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Abstract

We have performed geometry optimization of various possible planar and three-

dimensional C20 geometries. The planar structures considered include a linear chain, a

monoclinic ring, and a bicyclic bow tie; while the three-dimensional geometries

consisted of a bowl or corranulene structure and a fullerene cage. In agreement with

Wang et al MP2's calculations, our results predict the corranulene bowl to be the lowest

energy structure. From the ground state geometry to the highest energy, considered C20

structures, listed in increasing energy, are bowl, cage, bow tie, ring and chain. For the

ring and bow tie isomers, the shape of the optimized structure deviates from that of the

initial configuration; while the shape of the optimised bowl, cage and chain remains

unchanged.
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1. Introduction

The structure of C20 clusters is of special interest since the transition from

planar to three-dimensional ground state geometry is believed to occur here in the form

of a fullerene cage. This structure has been extensively studied but the question of the

fullerene-like isomer being the lowest energy structure has been very controversial.

Hartree-Fock (HF) calculations [1-6], gradient corrected density functional

theory (BLYP) [4,6], and semi-empirical AMI procedure [7] predict the ring to be the

most stable isomer.

Moller-Plesset second-order perturbation theory (MP2) [1,2,3,8,9], coupled-

cluster single and double excitations with triples added perturbatively method [3],

nonorthogonal tight-binding molecular dynamics scheme of Menon and Subbaswamy

[10], and local density approximation (LDA) [3,4,8,9], predict the fullerene cage to be

the most stable isomer.

Wang et al [6] report on MP2 single point calculations based on HF/SCF

geometries that predict the bowl structure to be the lowest C20 isomer energy, a result

inconsistent with the previous mentioned similar calculations [1,2,3,8,9]. According to

these authors, their result has been also obtained by quantum Monte Carlo (QMC) study

[11] but we have not been able to retrieve this reference 11.

In this paper, we report on the optimisation of the structure of C20 isomers using

CLUSTEP (cluster simulation with Tersoff empirical potential) [12], which is a

molecular dynamics package, written by the theoretical group of the "Unite de Physico-

Chimie et de Physique des Materiaux, Universite Catholique de Louvain". In the

CLUSTEP package, the forces acting on each carbon atom are derived from Tersoff

empirical potential [13-15]. We have considered various possible planar and three-

dimensional C20 geometries. The planar structures considered include a linear chain, a

monoclinic ring, and a bicyclic bow tie; while the three-dimensional geometries

consisted of a bowl or corranulene structure and a cage. Our results predict the

corranulene bowl to be the lowest energy structure, while the linear chain is the highest

in energy. From the ground state geometry to the highest energy, considered C20

structures, listed in increasing energy, are bowl, cage, bow tie, ring and chain. For the

ring and bow tie isomers, the shape of the optimized structure deviates from that of the

initial configuration.



2. Results

2.1 Energy of starting configurations

In the starting configurations, all the C-C nearest neighbor distances are taken to

be identical to the optimum bond length of a C2 molecule. The value of this optimum

bond length, determined by plotting the total energy versus C-C distance for a C2

molecule (see fig.l), was found to be 1.45 A. Using this value and geometry

consideration, we have determined the atomic coordinates for each isomer. The images

of the atomic positions are presented in fig.2.

Thereafter, we have determined the total energy of each isomer-starting

configuration. The results of our calculations are presented in table 1. The linear chain

was found to be highest in energy. This prediction is consistent with MP2 and LDA

results which found the chain to be substantially higher in energy than the other C20

isomers [5]. Authors of refs. 9 and 10 also found the linear chain to be highest in

energy. The bowl was found to be the lowest in isomer energy; it is 0.59 eV lower than

the energy of the cage. This result confirms Wang et al [6] MP2's calculations, which

prefer the bowl rather than the cage by about 0.5-0.8 eV. The considered C20 isomers,

listed in increasing energy are: bowl, cage, bow tie, ring and chain. At this level of our

study, geometry optimization has not yet been performed. The authors quoted above

didn't mention the results of their calculations before geometry optimization.

2.2 Energy minimization and geometry optimization

Geometry optimization of the considered C20 isomers structure has been

performed by energy minimization. For this purpose, we have performed one steepest

descent optimization, followed by several damped molecular dynamics (DMD)

optimizations. The damping factor used was 0.15. Each optimization time was 3000 fs

with a time step of 0.1 fs; which makes 30 000 iterations per optimization, about 9 mn

computer running time. The atomic positions of fig.2 were used as a starting

configuration for the steepest descent. The final configuration obtained from steepest

descent served as starting configuration of the first DMD optimization, and the final

configuration of each DMD optimization served as starting configuration of the next

one. The DMD optimizations were stopped when the potential energy converged up to

104 eV.

The values of the total energy of the optimized structures are presented in table

1. The bowl is still the ground state geometry, consistently with Wang et al MP2's



calculations; it is now 0.26 eV lower than the cage. The chain remains the highest in

isomer energy. Moreover, the order in which isomer's energy vary from ground state to

highest state energy doesn't change.

The time evolution of the potential energy of each C20 isomer is presented in

fig.3. The potential energy jump observed on some curves corresponds to a modification

of the structure. This jump happens for the bow tie at the 5th DMD optimization (fig.3c)

and for the ring from the 1st DMD optimization. The shape of the optimized bow tie and

ring deviates from the original one, while the shape of the optimized bowl, cage and

chain remain unchanged.

2.3 Description of the optimized structures

The minimization of the bowl isomer energy has been achieved after steepest

descent plus four DMD optimizations. The optimized bowl is a bowl, and therefore,

consists of a fivefold ring surrounded by five sixfold rings. It is curved, resembling the

cap of C60 • For the fivefold ring, the C-C bond length is 1.52 A, and the bond angle is

108 degrees. Starting from a fivefold ring's edge and moving in the clockwise within a

sixfold ring, the C-C bond lengths are successively 1.52 A, 1.48 A, 1.47 A, and 1.46 A;

while the bond angles are 120, 117 and 121 degrees. Our C-C bond lengths are larger

than those of Sawtarie et al [10] by about 0.1 A. Our C-C distances are also larger than

those listed in refs.4 and 6 for several previous studies by less than 0.1 A, except for the

value 1.46 A that is 0.2 A higher than its correspondent. We have not found any report

on the bond angles values for comparison with our calculations.

The cage structure of C20 has been optimized after steepest descent followed by

two DMD optimizations. The optimized cage has a C-C bond length of 1.55 A and a

bond angle of 108 degrees. Most of the optimized cages reported in the literature are

distorted with a C-C distance lying between 1.37 - 1.54 A [4, 5, 9,10]. But our uniform

bond length is consistent with Ke et al [16] simulations which predicted that the bond

length of the C20 fullerene has almost one type of bond length at low temperature (14

K); as the temperature increases to 270 K, the bond length distribution is almost

uniform in the interval from 1.45 A to 1.57 A, similarly to the case of C60 [17].

Fig.4 represents the landmarks of the optimization of the bow tie structure. The

energy has been minimized after steepest descent plus nine DMD optimizations. The

optimized structure (fig.4f) deviates from the starting configuration (fig.2e) and consists

of a four-side rectangular ring surrounded at each of its side width by two sixfold rings.

The four-side rectangular ring has a side length of 1.67 A and a side width of 1.62 A.



The edge intersecting two sixfold rings measures L51 A. In a sixfold ring nearest

neighbor of the rectangle, the edge close to the one intersecting two sixfold rings

measures 1.48 A, while the remaining edge, close to the rectangle, measures 1.46 A.

The values of the bond angles are 117, 120 and 123 degrees. In a sixfold ring second

neighbor of the rectangle, the edge close to the one intersecting two sixfold rings

measures 1.46 A, and the following ones measure respectively 1.48 and 1.51 A. The

values of the bond angles are 118, 122 and 120 degrees. Sawtarie et al [10] also

obtained a deviation between the initial and the final stages of relaxation for a planar

bicyclic ring. But their starting and final configurations were slightly different from

ours.

The landmarks of the optimization of the ring structure are presented in fig-5.

Once more, the final configuration (fig.5f) deviates from the initial one (fig.2a). This

result contrasts with that of Wang et al [6], Brabec et al [9] and Sawtarie et al [10], who

found the relaxed C20 ring to be regular polygon geometry. Nevertheless, Sawtarie et al

[10] mentioned that their result should be contrasted with the results for ground state

rings for n < 10, where the equilibrium configurations obtained deviates from the initial

regular structures, attaining lesser symmetry geometries. Indeed, our predictions are

consistent with those of Raghavachari and Binkley [18] who, studying the structure,

stability, and fragmentation of small carbon clusters (Cn ,n = 2 - 10), observed that the

calculated minimum energy cyclic structures are not regular polygons, but all have

energy stabilization due to lower symmetry in-plane distortions. The final configuration

shown here (fig.5f) has been obtained after steepest descent plus forty-nine DMD

optimizations. The C-C bond length measures 1.47 A.

The energy of the chain isomer has been minimized after steepest descent plus

seventeen DMD optimizations. The optimized chain is linear, and has a C-C bond

length of 1.55 A, except at the ends where it is 1.50 A. Brabec et al [9] found bond

lengths ranging from 1.26 A in the middle to 1.31 A at the ends.

3. Conclusion

This paper deals with the geometry optimization of C20 isomers structure, using

a molecular dynamics package based on Tersoff empirical potential. We have

considered various planar and three-dimensional C20 geometries: cage, chain, bowl, bow

tie, and ring. The bowl or corranulene structure was found to be the lowest energy

structure, in agreement with Wang et al MP2's predictions. From ground state geometry

to highest energy, the considered isomers, listed in increasing energy are bowl, cage,



bow tie, ring and chain. For the bow tie and the ring, the shape of the optimized

structure deviates from that of the starting configuration; while the shape of the

optimized bowl, cage and chain remains unchanged.
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Table

Table 1: Calculated total energies of the C20 isomers (units of eV)

Structure

chain

ring

Bow tie

cage

bowl

Starting

configuration

-3.32789

-3.65606

-3.95082

-5.20920

-5.79957

Optimized

structure

-3.50835

-4.92462

-5.47106

-5.74923

-6.00591

List of figures

Fig. 1: Total energy versus C-C bond length for a C2 dimer.

Fig.2: The starting configurations of C20 structures: a) ring, b) bowl, c) cage,

d) chain, e) bow tie.

Fig.3: Time evolution of. the potential energy of each C2oisomer: a) bowl,

b) cage, c) bow tie, d) ring, e) chain.

Fig.4: Landmarks of the optimization of the bow tie structure: a) steepest

descent, b to f) 1st, 2nd, 3rd, 4th, and 9th damped molecular dynamics

optimization.

Fig.5: Landmarks of the optimization of the ring structure: a) steepest

descent, b to g) 1st, 2nd, 4rd, 10th, 20th and 47th damped molecular

dynamics optimization.
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