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 1 Introduction Carbazole is a cheap raw material ob-
tained, for example, from coal-tar distillation [1]. Oli-
gomers, polymers and small molecules containing carba-
zole are known to easily form relatively stable radical 
cations, exhibit high charge carrier mobilities and good 
thermal and photochemical stability [2]. Carbazole deriva-
tives are widely used in the field of organic electronics as 
hole-conducting materials with a wide energy gap, e.g. 
carbazole-based polymers were used to build dye solar 
cells [3]; carbazole-based small molecules were employed 
in blue organic light emitting diodes [4]. In addition, a  
π-conjugated carbazole macrocycle has recently been syn-
thesized, which self-assembles into columnar structures 
[5]. 
 To evaluate the usefulness of self-assembled structures 
for potential applications as well as to predict the proper-
ties of the corresponding mesophases prior to actual syn-
thesis, one needs to accurately describe their morphologies. 
It has been shown that, in some cases, molecular dynamics 
combined with coarse-graining methods are able to de-
scribe correct morphologies [6–10]. However, current mo-
lecular dynamics force fields do not contain all parameters 
necessary to develop coarse-grained models of conjugated 
polymers, in particular polycarbazole. 
 In this work we first use ab initio methods to refine the 
parameters of the OPLS force field for a carbazole mono-
mer, dimer, and oligomers with attached alkyne chains. 
Using this force-field, columnar phases of carbazole mac-

rocycles can be studied. We then discuss how the obtained 
morphologies can be used to estimate charge mobility in a 
macrocycle column, with the help of thermally activated 
non-adiabatic Marcus’ theory for charge hopping. 
 
 2 Force field parameters As a starting point, we 
took the OPLS force field parameters for indole [11], 
which is shown in Fig. 1. For alkyne side chains the OPLS 
united atom description was used, similar to our previous 
work [12, 13]. In total eight atom types were defined: the 
nitrogen (NA), the carbons linking to it (CA), the remaining 
carbons in the central five ring (CB), the benzene ring car-
bons with hydrogens attached (CA), the corresponding hy-
drogen (HA) and the CH2 and CH3 united atoms of the side 
chain. In carbazole polymers, the carbons linking two 
monomers are also assigned a unique type (CC). The atom 
types are illustrated in Fig. 1. 
 To describe polycarbazole and polycarbazole with al-
kyne side chains, four sets of parameters are missing in the 
OPLS (and most standard) force fields: those of the dihe-
dral/improper between the carbazole and the side chain 
(CN–NA–CH2–CH2), and the dihedral/improper between 
two repeat units in a polymer (CA–CC–CC–CA). To obtain 
the parameters for dihedrals and impropers we first 
scanned the corresponding angle, optimizing the molecular 
geometry for each angular value using density functional 
theory (DFT) methods (B3LYP, 6-311g(d,p) basis set). 
The scan provides a set of  optimized molecular structures   

An atomistic force-field is developed for carbazole mono-

mers, oligomers, and alkyne-substituted polymers. This force-
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and dihedral energies for each value of the dihedral angle. 
The second step is to evaluate the potential energy of each 
optimized structure using the known force field parameters 
with the dihedral/improper in question switched off. Dur-
ing the force-field-based energy evaluation the structures 
were further optimized with the force-field parameters 
while the dihedral/improper of interest is constrained. The 
difference between DFT and force-field-based energies is 
then fitted yielding the parameterization constants of the 
dihedral [14, 15]. 
 The partial charges were computed by fitting to the 
electrostatic potential obtained from DFT calculations us-
ing the CHELPG method [16]. For the charges on a carba-
zole repeat unit we used the optimized structure of a carba-
zole pentamer. All DFT calculations were done using the 
GAUSSIAN package [17], all force-field computations using 
the GROMACS package [18]. The 1–4 interactions were 
scaled by a factor of 0.5 for both Lennard–Jones and Cou-
lomb interactions in accordance with the OPLS-AA force 
field. For dihedral potentials the Ryckaert–Belleman func-
tion was used: 
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 The DFT and force-field based energies for the side-
chain dihedral are shown in Fig. 2. The dihedral scan 
showed that the torsional potential has a minimum at 90° 
when the second bond (CH2–CH2) is perpendicular to the 
core. When evaluating the force-field energies, the long 
range (1–4 and 1–5) interactions between carbons within 
the same ring were excluded, since the interaction between 
them is quantum mechanical and cannot be approximated 
by simple analytical terms. The interactions between the 
second side chain atom and the two closest core hydrogens 
were also excluded, because at closest approach the classi-
cal description is no longer valid and yields too high values 
in energy. 
 The DFT energies for a dihedral centered around the 
bond connecting two repeat units is shown in Fig. 3. Two 
different minima were found, one at approx. 45°, the other 
at approx. 135°. The minimum at 135° is slightly deeper, 
with the two nitrogens pointing in opposite directions re-
sulting in a straight chain. For the dimer, interactions be-
tween the four closest hydrogens near the linking bond 
were excluded since the interaction between them leads to 
very strong repulsion. 
 The resulting force field parameters, V

n
, for both dihe-

drals are given in Table 1. 
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Figure 2 (online colour at: www.pss-b.com) Left: DFT (B3LYP/6-311g(d,p)) and force-field based potential energies of the  
C

N
–N

A
–CH

2
–CH

2
 dihedral. The initial force field refers to the OPLS energy calculation with the dihedral potential set to zero. Right: 

Ryckaert–Belleman fit with Boltzmann weighting exp (–E/k
B
T) at 300 Kelvin to the difference between ab-initio and force-field-based 

energies. 

Figure 1 (online colour at: www.pss-b.com) 
Left: indole, from which most force field pa-
rameters were taken. Right: carbazole monomer 
with an attached alkyne side chain and atom 
types used in the force field. 
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Figure 3 (online colour at: www.pss-b.com) Potential energy as function of the C
A

–C
C
–C

C
–C

A
 dihedral (see the left inset) angle from 

DFT using B3LYP/6-311(d,p) and force field with final parameters. Excluded hydrogens are labelled with H. 
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Figure 4 (online colour at: www.pss-b.com) Splitting of the HOMO energy level as a function of separation between two carbazole 
monomers. The inset shows the results of the molecular overlap method. Fitting to a simple exponential decay exp (–αd) yields 
α ≈ 1.76 Å–1. 
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Figure 5 (online colour at: www.pss-b.com) Left: Value of overlap integral for HOMO and LUMO upon translating two carbazole mono-
mers with respect to each other. Right: Shape of HOMO (top) and LUMO (bottom) orbitals. The distance separation is fixed at 3.6 Å. 
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Figure 6 (online colour at: www.pss-b.com) Left: Two flat carbazole macrocycles without side chains rotated by twelve degrees with 
respect to each other. Right: Value of overlap integral for HOMO and LUMO upon rotating two planar carbazole macrocycles without 
side chains with respect to each other. The distance between the molecules is 3.6 Å. 
 
 3 Charge transport To study the charge transport we 
used the non-adiabatic charge transport theory as given by 
Marcus’ theorem [19, 20], which provides the rates for 
charge hopping 

22 2

1 2

B B

4π ( )
exp
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Here λ  is the reorganization energy, ijJ  is the intermolecu-
lar transfer integral, h  is Planck’s constant, 

B
k  the Boltz-

mann constant and T the temperature. For a charge transfer 
from molecule A to B, the internal reorganization energy is 
the difference in conformational energy between the initial 
state, where molecule A is charged and B is neutral, and 
the final state, where A is neutral and B charged. We ig-
nored the external contribution to the reorganization en-
ergy. The transfer integral is the overlap of the HOMO or 
LUMO orbitals for hole or electron transport, respectively. 
To obtain the molecular orbitals required to calculate the 
overlap integral, we use the molecular orbital overlap 
(MOO) method [21, 22]. We have also checked our results 
by calculating the splitting of the HOMO and LUMO val-
ues for a monomer in a cofacial geometry. 
 The splitting of the HOMO orbital upon approach of 
two carbazole monomers is shown in Fig. 4. The inset 
shows half of the splitting versus separation as well as the 
results for the transfer integral obtained using the molecu-
lar orbital overlap [22] method. Note that the splitting of 
the HOMO level is twice the transfer integral for holes [23, 
24]. 
 Next, we calculated the overlap integral for the HOMO 
and the LUMO levels for the same two monomers trans- 
 
Table 1 Coefficients of the Ryckaert–Belleman function 

(Eq. (1)) for the side chain and dimer dihedrals. 
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  –0.21  –34.02  –3.24  14.72  2.95  

lated with respect to each other using the molecular orbital 
overlap method [25]. As can be seen in Fig. 5 the overlap 
of the HOMO orbitals is noticeably stronger for practically 
all shifts, showing that carbazole is indeed a hole conduct-
ing material. 
 Finally, the charge transport properties of carbazole 
macrocycles [5] were analyzed. The optimized structure of 
the carbazole macrocycle without side chains was obtained 
starting from a flat configuration using B3LYP/3-21g(d). 
This is a simplification since, as was shown for the dimer, 
the dihedral in between repeat units is not in equilibrium at 
zero degrees so the units in the ring should be twisted with 
respect to each other. The transfer integral for two rings ro-
tated up to thirty degrees with respect to each other was 
again calculated using molecular orbital overlap. This 
gives all relevant information, because the ring is com-
posed of twelve repeat units. The results are shown in 
Fig. 6. Again, it is clear that the columnar structure of car-
bazole macrocycles will favor the transport of holes. 
 
 4 Conclusions & outlook At this point, we have 
calculated all the necessary force field parameters to run 
successful all atom molecular dynamics simulations of 
carbazole monomers with alkyne side chains, oligomers 
and macrocycles. We have also calculated the overlap in-
tegral for carbazole monomers, which showed that it is in-
deed a hole-conducting material, and checked that the mo-
lecular orbital overlap method and calculations based on 
the splitting of HOMO level of a dimer give the same re-
sults. Using the obtained transfer integrals the rates for the 
charge hopping can be calculated from Marcus’ theory and 
the charge dynamics can be studied by solving the master 
equation 

[ (1 ) (1 )]i

ij j i ji i j

j

P
P P P P

t
ω ω

∂
= - - - .

∂
Â  (3) 

where the lattice points i  are provided by MD simulations 
(centers of mass of conjugated units). The charge mobility 
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is then obtained by solving the stationary part of Eq. (3) 
and averaging the mobilities over all MD snapshots. This 
approach has already been tested on columnar phases of 
hexabenzocoronene derivatives [12, 13]. 
 The work in progress is the validation of the force field 
parameters by simulating thermodynamic properties of car-
bazole-based organic crystals and macrocycles as well as 
calculation of the charge carrier mobility of columnar 
phases of carbazole macrocycles. 
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