as accurately model the pressure-induced structural 
changes of naphthalene, anthracene, and pentacene.  
PBE+vdW was also used to reproduce the pressure-induced 
phase transition of tetracene along with the pressure-induced 
changes to the HOMO-LUMO band gaps of tetracene and 
pentacene.  With the aforementioned success, the stage had 
been set for investigating the structural and electronic trends 
of all 91 PAHs currently in the Cambridge Structural Database 
(CSD) in order to gain further chemical insight into this unique 
class of crystals.  

By estimating the Bond Dissociation Energy (BDE) leading 
to the formation of the radical(s), the energetic balance can 
be obtained. Such BDEs can be measured experimentally and 
have also been the subject of recent computational studies2. 
It is assumed that the propensity toward autoxidation is 
characterized by the bonding strength of the weakest hydrogen.

The aim of the present study was therefore (i) to estimate, 
using DFT-based calculations, the BDEs of X-H bonds (X = C, N, 
O, S) and, for a reference subset of 45 compounds, to validate 
the computational settings against known published data and 
(ii) to validate against a known subset of APIs. Following this 
validation process, the methodology can be used for early 
compound stability profiling.

METHODOLOGY
All PAH structures investigated were acquired as referenced 
in the CSD (reference codes have been provided).  All selected 
PAH structures contain only hydrogen and aromatic carbon 
atoms.  

This application demonstrates the use of dispersion corrected 
DFT code in CASTEP in establishing a basis for high-throughput 
screening of molecular crystalline materials, enabling 
associating crystal/electronic structure with important 
properties such as band gap of a material.1

INTRODUCTION
The quest for inexpensive, flexible, lightweight materials for 
use in electronic applications has led researchers to explore 
what useful arrays can be constructed through organic 
means, and the ability to predict useful properties within 
organic-electronic materials is quickly becoming an essential 
part of organo-electronic product design.  Polycyclic aromatic 
hydrocarbons (PAH) make up a group of organic molecular 
crystals (OMC) which have shown promise for use in electronics 
and electro-optics2,3.  Despite their versatility and abundance, 
theoretical exploration of the electronic properties of most 
crystalline PAHs remains uncharted. It is demonstrated here 
that one can use dispersion inclusive density functional theory 
(DFT) to shed light onto the structural and electronic trends 
occurring within this promising group of materials.

Traditionally, PAHs can be either heterocyclic or only carbon 
containing, and assemble in molecular crystalline arrays under 
ambient conditions. Those PAHs containing only hydrogen 
and aromatic carbon can be classified 

Figure 1.    PAH motifs.  a) HB - anthracene [ANTCEN]. b) SHB – 
Quaterylene [QUATER10]. c) β-HB – 1, 2, 3, 4, tetraphenylbenzene 
[FOVVOB]. d) γ – coronene [CORONE01].  e) β – anthra[2,1,9,8-
hjkl]benzo[de]naphtha [2,1,8,7-stuv]pentacene [BOXGAW].

HIGH-THROUGHPUT 
INVESTIGATION OF PAH  

APPLICATION BRIEF



Density functional theory with dispersion interactions as 
implemented in the CASTEP program was used for the 
optimization of the PAH crystal structures using the Perdew-
Burke-Ernzerhof exchange-correlation functional (PBE)11 with 
the Tkatchenko-Scheffler dispersion energy method (+vdW)12.  
Isolated molecular band gaps ( Mol

gE ) were also calculated in 
CASTEP using the same convergence criteria as used for the 
crystals except the Mol

gE  being calculated on the optimized 
molecules using only Gamma point.  Molecules were placed in 
a periodic cell with a minimum of 10 Å to the cell boundary 
before geometry optimization.  

Band gaps were obtained without dispersion correction as the 
fully self-consistent implementation of the PBE+vdW method 
leads to negligible modifications of electronic properties for 
molecular crystals. The long-range van der Waals energy was 
determined from the TS-method; i.e., the difference between 
the PBE total energy and the dispersion-corrected total energy.  
The entire set of calculations and corresponding analyses 
was automated through PERL scripting.  Problem structures 
(outliers) were addressed separately and recalculated

RESULTS 
The first step in establishing a computational method for use 
in a high-throughput scenario is to establish its reliability for 
calculating the structural properties13,14.  Good agreement 
between the experimental and calculated crystal structures is 
demonstrated in Figure 2.  

Figures 3 & 4 show that Kohn-Sham gap ( KS
gE ) — calculated 

using PBE ( PBE
gE ) ― does an excellent job of predicting the 

relative optical gaps of PAHs in both the gas and crystalline 
phases.  Interestingly, it appears that for PAHs, an accurate 
value of the experimental optical gaps ( opt

gE ) may be obtained 
by simply adding a constant of ~ 1 eV (here on called, ξPBE) 
to PBE

gE regardless of phase.  Specifically, ξPBE is 0.99eV for 
solution/gas phase comparison while ξPBE is 1.05eV for the 
crystalline phase.  The addition of ξPBE results in calculated 
gaps that differ from opt

gE by only ±2.6% on average for the 
isolated molecules and ±3.5% on average for the crystalline 

ensembles.  The single parameter fit to the PBE gap is a 
welcomed finding as gE calculations utilizing PBE are an order 
of magnitude cheaper compared to gE  calculations using 

more “precise” methods such as hybrid functionals like PBE08, 
HSE038, and B3LYP15 or quasiparticle corrections16 and time-
dependent methods15.

 
DISCUSSION
As revealed in Figure 2, nearly all of the geometry optimized 
structures (run at 0 K) are denser than experiment.  One reason 
for the difference is that most of the PAH x-ray studies were 
conducted at room temperature, leading to lower densities 
than those calculated at 0 K. Despite the temperature difference 
between calculation and experiment, ~77% of the calculated 
densities are within +5% of experiment (indicated by green 
lines in Figure 2).  When the x-ray structures were determined 
at lower temperatures (< 273 K), variation decreases to within 
+2.3% on average.  Some calculated structures corresponding 
to room temperature X-ray structures were more than +5% 
as dense; however, no obvious phase/motif transitions were 
observed via analysis of the space group.

It had been known that KS
gE should not be used to predict 

fundamental band gaps ( fun
gE ) of crystalline materials. In the 

meantime, it had also been shown that KS
gE could correctly 

predict the trend of decreasing gE  with increasing number 
of rings in crystalline oligoacenes, from naphthalene (2A) to 
pentacene (5A)8.  For molecules in the gas phase, KS

gE had 
been shown to reliably predict experimental optical gaps  
( opt

gE ) of the PAHs. It is expected that in molecular solids bound 
by weak intermolecular interactions (such as PAHs) KS

gE could 
predict opt

gE  as in the “normal” molecular situation because 
strongly bound Frenkel excitons remain localized within the 
excited molecule13.

Figure 2: Comparison of calculated and experimental densities 
for 91 PAHs.  Black line represents exact agreement between 
experiment and calculation. Green dotted lines represent ±5% 
variation.  Red balls are structures obtained at room temperature 
and blue balls are structures obtained below room temperature.

Figure 3: Comparison of predicted and experimental gas/solution 
phase optical band gaps for select PAHs.  PBE

gE are plotted on the 
secondary vertical axis (on the right), and aligned with 
experimental values (see details in the text) by shifting the zero 
crossing of the secondary vertical axis by 0.99 eV relative to that of 
the primary axis (same scale as the primary axis).
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CONCLUSIONS 
ADispersion inclusive DFT was shown to capture well the 
structural and electronic properties of all PAHs available in 
the CSD.  It was found that addition of a ~ 1 eV constant to 
the DFT-PBE gap provided good agreement with experimental 
optical gaps.  The work established a foundation for an 
efficient, density functional theory (DFT)-based screening of 
molecular crystalline materials with respect to structural and 
electronic properties.  

Figure 4: Comparison of predicted and experimental optical gaps 
of crystalline PAHs. PBE gaps are plotted on the secondary 
vertical axis (on the right), and aligned with experimental values 
by shifting the zero crossing of the secondary vertical axis by 
1.05 eV relative to that of the primary axis (same scale as the 
primary axis).
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