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ABSTRACT

ARTICLE HISTORY

Based on the density functional theory, a theoretical determination method is applied to investigate
structural and electronic properties of anthracene up to 27 GPa. The lattice parameters a, b, c, decrease
by 1.53 Ȧ (−18.2%), 0.76 Ȧ (−12.8%), and 0.93 Ȧ (−8.4%), respectively, while the monoclinic angle β
increased by 4.65° in this pressure region. At the highest pressure of 27 GPa the unit cell volume is
decreased by 58.9%. These findings are shown to be in agreement with experimental results and hint
towards the evolution of intermolecular interaction with pressure. The calculated electronic band
splitting and the band gap reduce smoothly to some extent with the pressure increasing. Moreover,
a pressure-induced decrease of the band gap is observed.
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1. Introduction
Molecular crystals – built of π conjugated molecules –
have attracted considerable attention, as these systems
seem to be promising candidates for low-cost, easy processable materials for electro-optical and electronic applications [1–4]. Anthracene as a representative of the large
class of polycyclic aromatic hydrocarbons (PAHs) have
served for a long time as model compounds for organic
molecular crystals. Due to the relatively weak intermolecular interaction of PAHs, the characteristic of these solids
is very responsive to applied pressure [5]. In some cases,
this has resulted in intriguing and unexpected physical
properties, such as metallic behaviour [6] and superconductivity [7,8].
Pure anthracene molecule consists of three benzene
rings arranged in a herringbone manner similar to naphthalene which is the first member in the series of fused
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polyaromatic molecules [9]. The crystal structure of
solid anthracene is shown in Figure 1. The main feature of the arrangement of the anthracene molecule is
that the long molecular axes of the two translationally
inequivalent molecules are titled to each other. Crystal structure, molecular packing, and relative molecular orientation in a molecular crystal can be altered by
change in temperature, pressure, electric and magnetic
fields [10]. Temperature-dependent single crystal studies revealed some changes in the molecular packing of
anthracene and weak changes in the conformation of
the individual molecules [11]. The pressure effect on the
crystal structure of anthracene has been discussed earlier in terms of the cell parameters and packing angles
[12,13]. Many experimental and theoretical investigations have been carried out for anthracene as a function
of pressure. Oehzelt et al. have reported the crystalline
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this paper, the information of the pressure dependence of
lattice parameters, the electronic band structure, and the
energy gap are provided.
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2. Computational details

Figure . Crystal structure of anthracene.

structure information of anthracene under high pressure
up to 10.2 GPa by using angle dispersive X-ray diffraction
experiments [14]. Dreger et al. report pressure-induced
changes on the fluorescence spectra up to 5GPa [15].
Recently, Resel et al. provided the crystallographic structure changes of anthracene under hydrostatic and nonhydrostatic pressure conditions up to 27 GPa [16]. These
experiments report that under hydrostatic conditions
there is no evidence of a structural phase transition up to
27 GPa at room temperature. Meanwhile, first-principles
calculations on anthracene revealed the unique electronic
and optical properties in this organic compound [17].
Tkatchenko and colleagues established that in some cases
the inclusion of many-body van der Waals (vdW) interactions may play a substantial role in the properties of
molecular crystals [18–20]. Taking into consideration,
these interactions systematically improves the agreement
between the calculated and experimental values of sublimation enthalpy of molecular crystals [21]. The isothermal bulk moduli, electronic band structures, and dielectric tensors as a function of the unit cell volume up to
10.5 GPa have been reported by Hummer et al. [22]. High
pressure results in the tuning of electronic and structural
properties in the materials that are useful to extract the
relationships between the structure and electronic, optical, magnetic properties. Here, we provide a clear picture
about pressure dependence of anthracene crystal structure and electronic band structure up to 27 GPa. The calculations were carried out up to 27 GPa due to the availability of rich experimental results on the crystal structure and packing of molecules and a direct comparison of
our results can be made with the experimental results. In

The calculations carried out in this work are based on
the density functional theory (DFT) using the CASTEP
program package [23]. The GGA functional of Perdew–
Burke–Ernzerhof (PBE) was employed [24]. Pervasive
vdW interaction contributions, which are common in
molecular crystals, were added using the Tkatchenko
and Scheffler (TS) method [25]. The valence pseudowave
functions were expanded in a plane-wave basis set with
a cut-off energy of 750 eV. The full geometries (lattice
parameters for crystals and coordinates for both crystals
and molecules) were optimised at the PBE+TS level, with
convergence criteria of 5×10−6 eV/atom for total energy,
0.01 eV/Ȧ for max force, 0.02 GPa for max stress, and
5×10−4 Ȧ for max displacement. The Vanderbilt ultrasoft pseudopotentials and Broyden–Fletcher–Goldfarb–
Shanno (BFGS) algorithm were used in our calculations
[26]. The used potentials in our calculations are H-00PBE
and C-00PBE.
We first build the crystal of anthracene in the monoclinic space group P21 /a with experimental lattice constants of a = 8.554 Ȧ, b = 6.016 Ȧ, c = 11.174 Ȧ, and
β = 124.600 [9]. The external pressure was gradually
increased by an increment of 1 GPa. The structure at
each pressure was geometry optimised using the BFGS
and minimised within CASTEP, which uses a starting
Hessian that is recursively updated during optimisation. In accordance with the work of Kovalev, the highsymmetry points in units of (2π/a, 2π/b, 2π/c) are carried out following a path along Y = (0.5, 0, 0),  =
(0, 0, 0), K = (0.4, 0, 0.2), Z = (0, 0, 0.5), B = (0, 0.5,
0), and A = (0.5, 0.5, 0), respectively [22].

3. Results and discussion
3.1. Internal geometry
Pristine anthracene is a typical kind of molecular solid
and each unit cell contains two molecules. In order to test
the reliability of the optimised geometries, we have calculated the average difference in absolute value between the
experimental and calculated lattice parameters reported
in Table 1. The overall deviations between our calculations and the experiments are less than 2% in lattice
parameters and unit cell volumes. After lattice parameters and inner atom positions relaxation, we obtain
the lattice parameters of pristine anthracene, a = 8.399,
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Table . Calculated and experimental structural data of the crystal
anthracene under zero pressure.
Structure
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b = 5.906, c = 11.120, and β = 124◦ , in a perfect agreement with the experimental parameters, a = 8.414, b =
5.990, c = 11.095, and β = 124◦ , together with the available experimental data and other theoretical results for
comparison [14]. Our GGA calculations overestimate a,
b, and c by 11.2%, 5.6%, and 2.9%, respectively. Such discrepancy between theory and experiment is mainly due
to a lack of vdW dispersion force in the DFT-GGA functional used. When using PBE + vdW method to model
the crystalline structures of these oligoacene crystals, the
unit cell parameters are in excellent agreement with the
experimental values. These results point out that the PBE
+ vdw method yields better lattice parameters values
for this type of aromatic hydrocarbons than the GGA
method.
Pressure is a well-suited parameter for producing large
changes in intermolecular interactions and crystal structure. Pressure dependence of the lattice parameters a,
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b, c, and β of our work are showed in Figure 2. As
expected, the lattice parameters a, b, and c decrease with
increasing pressure. The monoclinic angle β increases.
It can be easily seen that the lattice parameters have the
strongest pressure dependence with a 1.53 Ȧ , whereas
b and c show a pressure dependence of b = 0.76 Ȧ and
c = 0.93 Ȧ up to 27 GPa, respectively. The monoclinic
angle increased by β = 4.65◦ in the same pressure
region. The pressure dependence of the lattice constant a
is almost twice as high as the change of the other two lattice constants b and c, which shows that the intermolecular bonding along the a-axis is softer and hence easily
compressible than along other crystallographic axes. It
can be argued that the behaviour of β is due to the reduction of the lattice parameters and the associated decrease
of the layer distance. It is worthwhile to note that the
decreases of the distances are smooth curves and hence
the molecular motion becomes more localised at high
pressures.
The molecular arrangement in crystal structure is
mostly determined by molecular conformation and intermolecular interactions. In our work, the shortest intermolecular (π bonds) and interatomic (covalent bonds)
distances as a function of pressure are showed in Figure 3.
Comparing the pressure effect on the bond lengths and
on the shortest intermolecular distances, we confirm
the expected result that the intermolecular interactions

Figure . Pressure dependence of the lattice parameters a, b, c, and β of our work (the red line) compared to the literature data (Ref. [])
(Online version in color).
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Figure . Pressure dependence of intermolecular carbon distances (the red dashed line marks the doubled van der Waals radius of a
carbon atom []) (Online version in color).

are more sensitive to pressure than the intramolecular
interaction. The dashed line marks the doubled vdW
radius of a carbon atom (1.8 Ȧ) at ambient pressure
and temperature [27]. At ambient pressure, all the shortest intermolecular C–C and C–H distances are larger
than this value. With increasing pressure, the decrease
in C–C bond bond lengths turn out to be 1–16 mȦ
between 0 and 27 GPa, but the shortest intermolecular C–
C distances reduce 761 mȦ, respectively. It is remarkable
that these distances decreased with increasing pressure
smoothly. The layer distance decreases from 9.18 to 8.01
Ȧ by 1.17 Ȧ between ambient pressure and 27 GPa. The
decreased interlayer distance leads to the increasing of
the herringbone angle, implying that the two neighbouring molecules become more and more parallel. According to the results of this analysis, there is no evidence
of structural phase transition up to 27 GPa. Such values naturally imply a large sensitivity of intermolecular interactions with pressure. However, the intermolecular interactions are anisotropically altered with pressure due to the non-uniform pressure dependence of the
lattice parameters [12]. The difference in the changes
is a reason for reorientation in the herringbone pattern
where neighbouring molecules become more and more
parallel.
With the knowledge of the lattice parameter under
pressure, it is possible to give an equation of state
(EOS) [28,29]. Figure 4 shows the unit cell volume
V as a function of pressure in the parent compound
anthracene at room temperature, where the red lines

Figure . The unit cell volume compressibility of anthracene at
room temperature. Experimental results as black dots are presented for comparison (Online version in color).

are the fitting results by using the third-order Birch–
Murnaghan EOS,P = 32 B0 [( VV0 )−7/3 − ( VV0 )−5/3] ×

{1 + 34 (B0 − 4)[( VV0 )−2/3 − 1]}, where B0 is the bulk

modulus, B0 is the derivative of bulk modulus at
ambient pressure, and V0 is the volume at ambient pressure. Our calculations show that the volume
decreases monotonically with pressure. With increasing pressure, we found that the calculated cell volume
approaches the experimental values rather quickly. Up
to 27 GPa, the volume compression is V/V0 = 58.9%.
The bulk modulus at ambient pressure and temperature is
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Figure . The dependence of the band gap of anthracene on pressure.

B0 = 5.94 GPa and its derivative is B0 = 12.38. The
experimentally reported values for B0 = 5.366 ± 0.231
and B0 = 13.230 ± 0.58 [12]. Good agreement was
achieved between the modelling and experiments. This
result implies that the first-principles GGA simulation
performed under high pressure might be more reliable
due to the enhanced intermolecular interaction. As the
unit cell volume is decreased, enhanced intermolecular
interaction between neighbouring molecules increased.
The increased intermolecular interaction also results in
an enhanced band width of both valence and conduction
bands, and therefore in a reduced band gap [30].

But in different pressure ranges, the average decrease of
the band gap is different. When applying a linear fit in the
lower and higher pressure range, respectively, the average decrease of the band gap up to 2 GPa is 0.07 eV/GPa
and 0.05 eV/GPa from 2 to 10 GPa and 0.03 eV/GPa from
10 to 25 GPa. These data agree well with early theoretical results by Schatschneider et al. [17]. To determine the
pressure coefficient, we fitted the direct band gap (Eg (P))

3.2. Band gap and electronic structure
Band gap is an important parameter to characterise the
electronic structures of solids. Despite of this importance,
very little experimental work is reported on the effect of
pressure on the band gap of this semiconductor material.
For this reason, a systematic study of the evolution of the
band gap with pressure from 0 to 27 GPa has been carried
out for anthracene. At ambient pressure, the band gap for
solid anthracene is 2.2 eV at the GGA level, slightly higher
than the LDA value (1.9 eV) [31]. The calculated band
gaps of anthracene as functions of pressure are shown in
Figure 5. One can see that the band gap reduces smoothly
under compression without any significant discontinuity.

Figure . The band structures of anthracene at , , , , , and
 GPa, respectively. The red dashed line is marked the Fermi level
(Online version in color).
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Figure . The partial density of state (PDOS) of anthracene at , , , , , and  GPa, respectively. The red dashed line is marked the
Fermi level (Online version in color).

with a quadratic function, Eg (P) = Eg(0)+aP+bP2 , and
obtained a = −0.05 eV/GPa and b = 6.2 eV/(GPa)2 .
The main features of the band structure of anthracene
are anisotropic band dispersion and band splitting, which
are three-dimensional effects and originate from the overlap of the π-wave functions of neighbouring molecules
[13]. To further understand the origin of pressure dependence of the band dispersion and band splitting properties, we performed first-principle electronic structure
calculations as a function of pressure. The band structures of anthracene at ambient pressure, 5, 10, 15, 20,
and 25 GPa, are presented in Figure 6 as a representative example. It is seen that anthracene at high pressure
is an indirect band gap semiconductor with the valence
band maximum and conduction band minimum (CBM)
at Z points. Since the crystal structure is layered, with a
herringbone arrangement on the a–b plane, of molecules
stacked along the c-axis, the electronic structure is
more dispersive along the 2π/a − 2π/b axis. This is in
accordance with the pressure dependence of the lattice
parameter a, which is affected most by pressure. As the

pressure increases, the conduction and valence band shift
to higher and lower energies, respectively. The shifts of
the conduction and valence band result in a decreasing
band gap. Thus, the anthracene is predicted be an indirect
band gap semiconductor, which is consistent with previous results from LDA [32].
Based on the partial density of state (PDOS), as presented in Figure 7, a slight shift of the peaks of DOS for
conduction and valence bands are shifted to higher and
lower range, and the reductions are consistent with the
band structures. According to the PDOS, the valence and
conduction bands near the Fermi level mainly come from
C 2p and a strong hybridisation can be found between
the H 1s state and the C 2p state in the conduction band
energy between 4.96 and 5.47 eV. The CBM is mainly
composed of H 1s and C 2p states. But the band energy
between 5.4 and 6.1 eV mainly comes from H 1s. The
valence band is derived from H 1s and C 2p states. The
band energy between −6 and −1.1 eV mainly comes
from C 2p, while H 1s contributes little in this energy
range.
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4. Conclusions
To extend our knowledge about the anthracene under
high pressure, we used the DFT to study its structural
and electronic properties. The variation of the structural
quantities, such as cell parameters, volume, and interaction energy with increasing pressure does not show any
discontinuity up to pressure 27 GPa. The calculated cell
parameters and unit cell volume were compared with the
experimental results reported by Oehzelt et al. and the
agreement is very good over the entire pressure range.
The pressure dependence of the electronic band structure, and band gap of anthracene were presented. The calculated electronic band splitting and the band gap reduce
smoothly to some extent with the pressure increasing.
Moreover, the pressure dependence of the electronic band
structure, and the PDOS of anthracene were presented.
This clearly indicates that the valence and conduction
bands near the Fermi level mainly come from C 2p and a
strong hybridisation can be found between the H 1s state
and the C 2p state in the conduction band energy between
4.96 and 5.47 eV. The CBM is mainly composed of H 1s
and C 2p states.
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