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ABSTRACT 

The Car-Parrinello ab initio molecular dynamics scheme combines electronic structure cal- 

culations with complete geometry optimizations very efficiently. For the first time we apply this 

method to organic semiconducting polymers. Equilibrium geometries are calculated for a series 

of polymers: polythiophene (PTh), polypyrrole (PPy), polyisothianaphtene (PITN), polypara- 

phenylene (PPP), polyaniline (PANI) and polyparaphenylenesulfide (PPS). The bandgaps of 

these polymers, calculated with the local density functional, are shown to correctly represent 

the trend in the experimental optical bandgap. 

METHOD 

The electronic and optical properties of a conducting polymer are intimately related to its 

geometrical structure. It is well established by now that ab initio calculations within the lo- 

cal density functional formalism (local density approximation or LDA) can give an accurate 

description of the structure of both molecules [1] and condensed matter. However, finding 

the equilibrium structure with the conventional methods for geometry optimization can be a 

cumbersome and time consuming process. Structures with low symmetry present an especial 

problem, simply because the number of independent atomic coordinates is large and the calcu- 

lation of atomic forces is very costly. The same problem arises in ab initio calculations based 

upon the Hartree-Fock formalism. For this reason most geometry optimizations for polymers 

up till now have relied upon more approximate, semi-empiricM techniques such as MNDO, the 

predictive power of which is limited to cases for which it has been parametrized accurately. 

Calculation of the atomic forces is much simpler if the basis set which is used to expand 

the electronic wave functions, does not depend upon the atomic positions, since then we can 

use the Hellmann-Feynman theorem. The usual localised atomic orbital basis sets do not 

satisfy this criterion, but a basis set which consists of plane waves does. However, a large 

plane wave basis set is needed to represent the very localised charge densities one expects for 
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elements from the first row of the periodic table. This drawback is partly lifted if one uses 

ab initio pseudopotentials, which enables one not only to disregard the core states, but also 

to smooth the valence states within the core region [2,3]. Efficient pseudopotentials enable 

accurate calculations for all first row elements [3]. 

By fast Fourier transform techniques one can switch efficiently from a representation in plane 

wave (or momentum) space to a representation in real space. This means that  every operator 

which is used in the electronic structure algorithm can be handled in its most convenient 

representation, thus avoiding the necessity of handling large matrix representations 1. The 

application of these ideas makes the calculation of atomic forces and the handling of electronic 

wave functions within the LDA framework so efficient that  ab initio molecular dynamics (MD) is 

possible [4,5]. The force field that determines the atomic trajectories is directly calculated from 

the valence electronic charge distribution (and the repulsion between the ion cores, of course). 

In addition, the Car-Parrinello MD algorithm enables the electronic charge distribution to 

adiabatically follow the motion of the ion cores, such that at each moment the system is in 

its electronic ground state. MD is useful not only for gathering dynamical information, but 

also as a geometry optimization technique. By starting a simulation at high temperature and 

decreasing the temperature to T=0 ,  the chance that the system ends up in its global minimum 

structure, instead of some local minimum, is enhanced [6]. 

Here we apply the Car-Parrinello method for the first time to organic semiconductors. It is 

the purpose of this paper to show that  we have a coherent ab initio framework for calculating 

geometrical and electronic properties of polymers. A number of examples are discussed in 

the next section. Although it would be perfectly possible to treat a three dimensional packed 

polymer, or a molecular crystal of oligomers, we have chosen to start with a conceptually simpler 

system, namely that  of a single one dimensional polymer chain with translation symmetry. For 

computational convenience we work with periodic boundary conditions in all three dimensions. 

A single polymer chain can then be mimicked by placing the polymer along the z-axis of the 

unit cell and choosing the x and y dimensions of the cell sufficiently large that  the interactions 

between the polymer chains in neighbouring cells is negligible. A choice of lattice parameters 

ax = a~ = 8A proves to be adequate in all cases which we treat here. We use conventional norm- 

conserving pseudopotentials [2], though these are probably not as efficient as the recently tested 

Vanderbilt pseudopotentials [3]. All plane waves exp(i~-~') with kinetic energy 1ff[2/2 < Eeut are 

included in the basis set. All results are sufficiently converged when we use a cutoff Ecut = 20 

Hartree (544 eV), which in a cubic unit cell with a lattice parameter of 8A amounts to ,,, 15.103 

plane waves per/~-point. For all polymers treated here, the translational unit comprises two 

rings. In this cell, we use a Brillouin zone (BZ) sampling of two/~-points in the direction of the 

polymer axis. The geometries are asssumed converged if the forces on the atoms are smaller 

1 For example, the kinetic energy operator is diagonal in momentum space, whereas the potential is diagonal 
in real space. 
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than ~ 0.02 eV/2~. Varying Eeut or increasing the BZ sampling shows that  bondlengths are 

converged within 9.01A , bond angles within 1 ° and bandgaps within 0.1 eV. 

RESUI,TS 

Completely optimized geometries for polythiophene (PTh),  polypyrrole (PPy) and poly- 

isothianaphthene (PITN) are given in Table 1. The geometries are similar to the ones found in 

previous MNDO calculations [7], although some bondlengths differ by ~ 0.022 i, , which is not 

completely irrelevant in view of the sensitivity of the bandgap with respect to the geometry 

(see below). In all cases the optimized structures are planar. The PTh and PPy geometries 

listed in Table 1 are conventionally classified as aromatic, since the bondlengths satisfy the 

ordering C,, - C~ < C~, - Cw, C~ - C a. It has been claimed that these polymers have a sec- 

ondary, locally stable minimum energy structure, the so-called quinoid form (with ordering 

C~, - CO > C~, - C~,,, C~ - Ca), a concept which has played a role in the search for low bandgap 

materials [7,8]. In the case of PTh, we have performed an elaborate search in configuration 

space in order to find this local minimum. However, even with a pronounced quinoid structure 

as starting point, and using the most gentle structure optimization technique (steepest descent 

[5]), the structure always relaxes to the aromatic one of Table 1. Useful as it may be as a con- 

cept, we find that the quinoid structure for PTh is an arbitrary point on the potential surface 

and we t)clieve that  the local minimum found by MNDO is an artefact. On the other hand, for 

PITN the optimized structure has the quinoid form. 

TABLE 1: Summary of bondlengths (in i) and bond angles (in degrees) for polythiophene 

(PTh: X = S, Y = H), polypyrrole (PPy: X = N, Y = H) and polyisothianaphthene (PITN: 

X - S, Y = C; the flfll geometry is not listed). The numbers in parentheses are the MNDO 

values from ref.[7] 
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FIG. h (a) Total energy of PTh  as function 

of the lattice parameter az; the dashed curve 

connects the calculated points, the solid curve 

is the result of a 4th order polynomial fit; the 

small oscillations are caused by the discreteness 

of the plane wave basis set and become smaller 

upon increasing the cutoff Ecut. (b) Variation of 

the optimized C - C  bondlengths with the lattice 

parameter. Also the bond angles vary, of course, 

e.g. the Ca - S - C~ angle varies from 88.4 ° to 

95.9 °. (c) The corresponding LDA bandgap as 

a function of the lattice parameter.  

To assess the importance of small geometry changes, we have performed a set of calculations, 

in which we vary the lattice parameter  oz. For each a,, the positions of the atoms within the 

unit cell have been reoptimized. The  results for PTh  are shown in Fig. 1. As can be seen in 

Fig. lb, stretching the polymer lengthens the bond between the thiophene rings (C~ - C~,) far 

more than the C - C  bonds within one ring. (The two rings in the unit cell remain equivalent, 

and the two inter-ring distances are equal). It is remarkable that  the total  energy hardly 

changes over a substantial range of the lattice parameter; for az ~-, 7.5 to 8.1/~ the change 

is less than 0.05 eV/ring. Notwithstanding the fact that density functional theory is strictly 

a theory for the electronic ground state only, bandstructures resulting from LDA calculations 

have been used succesfully to describe the trends in the bandgaps of inorganic semiconductors 

and the dispersion of the bands. The LDA bandgap usually underestimates the experimental 

optical bandgap by ,,, 40% (see below). Fig. lc  shows that  this bandgap is very sensitive to 
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the geometry (in particular, on the C-C bond connecting the rings). It has been argued that 

the bandgap variation of PTh derivates might be due to a structural variation in the form of 

ring torsions [8]. The data of Fig. 1 indicate that a distortion of the PTh backbone, which 

produces a much smaller change of the geometry and costs relatively little energy, also results 

in a substantial change in the bandgap. 

Ideally, one would like a computational method to yield a reliable band structure along 

with the optimized geometry. Hartree-Fock (and Hartree-Fock based semi-empirical) methods 

do not seem to be very succesful at this [7,8]. As mentioned previously, LDA is not suitable 

either, in principle, but in practice one obtains quite satisfactory bandstructures for inorganic 

semiconductors and metals. There is however a systematic error in the values obtained for 

the bandgap Eg due to the discontinuity of the exchange-correlation potential with respect 

to the number of electrons [9]. To test these statements, we have calculated the bandgap 

for a range of polymers, for which some experimental data are available. In addition to the 

polymers listed in Table l, which have experimental bandgaps in the range 1-3 eV, we have 

calculated the equilibrium geometries and bandgaps of polyparaphenylene (PPP), polyaniline 

(PANI, in its leucoemeraldine base form [13]) and polyparaphenylenesulfide (PPS), for which 

the experimental bandgaps are in the range 3-4 eV. The results are given in Table 2 and are 

also represented graphically in Fig. 2. 

TABLE 2 and FIG. 2: Calculated LDA bandgaps Eg(LDA) (in eV) of selected geometry opti- 

mized polymers in comparison with the suggested experimental values Eg(Exp) (in eV). 
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Although the systematic error in the Eg(LDA) values is obvious, at the same time it is clear that 

the experimental trend is represented very well. The comparison is even better than expected, 

in view of the results shown in Fig. 1 and the unknown roles of disorder and three-dimensional 

interactions of the polymer chains. As can be seen from Fig. 2, in each case Eg(LDA) is about 
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60% of Eg(Exp). The predictive power for both geometrical and electronic parameters makes 

our method a useful aid in the search for new polymers. 

We end with a few remarks on possible future developements. Preliminary calculations in- 

dicate that ab initio molecular dynamics can also be used to calculate infrared spectra [15]; the 

power spectrum of the MD trajectories give the vibrational response frequencies of the poly- 

mer, the time dependence of the charge density leads to the infrared oscillator strengths. The 

most straightforward MD simulation probes the constant energy, constant volume (or micro- 

canonical) ensemble. However, it is also possible to use MD to probe the constant temperature, 

constant pressure ensemble, which makes it possible in principle to study processes like thermal 

expansion [16] and phase transitions. Our largest unit cell in this paper contained only 26 atoms 

(PITN), but larger unit cells can be used to study, for example, polymer-dopant interactions. 
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