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 1 Introduction Discotic liquid crystals based on  
π-conjugated molecules are intensively studied in the field 
of organic semiconductors. They self-organize into colum-
nar structures both in a solid and liquid crystalline state. 
Such molecular arrangement allows one-dimensional 
transport of charge carriers along the well ordered columns, 
due to the overlap of π-orbitals of neighboring molecules. 
Discotics have been found suitable for applications in or-
ganic field-effect transistors and solar cells [1, 2]. Typical 
compounds are hexabenzocoronene and triphenylene de-
rivatives, which have been extensively studied both by ex-
perimentalists and theoreticians [2, 3]. 
 Most discotics are good hole transporting materials  
(p-type materials), while only a limited number of good 
electron transporting ones (n-type materials) have been 
found [4]. Perylene-diimide (PDI) based compounds have 
developed into one of the best and widely used n-type 
semiconductors [5], although in vacuo time of flight meas-
urements of mobility yield similar values for hole and elec-
tron mobility [26]. Mobilities up to 2 1 1

0 6 cm V s
- -

.  have 
been reported for thin PDI films [6, 7]. Various PDI de-
rivatives have found application in different areas of or-
ganic electronics, such as all-organic photovoltaic solar 
cells [8–10] and field-effect transistors [5, 11]. Similar to 
other discotics, self-assembly of PDI derivatives can be 
controlled by introducing hydrogen bonding [14], metal-
ion coordination [15], or by changing the geometry of the 
side groups [12, 13]. As a result, various supramolecular 

structures can be obtained, which have different material 
properties, in particular charge carrier mobility. 
 The purpose of this contribution is to establish a  
correlation between the molecular structure, supramolecu-
lar packing and conducting properties of PDI furnished 
with branched side chains, which is shown in Fig. 1.  
The synthetic route as well as thermal and structural char-
acterization of the self-organization of this PDI derivative 
and its higher homologues (terrylene and quaterrylene) has 
recently been published in Ref. [16]. The mesophase 
showed a phase transition at 403K  from the crystalline 
phase directly to the isotropic phase, without an intermedi-
ate liquid crystalline state. Based on the data of wide angle 
X-ray scattering experiments (WAXS) (see Fig. 2), the  
authors concluded that two molecular arrangements are 
possible: an orthorhombic lattice with 1 67 nma = .  and 

2 08 nmb = .  or a hexagonal lattice with 4 05 nm.a = .   
The meridional reflections were related to the intracolum-
nar π-stacking with a period of 0 35 nm. . The additional 
meridional reflections corresponding to 1 26 nm.  were  
associated with the correlation between every fifth disc in 
the stack, i.e. a helical packing of molecules in columns 
with a twist angle between the neighboring molecules  
of 45 deg. To clarify the experimental observations, we 
performed molecular dynamics (MD) simulations of  
columnar mesophases of PDI and used the obtained  
morphologies to predict the charge mobilities of this sys-
tem. 

Using atomistic molecular dynamics (MD) simulations we 

study the columnar phases of perylene tetracarboxdiimides 

(PDI) and establish correlations between the molecular struc-

ture, packing, and dynamical properties of these materials. 

 Combining electronic structure calculations, MD and kinetic 

Monte Carlo simulations, a correlation is then established be-

tween molecular structure and charge mobility of columnar 

mesophases of perylene tetracarboxdiimide derivatives. 
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Figure 1 (online colour at: www.pss-b.com) Chemical structure of perylene-diimide (PDI) without (left) and with branched side 

chains (right). Nitrogens are in blue and oxygens in red. 

 

 2 Computational details The simulations were per-
formed with a parallel version of the GROMACS pro-
gram [17]. The model potential was based on the OPLS 
all-atom force field [18–20]. A united atom model was 
used to describe the branched side chains. The parameters 
of the dihedral and improper terms connecting the perylene 
core and the side chains, as well as the atomic partial 
charges, were derived using ab initio calculations. The de-
tails of these calculations will be published elsewhere. 
 The simulated systems consisted of 960 perylene mole-
cules, arranged in columns of sixty molecules each. Ac-
cording to the experimental suggestions two different ini-
tial lattice configurations were prepared (i) an orthorhom-
bic lattice, simulated at 300 KT =  (unless otherwise speci-
fied) and (ii) a hexagonal lattice, simulated at 400 KT = . 
The choice of the temperatures is based on our previous 
experience on discotic liquid crystals and the relevant ex-
perimental data [18], which showed a better stability of the 
orthorombic lattice at lower temperatures while the hex-
agonal configuration was preferred at higher temperatures. 
After equilibrating the system, production runs of 40 ns 
with constant pressure, 0 1 MPaP = . , and constant tem-
perature fixed using the method of Berendsen [21] were 
performed. Furthermore, in order to check the value of the 
pitch of the helical structure, several initial configurations 
with different twist angles and consequently different heli-
cal pitches were prepared for both lattices, as shown in 
Fig. 3. 
 
 

 

Figure 2 (online colour at: www.pss-b.com) 2D-WAXS patterns 

of PDI at room temperature. The figure is reproduced from 

Ref. [16]. 

 3 Results Equilibrated snapshots corresponding to the 
two different lattices are shown in Fig. 4. The molecules 
are well-ordered within the columns, with their molecular 
planes oriented perpendicular to the columnar axes. Small 
undulations of the columns can be seen, which is due to 
thermal fluctuations of the director. 
 To quantify the degree of positional order in the sys-
tems, we calculated two distribution functions. The first 
one, ( )

z
g r , provides information on the distance between 

molecules in a column. The second one, ( )
xy

g r , gives in-
formation about the arrangement of the columns with re-
spect to each other. Furthermore, we calculated the orienta-
tional order parameter of the columns, Q , which is the 
largest eigenvalue of the orientational order tensor.  

1Q =  implies that all the unit vectors perpendicular to the 
perylene cores are parallel to each other, while 0Q =  cor-
responds to an isotropic distribution of the unit vectors  
[18]. 
 Both distribution functions are shown in Fig. 5 for a 
hexagonal lattice and for 45° initial twist angle between the 
neighbors. Sharp peaks of ( )

z
g r  imply that the molecules 

are well aligned in the columns; ( )
xy

g r  confirms that the 
columns are arranged on a practically perfect hexagonal 
lattice. Analyzing the extrema of these distribution func-
tions one can extract a mean separation between the mole-
cules in a column as well as the average distance between 
the columns. These results are summarized in Tables 1 
and 2, for the correspondingly orthorhombic and hexago-
nal lattices. From this data one can see that the initial con-
figuration has no influence on the distance between mole-
cules in the same column, which is always between 
0 35 nm.  and 0 38 nm,.  which is in good agreement with ex-
perimental data for perylenes and in general for discotic 
systems based on graphene-type molecules. 
 
 
Table 1 Orthorhombic lattices at 300 K.T =  z is the average dis-

tance between neighboring molecules along the column, a the lat-

tice parameter, Q the order parameter and φ the average twist an-

gle between neighboring molecules. 

 90°  60°  36°  45°  30°  

z (nm)    0.37    0.37    0.36    0.37    0.37  

a (nm)    1.86    1.78    1.78    1.62    1.96  

Q    0.86    0.90    0.91    0.88    0.84  

φ (deg)  50.5  55.5  43.9  35.7  35.6  
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Figure 3 (online colour at: www.pss-b.com) Top and side view of the initial configurations. The twist angle between the neighboring 

molecules is: a) 90°, b) 45°, c) 36° and d) 30°. Nitrogen atoms are shown in blue. 
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Figure 5 (online colour at: www.pss-b.com) Left: probability of finding another molecule in the same column at a distance r from the 

reference molecule; right: probability of finding another molecule at a distance r from the reference molecule in the plane perpendicu-

lar to the column direction. 

Table 2 Hexagonal lattices at 400 K.T =  The same notations are 

used as in Table 2. Different columns correspond to different ini-

tial twist angles. 

 90°  60°  36°  45°  30°  

z (nm)    0.38    0.37    0.35   0.37    0.37  

a (nm)    1.85    1.87    1.91    1.96    1.87  

Q    0.86    0.82    0.87    0.73   0.73  

φ (deg)  44.7  46.6  46.4  39.8  37.0  

Figure 4 (online colour at: www.pss-

b.com) MD simulation snapshots, hexago-

nal (top) and orthorhombic (bottom) lattice. 

On the left are the top views and on the 

right the side views of the simulation box. 

Table 3 Orthorhombic lattices at different temperatures starting 

with a twist of 45°. 

 300 KT =   400 KT =   450 KT =   

z (nm)    0.36    0.36    0.36  

a (nm)    1.78    1.84    1.89  

Q    0.91    0.90    0.86  

φ (deg)  43.9  43.2  41.0  
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Figure 6 (online colour at: www.pss-b.com) a) Evolution of the transfer integral as a function of the twist angle for holes (HOMO–

HOMO) and electrons (LUMO–LUMO). The separation between the molecules was fixed at 3 6 Å. , the geometry of a single molecule 

was optimized using B3LYP hybrid density functional and the 6-311++g(d,p) basis set, while the molecular orbitals were calculated 

with ZINDO. The transfer integrals were calculated using the molecular orbital overlap method [23]. b) Graphical representation of 

(top) HOMO and (bottom) LUMO orbitals. 

 

 The in-plane arrangement is also not sensitive to the 
initial value of the pitch, i.e. the systems with an ortho-
rhombic lattice preserve the lattice symmetry during the 
run. The lattice parameters range from 1 62 nm.  to 1 96 nm.  
( ),a b=  depending on the initial twist angle. Note that 
simulations always give a square columnar lattice, while 
experiments predicts a rectangular one. The lattice con-
stants are, however, very similar. 
 The hexagonal lattice also preserves its symmetry dur-
ing the simulation with the lattice parameter a  varying be-
tween 1 85 nm.  and 1 96 nm..  The parameter provided by 
experiments, 4 05 nma = . , is even larger than that observed 
for more extended rylenes. This could be explained by the 
fact the intercolumnar distance is equal to 2 025 nma = . , in 
agreement with simulation data. In fact, such absence of 
the (100) reflection has already been reported for liquid 
crystals [22]. 
 In order to understand if one of the two lattices is more 
stable than the other and if the temperature could bias a 
phase transition from an orthorhombic to a hexagonal lat-
tice, we simulated the orthorhombic lattice with an initial 
twist configuration of 45° at two other different tempera-
tures, 400 KT =  and 450 K.T =  The results are summa-
rized in Table 3. We find that temperature has no major in-
fluence on the structure: even at 450 KT =  there is no hint 
of a lattice rearrangement towards the hexagonal arrange-
ment. 
 The calculated order parameter Q  is never lower than 
0 73. , implying that the alignment of the molecules in col-
umns is always very good. The configurations with an ini-
tial twist angle of 45° have the highest value of Q . The bet-
ter ordering in the orthorhombic lattice is due to the lower 
temperature ( 300 K)T =  compared to the hexagonal one 
( 400 KT = ). This can be also seen from Table 3: the in-
crease of temperature of the orthorhombic lattice corre-
sponds to a decrease of the order parameter, due to a larger 
movement of the side chains at higher temperature. 

 To obtain the value of the helical pitch, we calculated 
an average twist angle between neighboring molecules. 
The results are summarized in the last line of the tables. 
They indicate that, independently of the value of the initial 
twist, all systems reach a final twist angle between 35° and 
55°. This confirms the experimental observations of a helix 
with a pitch of four molecules and an average twist angle 
of 45°. 
 Let us now discuss how the helical molecular arrange-
ment can affect the conducting properties of the material. 
As it has already been mentioned, the transfer integral, 
which controls the rate of charge transfer between the 
neighboring molecules, strongly depends on the relative 
molecular orientations [3]. Its dependence on relative twist 
is shown in Fig. 6 for electrons and holes. Another parame-
ter which affects charge transfer is the reorganization en-
ergy, or electron phonon coupling: a higher reorganization 
energy will result in slower hopping rates (or narrower 
bandwidths in the case of band transport [25]). We com-
puted the reorganization energy for electrons and holes fol-
lowing [24] using the B3LYP functional with a triple zeta 
split basis set (6-311g*). The value of the reorganization 
energy was computed as 0.25 eV for electrons and 0.14 eV 
for holes. Since for an angle of 45° the transfer integral for 
holes is larger than for electrons and since the reorganiza-
tion energy for holes is smaller than for electrons, we pre-
dict that in the columnar mesophase mobilities should be 
larger for holes. These results suggest that the n-type con-
duction in PDI is not a function of intrinsic properties but 
possibly due to exposure to air or difficulty of injecting 
holes in PDI [26]. 
 
 4 Outlook The detailed analysis of the structure of 
perylene tetracarboxdiimides is the starting point to further 
investigate the microscopic mechanisms of charge carrier 
mobility. This can be done by combining electronic struc-
ture calculations, MD and kinetic Monte Carlo simula-

a) 
b) 
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tions [27]: the transfer integrals are calculated for each pair 
of neighbors in a column and each MD snapshot. With the 
knowledge of reorganization energies, one can, using Mar-
cus-Hush theory [28], convert the transfer integrals into the 
corresponding hopping rates and simulate charge dynamics 
with numerical techniques such as kinetic Monte Carlo or 
solution of the Master Equation. 
 Preliminary results for an orthorhombic lattice with an 
initial twist of 45° (see Table 3) show that electron mobili-
ties can be as high as 0 21. , 0 57. , and 2 1 1

0 38 cm V s
- -

. , for 
300 K,T =  400 KT =  and 450 K,T =  correspondingly. 

The calculation of both electron and hole mobilities for all 
systems, as well as the analysis of their temperature de-
pendence is in progress. 
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