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Quantum chemical Hamiltonians of the semiempirical type potentially provide a more reliable description of
a potential energy surface for large scale molecular dynamics than does the tight-binding (TB) Hamiltonian,
a reparametrized extended ¢kel Hamiltonian including a short range repulsion. Their performance is tested
here and compared with results from TB simulations. The methods considered are from the zero differential
overlap family of semiempirical Hamiltonians, these are the intermediate neglect of differential overlap (INDO)
method and three parametrizations of the neglect of differential diatomic overlap (NDDO) method, AM1,
PM3, and MNDO. The collision of the g molecule with a passive surface at two collision energies is the
test problem, where the higher energy leads to shattering of the molecule. The NDDO Hamiltonians are
found to give a better qualitative description than the INDO Hamiltonian at both energies and further studies
to reparametrize the NDDO form for direct MD are indicated.

Introduction minimal basis sets for molecular orbitals comprised of linear
Molecular dynamics (MD) simulation is a useful tool for Combinations of atomic orbitals (LCAO-MO), and obtain the

probing physical and chemical processes in large systems. TheMOS through the HartreeFock self-consistent-field (SCF)
simulation follows nuclear trajectories determined by Newton’s method.
law of motion, and hence information about the potential energy  In this paper we evaluate these semiempirical Hamiltonians’
of the system is needed to obtain forces. For small systems,performance using the shattering transition in the collision of
one may obtain the potential energy surface using accurate abCso0n a surface. The TB model has been employed to describe
initio Hamiltonians, and then proceed with MD simulations. For this phenomenon when the surface is modeled as well as the
extended systems, direct MD, where forces are calculated onProjectile in the MD simulatiof.” We include the TB Hamil-
the fly, is more desirable and empirical potential energy tonian as areference on the role of replacing the active surface
functions and the tight-binding (TB) Hamiltonians have been With a passive surface. The ZDO Hamiltonians have the
widely used in this connection. Both empirical potential energy advantage that they more closely resemble the underlying full
functions and TB Hamiltonians rely upon a set of parameters Hamiltonian and hence would be expected to yield better
tuned to reproduce materials properties in order to describe thegradients when parametrized for a description of the interatomic
atomic interactions in the systems considered. A fundamental Potentials. Further, in the TB model the interactions between
difference between the two procedures is that the TB Hamil- two atoms are represented by solely one-center parameters
tonian approach is a simplified quantum mechanical description Multiplied by general scaling factors that play the role of overlap
while the empirical functions use forms derived from the theory integrals in Hiekel theory which will present problems for the
of molecular interactions and not quantum chemical methods. description of heterogeneous systems. As the ZDO approxima-
The tight-binding method, which is a reparametrizetkil tion can be flexible enough to describe such systems with more
molecular orbital methdcbf computational chemistry including ~ complexity, it is likely to have advantages over the TB model
a short range repulsion, is the simplest frequently used semiemfor MD simulations involving differing types of atoms.
pirical molecular orbital method. It contains a few nonzero  The use of ZDO Hamiltonians is a step toward ab initio theory
empirical one-electron parameters that distinguish among thewhere all two-electron integrals are fully calculated and electron
various parametrizations of the ekel Hamiltonian. Higher correlation can be considered explicitly. The computational
levels of approximation are considered in the zero differential intensity of such calculations makes them impractical for the
overlap (ZDO) approximation family of semiempirical Hamil-  generation of forces for large scale MD simulations. Another
tonians?—> The complete neglect of differential overlap (CNDO) first-principles approach to the driving of MD simulations is
method does not include exchange two-electron integrals anddensity functional theory, which is more applicable than ab initio
will not be considered here. The intermediate neglect of correlated methods, but should be an order of magnitude slower
differential overlap (INDO) which includes only one-center, than an NDDO description.
two-electron exchange integrals, is considered in the param- Many research efforts have addressed thgnilecule and
etrization labeled INDO/1. The neglect of differential diatomic the related fullerenes. One of the properties that interests
overlap (NDDO) includes one-center and some two-center, two- investigators is the stability of fullerene clusters during collisions
electron exchange integrals. For this model, we consider threefor initial translational energies up to 120 eV, although there
parametrizations labeled AM1, PM3, and MNDO. All of these are experimental results which show that molecules can dis-
methods include all valence electrons in the calculation, assumesociate by surface induced dissociation (StD). The distribu-
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tion of the energy and the pattern of the fragmentation gf C well beyond the encounter of the molecule with the surface,
are of interest in many experimental as well as theoretical yet small enough that the numerical integration does not
studies, with the hope that the mechanism of the dissociationintroduce appreciable error into the calculation. The time step
can be understood. At collision energies in excess of 100 eV, for the ZDO Hamiltonians is 5 au (40 au 1 fs), while a 10 au
fragmentation can be detected on a microsecond time scale aftetime step is used for the TB Hamiltonian when the impact
surface impact, and even-numbered fullerene fragmer@ (C energy is 100 eV. At the impact energy of 300 eV, smaller time
C;re, c;) are observed experimentaliy.Studies have also  steps are required for the ZDO Hamiltonians due to the more
shown that when the collision energy is higher than 300 eV, severe nature of the physical phenomena simulated. The
the fragmentation mechanism changes to a prompt catastrophiglynamics of shattering encounters configurations that are far
shattering at or near the surface on a subpicosecond time!3cale. from equilibrium, and hence is more computationally demanding
To discern a possible mechanism for the €agmentation, ~ for the ZDO Hamiltonians. The step size varies from 0.1 au to
many molecular dynamics simulations have been done to study2-0 au, with the major concern being the convergence of the
the collision of the Gy molecule and various surfaces, using SCF during the electronic structure calculations. The TB
forces from empirical potential4:15 More recently, the tight-  Hamiltonian does not require an SCF procedure and the 10 au
b|nd|ng method has been employed to Calculate the forces Oftlme Step continues to be used. To facilitate the SCF conver-
the systen:” Here, ZDO semiempirical methods are used to 9ence for ZDO Hamiltonians, the initial guess for the molecular
study the collision of the & molecule with a passive surface, ~Orbitals at each new time is taken from the converged MOs of
i.e., one that provides only a repulsive interaction with the the previous time.
projectile. All of the ZDO-type Hamiltonians used here are  The initial configuration of the gz molecule for the 100 eV
designed to reproduce properties of large organic molecules,collision has a pentagonal face approaching the wall potential.
hence the carbon parameters are already fairly well optimized. It is advantageous in the 300 eV collision to have a single bond
As a first survey of these methods as drivers for MD simulations, facing the wall potential, as, when a pentagonal or hexagonal
we expect reasonable simulation results without further refine- face is approaching the wall, multiple bond breaking leads to
ment. Obviously, we are always free to reparametrize such amuch greater difficulty in achieving SCF convergence. Data
Hamiltonian to fit ab initio derived forces, as has been done recorded during the simulations included molecular configura-
elsewheréf1’These methods will be compared with each other tions, total kinetic energy, and center-of-mass kinetic energy,
and to the TB Hamiltonian to determine which of the semi- each as a function of time. The primary purpose of this study
empirical forms has the most promise for a reparametrization is to compare the results for ZDO Hamiltonians with the widely

specific to the needs of MD simulation. used TB Hamiltonian under the same initial simulation condi-
tions. We use the computationally simple passive surface to ease
Computational Details the computational burden of this comparison. At higher incident

energies, experimental results have been found on surfaces of

With the goal of evaluating the performance of ZDO graphite, passivated silicon, and tantaldand we will compare
Hamiltonians among themselves and with reference to the TB some of our results to these.

Hamiltonian!® we have used the INDO Hamiltonian from the
ZINDO packag€?20 and the NDDO Hamiltonians: AM3}
PM322 and MNDOZ from MOPAC 6.64in GAMESS2 All
INDO and NDDO calculations are done using unrestricted 100 eV.The molecular dynamics simulations for all Hamil-
Hartree-Fock (UHF) wave functions. Results for the TB tonians are done for 1 ps of simulation time for collisions at
simulation have been generated using the same time integration g ev. At the final time, there was no evidence of fragmenta-
algorithms as those used for the ZDO Hamiltonians. tion for any of the simulations, in agreement with what has been
The passive surface is placed in tkey plane with the seen experimentally. We define the height of the molecule to
z-coordinate defined to be zero. The passive wall potential is be the largest magnitude difference in thepordinate between

Results

written in Hartree atomic units as any pair of carbon atoms. By this definition, the initial height
of the molecule is 7.10 A and diminishes to 3.17 A at about
V, = V{1 — tanhfz)} Q) 155 fs for the PM3 Hamiltionian; 3.23 A at about 154 fs for

MNDO; 3.28 A at about 144 fs for TB; 3.37 A at about 157 fs
wherez is the distance between tih atom and the surface, for AM1; and 3.62 A at about 138 fs for INDO. We note that
andV; is the potential felt by théth atom. We seV, = 100 fthe NDDO-based Hamlltonlans give minimum heights that are
Hartree, and’ = 1.0, so that the § molecule gradually feels N good agreement with TB at roughly 10 fs later than TB. The
the potential, and the potential is repulsive enough to prevent INDO Hamiltonian is at substantial disagreement with the TB
the Gso molecule from passing over the barrier. The projectile "€Sultand is the only ZDO Hamiltonian that finds the minimum
approaches the surface at an angle of 26m the normal to ~ height before TB.
the surface. While this causes an overall rotation of the molecule, With the exception of the INDO Hamiltonian, thegdC
the initial configuration is identical and the overall rotation molecule retains the cage and oscillates around the familiar
should yield a similar face striking the passive surface to allow “soccer ball” shape after the collision with the passive surface.
for the comparison of the various Hamiltonians. In the case of the INDO Hamiltonian, the molecule never regains

We use the position-Verlet algorithm to generate the nuclear its original shape, but rather, many 3- and 4-membered rings
trajectories by numerica"y integrating Newton’s equations of are formed after the collision. Such enhanced Stabl“ty of ring
motion. Forces are calculated employing each of the five forms in INDO methods is well-known.
different Hamiltonians under consideration. Two initial kinetic In Figure 1, the longest width of the projection of the ball
energies are chosen: 100 eV, which is below the shattering onto the plane of the surface is presented as a function of the
regime, and 300 eV, which is in the shattering regime. Time simulation time. The second plot is for the TB Hamiltonian and
step sizes are chosen to ensure that the integration proceedshows an initial increase in this dimension as the molecule
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Figure 5. Kinetic energies as a function of time in au, PM3 (100 eV).
impacts the surface. At later times, the longest width of this

projection shows a complicated set of oscillations that are in time. The minimum center-of-mass kinetic energy is realized
indicative of the excitation of a number of vibrations in the when the sum of the-direction velocities becomes zero, near
molecule and this persists to the final simulation time. The or at the total kinetic energy minimum. The final center-of-
NDDO-based Hamiltonians display a similar behavior as a mass kinetic energy is realized when the cluster experiences
function of time indicating that they drive a similar molecular zero potential from the surface, near the end of the simulation.
dynamics simulation. Again, the INDO Hamiltonian yields Table 1 shows the center-of-mass kinetic energy and the
results that differ from the other four Hamiltonians, after the percentage of the initial energy that it represents at the end of
impact with the surface, at late times, this Hamiltonian leads to the simulations for the 100 eV impact. The TB simulation finds
a larger dimension with less pronounced oscillation. that the final center-of-mass kinetic energy is roughly half the
The total kinetic energy, center-of-mass kinetic energy, and initial energy for this collision configuration. Two of the three
their difference, the internal kinetic energy, are shown in Figures NDDO based Hamiltonians, AM1 and PM3, yield slightly less
2—6 as functions of time. The two numbers in each plot and slightly more final center-of-mass kinetic energies, respec-
correspond to the center-of-mass kinetic energies at two pointstively. The MNDO simulation shows a rather larger final value
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TABLE 1: Final Center-of-Mass, Efi and Internal, Ej,
Kinetic Energies for 100 eV Projecul?a in Au

AM1 PM3 MNDO INDO TB

Egn 1.834 2.271 2.782 0.749 1.897
E{Hﬂ 0.834 0.683 0.453 1.088 0.860
Egn/Ei (%) 49.9% 61.8% 75.7% 20.4% 51.6%

than any of the TB, AM1, and PM3 results. Finally, the INDO
Hamiltonian yields the only final center-of-mass kinetic energy
that is substantially less than half the initial energy and this

seems to be an additional confirmation of the poor quality of @
the INDO approximation for driving this sort of MD simulation.

300 eV. Obtaining SCF convergence for the INDO and \
NDDO Hamiltonians is more challenging at the higher energy @

because of the amount of bond breaking that is seen in the
simulation. As a result of this computationally demanding

requirement, simulations at the 300 eV impact energies are
limited to somewhat shorter simulation times. However, each
simulation is run to, at least, 500 fs at which time the interactions

Figure 7. Snapshot at ~ 200 fs, TB (300 eV).

structed diamond surfatas a function of the collision energy.
At the lower energy, there is no fragmentation during the
. L simulation, while at the higher energy, carbon chains are formed
betwgen the atoms that comprise the initial molecule and the after the collision, a phenomenon also reported in a study of
pas§|ve surface cease. ) ) the melting of fullerene&®

Figure 7 presents the configuration of thgoGnolecule, The total kinetic energy, center-of-mass kinetic energy, and
projected onto the plane of the surface, after about 200 fs of iheir gifference, the internal kinetic energy, are shown in Figures
simulation time, the impact with the surface peaked before 100 1216 as functions of time. As with the 100 eV projectile, the
fs, when driven by TB. The impact energy of 300 eV is above o numbers in each plot correspond to the kinetic energies at
the threshold for shattering of the molecule and shattering is o points in time. The smaller kinetic energy is realized when
seen in this simulation. TB gives the most (and smallest) the sum of thez-direction velocities becomes zero, near or at
fragments of all the Hamiltonians here considered. There are 4the Kkinetic energy minimum. The larger kinetic energy is
single atoms farther than a bonding distance from the rest of realized when the cluster experiences zero potential from the
the molecule, as well as 4 diatomic fragments, 6 triatomic gyrface, near the end of the simulation. Table 2 displays the
fragments, and one each of 4-, 5-, 8-, and 13-member fragmentsgyerage internal kinetic energy and the center-of-mass kinetic
Figure 8 presents the same time configuration for the AM1- energy at the end of the 300 eV projectile simulations. The
driven simulation. At this time, the simulation shows one original configuration for the 300 eV simulations is different
monatomic and one triatomic fragment separated from the mainfom the original configuration for the 100 eV case, so that
bOdy of the prOjectﬂe m0|eCU|e, which is still intact. AM1 shows Comparisons between the two energies are not on equa' footing'
the least fragmentation of the NDDO Hamiltonians. Figure 9 however they may still be suggestive. First, we note that the
shows the PM3 results which show three triatomic fragments, center-of-mass kinetic energy is a smaller percentage of the
as well as single fragments comprised of 1, 5, 10, and 35 atoms,njtial energy than was the case for the lower projectile energy
while Figure 10 shows single fragments of 2, 3, 4, 6, and 45 for each of the five Hamiltonians considered. In fact, the final
atoms for the MNDO parametrization. Again, the INDO center-of-mass kinetic energy is less for the higher projectile
simulation, Figure 11, shows a degree of binding that is greater energy than for the lower projectile energy in the case of both
than any of the others, with the molecule still intact, though the PM3 and the MNDO Hamiltonians. The INDO Hamiltonian
distorted, after 200 fs of simulation. shows the greatest increase in center-of-mass kinetic energy with

We note that the shattering of the molecule from a passive impact energy followed by the TB simulation. Again, the nature
surface using TB and NDDO Hamiltonians is in qualitative of the passive surface considered rules out the direct comparison
agreement with previous TB simulations ofs®n a recon- of our calculated results to those of experiment.
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Figure 10. Snapshot at ~ 200 fs, MNDO (300 eV).
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Figure 8. Snapshot at ~ 200 fs, AM1 (300 eV).
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L ! Figure 11. Snapshot at ~ 200 fs, INDO (300 eV).

may be due to either the fact that we only consider one initial
configuration, or that we use a passive surface that is incapable
of absorbing any of the impact energy, or both. It is clear from
our calculations that the fraction of the initial kinetic energy
that becomes final center-of-mass energy is a decreasing fraction
as the projectile energy increases.
v The difficulty experienced for the SCF convergence of the
ZDO Hamiltonians is indicative of the complexity of the
® physical phenomena involved in the collision at the higher
collision energy. The onset of bond breaking suggests that a
] number of excited states have become important for the realistic
Figure 9. Snapshot at ~ 200 fs, PM3 (300 eV). calculation of the MD forces. In this regard, the TB Hamiltonian
These results concerning the final center-of-mass kinetic does not include any excited-state effects while the NDDO
energy are in qualitative agreement with those of Blaudeck et Hamiltonians can incorporate some of these effects in an
al® They find that the final center-of-mass kinetic energy is approximate way, though the present treatment does not. It
either independent of the initial projectile energy or decreaseswould appear that a future reparametrization of the NDDO
as the projectile energy increases. We arrive at a final value of Hamiltonian based on high level ab initio results may produce
this kinetic energy that is a good deal greater than theirs. This more realistic forces for MD simulations.
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Conclusions

We compare the use of four ZDO Hamiltonians, with the
TB Hamiltonian, for the direct MD simulation of the g6
molecule colliding with a passive surface. The TB Hamiltonian
was designed for direct MD simulations while the four ZDO
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TABLE 2: Final Center-of-Mass, Egn and Internal, Ey,
Kinetic Energies for 300 eV Projectile in Au

AM1 PM3 MNDO INDO B
Egn 2.452 2.117 2.501 2.077 2.685
Et‘in 2.701 2.030 2.555 2.637 2.804
Exn/Ei (%) 22.2% 19.2% 22.7% 18.8% 24.4%

simulations showed significant fragmentation after 200 fs of
simulation time. These results are in qualitative agreement with
both experimentd? and theoreticdl'®> studies. The INDO
Hamiltonian showed no such fragmentation in the higher energy
simulation.

The partitioning of the initial kinetic energy into center-of-
mass kinetic energy and internal energy is different at the two
impact energies. The percentage of the initial kinetic energy
that is realized as final center-of-mass kinetic energy is less for
greater impact energy. This behavior is seen by all five
Hamiltonians, however, the INDO simulation shows a markedly
smaller percentage at the lower collision energy than any of
the other four simulations. As we have considered only one
initial configuration for each energy, no conclusions about the
guantitative behavior of these simulations in comparison to

Hamiltonians have been parametrized for use in electronic €xperiment, seems justified.

structure calculations. The collision is studied at two impact

By comparison to the TB Hamiltonian, the three NDDO

energies, 100 eV, which is below the shattering regime and 300 Hamiltonians, AM1, PM3, and MNDO, seem to give reasonable
eV, which is in the shattering regime. After one picosecond of qualitative agreement for these simulations. The NDDO Hamil-
simulation time, there is no evidence of fragmentation for the tonians have not been specifically parametrized for MD and so

simulation at the lower energy from any of the Hamiltonians

we anticipate that reparametrization of the NDDO form may

considered. At the higher energy, the TB and all three NDDO well lead to superior performance in providing input to MD
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