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Abstract. The pressure effect on the geometrical and electronic structures of crystalline naphthalene is
calculated up to 30 GPa by performing density functional calculations. The lattice parameters a, b, and c,
decrease by 1.77 Å (–20.4%), 0.85 Å (–14.1%), and 0.91 Å (–8.2%), respectively, while the monoclinic
angle β increases by 3.95◦ in this pressure region. At the highest pressure of 30 GPa the unit cell volume
decreases by 62.7%. The detailed analysis of the molecular arrangement within crystal structure reveals that
the molecular motion becomes more and more localized, and hints towards the evolution of intermolecular
interaction with pressure. Moreover, the electronic structure of naphthalene under high pressure is also
discussed. A pressure induced decrease of the band gap is observed.

1 Introduction

Molecular materials of hydrocarbons, such as fullerenes,
graphite, and polycyclic aromatic hydrocarbons, built of
conjugated molecules, have been extensively studied be-
cause of their exceptional properties and extensive ap-
plications [1–3]. A deeper understanding of the relation-
ship between the geometric structure, chemical bonding,
and intermolecular interaction behavior as well as elec-
trical properties in molecular materials should promote
the advancement of functional organic devices. Proper-
ties of molecular materials are also determined indeed by
the subtle interplay among a number of intermolecular
and intramolecular interactions [4]. Tuning intermolecu-
lar and intramolecular interactions in molecular materials
is effective by applied hydrostatic pressure. In some cases,
this has resulted in intriguing and unexpected physical
properties, such as metallic behavior [5] and superconduc-
tivity [6,7]. Among molecular materials, naphthalene as
a representative of the large class of polycyclic aromatic
hydrocarbons (PAHs) has served for a long time as model
compounds for organic molecular materials.

At ambient pressure, pure naphthalene crystal struc-
ture belongs to the monoclinic has space group P21/a,
with two molecules in the primitive unit cell [8]. The crys-
tal structure of solid naphthalene is shown in Figure 1.
Many experimental and theoretical studies on naphtha-
lene have attracted considerable and various interests as
a function of pressure during the past decades [9–12]. The
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Fig. 1. Crystal structure of naphthalene.

Raman spectra of a crystalline naphthalene have been
measured at room temperature in the pressure range up
to 20 GPa. The Grüneisen parameters for intermolecular
and intramolecular phonons have been determined [13].
Likhacheva et al. using the diffraction experiment and cal-
culations show the initial monoclinic phase of naphthalene
with the space group P21/c (P21/a) to be stable up to at
least 773 K in the pressure range of 3–15 GPa [14,15].
These authors have calculated the frequency dependence

http://www.epj.org
http://dx.doi.org/10.1140/epjb/e2016-60886-y


Page 2 of 7 Eur. Phys. J. B (2016) 89: 142

on pressure and compared the results with those obtained
by Meletov [13]. Meanwhile, Coropceanu et al. [16] com-
bine density theory calculations and molecular mechanics
simulations and use a chemistry-based insight to derive
the nonlocal electron-phonon coupling constants due to
the interaction of charge carriers with the optical lattice
vibrations in the naphthalene crystal. Schatschneider et al.
used density functional theory with Tkatchenko-Scheffler
dispersion correction to calculate the structures and op-
tical properties of crystalline oligoacenes, from naphtha-
lene (2A) to pentacene (5A) [17]. These simulations report
that under hydrostatic conditions there is no evidence of
a structural phase transition up to 30 GPa at room tem-
perature. High pressure has been proven to be an effi-
cient tool for improving the understanding of the main
physical properties of compounds, as the distance between
atoms is effectively reduced under pressure. The electronic
and optical properties of compounds with two to five aro-
matic rings, using first-principle methods, were studied by
Hummer and Ambrosch-Draxl [18]. The mechanism of for-
mation of chemical bonds in naphthalene and anthracene
was studied by Fedorov et al. [19]. Recently, Zhuravlev
et al. [20] and other authors studied electronic properties
of naphthalene and the effect of hydrostatic pressure on
its structure. Here, we examine the pressure dependent
geometrical and electronic structures properties of naph-
thalene under hydrostatic pressure up to 30 GPa. The
information of the pressure dependence of lattice param-
eters, the electronic band structure, and the energy gap
are provided.

2 Computational methods

The calculations carried out in this work are based on
the density functional theory (DFT) using the VASP pro-
gram package [21]. The geometric structure and electronic
properties were fully optimized using DFT with the gen-
eralized gradient approximation with vdW interactions
treated using the vdW-DF2 correlation functional [22].
The self-consistent calculations were carried out with an
8 × 8 × 8 k-point mesh. To balance accuracy and speed,
the plane-wave basis set cutoff was set to 750 eV. Self-
consistency calculation is achieved when the total-energy
variation converged to a 0.01 meV accuracy or better.

While the DFT geometry optimizations were per-
formed by constraining the cell parameters to experi-
mental data with the lattice constants a = 8.554 Å,
b = 6.016 Å, c = 11.174 Å, and β = 124.60◦ in the
monoclinic space group P21/a [23]. The external pres-
sure was gradually increased by an increment of 1 GPa.
In recent years there have been studies of the effects of
pressure on the crystalline structure of naphthalene, how-
ever, there are no definitive results concerning the pres-
ence or absence of phase transition. Bridgman described
phase transition at 3 GPa [24]. But further investigations
did not confirm this result [25]. Moreover, the first princi-
ple calculations predict the absence of phase transition at
0–30 GPa, T = 0 K [14,17]. Thus, during the geometry op-
timization, the space group of the naphthalene crystal has

Fig. 2. The lattice parameters a, b, c, and β of naphthalene
under high pressure up to 30 GPa.

been constrained to P21/a. No structural phase transition
will be considered in this study.

3 Results and discussion

3.1 Evolution of structural properties with pressure

In order to test the reliability of the optimized geometries,
we have calculated the average difference in absolute value
between the experimental and calculated bond lengths and
lattice parameters reported in Table 1. The overall devi-
ations between our calculations and the experiments are
less than 2% in lattice parameters and unit cell volumes.
Similar agreement is also found for the internal molecular
geometries, in which the vdW-DF2 method predicts the
C-C distances with an accuracy of 2% in comparison with
X-ray measurements [27,28]. These results point out that
the vdW-DF2 method yields better bond length values for
this type of aromatic hydrocarbons than the LDA/PBE
method.

The pressure dependence of the lattice parameters a,
b, c, and β of naphthalene are shown in Figure 2. As ex-
pected, the lattice parameter a has the strongest pressure
dependence with Δa = 1.65 Å, and b and c show a pres-
sure dependence of Δb = 0.73 Å and Δc = 0.79 Å up
to 30 GPa, respectively. The monoclinic angle increases
by Δβ = 4.6◦ in the same pressure region, which is due
to the reduction of the lattice parameters and the associ-
ated decrease of the layer distance. All the cell parameters
decrease with increasing pressure and the cell parameter
a shows large change for the applied pressure. Obviously,
the pressure dependence of the lattice constant a is almost
twice as large as the change of the other two lattice con-
stants b and c, which shows that the intermolecular bond-
ing along a axis is softer and hence more easily compress-
ible than that along other crystallographic axes. When
applying a linear fitting in the lower and higher pressure
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Table 1. The structural data of the crystal naphthalene under zero pressure.

C-C bond lengths (Å) Calc. [19] Expt. [26] This work

C1-C2 1.413 1.407 1.413

C1-C3 1.376 1.368 1.376

C3-C4 1.416 1.424 1.415

C4-C5 1.432 1.420 1.431

C5-C6 1.416 1.419 1.416

C2-C6 1.377 1.374 1.377

Lattice parameters

a/Å 8.190 8.213 8.221

b/Å 5.999 5.973 5.904

c/Å 8.584 8.675 8.550

β (◦) 124.00 123.39 123.10

V (Å3) 349.67 355.28 347.6

Fig. 3. Pressure dependence of the intermolecular and inter-
atomic (covalent bonds) distances (the red dashed line marks
the doubled van der Waals radius of a carbon atom [31]).

range, the linear compressibility of the lattice parame-
ters a, b, c, is 0.14 GPa−1, 0.06 GPa−1 and 0.07 GPa−1

up to 5 GPa, and from 5 to 30 GPa is 0.03 GPa−1,
0.01 GPa−1, and 0.02 GPa−1, respectively. The nonuni-
form pressure dependence of the lattice parameters may
imply that the sample undergoes anisotropic compression
and the intermolecular interactions are anisotropically al-
tered with pressure.

Previous investigations of the structural properties of
naphthalene under pressure have revealed that within the
layer the C-H. . . π intermolecular bonds are predominant,
whereas interlayer contacts are mainly C-H· · ·H-C [29].
Kitaigorodski claimed that it is the individual atom which
is responsible for the interactions in a molecular crys-
tal and not the molecule as a whole [30]. The molecu-
lar arrangement in crystal structure is mostly determined
by molecular conformation and intermolecular interac-
tions. The intermolecular distances within and between
the herringbone layers and interatomic (covalent bonds)
distances as a function of pressure are showed in Fig-
ure 3. The dashed line marking doubled van der Waals
radius with 3.6 Å is the ambient pressure interatomic

Fig. 4. The unit cell volume compressibility of naphthalene
at room temperature. Experimental results are presented for
comparison.

distance [31]. At ambient pressure, all the shortest inter-
molecular C-C are larger than this value. When increasing
pressure, these distances all fall below the van der Waals
radii. The C-C bond lengths have the pressure dependence
with Δc-c = 18 mÅ, but the decrease in intermolecular
C-C and C-H distances turn out to be 739–618 mÅ be-
tween 0 and 30 GPa. Comparing the pressure effect on
the shortest intermolecular distances and on the bond
lengths, we confirm the expected result that the inter-
molecular interactions are more sensitive to pressure than
the intramolecular interactions. As mentioned above, the
observed anisotropic high-pressure of the lattice parame-
ters is consistent with the compression mechanism found
previously for a narrower pressure range of 0–2 GPa, which
includes rotation of the neighboring molecular within the
herringbone pattern relative to each other, so that they
become more parallel. This similar behavior was often ob-
served in aromatic compound such as anthracene [21], ben-
zene [32] and naphthalene dimmers [33].

Moreover, by increasing pressure, the cell volumes are
readily compressed. The variation of the unit cell vol-
ume for naphthalene with pressure is shown in Figure 4.
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Fig. 5. The band structures of naphthalene at 0 GPa, 5 GPa, 10 GPa, 15 GPa, 20 GPa, and 25 GPa, respectively. In each case
the Fermi level is indicated by a dashed line.

The red lines are the fitting results by using the third-
order Birch-Murnaghan equation of state,

P =
3
2
B0

[(
V

V0

)−7/3

−
(

V

V0

)−5/3
]

×
{

1 +
3
4

(
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′
0 − 4

)[(
V

V0

)−2/3

− 1

]}
,

where B0 is the bulk modulus, B
′
0 is the derivative of

bulk modulus at ambient pressure, and V0 is the volume
at ambient pressure. At 30 GPa the volume compression
is V/V0 = 59.7%. The bulk modulus at ambient pressure
and temperature is B0 = 10.26 GPa and its derivative
is B′

0 = 8.18. The low bulk modulus shows that the
sample is easily to be compressed under high pressure.
As the computation was performed at 0 K, the V (P )
dependence should be below experimental results. How-
ever, large dispersion is observed in both experimental
and theoretical studies. The bulk modulus of naphtha-
lene B0 = 8.4(3) GPa is determined in the pressure range
of 0–13 GPa from the recent volumetric measurements of
Likhacheva et al., which differs with the B0 = 8.7 GPa es-
timated from the first principles calculations [14,15]. Since
the unit cell volume is decreased, the intermolecular inter-
action between neighboring molecules and the overlap of
the molecular orbitals are enhanced. Meanwhile, looking
from the theoretical point of view on the pressure induced
decrease of the intermolecular distances in a crystal and
increase of the electron orbital overlap between adjacent

molecules, one can see that this dependence has two con-
tributions. The first contribution is due to the change of
the crystal volume and the second one is due to the change
of the electrical resistivity.

3.2 Electronic structure and band gap

Pressure is a tool that usually reduces the electrical re-
sistivity mainly by enhancing the dimensionality, which
might help the electron pass, avoiding the scattering
site [34]. Several groups have observed the decrease of the
bandwidth with increasing pressure in oligoacene crystals.
Katayama et al. explained the pressure-induced zero gap
semiconducting state in organic conductor salt [35]. Es-
pecially the pressure-induced increase of the intermolec-
ular overlap results in the vanishing of the band gap,
and metallization was also observed in pentacene [36].
In order to gain insight into the origin of the electronic
properties, we calculated band structure for crystalline
naphthalene and examined its change under hydrostatic
compression. In accordance with the work of Kovalev,
the high-symmetry points in units of (2π

a , 2π
b , 2π

c ) are
Y = (0.5, 0, 0), X = (0.5, 0, 0.5), D = (0.5, 0.5, 0.5), A =
(0.5, 0.5, 0), Γ = (0, 0, 0), B = (0, 0.5, 0), L = (0, 0.5, 0.5)
and Z = (0, 0, 0.5) [19]. Note that ΓY (ΓB) is parallel to
the crystalline a axis (b axis), and TZ corresponds to the c
direction, which is approximately the long molecular axis.

The band structure of naphthalene at 0 GPa, 5 GPa,
10 GPa, 15 GPa, 20 GPa, and 25 GPa is presented in Fig-
ure 5 as a representive example. As is well-known, the four
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Fig. 6. The band gap of naphthalene under high pressure up
to 30 GPa.

lowest lying excited electronic states deriving from states
obtained by excitation of one electron from the HOMO or
HOMO–1 to the LUMO or LUMO+1 molecular orbitals
in the naphthalene molecule are π-electron orbitals, mixed
by configuration interaction. Due to the three-dimensional
effects and the π-wave functions of neighboring molecules,
the main features of the band structure of naphthalene
are anisotropic band dispersion and band splitting. More
precisely, since the crystal structure stacked along c axis
with a herringbone arrangement on the a-b plane is lay-
ered, the electronic structure is more dispersive along the
2π/a-2π/b axis. The dispersion along 2π/a is larger than
that along 2π/b, which directly reflects the distance be-
tween neighboring molecules being shortest along a. This
is in accordance with the pressure dependence of the lat-
tice parameter a, which is affected most by pressure.

While the top of the valence band is realized at the
A point, the minimum value of the conduction band is
at the Γ point in the Brillouin zone. Thus the naphtha-
lene is predicted be an indirect band gap semiconduc-
tor. The calculated band gaps of naphthalene as functions
of pressure are shown in Figure 6. As the pressure in-
creases, the conduction and valence band shift to lower
and higher energies, respectively. The shifts of the con-
duction and valence band result in decreasing band gap.
We can see that the band gap reduces smoothly under
compression without any significant discontinuity. How-
ever, in several previous works a distinct optical anomaly
was detected near 3 GPa. Specifically, pressure-induced
anomalies in fluorescence and phonon spectra have been
detected in a variety of PAHs [37,38]. A discontinuous shift
of all the bands towards higher frequencies was observed
in the infrared spectrum of naphthalene in the pressure
range of 2–4 GPa [39]. Conversely, a recent Raman study
revealed only a minor irregularity in the dependence of
the intermolecular and some intramolecular phonons on
the crystal density within the same pressure range [13].
According to our calculation, the average decrease of the
band gap up to 5 GPa is 0.08 eV/GPa and 0.05 eV/GPa
from 5 to 21 GPa and 0.03 eV/GPa from 21 to 30 GPa,

respectively. To determine the pressure coefficient, we fit-
ted the direct band gap (Eg(P )) with a quadratic func-
tion: Eg(P ) = Eg(0) + mP + nP 2, and obtained m =
−0.07 eV/GPa and n = 7.84 eV/(GPa)2.

The total density of states (DOS) and partial density
of states (PDOS) of the naphthalene under 0 GPa, 5 GPa,
10 GPa, 15 GPa, 20 GPa, and 25 GPa are shown in Fig-
ure 7. The peaks of DOS for conduction and valence bands
are shifted slightly to higher and lower range. And the
reductions are consistent with the band structures. Ac-
cording to the PDOS, the valence and conduction bands
near the Fermi level mainly come from C 2p, and a strong
hybridization can be found between H 1s state and C 2p
state in the conduction band at the energy between 5.96
and 6.47 eV. The conduction band minimum is mainly
composed of H 1s and C 2p states. But the band at the
energy between 6.96 and 7.47 eV mainly comes from H 1s.
The valence band derives from H 1s and C 2p states. The
band energy between –6 and –2.1 eV mainly comes from
C 2p, while H 1s contributes little in this energy range.

4 Conclusions

To extend our knowledge about the naphthalene under
high pressure, we used the density functional theory to
study the structural and electronic properties. The varia-
tion of the structural quantities, such as cell parameters,
volume, and band gap, with increasing pressure does not
show any discontinuity up to 30 GPa. This indicates that
there is no first-order phase transition for naphthalene up
to a pressure of 30 GPa. Moreover, the pressure depen-
dence of the electronic band structure, the total density
of states (DOS) and partial density of states (PDOS) of
naphthalene were presented. The mechanism responsible
for this pressure dependence is analyzed. The calculated
results show that there is an energy shift both in conduc-
tion and valence band which lead to the band gap reduces
smoothly under compression. And near the Fermi level,
the valence and conduction bands mainly come from C
2p and a strong hybridization can be found between H
1s state and C 2p state in the conduction band energy
between 5.96 and 6.47 eV.
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Fig. 7. The partial density of state (PDOS) of naphthalene at 0 GPa, 5 GPa, 10 GPa, 15 GPa, 20 GPa, and 25 GPa, respectively.
In each case the Fermi level is indicated by a dashed line.
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