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We calculate the ground state geometrical structure of potassium-intercalated pentacene lattices using mo-
lecular mechanics and the density-functional theory. Both methods result in a structural phase transition in
going from the pristine form to the intercalated state with one potassium ion per pentacene molecule. The
phase transition is characterized by a sliding of adjacent pentacene molecules relative to each other. The
electronic properties of this phase is studied with the density-functional theory. As a result of the geometrical
changes, the �-� overlap in the direction perpendicular to the molecular planes of the layered pristine penta-
cene structure increases substantially and many of the electronic bands show strong dispersion in this direction.
The Fermi energy of the doped phase appears in the middle of the conduction band where the density of states
is maximum. The bandwidth of the conduction band is 0.7 eV.
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I. INTRODUCTION

Organic semiconductors have, during the past 20 years,
attracted a broad interest due to their possible applications in
electronic and optoelectronic devices.1–3 Pentacene �C22H14,
abbreviated PEN here after�, in particular, has been widely
studied as a molecular conductor with very high charge car-
rier mobility and highly anisotropic charge transport.4,5 Mo-
bilities of 1 cm2/V s were reported at 300 K, and even
higher values have been obtained more recently.6 Such high
mobilities, which are comparable or even better than in
amorphous silicon at room temperature,7 can only be ob-
tained in systems with a high structural order and with par-
ticular intermolecular arrangements. Thus, the relationship
between geometrical structure and electronic properties of
molecular crystals is very important, and changes in the ge-
ometry will inevitably lead to changes in the electronic struc-
ture. In its pristine form PEN crystallizes in a layered struc-
ture with a herringbone arrangement of the molecules within
the layers. Depending on preparation conditions and tech-
niques, several different PEN crystal structures can be
obtained.8 Theoretical studies of the relation between the
crystal structure and the electronic properties have, however,
only been performed on the most stable of these
polymorphs.9,10

An interesting feature of PEN is the conductivity en-
hancement achieved by doping.11–14 Similar to other doped
carbon based materials such as conjugated polymers and car-
bon nanotubes, stable amphoteric doping can also be
achieved in PEN. From the device point of view, the interest
in doping is not only a question of conductivity but is also
related to the fact that the presence of dopants can improve
charge injection properties of molecular electronic devices.15

A structural analysis of iodine-doped PEN shows that there is
a phase of intermediate iodine concentration for which the
iodine ions intercalate between the PEN layers and also a
phase, at higher doping concentrations, in which the iodine
ions are located between PEN molecules in the plane.16 In
the case of donor doping, alkali metals such as Li �Ref. 14�
as well as Na, K, and Rb �Ref. 12� have been studied. No
structural analysis has, however, been reported for these

phases. Measurements of the magnetic properties of
potassium-doped PEN show an interesting low temperature
hysteresis indicating a magnetic and possibly also a struc-
tural transition taking place in this material.17 Thus, there are
strong experimental evidences for structural transitions to oc-
cur as a function of doping concentration, both for iodine and
potassium doping, and it is of large interest to get a deeper
understanding of the relation between the stability of various
structural phases and doping concentration.

In this work we present results from structural optimiza-
tion calculations on potassium-doped molecular crystals. The
results are obtained from molecular dynamics �MD� and
density-functional theory �DFT� studies of PEN intercalated
with potassium. We focus our studies on the structural phase
transitions as a function of potassium concentration. In par-
ticular, we identify a more stable phase for the doped PEN
crystal, where the herringbone structure is replaced by a
�-stack arrangement. The electronic band structure and the
density of states of this phase are also calculated and dis-
cussed in relation to the structural properties. For compari-
son, we also study a metastable layered phase of the same
compound and discuss the differences in anisotropy in the
electronic properties between these two phases.

II. METHODOLOGY

We carried out MD to equilibrate the system and
quenched the structures by minimizing the energy, thus
finding the optimum stoichiometry for the different doped
systems.18 We assumed that all potassium ions are fully
ionized to K+ and that the charges on PEN were
distributed uniformly over the hole molecule. The force
field used was chemistry at Harvard molecular mechanics
�CHARMM�.19–21

DFT calculations were then performed on both ground
state and metastable structures obtained from the MD calcu-
lations. The DFT calculations were performed with the Vi-
enna ab initio simulation package �VASP�.22–24 As an ex-
change correlation functional we used the generalized
gradient approximation �GGA� PW91.25,26 The super cells of
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the crystals were treated with periodic boundary conditions.
In the basis set of the employed Blöchl’s projector aug-
mented wave �PAW� method, all plane waves with a kinetic
energy lower than 400 eV were included. The projections
were done in real space. According to the Monkhorst-Pack
scheme, the Brillouin zone �BZ� was sampled with a
�-centered mesh with 5�5�5 points. The electronic mini-
mization was performed with the preconditioned residual
minimization method-direct inversion in the iterative sub-
space �RMM-DIIS� algorithm. Ions, shape, and volume of
the super cell were relaxed with a conjugated gradient algo-
rithm followed by the RMM-DIIS algorithm. The tolerances
for the electronic and ionic relaxation were 10 �eV and
50 meV/Å, respectively.

It should be noted that the CHARMM force field includes
an “exponential-6” potential which describes the nonbonded
interactions. This potential accounts for both dispersive
forces and interactions due to an intermolecular overlap of
the charge density. In the GGA calculations, the dispersive
interactions are to some extent missing. However, from the
results presented below we observe a fairly strong intermo-
lecular overlap and also very good agreement between our
calculated lattice parameter for pristine pentacene and those
obtained from crystallography data. This justifies the use of
GGA for this type of molecular systems.

III. RESULTS AND DISCUSSION

In all calculations the super cell contains two PEN mol-
ecules, and in addition a varying number of potassium ions.
The first system we consider is with one potassium ion per
super cell, K1�C22H14�2. A geometrical comparison between
the ground states of the pristine and the K1�C22H14�2 systems
shows a similar result to that of Ito et al.,16 the PEN mol-
ecules become almost parallel to the c direction �perpendicu-
lar to the PEN layer� when the dopant is added, which is
similar to the structure of PEN thin films.16 The herringbone
arrangement of the PEN molecules is, however, unchanged.
Potassium intercalates between the PEN molecular layers but
there is no notable extension of the system in the direction
perpendicular to the molecular plane, which shows that the
potassium ions occupy empty positions in the plane separat-
ing two PEN layers.

However, when the potassium concentration is increased
to K2�C22H14�2, the equilibrium structure changes dramati-
cally. The PEN molecules translate relative to each other
breaking the layered structure of the pristine and lightly
doped phases. In the new phase �a phase�, shown at the top
in Fig. 1, one of the two PEN molecules in the super cell is
shifted by half a lattice vector both in the a and c directions.
The triclinic Braivais lattice parameters are a=6.8084 Å, b
=7.7791 Å, c=14.6795 Å, �=82.191°, �=84.216°, and �
=94.871°. Furthermore, the herringbone arrangement, which
is present in pristine and lightly doped samples has disap-
peared and the normal to the molecular plane now points in
the same direction for both molecules in the super cell. This
results in a �-stack arrangement for which neighboring PEN
molecules overlap by approximately 1.5 hexagons or eight
carbon atoms. The shortest contact distance within the �

stack is C-C 3.25 Å, which is slightly smaller than in graph-
ite and allows for a substantial intermolecular interaction as
will be seen from the electronic band structure diagrams be-
low.

We stress that the structure shown at the top in Fig. 1 is
the ground state from both MD and DFT calculations. The
lattice constants are, in fact, very similar in both types of
calculations. For comparison, in Fig. 1 is also shown the
metastable structure which is obtained by intercalating one
more potassium ion into the ground state K1�C22H14�2 sys-
tem and let this system relax to the local energy minimum.
This phase is referred to as the b phase in the discussion
below. The difference in total energy between the a phase of
K2�C22H14�2 and the metastable layered b phase, as obtained
from the DFT calculations, is 0.86 eV per super cell.

The change in position of the potassium ions from the
interlayer positions in K1�C22H14�2 to the intermolecular po-
sition in K2�C22H14�2 is driven by the electrostatic interac-
tions. The electrostatic energy of the system is minimized
when the potassium ions are as close as possible to the center
of the charged PEN molecules. In the lightly doped case this
energy is still not enough to change the structure, but in
K2�C22H14�2 this effect dominates over the energy terms
which keep the molecules together.

The a phase has a completely different anisotropic behav-
ior as compared to the b phase, which affects the electronic
properties quite dramatically. Figures 2 and 3 show the elec-
tronic band structure for the two K2�C22H14�2 phases shown
in Fig. 1. The four pairs of bands shown are the bonding and
antibonding linear combinations of the PEN dimer wave
functions corresponding to the two highest occupied �HOMO
and HOMO-1� and the two lowest unoccupied �LUMO and
LUMO+1� PEN molecular orbitals.

The k-space directions shown in Figs. 2 and 3 have been
chosen in order to display directions with high energy dis-

FIG. 1. �Color online� Crystal structure of the super cell
K2�C22H14�2, a phase �top� and b phase �bottom�. The triclinic lat-
tice vectors a, b, and c are shown.
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persion. In the case of the a phase, except for the � point, the
directions chosen all lie on the surface of the BZ, in the a*c*

plane at �0 1
20�. The band structure of the metastable b phase

is included for comparison. In this case the electronic bands
are shown in the directions from the � point, along the re-
ciprocal lattice vectors a*, b*, and c*, respectively.

The band dispersion can be discussed in terms of the
strength of the splitting between the bonding and antibond-
ing orbitals of the PEN dimer super cell. We note immedi-
ately from Fig. 2 that this splitting is qualitatively the same
for all bands, i.e., the internal structure of the HOMO and
LUMO orbitals do not affect the electronic properties to a
large extent. Instead, the strength of the splitting is deter-
mined by the wave vector of the propagating wave functions.
In the directions given by the BZ surface points Y, X+Y
+Z, and −X+Y +Z, the bonding and antibonding states are
degenerate �HOMO and LUMO bands� or nearly degenerate
�HOMO-1 and LUMO+1 bands�. Large splittings are ob-
tained for the set of BZ points X+Y, Y +Z, −X+Y, and
Y −Z and also along a straight line connecting the points
X+Y +Z and Y. We also note that large splittings are main-
tained when the reciprocal lattice vectors are changed from
X+Y to Y +Z, whereas near degeneracies �avoided crossings�
there occur for bonding and antibonding levels between
Y and −X+Y +Z.

The a-phase lattice vectors a, b, and c are close to or-
thogonal which results in reciprocal lattice vectors a*, b*,
and c* that are approximately parallel to a, b, and c, respec-
tively. It is, therefore, straight forward to interpret points in
the reciprocal space with strong �weak� splittings as real
space directions of large �small� effective overlaps of the
molecular wave functions. We note that the a phase shows
dispersion as a function of changes in the c* coordinate,
which is not the case neither for the b phase �shown in Fig.
2� nor for pristine PEN.9,10 This is a direct consequence of
the sliding of the neighboring PEN molecules which in-
creases the �-� overlap in the c direction and also results in
a strong reduction in the overlap along the a and b directions
as compared to the b phase.

The differences in anisotropy of the band structure com-
pared to the pristine phase should also appear in the charge

carrier mobility. The �-� overlap in the c direction of the a
phase also allows for high mobility in directions which has a
component in the c direction, in sharp contrast to the layered
phase of the pristine system which has a much higher mobil-
ity within the ab plane than along the c direction.

The bandwidth of the half-filled conduction band in the a
phase is 0.7 eV, which is larger than in pristine PEN for
which we obtain 0.5 eV for the LUMO band and 0.3 eV for
the HOMO band. Also the b phase results in a width of the
conduction band of 0.7 eV. In both the a and b phases of
K2�C22H14�2 the structure closely resembles a �-stack ar-
rangement. This arrangement clearly has an advantage in
terms of intermolecular �-� overlap as compared to the her-
ringbone structure of the pristine system, which explains the
higher bandwidths in the doped phases.

The Fermi energy of the K2�C22H14�2 system lies approxi-
mately between the two bands corresponding to the LUMO’s
of the neutral dimer indicating a near complete charge trans-
fer from the two K atoms in the super cell to the PEN mol-
ecules. Thus, the perfectly ordered system is metallic which
explains the increase in conductivity observed experimen-
tally in potassium-doped PEN.12 In addition, the large
amount of charge carriers present in the doped system and
the possibility of forming quite extended states in some di-
rections certainly indicate a highly conducting state even for
moderately disordered systems.

Figure 4 shows the density of states for the a and b phases

FIG. 2. Band structure of the the super cell K2�C22H14�2 �a
phase� from the � point and between linear combinations of the BZ
boundary points X, Y, and Z. The coordinates of these BZ points are
000, 1

200, 0 1
20, 001

2 �in the basis of the reciprocal lattice vectors a*,
b*, and c*�. The horizontal dashed line shows the Fermi level.

FIG. 3. Band structure of the K2�C22H14�2 �b phase� between the
� point and X, Y, and Z. The horizontal dashed line shows the
Fermi level.

FIG. 4. Density of states for the super cell K2�C22H14�2 �a� a
phase, and �b� b phase, and �c� pristine PEN. The vertical dashed
line shows the Fermi level.
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of K2�C22H14�2 and for the pristine �C22H14�2 system. The
overall structure for the a and b phases is the same; the
Fermi energy appears in the middle of the LUMO band of
the pristine system and the bands are located in the same
energy regime in both cases. As discussed above, the band-
widths are larger for the doped systems than for pristine
PEN. The most notable difference between the a and b phase
is observed in the internal structure of the bands. The b phase
HOMO bandwidth is 0.8 eV, which is considerably larger
than in the a phase, and shows an oscillating structure.

IV. SUMMARY AND CONCLUSIONS

In conclusion, from MD and DFT calculations we have
identified a structural phase transition in potassium-doped
PEN. The phase transition occurs when two potassium ions

are occupying each super cell. The structural changes are
rationalized in terms of a sliding of adjacent PEN molecules
relative to each other, which allows for the potassium ions to
come close to the center of the PEN molecules. This change
in structure occurs as a result of electrostatic interactions
between dopant and the PEN molecules. The new stable
phase with two potassium ions per super cell has an elec-
tronic structure with dispersive bands along the pitch direc-
tions, which is completely different from the electronic struc-
ture of the layered pristine phase.
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