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Abstract

We have investigated the size-dependent stability and structure of ben-

zene, aluminum-benzene, and vanadium-benzene clusters. Motivated by gas-

phase experimental studies performed by an experimental collaborator, we have

used first-principle electronic structure methods to identify the structure of

Al+(Bz)n, V +(Bz)n, and Bzn clusters. Our studies reveal that cationic aluminum-

benzene clusters have a magic number of 13, and that its high stability may be

understood by analyzing the structure of the cluster. We also investigate the

structure of vanadium-benzene clusters which have a magic number of 2. Here

I examine the benzene-cation and benzene-benzene interactions that lead to

these magic numbers, as well as their geometric shell structures and their for-

mation/solvation.
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Chapter 1

Introduction

Studies of the metal-benzene clusters is an extremely promising area of re-

search as it can provide a fundamental understanding of the role of intermolec-

ular and ion molecular interactions in governing the molecular arrangements in

solutions and solids.[1, 2] Aromatic interactions are important in many materials

and in biological systems motivating the need for highly accurate understand-

ing of these weak interactions. Such an understanding is needed for a molecular

insight into processes including solvation of ions by molecular clusters and ion-

induced nucleation. Studies of the gas phase clusters is an important area as

one can change the relative proportion of the ion-molecular and inter-molecular

interactions by changing the size and the charged state.[3] One of the funda-

mental questions that we address is how a combination of such interactions can

lead to unusually stable clusters.

For metal clusters, it is well known that small clusters exhibit “magic sizes”

that appear as the peaks in the abundance spectra of the clusters generated in

molecular beams. The origin of the “magic clusters” is generally understood

within a model of the confined nearly free electron gas. Here, the electronic
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states are grouped into shells, much in the same manner as in an atom or as

in a nucleus within the nuclear shell model. When the electron count is such

that the electronic shells are filled, the cluster exhibits enhanced stability and

chemical inertness. These features have given rise to the concepts of superatoms

as stable clusters that can mimic the chemical characteristics of atoms in the

periodic table. As we will show, the mass spectra of ionized clusters composed

of a metal atom surrounded by benzene molecules also exhibit sizes that are

particularly stable (have higher mass intensity) compared to the neighboring

sizes. Benzene is not a metal and the metal benzene clusters do not constitute

a nearly free electron gas. Benzene, as we will show, do however does have a

quadrupole moment. How does then the combination of metal-benzene and

benzene-benzene interactions lead to unusually stable species? The present work

is directed to answer some of these fundamental questions.

1.1 Background and Applications

Benzene clusters are agglomerations of 2 or more benzene molecules, and serve

as an intermediate phase between that of a liquid and a gas. Benzene clusters are

a particularly difficult type of cluster to study because the binding between the

benzene molecules is weak, and the interaction is driven by non-covalent interac-

tions that are difficult to evaluate using first-principles methods. An additional

challenge is that the experimentally observed benzene clusters are usually ions,

because neutral benzene clusters cannot be analyzed using mass spectroscopy.

Force field methods for determining the structure can be done for neutral ben-

zene clusters, however finding an accurate force field model for the ionized ben-

zene cluster is challenging. The alternative is to use first-principles methods,
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however delocalization error leads to the accuracy of these first-principles cal-

culations to be poor. To overcome these difficulties, we have performed a com-

bined theoretical and experimental study on metal-benzene cation clusters. The

electron hole is localized on the metal ion, so first-principles methods on these

systems are more accurate than in ionized plain benzene clusters. This allows

us to analyze the structure, stability, and origin of stability of metal benzene

clusters, and compare our results with experiments to test our hypotheses. This

means that metal-benzene clusters are an ideal model system to study and an-

alyze the difficult non-covalent interactions between benzene molecules.

A more applied reason for studying these systems include the role of metals in

the breakdown of fuels. Metals may be used in a wide variety of catalysts, and

the interaction between metals ions and aromatic hydrocarbons such as benzene

may play an important role in their activity, coking, and breakdown. Interest

in this topic is in part due to the increasing need for efficient aircraft engines

that cost less fuel to run. There are several factors that contribute aircraft

fuel burning efficiency, and it has been found that benzene and soot are good

tracers for the inefficiency (if benzene levels drop, efficiency increases). Finding

out how benzene clusters interacting with one another and with other emissions

(like metals) can help to better understand what we can do to increase the fuel

burning efficiency [4].

In a plain benzene cluster the benzene-benzene interactions alone are weak, but

adding an aluminum or vanadium atom to that cluster we find that the benzene

interacts much more strongly with the metal than with other benzenes. In the

aluminum-benzene clusters we investigated, the benzene forms solvent shells

around the aluminum and is much more strongly bound to the metal core than

to other benzenes, and this is shown experimentally as well. This is character-

istic of a charge transfer complex where for example a cationic core is a good
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acceptor for surrounding benzenes to donate charge to. The benzene molecule

has charge distributed unevenly giving it more negative faces than sides so that

the most likely place that it would donate charge from is in fact its face which

we confirm in our investigation. In vanadium-benzene clusters we found an

expected sandwich covalent bond at the core of the cluster and then in larger

clusters the same as aluminum where they primarily faced the center.

1.2 Magic Numbers

Magic species or their corresponding magic number is caused by a particular

cluster having unusually high stability relative to other sized clusters. Depend-

ing on the experimental conditions the stability may be caused by energetic

stability, geometric shell closure, electronic stability, or chemical stability. The

origin of this stability may have many different causes depending on the sys-

tem. We emphasize that the origin of stability in solvent clusters like water

and benzene are quite different than the well-known magic numbers in metallic

clusters. The identification of highly abundant, “magic” species in the mass

spectra of clusters have proven valuable in nanoscience, leading to the discovery

of fullerenes, and the electronic shell structures of metallic clusters. This con-

cept originally comes from the nuclear shell model wherein certain numbers of

nucleons in the nucleus have higher binding energies than other numbers of nu-

cleons. The binding energy is largely attributed to the geometry of the nucleus

and these magic numbers can be thought of as the numbers that hard spheres

may find they fit closest together in. Energetically the preference of nuclei to

these magic numbers can be thought of as the preference of electrons to fill or

empty valence shell orbits. Magic numbers may come from a variety of different
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Figure 3.6: Smooth density histograms of the difference in the two angles θi j
against the distance between the pair of benzenes ri j
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have nearly zero angle difference. Looking at the plot of only T and pd isomers,

we see that these vanish indicating that while the angles they make with their

common distance vector are similar, their area vectors still point in different

directions. This is our “fake” parallel displaced isomer as seen in fig. 3.4 and

with so many of these in aluminum near one another we may guess that these

are the ones surrounding the aluminum core. After checking, we confirmed that

these are actually the first solvent shell that forms around the aluminum.

We also modified our method above to find just the distance between each

pair of benzenes across all clusters. We found that these distances were sectioned

off into relatively gaussian distributions (see fig. 3.7). This helps support the

claim that the benzenes are forming discrete geometric shells around the core.

The fact that the first peak and second peak have a clear separation means

that we can investigate all of those below around 6.7
◦
A for nearest-neighbor

interactions between benzenes.

From the distributions of the The amounts by which the counts of the lowest

peak increase for each cluster size can tell us how densely packed our clusters

are. To get these we first found the total number of benzenes within a range

of 0-6.7
◦
A for each cluster, then found the change in that total from the n-1

cluster to the n cluster. For comparison the change in total number of possible

interactions would be a linear trend; starting at 3 it would be 2, at 4 would be

3 and so on. We plotted these differences in fig. 3.8 and found that the overall

changes in density of the clusters strongly resembles the binding energies of

those clusters. This gives us another way of showing that 13 is a magic number

in each of these clusters.

With this we can reason that clusters who have more benzenes that are

closer to one another and therefore have greater density. With a greater density

here we see a direct correlation to binding energy of our system. The peak
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Figure 3.7: Histograms of all the ri j for each cluster type.
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Figure 3.8: The changes in nearest benzenes against cluster size
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around 13 is common in each which is no coincidence if the binding energy is

strongest in 13, then the packing density should also be at a local maximum.

It is also worth mentioning that this not only resembles the peaks at 13 but

also the smaller peak at 11 in aluminum-benzene clusters and several other

characteristics of the binding energy graphs as well.
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Chapter 4

Conclusion

We have confirmed experimental findings, that 13 is a magic number in

aluminum-benzene clusters as well as in vanadium-benzene clusters. There

are solvent shells that are apparent in both sets of clusters which give rise to

these highly stable species. In aluminum-benzene clusters each benzene is only

interacting from a distance with the aluminum and the system is like that of

a charge transfer complex. In vanadium-benzene clusters the vanadium center

forms covalent bonds with the two sandwich benzenes directly surrounding it.

The rest of the benzenes form around this sandwich structure all facing the

sandwich. In general conclusions cannot be drawn from only this because the

geometry must be taken into account for each cluster, however some general

conclusions may be drawn still. For example, it appears that in the sandwich

structure the vanadium cation remains overall positive in smaller clusters to

make the other benzenes that form around it face toward it. In larger clusters

however, we see that the preference is not actually towards the center but to-

wards the hydrogens. This means that the sandwich structure must quench the

vanadium’s field appreciably so that the quadrupole-quadrupole interactions of
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the benzenes has a visible effect still.

These geometries ultimately give rise to the magic numbers appearing in the

binding energies for each set of clusters. The link between the geometry of the

system and the binding energies can be best described by the density of the

benzenes in each cluster size. This is found by the difference in nearest ben-

zene count between each cluster size and has been shown to closely resemble the

binding energies. Even though the solvent shells do not form the same way for

aluminum and vanadium, these magic numbers in the geometry indicates that

there is something that is even more fundamental about this interaction. The

study of metal benzene clusters can help us understand the fundamental interac-

tions between benzene molecules in a way that combines experiment and theory.
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