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ABSTRACT

The chemistry of fullerenes, which are a class of carbon allotropes that can be
prepared by vaporization of graphite in an electric arc in a low pressure atmosphere,* has
become a topic of much experimental and theoretical study over the past 25 years.

Herein we present a series of theoretical studies related to recently discovered or studied
endohedral metallofullerenes (EMF) and a theory as to the selective stability of certain
isomers of EMFs.

Computational treatments of the anions of Cgy and Cg, are presented and
compared in an effort to gain an understanding and predictive model for which isomers of
each cage size EMF will be most stable. A model is proposed in which the pentagons of
fullerene anions are seen as charge localization centers that repel one another, making the
pyracyclene bonding motif much more unstable for fullerene anions than for fullerene
neutral cages.

Computational treatments are also presented for two newly discovered EMFs,
Y,Co@Cg, and Gd,@C9N. Y,Co,@Cog; is reported to exhibit a previously undiscovered
mode of internal cluster rotation, while Gd,@CgN is shown to have unusual stability for
an azofullerene with a large spin quantum number (15/2).

Finally, computational techniques are employed to predict the thermodynamic

feasibility of a chemical reaction replacing one metal atom in a trimetallic-nitride



template (TNT) endohedral metallofullerene with different metal atom. At least two of

these are predicted to be thermodynamically practical.
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OVERVIEW OF THESIS

Chapter one of this work presents a literature review of the background and
history of fullerene computational modeling, focusing on endohedral metallofullerenes

(EMF) and systems related to EMFs.

Figure 1: Model of Ca@(134C5,)Cq4 discovered by Dorn Group.

In chapter two we present the results of the computational modeling of the
complete set of 134 isolated pentagon rule Cg,* dianion isomers at the B3LYP/3-21G
level of theory.? The isolated pentagon rule (IPR) states that for most stable fullerenes,
none of the twelve pentagons found on the surface will share a common side. Our reason
for investigating the dianions of Cg, is that the isomer found to encapsulate calcium or
thulium in Ca@Cgy4 or TM@Cg4 Was not the isomer predicted by Slanina and verified by
Richter’s experiments>* to be the most stable for the Cq4 neutral empty cage.® The
hypothesis that we set out to verify is that the arrangements of the pentagons around the
cage not only affects its overall stability, but also its electron affinity, second electron
affinity, etc. Our focus in this chapter is on the combination of the first and second

electron affinities, which we will refer to as the dielectron affinity. This work has not yet



been published but was presented as a professional talk at the meeting of the Virginia
Academy of Sciences in Richmond, VA in May of 2009.°

In order to develop a better understanding of the effect of the relative positions of
the pentagons on a fullerene cage, we have modeled all of the IPR isomers of the Cg set
at charges between 0 and 6- with the B3LYP density functional utilizing the 6-31G* basis
set. Cgo Was chosen because of its relatively small number of IPR isomers (seven). The
energy of each isomer was plotted as a function of charge for each isomer, and then
compared with the numbers of each bonding motif for each isomer. These results are
detailed in chapter three of this work. This work is not yet published but was presented
in a professional talk at the Southeast Regional Meeting of the American Chemical

Society in New Orleans in 2010.’

Figure 2: Model of Y,C,@C,,, shown with pyracyclene carbon atoms highlighted in blue.
Chapter four of this work details modeling of the Y,C,@Cg, molecule. The cage
for this molecule has D3 symmetry and appears to be very similar in structure to the
Gd,C,@Cs; first characterized by Liu and Balch (see Figure 2 above).® Our interest in
this molecule from a computational perspective originated from the motion of the yttrium

carbide cluster within the cage. Line broadening in the *C-NMR at high magnetic fields



observed by Wujun Fu (Ph.D. 2009) in our group suggests rotation of the cluster within
the cage. Computations so far show a very low energy barrier (~12 kJ/mol) to cluster
rotation within the cage, but in a carousel-like motion as the negatively charged carbide
atoms avoid approaching the three bonds on the cage that match pyracyclene bonding
motif (see the blue colored atoms in Figure 2 above). Density surface mapping of the
molecule without the carbide (C,%) shows unexpected electron density within the cage
behind each of these bonds (See Figure 3 below). Additionally, the Y,C,** cluster is
modeled inside of a series of cages ranging from Cg, to C100. These models are compared
to experimental results for both Y,C, fullerenes and Y,Cs, a compound that exhibits
superconducting behavior when compressed under large pressures.

Part of the results of my work on this project were published in conjunction with
Raman evidence obtained by our collaborator, Brian Burke at the University of Virginia,
that supports the hypothesis that the carbon atoms are tunneling from one position on the
“carousel” to another without passing through the space in between.® However, the bulk
of the computational work | did on this project was accepted for publication on April 13,
2012 by the Journal of the American Chemical Society in an article titled “Nanoscale
Fullerene Compression of a Yttrium Carbide Cluster”.”® | have also reported this work in
a professional talk at the international meeting of the Electrochemical Society in

Vancouver, BC in 2010.1*



Figure 3. Translucent density surface map of Y,@Cq,

Chapter five of this document details computational models of the Gd,@C-9N
molecule. The focus in this work is on the unexpectedly high band gap of this species,
and on the locations of the 15 singly occupied molecular orbitals (SOMO) on the
molecule. This work has been published in the Journal of the American Chemical
Society in 2011.%

Chapter six of this document shows computational modeling of the
thermodynamics of the hypothetical so-called “metathesis” reaction. In this reaction, one
scandium atom in a molecule of ScsN@Cgo would be replaced by another metal atom
such as Gd, Y, Lu, La, etc. Jason Zhang and Hunter Champion from our group have been
working on the experimental details of such a reaction. | reported the computational
evidence for the plausibility of these reactions at the international meeting of the

Electrochemical Society in Montreal, Quebec in May of 2011.%



YXSCEF—X@I(:1E{]‘ X:].. 2._ 3

Figure 4: Example of proposed metathesis reaction.

Finally, chapter seven of this document presents a summary of findings as well as

several possibilities for future computational research on fullerenes.



CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

INTRODUCTION:

The chemistry of fullerenes, which are a class of carbon allotropes that can be
prepared by vaporization of graphite in an electric arc in a low pressure atmosphere,* has
become a topic of much experimental and theoretical study over the past 25 years. The
first report of experimental production of fullerenes in a refereed journal was in
November of 1985 when H. W. Kroto and his collaborators found, using time-of-flight
mass spectrometry, a cluster containing 60 carbon atoms in the products of laser
irradiated graphite.* Kroto’s group postulated the truncated icosahedron structure for
this species in which sp? hybridized carbon atoms are found at each vertex of a structure

similar to that of a soccer ball (see Figure 5 below).

Figure 5: Truncated icosahedron and soccer ball. (This image was copied with permission from

reference number *°)

At that time, Kroto’s group did not have experimental evidence to support this
hypothetical structure. Kratschmer’s 1990 experiments gave some spectral support to
this hypothesis via infrared spectroscopy.’ Later that same year, Kroto’s group was able
to add additional experimental evidence to the validity of their proposed truncated
icosahedron structure of the Cgo molecule using Carbon-13 NMR.® The existence and

structure of the C7o fullerene was also confirmed in this same work. Since then, Cgo and



C1o have been discovered to exist in nature in Precambrian rocks,'” and more recently, in

outer space, particularly in “young planetary nebulae”.*®

Figure 6: Models of Cg(l,) and C4o(Ds). Each corner represents a carbon atom.

In order to develop a more systematic theory of fullerenes, it is important to
define what a fullerene is and generate a list of the theoretically possible fullerenes. A
fullerene is defined as a closed-shell, pseudo-spherical molecule composed entirely of
carbon atoms in fused five and six membered rings. For a fullerene containing n atoms
(Cy), the cage will have 12 pentagonal faces and n/2 — 10 hexagonal faces.?
Manolopoulos has postulated that all possible isomers of all fullerenes (C,,) can be
predicted via a “spiral algorithm” where the fullerene is thought of as an orange that is
able to be peeled one face at a time in a continuous spiral about the cage.'® Using this
algorithm, Fowler and Manolopoulos were able to write a computer program to generate
all possible isomers for all fullerenes (C,) for n < 100.2

This algorithm generates a very large number of possible isomers (1812 for Cg
alone), but relatively few are found in experiment. For example, only one is found for
Ceso. It became convenient, even necessary, to develop a system to further narrow the list
of possible isomers for each fullerene (C,). Both experiment and theoretical

computations have shown that in general, the most stable fullerenes are those with the 12



pentagons as far apart from one another as possible.”® The smallest possible fullerene
with no fused pentagons is Ceo(l1), which is why this is the smallest found in significant
amounts in experiments. The fact that no fused pentagon, empty cage fullerene isomers
are found in significant quantities in experiment is referred to as the Isolated Pentagon
Rule (IPR). The closer pentagons are found together on a fullerene the more strained the
bond angles are in that area.”* If consideration is confined to only those isomers that
obey the IPR, this narrows down the number of possible isomers considerably (for
example; one in the cases of Cg and Cyo, Seven in the case of Cgp), but the number of IPR
isomers for each fullerene (C,) also grows rapidly as n gets larger (134 for Cg4, 450 for

Cloo).2,22

Figure 7: Models of the three isomers of Cg isolated by Kikucki et al. The D3 isomer is on the left
with the two C,, isomers in the center and on the right.

Of the five possible IPR isomers of C;g, only two were found in the empty cage
form in the plasma-arc soot by Diederich et al in 1991, a C, isomer and a D isomer.
However three isomers were found by Kikuchi et al in 1992 in a 5:2:2 ratio with the
dominant isomer being the other IPR C,, isomer not seen at all by Dietrich, while the
minor isomers are the same as the two found by Diederich (see Figure 7).2* These
competing findings suggest that the concentrations found for isomers of a given cage size

especially depends on kinetic factors more critically than the thermodynamic stability of



the isomers, at least when the thermodynamic stabilities of two or more competing

isomers are close to one another.

Figure 8: Models of the two isomers of Cg, isolated separately by Diederich et al and Kikuchi et al.
The dominant D, isomer is on the left. The D,y isomer is on the right.

However, of the 24 possible IPR isomers of Cgg4, only two are found (a D, and a
D4 isomer), in a 2:1 ratio by both Diederich et al, and Kikuchi et al, suggesting that for
some cage sizes, thermodynamic stabilities do override Kinetic effects regardless of
experimental parameters.?*?® All of this leads to the desire to develop a more
comprehensive theory of the stabilities and mechanisms of formation for fullerenes, some
of which can be accomplished through quantum mechanical modeling of isomers for each

cage size.

EARLY THEORY:

The possible existence of fullerene type molecules was postulated theoretically by
Osawa, Davidson and Jones, independently from one another, several years before the
first experimental evidence for them was gathered.?®?® Jones in particular asserted in
1966 the possibility that “graphite balloons” might be generated by modifying the
procedure for high temperature graphite production.”® Computational modeling of

fullerene cages began as early as 1986 using fairly simple computational methods such as



the Hiickel Model, MNDO (Modified Neglect of Differential Overlap)?® and various
other semi-empirical methods, primarily on the experimentally abundant Cg I, and C7g
D5h_21|30-33

In the mid to late 1980s, ab initio computations on molecules of this size were
still quite difficult from a computational standpoint,**® but there were groups who had
the resources and performed these computations. These computations were done using
fairly small basis sets (STO-3G, 3-21G, etc) and were mostly intended to prove the
possible existence of a Cgo I, molecule rather than compare the stability of one isomer to
another.>>3

In the early 1990s, interest began growing in what is called the “higher
fullerenes”, fullerene type molecules with more than 70 carbon atoms on the cage.
Manolopoulos’s spiral algorithm®® was used to generate possible structural isomers for
these larger cage sizes and the Hiickel Model was used to predict whether one isomer was
more stable than the others in a particular isomeric set. 3%

Once lists of possible isomers for the higher fullerenes became available, efforts

to predict the most stable isomer for each isomeric set intensified. In 1992, two groups,

4 41
.40 l.,

Raghavachari et al.™ and Zhang et al.,”” worked separately to determine by semi-
empirical means the most stable isomer(s) of the Cg4 cage. This case was particularly
interesting because of the 24 possible IPR isomers for Cgs,* it seemed by NMR evidence
that two or more must exist in the plasma-arc soot.”> The two groups both came to the
same conclusion that the two most energetically favorable isomers are nearly

40,41

isoenergetic, a D, isomer and a D,q isomer. Zhang’s paper was particularly important

in that it was the first to report energy computations on a full isomeric set for a higher

10



fullerene with a non-trivial number of IPR isomers.? Later in 1992, another group
(Bakowies et al.) built upon this work by modeling all 24 IPR isomers of Cg4 using ab
initio methods, which confirmed the findings of Zhang and Raghavachari.*?

As stated earlier, Crg is also prepared as an isomeric mixture of two or three
isomers (depending on experimental parameters) in plasma-arc soot.”>?* In 1992,
Bakowies et al. performed ab initio computations on the five IPR isomers of C;g and
found two different nearly isoenergetic C,, isomers to be the most stable, followed
closely by a D3 isomer. These findings were in agreement with NMR studies discussed
earlier in which Diederich’s group found one C,, isomer and one D3 isomer and Kikuchi
found the same two isomers plus an additional C,, isomer.?*?* It has been suggested that
one of the C,, isomers, though energetically favored over the other C,, isomer and the D3
isomer, is only kinetically favored under certain experimental conditions and was
therefore not observed by Diederich’s group.*® These findings were later confirmed by
Raghavachari and Rohlfing.*!

For Cys, there are three possible IPR isomers, but what makes C7s an interesting
case is that two of these are an enantiomeric pair of D, isomers (the third is a T4 isomer
that undergoes a Jahn-Teller distortion to a D4 conformation).®” In 1992, Colt and
Scuseria studied this smaller isomeric set using Hartree-Fock theory with the STO-3G
basis set to confirm the stability of the D, enantiomeric pair in comparison with the
Tg>Dyg isomer.®
INCORPORATION OF STATISTICAL MECHANICS:

The computational background covered so far focused entirely on the electronic

energy of each molecule while ignoring entropic effects. In 1979, Slanina began to apply
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a computational method for comparing relative stabilities of isomers in isomeric systems
to molecular clusters. This method incorporates all of the terms necessary to compare
Gibbs free energies of the isomers, rather than just the electronic energies.*® The
procedure combined the use of quantum mechanical modeling with equations from

statistical mechanics to give an equation for predicted mole fraction, w;, as follows:

W, = r?i EXP [_(eo,i _eo)/(kT)] (1)

qu EXp [(eo,j _eo)/(kT)]

=

Where q; is the product of translational, rotational and vibrational partition functions for
the i™ isomer of an isomeric set and €0, Is the ground state electronic energy of the i
isomer of the isomeric set and ey is the ground state electronic energy for some reference
isomer. This equation can be rearranged and expressed in terms of Gibbs free energy

values.

W = exp[-AG,; /(RT)] )

| iexp [-AG; /(RT)]

AG; is the difference between Go; for the i isomer and the Go; for some reference
isomer, usually the isomer with the lowest Gg;. Gaussian 03 calculates the electronic
energy (Eciec) and the nuclear repulsion energy (Enyciear) Using the method specified in the
input file and then automatically predicts the Gy ; term for each isomer when a frequency
computation is requested. Several assumptions, summarized in the following derivation,
are necessary in order to make this prediction.*’ Total energy is defined by the equation:

E=E,. +E

elec nuclear

+ Evib + E + Etransl (3)

rot
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where Egjec, Enuctears Evib, Erot, @nd Egrangt are the electronic, nuclear repulsion, vibrational,
rotational and translational energies of the molecule. The rotational and translational
energies are computed with the assumption that they are directly related to the Kelvin

temperature:*®

Erot = Etransl = EkT (4)
eo,i from equation 1 can be represented as:
eO,i = Eelec + Enuclear (5)

Vibrational frequencies are computed by taking the second derivatives of the quantum
mechanical energies with respect to the Cartesian coordinates for each nucleus, and then
converting those coordinates to mass weighted coordinates for the purpose of calculating

the frequencies using harmonic approximation.*°

Go and Hg are defined by:

G,=H,-TS, (6)
And

H,=E+PV (7
Combining equations (3) through (7) we get:

G, =ey; +Ep + Eot + Eyang + PV =TS, (8)
Making the ideal gas assumption that

PV = NkT ©)
Where N is equal to one molecule, giving:

G, = €y, + Euio + E/ot + Eqang + KT =TS, (20)

rot
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The molecules being studied are solid at the temperature being assumed in the
computations (298.15K), so the ideal gas law assumption is not valid. But since the error
would be about the same for each isomer, the error introduced will be subtracted out
when AG; are calculated. Sp for each isomer is calculated using standard statistical
mechanical thermodynamic connection formulas that can be found in statistical
thermodynamics texts like those by McQuarrie*® or Nash.>* A spreadsheet can be
constructed using the same formulas from McQuarrie’s text used for the entropic terms
providing Go; for each isomer at various temperatures.

Slanina first applied this procedure to fullerenes in 1987 when he calculated G
for Ce Iy and C7o Dsp, at a range of temperatures from 298 K to 5000 K and pressures
from 2.113X10” atm to 10° atm, using a variety of semi-empirical methods, in an effort
to determine whether the percentage of each fraction in the plasma-arc soot was
dependent on the temperature and pressure of the plasma-arc chamber.>

In 1993, Slanina’s group applied this method to compare the relative stabilities of
all five IPR isomers of C;g for the purpose of finding the temperature dependence on the
predicted equilibrium mole fraction of each isomer. Their work demonstrated that the
differences in composition found between the original experiments of Diederich et al.?
and Kikuchi et al.* (vide supra) were more likely due to a thermodynamic effect than a
kinetic effect as the semi-empirical computations showed that the thermodynamic
properties of several of the isomers are significantly temperature dependent.*

In 1995, Slanina applied this same technique to the 24 IPR isomers of Cg4 in an
effort to show the temperature dependence on the relative stabilities of the isomers as it

relates to their chirality.>* Slanina’s group modeled the 24 isomer IPR Cgy set in two
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different ways. In the first set of computations, they modeled the set as 35 different
isomers, 13 achiral isomers and 11 enantiomeric pairs. In the second set of computations
they ignored one enantiomer from each pair, accounting for only 24 isomers.

They found that accounting for chirality effects does make a significant difference
in the predicted temperature dependence of thermodynamic isomeric stability. The
computations accounting for chirality gave much closer agreement with the 2:1 ratio
between isomers the D, and Daq isomers shown by NMR evidence.?*? In this same
study, they also reported that the most stable Cg4 isomer varied significantly with
temperature.

In 1996, Slanina’s group modeled all seven IPR isomers of Cgg, Which had not yet
been isolated in experiment, using semi-empirical techniques.> In this work, they found
the most stable isomer to be dependent on temperature. Cg electronic structure had been
previously studied in all seven IPR isomers by Nakao et al. using ab initio methods, but
they had ignored temperature and entropic effects.”® In 1997, Slanina again reported on
Cso (Cgs and Cgg Were covered in the same paper) using ab initio methods as high as
HF/4-31G to confirm their previous work.>” The Cg isomeric set presents an interesting
case for future study that will be developed later in this work, in that the isomers
predicted by both Slanina’s and Nakao’s groups to be most stable are not the ones found
in tri-metal nitride templated (TNT) endohedral metallo-fullerene (EMF) Cgo such as
ScsN@Cgo.>®

In 2003, Slanina used the same Gibbs free energy based, temperature dependent
means to computationally study the 20 most stable of the 134 IPR isomers of Cgs.>° That

same year, his group published another paper presenting a semi-empirical treatment of all
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134 IPR isomers of Cgy4 and ab initio treatment (HF/4-31G) of the 20 most stable IPR
isomers.”> These two publications agreed with experimental results for the four most
stable empty cage Co4 isomers.®* This case again presents an interesting future study in
that when the EMF Ca@Co,4 Was later isolated, the geometry found for that cage was the
one ranked 76" most stable by Slanina’s group.?’ This case will also be discussed in
more detail later in this document.

Although Slanina had previously ignored excited state contributions, which could
be important at the elevated temperatures associated with the plasma-arc synthesis
method for fullerenes, in their relative stability computations, the Slanina group
reinvestigated the Cg isomeric set using their Gibbs free energy approach with semi-
empirical methods, but this time accounting for excited states using the ZINDO method,
in a paper published in 2004.®* However, there was almost no difference in the relative
stabilities calculated at low temperatures when accounting for excited states of the Crsg
isomers as opposed to ignoring the excited states. There was a noticeable difference at
higher temperatures, but still only marginally significant at best.

In 2006, Slanina’s group added the excited state energies to the partition function
for the Cgo isomers and noticed a more significant difference in predicted equilibrium
mole fraction at higher temperatures than they did in the C7g case.?> One possible reason
for this is that the dominant species in the Crg case are significantly more stable than the
Cgo isomers and the lower band gap for the Cgo Species gives rise to a higher probability
for excited state population.®® Slanina postulated that these effects may even be more

significant in endohedral metallo-fullerenes.®
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ENDOHEDRAL METALLO-FULLERENES (EMF):

Kroto and Smalley’s original 1985 paper, introducing the first experimentally
produced fullerenes, suggested that the width of the interior of the Cg, cages was
sufficient (on the order of 7 Angstroms) to allow for the insertion or enclosure of other
atoms.™ Later that same year, this group introduced the first endohedral metallofullerene
(EMF), a Cgp cage with a lanthanum atom inside of the cage, as well as several other
larger cages, each containing one lanthanum atom.®* This finding was later reproduced
on a larger scale with the finding that La@Csg, was particularly stable.®® La@Cg, was
produced on the milligram scale the following year and characterized by mass
spectrometry and EPR.®® Over the next couple of years, advances were made in
generating measurable quantities of EMFs containing one or more metal atoms including

lanthanum, yttrium, scandium, potassium and many others.®’

Figure 9: Model of La@Cg, using van der Waals radius for lanthanum.
In 1999, the Dorn group at Virginia Tech introduced a new type of EMF that they
dubbed the “trimetallic nitride templated” (TNT) fullerene. This consists of a fullerene
cage, Cg Or larger, containing a trigonal planar complex of three metal atoms and one

nitrogen atom. The first experimentally produced TNT was ScsN@Cgo. The
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experimental procedure used to generate TNTs was similar to that used to generate other
EMFs with the exception that a small amount of nitrogen gas is mixed with the helium
usually found in the reaction chamber.”® TNTSs, in particular GdsN@Cgo and LusN@Cago
have become of increasing interest because of their unique magnetic properties and

possible medical uses.®®7

Figure 10: Model of ScsN@Cg using van der Waals radii for scandium and nitrogen.

Modeling of EMFs is significantly more complicated than empty cage modeling
for several reasons. First of all, EMFs do not always follow the isolated pentagon rule.”’
For larger cages this can increase the number of possible isomers to be investigated by a
significant number. It appears that electrons transfer from the metal to the cage, giving
the cage a net negative charge. If a particular isomer has an open-shell configuration,
adding electrons to the cage could fill in the empty orbitals in the open-shell, closing the
shell and stabilizing the molecule. Conversely, when electrons are added to a cage that
has a closed-shell configuration, those electrons would add to a higher open-shell,
destabilizing the molecule..”

Another complication of modeling EMFs is the presence of the metal itself. Basis
sets that model carbon fairly accurately are not always reliable for metals, particularly

larger metals like transition metals and lanthanides.’® Manolopoulos and Fowler proposed
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a method for overcoming this problem in 1991 when they began to model the dianions of
the IPR isomers of all of the cages between Co and Cg.® In this work, they show that
each charged fullerene C,> where n is an even number between 70 and 90 has at least one
closed shell IPR isomer. These computations (performed at the Elementary Hickel level
of theory) predicted the correct isomer for even more charge (3-) cage of the La@C4 and
La@Cg, molecules that had been previously isolated and characterized.®

As early as 1998, ab initio, density functional theory (DFT) computations of
relative stabilities for EMFs were reported by Kobayashi and Nagase involving M@Cs;
(M =Sc, Y, La, Ce, Pr, Eu, Gd, Ybh, Lu).#* In order to perform these computations, they
had to find a basis set capable of handling the lanthanides with partially filled f orbitals.
For the lanthanide atoms, “effective core potential” (ECP) basis sets developed in 1993
by Cundari and Stevens were used.®* Lanthanide basis set development has advanced
significantly since that time,®*®° but the predictions given then seem to match
experimental results that were being reported, namely that the C,, IPR Cg, isomer was
favored in the M@Cs; rather than the C; isomer that was favored in the empty cage.®? In
2004, Senapati et al. performed more detailed computations on the C,, isomer of
Gd@Csg, with the hopes of gaining a better understanding of its electronic transport
properties.?® In this case, the CEP-121G®’ basis set was used for gadolinium and the
results of the computation were in satisfactory agreement with experiment.®®

In 2001, Slanina’s group applied their Gibbs free energy based, temperature
dependent method for predicting the most stable isomer to Mg@C-, using the MNDO/d
technique.®® Four isomers were studied; the only IPR isomer for C;,, two selected fused

pentagon isomers, and an isomer with one heptagon. Near room temperature, the model
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predicted only the IPR isomer in significant mole fractions, however, at temperatures
above 3000 K, the two fused pentagon isomers were more significant than the IPR
isomer. Slanina later repeated these computations at the higher CIS level of theory using
the LanL2MB and the LanL2DZ basis sets while also accounting for excited states in the
computation of the partition function. The results found were close to those found in his
2001 paper.™

In 2004, Slanina’s group also modeled the nine IPR isomers of Ca@Cs; using
their Gibbs free energy, temperature-dependent method. In this case they accounted for
excited states, for comparing relative stabilities of isomers. They used the B3LYP
density functional and the 6-31G* basis set for energetic, and B3LYP density functional
with the 3-21G basis set for entropy.®® This was an intriguing task because of the number
of possible IPR (nine) isomers and the number of already known isolated isomers from
experiments (four). Slanina’s group’s predicted four of the nine possible IPR isomers to
be more stable than the other five, which agreed with experimental findings of
Shinohara’s group in 1996.%° Shinohara’s group had found these four isomers in nearly
equimolar amounts, consistent with Slanina’s predictions for very high temperatures.
These results were compared with computations on La@Csg; at the same levels of theory
in a paper by Slanina the next year.”* While low temperature results were very similar
between the lanthanum case and the calcium case, higher temperature models showed
that the lanthanum atom (a +3 oxidation state) stabilizes the cages differently relative to
the calcium atom (a +2 oxidation number), in particular, the Cs, isomer is predicted to be
much more populated in the lanthanum case at higher temperature than it was in the

calcium case.
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In 2005, Slanina used his Gibb’s free energy based, temperature dependent model
to investigate trimetallic nitride templated (TNT) fullerenes for the first time, focusing on
the ScsN@Cgo molecule.”> This was an interesting study case since of the seven possible
IPR isomers for the cage, only two had been isolated so far: the I, isomer,*® and the Dsp,
isomer.”® Furthermore, an experimental equilibrium mole fraction was fairly well
established with the plasma-arc soot ScsN@Csg, fraction being approximately 83% Iy, cage
and 17% Ds;, cage.** According to Slanina’s temperature-dependent findings, this mole
fraction is achieved at approximately 2450 K. However, the predicted mole fraction is
50% Iy, cage and 50% Dsp, cage at a temperature of approximately 4000 K and the Dsy,
cage is predicted to be more stable than the I, cage at higher even temperatures.®? I
kinetic effects are not important, one could predict the mole fraction of products for some
TNTSs by controlling the temperature inside the arc through manipulation of voltage,
current and the pressure and character of the inert gas.

In 2006, Slanina’s group used this same technique to investigate La,@C;, and
Sc,@Cr..>* The notable feature of this case is that C7, had not yet been found in
experiment in the empty cage form and previous computations suggested that a non-1PR
isomer (one with two fused pentagons) is more stable than the lone IPR isomer. La,@C+,
was isolated for the first time in 1998,% and characterized by NMR for the first time in
2003, 18 lines were found in the **C-NMR spectrum consistent with a D, geometry for
the cage.”” The lone IPR isomer for C+, has a theoretical symmetry of Dgq which is
capable of Jahn-Teller distortion to D,. There are also 38 non-IPR, fused-pentagon
isomers of Cy, that are either D, in their theoretical structure, or are capable of Jahn-

Teller distortion to D,.2 Slanina’s group then modeled all 39 of these isomers, but in
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order to avoid the complexities caused by modeling lanthanum atoms, they modeled
empty cages with a 6- charge on each, assuming that the only significant contribution
from each lanthanum (or scandium) atom to the stability of the cage is the three valence

electrons each atom will contribute.””%

Using this approach, Slanina’s group was able to
predict a non-IPR geometry for La,@C7, without modeling the lanthanum atoms, then
confirm that geometry by remodeling only the highest stability isomers with lanthanum
atoms included.”

Slanina postulated that the reason fused-pentagon isomers could be found in
EMFs is that the addition of electrons to the cage would allow the anti-aromatic (8 ©

electrons) fused pentagon pair to become aromatic (10 & electrons) by absorbing two of

the donated from the metal atom(s) (see Figure 11 below).”

(]

Figure 11. Anti-aromatic fused pentagons, aromatic fused pentagons with 2- charge

USE OF DENSITY FUNCTIONAL THEORY FOR FULLERENE MODELING:

It is worth noticing that most of the modeling of fullerenes and EMFs published in
the last fifteen years, including the work contained in this dissertation, utilizes density-
functional theory (DFT), which seeks to overcome the electron correlation problem by
approximating all of the electron correlation terms with one simple three-dimensional

electron exchange-correlation functional.**® The key to the success or failure of a
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particular DFT method lies in the accuracy of the assumptions and approximations
involved in the electron exchange-correlation function for the system in question.’® A
successful DFT method can model a particular system with accuracy better than Hartree-
Fock method, and similar to Mgller-Plesset perturbation theory, but with computational
time cost similar to that of Hartree-Fock theory and significantly less expensive than
Maller-Plesset perturbation theory.'%*

Most of the computations in this dissertation employ the B3LYP density
functional.’%*'® B3LYP is the most commonly used DFT method both for general
systems and for fullerene systems, having represented over 80% of the total occurrences
of density functional theory in the literature during the time period from 1990-2006.*"
Despite new density functionals being reported in the literature each year, B3LYP’s
popularity has not waned. B3LYP is a hybrid generalized gradient approximation (H-
GGA) density functional. The generalized gradient approximation (GGA) improves on
the Local density approximation (LDA) by including a term to compute the gradient of
the density at each point. Combining the electron-correlation of a GGA method with a
percentage of the Hartree-Fock exchange (20% in the case of B3LYP) leads to the even
more improved accuracy of the H-GGA methods like B3LYP.'%

While B3LYP is the most popular, and one of the most accurate of the DFT

104

methods,™ " it can suffer from inaccuracies where non-bonded interactions are concerned

as in the cage cluster interactions in fullerenes that encapsulate an atom or cluster of

atoms.*%*

While this limitation has been difficult to improve upon, Slanina reported some
success in 2006 using the new MPWB1K'® density function on Cgo encapsulating Ha, N,

or Ne. He found that the MPWB1K density functional was more successful at modeling
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non-bonding interactions such as are found between the cage and the enclosed species in
EMFs.® The belief is that quite often in EMFs, the distance between the cage and the
encapsulated complex is too far for B3LYP to accurately model the interaction. This

causes an underestimation of the energy of encapsulation.'®’

In 2008, Slanina’s group
revisited the Lix@Cgo molecules using the MPWB1K density functional to improve upon
the accuracy of their previous work on that system.'%®

Modeling EMFs can be even further complicated by the identity of the metal.
Several of the most important EMFs contain atoms with unpaired f electrons (like
gadolinium with seven unpaired f electrons) which are not well treated by standard
density functionals like B3LYP.!®® Success has been found in treating EMFs containing
these kinds of atoms with the PBEO functional'®**!* (also called PBE1PBE) with
effective core potential basis sets like CEP-121G.3#" 112113 This method is used on all
EMFs in this dissertation containing one or more lanthanide atoms in the endohedral
cluster.

THE FORMATION OF FULLERENES AND EMFs:

Beginning in 1995, Maruyama’s group at the University of Tokyo examined
theoretical approaches for studying how fullerenes form in the plasma arc or laser
vaporization synthesis."* Molecular dynamics simulations were performed beginning
with a group of 200 randomly distributed isolated carbon atoms at controlled temperature
of 3000 K using an empirical function proposed by Brenner in 1990.*** The simulation
produced an imperfect fullerene cage of 70 carbons that formed from intermediates of

between C, and Cj, chain length, mono-cyclic rings of C1,-Cy5 and polycyclic clusters of
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C20-Cs0. But the resulting imperfect cluster did not reorganize to the experimentally
realzied Cyo- Dsp Cage.

In 1998, Maruyama et al. improved on this result by performing a molecular
dynamics simulation using the same empirical function as above, but allowing the
imperfect Cgo and Cyo fullerene-like clusters generated to anneal at 2500 K in the absence
of intermolecular collisions.**® During the simulations, a series of Stone-Wales
transformations allowed the formation of both the Cgo-l1, and the Co-Dsp, cage structures.
That same year, they showed by molecular dynamics simulation that allowing a reaction
of the same type, but at a lower temperature than 2500 K caused flat graphitic sheets to

form rather than fullerenes.'*’
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CHAPTER 2: Cyy DIELECTRON AFFINITIES

CONTRIBUTIONS:

This chapter represents work that has not yet been published focusing on the
relative stabilities of the Cg4® anion IPR isomeric set compared to the neutral molecules
of the same set. Contributions to this chapter are as follows: Tim Fuhrer (author of this
dissertation) performed all computational work and all writing in the manuscript.
INTRODUCTION:

The Cy,4 fullerene cage has 134 IPR isomers.? Slanina’s treatment of this isomeric
set (discussed earlier in this work) found the C; isomer (called number 133 by Fowler?)
to be the most stable for the empty cage neutral species.” Experimental isolations of
Ca@Cy4 and Tm@Co4 have shown that the so-called isomer number 134, the only Cs,
IPR isomer for Cqg, is the one found for Cos EMFs.®® This Cs, isomer was found,
however, to be only the 76™ most stable IPR isomer for the neutral empty cage.’

This has led to an interesting computational question: Why is it that there is often
a different cage isomer favored for EMFs than for empty cages of the same size?
Modeling EMFs including the encapsulated atom(s) for an isomeric set as large as the Coq
set will likely be very time consuming, particularly if done at a sufficient basis set and
density functional to accurately model the interactions between the cage and the
encapsulated atom(s).}*® Previous computations by Slanina’s group on five C7,° ions and
five La,@C7, isomers have suggested that the main reason for this change in stability is
the electron transfer from the encapsulated metal atoms to the cage and they proposed
that the fused pentagon is stabilized by the addition of a pair of electrons, altering the

character of that group from anti-aromatic to aromatic (see Figure 11 above).*®
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The fact that a different Co4 IPR isomer is the most stable in the neutral cage from
the one that is most stable in the dianion that we would find in the case of Ca@Cy4 and
Tm@Cqy4 shows that the fused pentagon motif is not the only one stabilized by the
addition of a pair of electrons from an encapsulated metal. Full treatment of the 134 IPR
isomers of the Cos> ions will lead to a deeper understanding of the reasons for these
differences in stabilities between empty cage and EMF isomers. For example, an
extension of the isolated pentagon-rule that has been proposed is that fullerene cages will
have the most stable structure when pentagons are located as far apart as possible. The
reason for this is thought to be that the closer pentagons are together on the cage, the
more strain they induce.?’ However, another possible reason for stability increasing as
pentagons are further separated may be that pentagons as near neighbors create regions of
local anti-aromaticity.

The fusing of two pentagons with the same hexagon, whether they are para to one
another (Figure 12a) or meta to one another (Figure 12b), creates another region of anti-
aromaticity (twelve = electrons) in the neutral case and aromaticity (14 = electrons) in the

di-anion case.
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Figure 12. Anti-aromatic neutral bonding motifs and aromatic di-anion bonding motifs

Modeling of all 134 di-anion IPR isomers of Cq4 using Slanina’s Gibbs free energy,
temperature dependent method,* and counting the number of the above motifs found on
each isomer would provide evidence in support of or against this hypothesis.

A different, more localized view of the bonding on a fullerene shows all bonds on
any IPR fullerene as being one of four types; a) fusing two hexagons and connecting two
hexagons, b) fusing two hexagons and connecting two pentagons (the so-called
“pyracyclene” motif), ¢) fusing two hexagons and connecting a hexagon to a pentagon,
and d) fusing a hexagon to a pentagon and connecting two hexagons (see Figure 13

below where each bond being described is highlighted in bold).
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Figure 13: Four different bonding motifs for IPR fullerenes

Our hypothesis is that there is a slightly simpler approach to this problem. Our
results will show that added electron density has a tendency to accumulate on pentagon
carbon atoms rather than on carbon atoms that are on hexagons only. This makes sense
given that a neutral pentagon would have five pi electrons, and therefore a pentagon with
one added electron would have six pi electrons and therefore be aromatic. As a result,
pentagons on fullerene anions repel each other electrostatically making isomers with
pentagons further apart more stable than those with pentagons as near neighbors.
COMPUTATIONAL METHODS:

All 134 IPR isomers of the Cqs*” cage were modeled via density functional theory.

To generate suitable starting coordinates, the geometries of each IPR isomer were
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optimized using the AM1 semi-empirical quantum mechanical method. Each isomer’s
geometry was then further optimized using the B3LYP density functional and the 3-21G
basis set. B3LYP is the most popular of all density functional for modeling systems of
this size and is known to be particularly accurate, especially in cases like this where an
endohedral metal atom is not being considered.’®™ The 3-21G basis set is admittedly
small and more accuracy could likely have been obtained using a larger basis set, but that
would have amounted to a huge increase in computational time cost because of the large
number of isomers (134, each having 94 atoms) needing to be modeled.

As a calibration test for this method, energies for the five most energetically
favorable Cqy4 dianion models were computed both at a higher basis set (6-31G*) with the
B3LYP functional, and with several other functionals using the 3-21G basis set. Results

were qualitatively similar for each method tested. The data is summarized in table

below:

Isomer

# B3LYP/321G | B3LYP/6-31G* | BLYP/321G | BPW91/321G
124 0.00 0.00 0.00 0.00
132 5.81 451 3.04 2.87
134 9.92 9.65 9.53 8.59
118 15.04 14.28 11.17 11.10
75 17.63 23.05 16.81 16.02

Table 1: Relative energies computed for the five most stable isotopes of the Cgq, dianion using four

different model chemistries.

Once the geometry of each isomer had been optimized, a vibrational frequency
analysis was performed on each to assure that each geometry was in fact a minimum on
its potential energy hypersurface rather than a saddle point. Optimized geometries with

imaginary frequencies were reoptimized either using tighter convergence criteria, or from
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an adjusted starting geometry in order to find an optimized geometry with no imaginary
vibrational modes, thus resolving all the imaginary frequencies found.

The energies computed for each optimized isomer were used to confirm that the
charge difference on the cage is the reason for the difference in stability between the
empty cage Cg4 and the Cqqy EMFs. We also modeled all 134 neutral cages for
comparison using exactly the same methods and model chemistries described in the
paragraphs above. These energies combined with those from the Cg,” anions then
allowed us to compute the “dielectron affinity”, the energy associated with adding two
electrons to the neutral molecule, for each cage. Once the dielectron affinities were
calculated for all 134 IPR isomers, we compared these energies to the numbers of
pyracyclene bonding motifs (see Figure 13b) as well as the number of pentagons with
para-fused-hexagons (see Figure 12a) in an effort to find a link between the prevalence
of either of these motifs and the dielectron affinity of each isomer. The Gaussian 03

modeling software package was used for all computations.*’

RESULTS AND DISCUSSION:

The Ca@Cy4 and Tm@Coq4 reported by the Dorn group was the Cs, isomer called
number 134 by Fowler’s book (see Figure 1 on page 1).>% Slanina found this isomer to
be the 76™ most stable in the neutral empty cage.® Our calculations predict this isomer to
be the 3 most stable in the dianion form, about 9.9 kJ/mol less stable than the predicted
most stable isomer (see Appendix 1).

A plot of the average energy change resulting from the addition of two electrons

to the neutral cage (the dielectron affinity) versus the number of pyracyclene bonding
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motifs on each isomer shows a trend that suggests that the pyracyclene motif in some
way destabilizes the addition of electrons to the cage (see Figure 14 below). However,
there is a wide variance in dielectron affinities within each group (see graph of complete
data in Appendix 5) showing that pyracyclene motifs on the cage is not the only

important criteria for determining the dielectron affinity of a fullerene isomer.
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Figure 14: Average Cqy, Dielectron Affinites computed at the B3LYP/3-21G level of theory vs.
number of para-fused-pentagons.

Figure 15 shows that there is also a correlation between the average dielectron affinities
for the Cq4 isomers and the number of hexagons with para-fused-pentagons. There is also
a great variance among the dielectron affinities within each para-fused-pentagon number

group (see Appendix 5 for complete data) demonstrating that the number of para-fused
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pentagons on a surface, while important, is not the only important factor in determining

the dielectron affinity of a fullerene isomer.
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Figure 15: Average Cq, Dielectron Affinites computed at the B3LYP/3-21G level of theory vs.
number of para-fused-pentagons.

A plot of the HOMO for Cg4?(134) (Figure 16 below) gives some insight into the
reason for this phenomenon. The figure shows a plot of the HOMO-1 and HOMO
orbitals, which form a degenerate pair, for the Cqs*"(134) isomer looking down through its
Csy symmetry axis. Six of the twelve pentagons are visible from the top at this angle.
Each of those pentagons are pyracyclene bonded to the next forming a belt around the top
hemisphere of the molecule. There is very little contribution to either the HOMO or the
HOMO-1 orbital from the pyracyclene atoms. Both of these orbitals have their most

significant contributions from the other side of the molecule where each pentagon is
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separated from the next by a hexagon in the “para-fused-pentagon” motif described
above. Cos” IPR isomers with a larger number of pyracyclene bonds and a smaller
number of para-fused-pentagon motifs will have more and more localized HOMO
orbitals and therefore be less stable than their counterparts with less pyracyclene bonds

and more para-fused-pentagon motifs.

Figure 16: HOMO-1 and HOMO for Cq,”(134).

A plot of the LUMO for Cq,>(134) looking down through the Cs, axis is shown in
Figure 17 below. The LUMO orbital is non-degenerate and has a significantly higher
energy than the degenerate HOMO-1 and HOMO pair (6.3 kJ/mole). This higher energy
orbital does contain contributions from the pyracyclene bonded carbons, which

destabilize it giving it its higher energy.
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Figure 17: LUMO Cq,*(134).

What we have not yet determined is whether the differences found in stability
among the C94 IPR dianions is caused by a tendency for electrons to collect on para-
fused-pentagon motifs to form an aromatic region, or to avoid pyracyclene motifs and the
anti-aromaticity they might cause, or simply electrostatic repulsion between negatively
charged pentagons that are each their own region of aromaticity. Figure 18 (below)
shows a visual representation of the Mulliken charge analysis of Cgs*'(134) from two
different viewpoints with atoms that are more negatively charged shown in red, and
atoms that are less negatively charged shown in green. This gives us a more detailed

picture of where on the surface of the cage the added electron density collects.
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Figure 18: Mulliken charge analysis of Co,>(134). More negatively charged atoms shown in red.
Negative charge density is clearly more significant on atoms that are involved in

pentagons, regardless of their extended motif (pyracyclene or para-fused-pentagon).

CONCLUSION:

Computational evidence supports the hypothesis that the difference in stabilities
between neutral cage fullerene isomers and their dianion counterparts is determined by
the distance between pentagons on the surface of the isomer’s fullerene cage. Plots of the
HOMO-1, HOMO and LUMO for Cgs*(134), the Cq4 isomer found in Ca@Cgs and
Tm@Cq4, show that the propensity is for added electrons to collect on pentagons not
involved in pyracyclene bonding motifs. This is caused by electrostatic repulsion
between pentagons as the electron density collects more on pentagon atoms than on non-
pentagon atoms.

A more detailed look at the electron properties of a smaller isomeric system of
fullerenes (Cgo, Which has seven IPR isomers) will be taken in the next chapter in order to
understand what role these bonding configurations take in determining the stabilities of

fullerenes and their anions.

36



CHAPTER 3: Cgp: ENERGIES, CHARGES, AND PYRACYCLENE

BONDS

CONTRIBUTIONS:

This chapter represents work that has not yet been published focusing on the
relative stabilities of Cgo IPR isomeric set at charges between 0 and -6. Contributions to
this chapter are as follows: Tim Fuhrer (author of this dissertation) performed all
computational work and all writing in the manuscript.

INTRODUCTION:

The previous chapter showed a relationship between the number of pyracyclene
motifs and the number of para-fused-pentagons on a Cg4 isomer and its dielectron affinity
that is caused by the collection of added negative charge onto the pentagon atoms of the
cage, which electrostatically repel one another when the pentagons are found in very
close proximity to one another, as in the pyracyclene bonding motif. In this chapter we
present a much more detailed analysis of the effect of added electrons to the isomers of
the much smaller Cgo isomeric set, which has only seven IPR isomers.

Cago has been one of the most studied isomeric sets of fullerenes, largely because
Ih(7)Cgo and Dsp(6)Cgo Were the first cages found to contain the trimetallic nitride
template (TNT) cluster,”®% which have been found to contain electronic and magnetic
properties that show great promise for medical applications.®®*"® Recent, yet unpublished
experimental results from the Dorn group show that a third IPR isomer of Cg can be
found in endohedral metallofullerenes (EMF), specifically there is experimental evidence
for the existence of Y,C,@C,(5)Cso, giving evidence that the most stable cage for a Cgo

EMF is dependent on the total oxidation state of the endohedral cluster. Slanina has
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studied the Cgp IPR system extensively using computational methods, but restricted his
study to the thermodynamic stability of only the neutral cages.’”

In this chapter we present a complete computational study of the Cgo IPR isomeric
set including the neutral species as well as the first six anions for each isomer. The first
six anions of each isomer were chosen because the oxidation states of experimentally
discovered endohedral atoms and clusters found in Cg fullerenes varies between +1 and

+6. Each isomer at each charge is studied for charge distribution and structural changes

that occur as a result of increased negative charge.

COMPUTATIONAL METHODS:

All seven IPR isomers of Cgy were modeled at charges between 0 and -6 via
density functional theory with the Gaussian 03 modeling program.*’  First, the
geometries of each IPR isomer were optimized seven times, once at each charge between
0 and -6, using the B3LYP density functional and the 6-31G(d) basis set. B3LYP is the
most popular of all density functional for modeling systems of this size and is known to
be particularly accurate, especially in cases like this where an endohedral metal atom is
not being considered.'®® Calibration steps shown in chapter 2 of this work demonstrate
that the B3LYP functional produces results comparable to that of other density functional
methods. The 6-31G(d) basis set is larger and more accurate than the 3-21G basis set and
includes polarization functions which allow some flexibility to the wave function to
include higher level orbitals needed to accurately describe bonding. Models with odd
number charges were assumed to be in the doublet spin state while those with even

number charges were assumed to have the singlet spin state.
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Once the geometry of each isomer had been optimized at each desired charge, a
vibrational frequency analysis was performed on each model to assure that each geometry
was in fact a minimum on its potential energy hypersurface rather than a saddle point.
Optimized geometries with imaginary frequencies were reoptimized either using tighter
convergence criteria, or from an adjusted starting geometry in order to find an optimized
geometry with no imaginary vibrational modes.

The energies computed for each optimized isomer at each charge were used to
evaluate which isomer was most stable at each charge and what the optimum charge is
for each isomer. For each IPR isomer, we plotted relative electronic energy versus
charge. We then examined the relationship between the location of the minimum of each
parabola and the number of pyracyclene motifs and para-fused-pentagons on the
corresponding isomer. Additionally, we calculated the difference in Mulliken charge for
each atom of each isomer as that isomer was changed from neutral to the -6 anion. The
length change for each bond of each isomer was also calculated for the same change.
These results were tabulated to show which types of atoms and bonds absorbed the
largest fraction of the added electrons and how those electrons affected the geometry of

the cage.
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Figure 19: The seven IPR isomers of Cg,.

RESULTS AND DISCUSSION:

Relative Electronic Energy Vs. Charge for the Seven IPR Isomers of C80
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Figure 20: Relative electronic energy versus charge for the seven IPR isomers of Cg
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Figure 21: Relative electronic energy versus charge for the seven IPR isomers of Cg, focused on area
around the minima.

A plot of relative electronic energy versus charge yielded a nearly perfect parabola for
each IPR isomer of Cgp (See Figure 20 and 21 above). The minimum of each parabola
gives us a relative energy comparison between the isomers as well as an idea as to which

isomer is the best equipped to absorb electrons (see Table 1 below).
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Parabola Minimum |Pyra|Para

(-1.40, 61.7) 20| 0

(-1.41, 59.6) 18| 2

(-1.51, 26.1) 13| 8

(-1.46, 69.0) 15| 6

(-1.61, 1.00) 9 9
(-1.62,7.79) 5| 20
(-1.68, 71.1) 0| 30

Table 2: Minima from graph of relative energy (kJ/mole) versus charge for each isomer of Cg,

compared to the number of para-fused-pentagons and pyracyclene motifs on each isomers.

A plot of the count of Pyracyclene bonding motifs versus the charge at the energy
minimum of each quadratic above (Figure 22 below) shows a correlation (albeit
nonlinear) suggesting that the presence of pyracyclene bonding motifs on the cage

destabilizes the addition of negative charge to the cage.
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Figure 22: Plot of Pyracyclene count for each IPR isomer of Cg, versus the charge of the cage at its
energy minimum.

A plot of the counts of Para-Fused-Pentagon bonding motifs versus the charge at the
energy minimum of each quadratic above (Figure 23 below) shows a correlation (also
nonlinear) suggesting that the presence of pyracyclene bonding motifs on the cage may

stabilize the addition of negative charge to the cage.
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Figure 23: Plot of Para-Fused-Pentagon count for each IPR isomer of Cg, versus the charge of the
cage at its energy minimum

An analysis of the effect that adding six electrons to the cage of each isomer has
on the charge of each atom and the length of each bond shows that the added charge is
only partially delocalized across the cage and accumulates more on some atoms than
others (see Appendix 2 for a detailed list of the average change in charge for each atom
type on each isomer). For example, adding 6 electrons to isomer number 1 (Dsq) caused
the average charge of each pyracyclene atom (an atom on a pentagon that is bonded
directly to another pentagon) to become 0.0879 e more negative, while the average
pentagon atom that was not part of a pyracyclene bond became 0.0647 e more negative
and non-pentagon atoms (hexagon only) became 0.0595 e more negative on average.

This means that on average, pyracyclene carbon atoms are absorbing 36% more added
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negative charge than non-pyracyclene pentagon carbon atoms, and 48% more than atoms
that are not on pentagons.

The bonds that run from pentagon to pentagon, the so-called pyracyclene bonds,
are lengthened by the adding of electrons more so than any other bonding motifs. For
example, in the Dsq isomer, the additional six electrons caused the average pyracyclene
bond to lengthen by 0.0333 angstroms, approximately 30 times as much as the average
lengthening for bonds surrounded on all sides by hexagons. This makes sense
considering that the pentagon atoms have become more negative by adding the electron
density that the bonds that join pentagons together would become weaker and of higher
energy and the hexagon-only atoms have absorbed the least negative charge.

One interesting feature is that the bonds that make up the pentagon edges also
either shorten, or lengthen very slightly, even though the atoms of the pentagon are the
ones absorbing most of the added electron density. For example, on the Dsg isomer, the
average pentagon edge bond length shortened by 0.0015 angstroms. It is likely then that
the electron density that accumulates on the pentagon atoms is in bonding orbitals in
toward the other pentagon atoms, but in antibonding orbitals toward the off pentagon
atoms. A detailed analysis of how the length of each bond type on each isomer was
affected by the addition of six electrons to that isomer is included in Appendix 2.

Analysis of the stability of each anion of each cage shows that the most stable
isomer is dependent on the amount of negative charge transferred to the cage. The In(7)
cage is the most stable for cage charges of -4, -5 and -6, but the difference in stability
between the 1,(7) cage and the second most stable isomer at those charges, the Dsy(6)

becomes smaller as the charge becomes less negative. The Ds,(6) cage is the most stable
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at cage charges of -1, -2, and -3, and the difference between it and the second most stable
isomer at those charges, the C,,(5) becomes smaller as the charge becomes less negative.
The lowest energy species out of the 49 modeled for this project (all seven IPR
isomers of Cgp at seven different charges from 0 to -6) is the Dsy, isomer (number 6) with
a -2 charge. A closer look at that particular species will give us more insight into cause

for the stability differences between different isomers at different charges.

Color Range: 0.065 |to |0.064

Figure 24: Model of the Cg,?(6)Ds, anion showing the relative Mulliken charges for each atom from
two different points of view.

Figure 24 above shows pictorially that the added negative charge does collect on the
pentagon carbon atoms (red), leaving the carbon atoms that are hexagon only with
partially positive charges, even on a fullerene dianion. We see both of the proposed
hypotheses at work here. Bonds that hold two pentagons together (the so-called
pyracyclene motif) are destabilized because the two pentagons repel one another as a
result of their increased negative charge. The para-fused-pentagon motif is stabilized by
the two positively charged hexagon atoms that separate the pentagons that are fused para

to one another on that hexagon.
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The answer to the question of why charge collects on pentagon carbon atoms
rather than hexagon carbon atoms can be seen in Figure 25 below in the plot of the
HOMO for Cg*(6)Dsp. Each pentagon can become a region of aromaticity when an

additional pi electron is added to it.

Figure 25: Plot of the HOMO of Cgoz'(G)D5h from two different points of view.

CONCLUSION:

The results of computations presented herein support the hypothesis that the
ability of empty fullerene cages to accept electrons is dependent on the structure of the
cage. In particular, the presence of pyracyclene bonding motifs on the cage is a strong
indicator of an inability to accept electrons, while the presence of the para-fused-
pentagon motif is a strong indicator of an ability to accept electrons. The cause for both
of these phenomena is the accumulation of electron density on the pentagon atoms, which
absorb more of the added negative charge than do the non-pentagon carbon atoms.
Electrostatic repulsion between the more negatively charged pentagons atoms causes

cages with pentagons only separated by one bond to become unstable as electron density
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is added, while those with the more positive hexagon atoms separating the pentagons
become more stable as electrons are added.

That being said, the pentagon edge bonds do not get much longer with the added
electron density and in some cases shorten. This could be explained by assuming that the
electrons localized in those bonding areas are in bonding orbitals rather than antibonding
orbitals. Adding an additional electron to bonding orbitals on a pentagon of a fullerene
cage gives a total of six pi electrons on the pentagon, causing a localized region of
aromaticity. This gives a possible explanation for the stability of fused pentagon isomers

for EMFs.
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CHAPTER 4: Y,C,@C,,: AN ENDOHEDRAL METAL CARBIDE

FULLERENE

CONTRIBUTIONS:

This chapter represents contributions from two sources: (i) work published the
Dorn group and our collaborators at the University of Virginia detailing the relationship
between computational models of D3-Y,C,@Cg, synthesized and characterized by our
group’®, and (ii) work that has just been accepted for publication in the Journal of the
American Chemical Society describing the nanoscale compression of the Y,C,*'
endohedral cluster as size of the fullerene containing it becomes smaller.*® Contributions
from the authors of these works are as follows: all computational molecular modeling
was performed by Tim Fuhrer (author of this dissertation). Syntheses and separations of
yttrium carbide fullerenes were performed by Jianyuan Zhang, Wujun Fu, Jiechao Ge,
James Duchamp and Hunter Champion of the Dorn group. *C NMR data were obtained
by Hugo Azurmendi, Dan Bearden and Jerry Dallas. Mass spectrometry experiments
were performed by Kim Harich, Raman experiments were performed by Brian Burke and
G. Chan. Writing of manuscript (i) was primarily the work of Brian Burke with the
supervision and editing of Kenneth Williams.  Writing of manuscript (ii) was
accomplished primarily by Jianyuan Zhang with the supervision and editing of Harry
Dorn.
INTRODUCTION:

The synthesis and characterization of a yttrium carbide fullerene is of particular
interest because of the potential use of yttrium carbide materials as a new class of

superconductors.*® The first metal carbide EMF to be reported was Sc,C,@Cg, by
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Shinohara and coworkers.*?® Soon after, a number of other metal carbide EMFs were
reported,'?"*2% including the first yttrium carbide EMF, Y,C,@Cs,, which was found

with three different cage geometries (Cs, C,y and Cs,).**

Wujun Fu from our group
isolated the Y,C,@Cgy, molecule from the plasma-arc soot of a yttrium packed rod
without the presence of N, gas during the reaction.’® The existence of a D3-Y,C,@Cg
(IPR isomer number 85 according to Fowler’s book)? structure rather than a Y,@Cos Was
confirmed by **C-NMR spectroscopy (see Figure 26 below). Based on the above *C-
NMR evidence, particularly the perfect triplet seen for the carbide at 227.26 ppm
(splitting of 22.4 Hz caused by the yttrium atoms), we expected the geometry of the Y,C,
cluster to be planar with the Yttrium atoms aligned along the D axis of the cage and the

carbide aligned perpendicular to the axis. This is consistent with a similar structure for

Gd,C2@C3y(8)Co published by Balch’s group and confirmed by X-ray crystal data.?
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Figure 26: 800MHz **C NMR spectrum of Y,C,@D5(85)-Cs;, in CS, with 10 mg Cr(acac); relaxant,
acetone-ds lock after 32768 scan at 25 °C. (a) The whole range of *C NMR spectrum of
Y,C,@D5(85)-Cs;, (b) Expand range (from 128 to 154 ppm) of *C NMR spectrum of Y,C,@D5(85)-
Cs». The signal marked with * is assigned to impurities because it was not visible in the 600 MHz **C
NMR and its unreasonable chemical shift. (c) Calculated ¥ CNMR spectrum of Y,C,@D5(85)-Cy,.
(figure from reference ')

Jianyuan Zhang, also of our group, has isolated and characterized
Y,C,@C3,(8)Cs, from same plasma-arc soot as the Y,C,@D3(85)Cy, mentioned earlier.
A similar triplet was found for the carbide group in the **C-NMR, this time at 257 ppm

with a *Jy.c coupling of 17.2 Hz (see Figure 27b below).
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Figure 27: *C-NMR for Y,C,@C2v(8)Cg,.

Experimental and computational results for these two molecules supports the idea
of a cluster that is progressively more compressed as the cage size decreases. This
nanoscale fullerene compression (NFC) of metal clusters by decreasing fullerene cage
size can be directly compared to the effects of macroscopic pressure compression (MPC)
of the same metal carbide lattice, yttrium carbides. Y,C3 for example, has been reported
as a superconductor whose superconducting transition temperature (T¢) is strongly
dependent on the external pressure.*

To test this hypothesis, in addition to the Y,C,@Csg, and Y,C,@Cygy, a
hypothetical Y2C2@Cigo and the linear Y2C,** ion were also modeled for cluster size and
shape as well as NMR properties. These models were then compared to experimental

data for all systems for which it is available. MALDI-TOF-MS analysis of the plasma
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arc soot shows that there may be not only these, but a number of other yttrium carbide

fullerenes in the soot (see Figure 28 below).

(A) (8) (<) (D)

;'.- ® \\EH "'{/ FURTHER \\:\-l ""L
ENCAPSULATION =F "I N 1'|i COMPRESSION :.; COMPRESSION j {t
i H
Noe S ™ P TN
¥1Cor
1282
(E) ¥ Cao
1258
vz L—"':lﬂ-
1

1300 1400 1500 1800 1700 1800

Figure 28: Nanoscale fullerene compression of yttrium carbide endohedral fullerenes. (a) Y,C,"*
cluster without a cage. (b) Linear Y,C," cluster inside a large fullerene cage. (c) Y,C," cluster with
carbide bond vector orthogonal to the yttrium-yttrium vector in a compressed fullerene cage. (d)
Y,C,*" cluster with carbide bond vector orthogonal to and deviated from yttrium-yttrium vector. (e)
Mass-spectrometry showing a family of endohedral metallofullerenes with formula Y ,C,,.

The experimental data included herein, attained by several members of the Dorn
group, include a detailed study of the 13C NMR of Y,C,@D3(85)Cs,, **C enriched
Y,C,@C3,(8)Csy, as well as an isomer of Y,C,@Cg4. For the first time, the Dorn group
has observed the important scalar “Jy.c coupling for each of these samples. These

coupling values will also be compared to computed values.
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COMPUTATIONAL METHODS:

In order to augment the experimental observations and assist in explaining some
of the physical properties of these yttrium carbide fullerenes, density functional theory
(DFT) geometry optimizations using the B3LYP functional®*%*!?® as described in the
Gaussian 09"’ program package were performed for Y ,C,@C3,(8)Csz, Y2Co@D3(85)Cop,
and Y,C,@Ds(450)C10 molecules, and the Y,C,** cation (to approximate the Y,C,
cluster in an infinitely large cage). In each of these computations, the 6-31G basis set
was used for carbon and the DZVP basis set was used for yttrium atoms'?®. Geometry
optimizations were performed on each species with the starting geometries based on
computational predictions of the corresponding Sc,C,@C3,(8)Cs, computations by
Poblet*® (see Figure 29), and the crystal structure for Gd,C,@D53(85)Co; published by
Yang et al.® For the Y,C,@Ds(450)C100 molecule, the Ds isomer number? 450 (see
Figure 30 in the next section) was chosen based on previous theoretical work by

Nagase,**® and a linear cluster geometry was chosen.

Figure 29: Front and side view of starting geometry for Y,C,@C3,(8)Csg.
Optimized geometries were shown to be potential energy surface minima rather
than saddle points by the absence of imaginary frequencies from the computed harmonic

frequencies. The transition state geometry for Y,C,@D3(85)Cq, (See Figure 31 in the
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next section) showed one imaginary frequency associated with the vibration of the
internal carbide group between two optimized structures. NMR spectra computations
were carried out on the optimized geometry using the OPBE density functional*** and the

6-311G basis set for carbon atoms and DZVP basis set for yttrium atoms.

RESULTS:

For the hypothetical Y,C,*" cluster, modeling confirmed the proposed linear
structure with Y-C bond length of 2.28 A and C-C bond length of 1.27 A. *C-NMR
modeling showed a chemical shift for the carbide group of 150 ppm with a “Jy.c coupling
of 55.5 Hz. This is in good agreement with the experimental observations of the Y-C-C
interaction in (Cp).Y-C=CMe by Denhaan et. al. which showed a carbide chemical shift
of 142 ppm with a 'Jy.c coupling of 73.9 Hz.'*

The hypothetical Y,C,@C1qo proved not to be quite large enough to maintain the
expected linear cluster geometry. Each Y-C-C bond angle bent to 157.6 degrees with a
cluster dihedral angle of 15.6 degrees (see Figure 30 below). It is likely that the non-
zero dihedral angle is caused by attraction of the yttrium atoms for the partial negative
charge found on the polar pentagons, which are skewed from one another by 22 degrees.
The predicted **C-NMR chemical shift for the carbide group was 156 ppm and the

predicted *Jy.c coupling was 63.0Hz, showing that the bonding in this cluster is similar to

that of the Y,C,*" cluster not inside a fullerene.
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Figure 30: Computational model of Y,C,@C;q. Cluster is slightly compressed with Y-C-C bond
angles of 157.6 degrees and a dihedral angle of 15.6 degrees.

For the Y,C,@D3(85)Cg,, the NMR predicted planar cluster geometry was not
found by geometry optimization, but rather a skewed nonplanar cluster geometry (see
Figure 31(a) below). The expected nearly planar geometry was found when the

transition state was modeled (see Figure 31(b) below).

J

(@) (b)

Figure 31: Two views of the modeled cluster geometry for Y,C,@Cg,. The left view (a) is the
optimized structure while the right view (b) is the transition state structure between two equivalent
optimized structures.

The transition state modeling was accomplished using the same method and basis
set as the optimized structure. The presence of one imaginary vibrational frequency
confirmed the geometry as a transition state. The difference in total energy between the

optimized structure and the transition state structure is approximately 12 kJ/mol.
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The optimized structure has Y-C bond lengths of 2.29 A and 2.82 A with a C-C
bond length of 1.27 A.  The predicted **C-NMR shift for the carbide group was 229
ppm, excellent agreement with the experimental determined 227 ppm shift. The
predicted “Jy.c coupling to the nearest carbon to each yttrium was 40.6 Hz. It was 4.4 Hz
between a yttrium and the further away carbide carbon. This averages out to 22.5Hz, a
near perfect match to the 22.4Hz experimental observation, but this does not explain the
perfection of the observed triplet.

The transition state structure has Y-C bond lengths of 2.48 A with a C-C bond
length of 1.28 A. The predicted **C-NMR shift for the carbide group in this case was 288
ppm with a predicted 'Jy.c coupling was 21.6 Hz. One can rationalize the experimental
results with the computed models by treating the cluster as oscillating very quickly
between equivalent optimized states while passing through the predicted transition state
geometry. Since the most time would be spent in the optimized states, the observed
chemical shift and average “Jy.c coupling closely matches that predicted for the
optimized structure, but since the oscillation happens so quickly, the NMR sees the states
as averaged and produces the observed triplet rather than a more complicated splitting
pattern.

In order to confirm that this transition state is the transition state between two
equivalent optimized structures, we attempted an Intrinsic Reaction Coordinate (IRC)
calculation using the transition state geometry as the initial structure, the B3LYP density
function, the 6-31G basis set for the carbon atoms and the DZVP basis set for the yttrium
atoms. Though this calculation proved to be too large for the computational resources

available, the partial results confirmed that the transition state structure we found does
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move toward the optimized structure described earlier. In addition, the partial results of
the IRC calculation showed that as the cluster changes from the planar transition state
geometry to the skewed optimized geometry, it rotates within the cage. The yttrium
atoms can be viewed as forming an axis of rotation for the carbide carbon atoms, and the
carbide carbon atoms acting as a horse on an amusement park carousel, moving up and

down in relation to the axis as they rotate about it.

Relative Energy Change During Y2C2@C92 Cluster Rotation
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Figure 32: Energetics of Rotation of Y,C, Cluster within the Cg, Cage.

To test this hypothesis, we optimized structures and transition states with the
cluster rotated various numbers of degrees around the yttrium axis (see Appendix 4 for
models of geometries). The results are shown in Figure 32 above with representations of
each cluster with a horizontal axis of rotation. The three transition states found each

consist of a nearly planar cluster with the carbide group lined up directly with one of the
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three pyracyclene bonding motifs found around the equator of the cage (see Figure 33

below).

Figure 33: Y,C, from two different viewpoints with pyracyclene atoms shown in dark blue.

Upon more detailed examination of the high resolution NMR spectrum obtained
by Hollings Marine Laboratory, we noticed that many of the carbon atoms around the
equator of the cage (if we again consider the yttrium atoms as defining the rotational
axis) have a slight broadening of their signal, while several others did not. The equatorial
carbon atoms whose signal was not broadened were the pyracyclene motif atoms that
lined up with the transition state geometry (shown in blue and indicated by arrows in
Figure 34 below) giving experimental evidence that these are the equatorial atoms that

the carbide atoms spend the least time near.
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Figure 34: Equatorial carbon atoms on the Cg, cage. Atoms with significant signal broadening in the
NMR show in orange, those without significant signal broadening, the pyracyclene bonding motifs,
are shown in blue.

Based on the density surface map shown in Figure 3 in chapter 1, we can see an
area of charge density behind each pyracyclene bond that is likely the reason for the
carbide group’s avoidance of the pyracyclene atoms.

Brian Burke and Keith Williams from the Physics Department at University of
Virginia studied Y,C,@Csg; in collaboration with our group using low temperature
Raman spectroscopy.’ The results shown in Figure 35 below show that low frequency
Raman signals emerge at very low temperatures. These peaks match the predicted
frequencies for several modes of rotation of the carbide if it is treated as a free rigid rotor

(see table included in Figure 35).
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(em™ 1) (cm™ 1) {cm_l )
24.2 242 (2 — 4) 0.0
42.2 38.1 (4 — 6) 0.0
57.0 51.9 (6 — 8) 0.0
66.9 65.7 (8 — 10) 0.0
106.1 107.3 (14 — 16) 0.0

Figure 35: Raman spectroscopy of Y,C,@Cy, at several temperatures with matching C, free rigid
rotor frequencies. (figure from reference °)

As for the Y,C,@C3,(8)Cs,, the computationally optimized geometry matches
very closely with the experimental observations of Nagase and the computational
predictions of Poblet for the Sc,C,@Cs,(8)Cs2.*2**** The geometry of the cluster is even
more compressed than in the Y,C,@Cq, case (see Figure 36 below). The average
predicted Y-C bond length was 2.43 A. The predicted *C-NMR chemical shift for the
carbide was 288 ppm, compared to the experimentally observed 257 ppm. The predicted
13y.c coupling for the carbide in Y,C,@Cs, was 18.3 Hz compared to the experimentally

observed 17.2 Hz.
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Figure 36: Optimized structure of Y,C,@Cg,. Symmetry axis for each view is shown in red.

DISCUSSION:

The experimental and computational results are summarized in Table 2 below.
The (Y2C,)*" cluster clearly prefers a linear geometry in the absence of a fullerene cage.
However, even in relatively large cages like Cyq, the cluster geometry is slightly
distorted from a linear configuration. As the cage size gets smaller the (Y,C,)*" cluster
geometry becomes more distorted into an idealized butterfly shape (Cg,) and a
compressed butterfly shape (Cg,).

It is also clear that the *C NMR shift for the carbide group in the cluster and its
1Jy.c coupling parameters provide a very sensitive probe of the degree of NFC
compression of the (Y,C,)*" cluster, as illustrated by the right two columns of Table 2.
The carbide signal exhibits a significant deshielding, which increases with increased NFC
compression from about 150 ppm for the nearly linear clusters (C1o Or no cage) to over
250 ppm for compressed clusters (Cg, cage). At the same time, the scalar Jy.c coupling
decreases upon NFC compression from over 50 Hz for the nearly linear clusters to about

17 Hz in the smaller caged clusters.
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Molecule Optimized cluster | Average atomic distance C; BC NMR chemical Ly ¢ (Hz)
structure in the cluster shift (ppm)
Y-C/Y-Y/C-C (A)
(Y,Cy)*" v 96 v 2.92/5.83/1.27 147* (150) 70.9* (55.5)
Y,C@Ds-Chyp o9 2.89/5.51/1.26 (156) (87.1)
) ~
Y,C,@D;-Cq, «-P . 2.53/4.92/1.27 227.3(229) 22.4(22.5%%)
«
(opt)
Y,C,@D;-Cq, (9 2.48/4.81/1.27 (288) (21.6)
- -\ - k ° &
(TS)
Y2C@Csy 2 - 247.8 17.8
Y,C,@C;,-Csy ‘é: 2.43/3.74/1.27 257.0(288) 17.2(18.3)
= -
Y,C,@ C-Cs;, e - 256.2 17.0

Table 3: Key results from NMR experiments and DFT Calculations. Numbers in parentheses are
computational results.
*These values represent the experimental results of (Cp)2YC=CPh-OEt,.
**This number represents the average value of the scalar coupling constants between Y
atom 1 and carbide atom 1 (40.6Hz), and Y atom 1 and carbide atom 2 (4.4 Hz).

Also shown in Table 3, the atomic distances within the (Y2C2)** cluster computed
via DFT suggest that the cluster atoms are forced closer together with increased
compression, as indicated by the decreased Y-Y distance and decreased Y-C distance in
each cluster as cage size gets smaller. However, the C-C bond distance in the cluster is
virtually unaffected by cage size. It is very interesting to note that this trend is very
similar to that seen in the superconducting Y,C3 system under macroscopic pressure
compression (MPC) for the Y-Y distances, the Y-C distances, and the C-C distances, as

shown in Figure 37 below.'"
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Figure 37: The change of interatomic distances upon compression. Red lines and points denote the
data obtained from NFC (data source Table 2, C,, represents the calculated interatomic distances for
(Y,C,)* cluster), and blue lines and points denote the data obtained from MPC (data source Ref. '*°.
Y-C distances are average values of corresponding Y-C1, Y-C2 and Y-C3 distances in the lattice. Y-

Y distances are average values of corresponding Y-Y1 and Y-Y2 distances in the lattice). (a) Y-C
distances in fullerene cages. (b) Y-Y distances in fullerene cages. (c) Y-C distances in
superconducting materials. (d) Y-Y distances in superconducting materials.

CONCLUSION:

According to Burke and Williams’s predictions, if the rotation of the carbide
group in Y,C,@Cgy; is hindered, or “perturbed”, there should be no signal for the rotation
in the Raman spectra. This has led to speculation that the carbide atoms may be
tunneling from one energy minimum to the next, without classically traveling through the
transition state in between. Quantum mechanical tunneling of this type often plays a role
in reactions where a hydrogen atom or ion is transferred.***** Carbon atoms are
normally considered to be on the large side for tunneling, however, carbon atom
tunneling has been observed in the past.”*"**® The hypothesis of carbon tunneling also
fits well with our NMR data which suggests that the carbide atoms spend little if any time

in close proximity to the pyracyclene cage atoms.
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As the Y,C, cluster is placed in smaller and smaller cages, the geometry of the
cluster becomes more and more compressed. This obviously leads to shorter and shorter
Y-C bond lengths, but NMR Jy.c coupling data and models suggest that the bond is
becoming weaker even as it is becoming shorter. Our data in comparison with published
data’*® shows that the forces exerted by the cage on the cluster mimic the pressure forces
exerted by the diamond anvil on Y,C3; by Amano’s group which produced a
superconducting Y,Cs. SQUID measurements are being performed on Y,C,@ C3,(8)Cs>
and Y,C,@ D3(85)Cy; by Jianyuan Zhang of our group to test whether this compression
leads to the similar superconducting behavior in the Y,C, fullerenes to that seen in high

compression Y,Csz by Amano.
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CHAPTER 5: Gd,@C:N: STRUCTURAL AND ELECTRONIC

PROPERTIES

CONTRIBUTIONS:

This chapter represents work published in the Journal of the American Chemical
Society in 2011 detailing the synthesis, isolation and characterization of Gd,@C9N and a
derivative.’* Contributions to this chapter are as follows: Tim Fuhrer (author of this
dissertation) performed all computational work reported in the manuscript. Synthesis and
isolation were performed by Wujun Fu, Jianyuan Zhang, Caitlyn Dixon, Jiechao Ge, and
Chunying Shu. Mass spectrometry was performed by Kim Harich. Electrochemical
experiments were performed by Hunter Champion. Writing of the published manuscript
was performed primarily by Wujun Fu with assistance from Jianyuan Zhang and
direction from Harry Dorn.

INTRODUCTION:

The ability to synthesize fullerenes with atoms other than carbon on the cage has
become an intriguing idea in recent years with several applications.™%*** The first of
these was the aza(60) fullerene (CsgN) reported by Wudl and coworkers.**> This CsgN
was unstable and was easily dimerized to (CsgN),. For larger cage systems like Cg, it is
well recognized that endohedral clusters like trimetallic nitride template (TNT) (i.e.
MsN@Cgo) stabilize a Cgo> cage. The stability of the aza(80) cage (C7oN) was first
reported by Akasaka and coworkers who characterized La,@C79N by mass
spectrometry.**® More recently, our group has reported the isolation and characterization

of several paramagnetic dimetallic endohedral heterofullerenes (EHFs).*** The EPR
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studies on Y,@C9N indicate that the unpaired electron is localized between the two
yttrium atoms rather than on the cage.

Gadolinium endohedral metallofullerenes (EMFs) have become very important in
recent years because of their magnetic properties and their potential use as MRI contrast
agents.®®"17>145146 1 this chapter, we report the structural and electronic properties of
the first gadolinium based EHF; Gd,@C+gN."? Our data show that this unique molecule
displays an unusually high stability compared with other EHFs reported so far.*** This
molecule also has unique magnetic properties because the seven unpaired f electrons on
each gadolinium atom can interact with an additional unpaired electron formally provided

by the cage nitrogen atom.

EXPERIMENTAL AND COMPUTATIONAL METHODS:

Preparation, Separation and Characterization of Gd,@C9N: The
experimental work on this project was done primarily by Wujun Fu and Jianyuan Zhang
of the Dorn group.*® The preparation of Gd>@CsN was accomplished using a
Kratschmer-Huffman generator to vaporize graphite rods containing a mixture of Gd,0O3,
graphite powder, and metallic copper with a mass ratio of 2.0:1.0:2.1 in a dynamic flow
of He and N,. The resulting soot was then extracted by refluxing with toluene in a
Soxhlet extractor. The soluble extract was then separated by column chromatography
using a cyclopentadiene-functionalized Merrifield peptide resin column, which retains
most empty cage fullerenes as well as the more reactive endohedral fullerenes. The
remaining fraction was separated into seven distinct fractions by HPLC using a

pentabromobenzyl column. The yield ratio of Gd,@C-gN using this protocol is about 1
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mg for each gram of Cg formed. This is about 10 times the yield seen for Y,@CgN (see

Figure 38).

[Gd ,@Cy N

Figure 38: HPLC Chromatography of soot extracts containing Gd,@CN fractions and Y,@CN
fractions from separate soot preparations.

The resulting Gd,@C9N was characterized by time-of-flight mass spectrometry,
cyclic voltametry and EPR.*

Computational Methods: In order to augment the experimental observations and
assist in explaining some of the physical properties of this new gadolinium
heterofullerene, density functional theory (DFT) computations were performed for
Gd,@C79N. In an effort to properly treat the unpaired electrons on the gadolinium atoms,
the PBEO functional'' as described in the Gaussian 09'?" program package was used for
Gd,@C7gN, while the B3LYP functional %1% was used for the empty cage
calculations. The PBEO density functional was chosen for the Gadolinium containing
fullerenes because it has been shown to have greater ability to model fullerenes that
contain metal atoms with unpaired f electrons.'®**!* DFT-optimized energy values were
obtained by performing a geometry optimization on starting geometries that were based

on X-ray crystallographic structures of the Corresponding Th,@C7oN.*** The 6-31G
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basis set'*’

was used for all carbon and nitrogen atoms in all computations. The CEP-
121G basis set"?*3148 \was used for Gadolinium.

Once the geometry had been optimized for Gd,@C+9N, a vibrational frequency
analysis was performed to assure the each geometry was in fact a minimum on its
potential energy hypersurface rather than a saddle point. Gaussian 09 computes a
vibrational spectrum by taking the second derivatives of the quantum mechanical
energies with respect to the Cartesian coordinates for each nucleus, and then converting
those coordinates to mass weighted coordinates for the purpose of calculating the
frequencies using harmonic approximation.***® Once computed, the vibrational
frequencies are then examined to make sure that no imaginary frequencies are contained.

An imaginary vibrational frequency corresponds to a coordinate on the potential energy

hypersurface where potential energy is at a maximum rather than a minimum.

RESULTS AND DISCUSSION:

As shown in Figure 39 (below) the heterofullerene (C+sN)* and isolectronic Iy-
(Cgo)® cage both have relatively large HOMO-LUMO gaps of 2.67 and 3.16 eV,
respectively. These values are similar to the HOMO-LUMO gaps for well-known stable
MsN@I,-Cgo molecules. 9! |t is also significant that the HOMO level and the total
energy of the hetero fullerene cage (C7oN)* is even lower than the isoelectronic cage Iy-
(Cgo)®. However, when an additional electron is added (Figure 39c) to the cage surface
of the (C7gN)* to make (C7N)®, the resulting HOMO-LUMO gap is relatively small
(1.47 eV) and destabilized relative to (C7sN)>. This result is consistent with the

hypothesis that the (M,)*" endohedral cluster would be suitable for stabilization of a
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heterofullerene (C7N)° cage if the internal cluster can accept the unpaired electron

formally from the nitrogen atom of the fullerene cage.

Figure 39: DFT HOMO-LUMO levels of (Cg)®, (C7oN)* and (C+)® cages.

Extension of the DFT approach to Gd,@CvgN using the PBEO functional and the
CEP-121G basis set for gadolinium atoms provides energy levels that are comparable
with the previously reported Y,@C1oN system (Figure 40).*** The computed HOMO-
LUMO gap for Gd,@C+9N (2.74 eV) is slightly larger than the previously computed
HOMO-LUMO gap for Y,@CroN (2.39 eV).*** Careful examination of each level below
the HOMO indicates no significant Gd-Gd overlap until the HOMO-7 through HOMO-
22 levels. We assign the HOMO-7 level as the highest of the fifteen singly-occupied
molecular orbitals (SOMO) on Gd,@C79N. The HOMO-7 SOMO can be described in
terms of a natural bonding order (NBO) as a Gd(s*p®*°d®*f*%)-Gd(s*p®*d**f*%) bond.
Along with Y,@C79N, Gd,@C79N then represents another example of spin-polarized
orbitals that occur at energy levels below the HOMO.*** The large degree of s character
on the Gd; cluster as well as the a spin densities illustrated in Figure 41 for both

Gd,@C79N and Y,@C+9N clearly indicate unpaired electron density localized between
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the two gadolinium atoms rather than on the heterofullerene cage, but with a higher
degree of d and p character in the spin orbital for the Gd,@C79N case than for the
Y,@C7oN.*** The computed Gd-Gd bond distance for Gd,@C7oN is 3.808 A. While this
is a long M-M bond, it is close to the X-ray crystallographic value for Th,@C79N (3.902

A) and the previously computed Y-Y distance in Y.@CN (3.994 A).1*
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Figure 40: DFT MO energy level diagrams optimized for Y,@C+N and Gd,@C,N.***
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Figure 41: Unpaired Spin Density (o) distribution for Y,@C-sN and Gd,@C7N*?

CONCLUSION:

In summary, we have prepared, separated, and characterized a new dimetallic
EHF, Gd,@C9N for the first time. Theoretical computations presented herein agree with
experimental results that this molecule has an unusually high chemical stability and the
unpaired electron spin density is centered between the gadolinium atoms of the
encapsulated Gd; cluster. Additionally, this molecule can be described as having a spin
quantum number of 15/2 as a result of the combination of two octet spins on the
gadolinium atoms and an additional unpaired electron formally associated with the
nitrogen atom on the cage, but found between the two gadolinium atoms of the cluster.
As a result of its unusual stability and high spin state, we believe this unique EHF could

be very useful in future biomedical, magnetic and electronic application areas.
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CHAPTER 6: METATHESIS: REPLACING A METAL ATOM IN A

FULLERENE CAGE

CONTRIBUTIONS:

This chapter represents work not yet published describing the plausibility of the
so-called “metathesis reaction” in trimetallic-nitride template (TNT) endhedral
metallofullerenes (EMF). Contributions to this chapter are as follows: Tim Fuhrer
(author of this dissertation) performed all computational work reported in the manuscript.
Experimental work thus far has all been performed by Hunter Champion and Jianyuan
Zhang. Writing of the manuscript was performed primarily by Tim Fuhrer with direction
from Harry Dorn.

INTRODUCTION:

In view of the improving yields for ScsN@Cg that can now be achieved in the
electric-arc process*>? and its commercial availability, it is important to explore whether
metal-metal interchange metathesis reactions are feasible. Metathesis reactions will not
only improve our understanding of the synthesis process, but could open new avenues for
incorporating a wider range of different metals into endohedral metallofullerenes. The
ability to incorporate different metals, particularly those that are radioactive or
magnetically active, into the cage may lead to faster advances in medicine since the cage

can isolate the metal ion from the biosystem.
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Figure 42: Synthesis and functionalization of b-emitting LusN@Cg, for use in cancer therapy.

For example, B-emitting ions have been found to be useful for treating cancer
tumors.®® Encapsulation of B-emitting lutetium-177 in an 1;-Cgo cage has been achieved
in the Kratschmer-Huffman generator by Gibson et al, but at relatively low yields.” This
B-emitting EMF was then functionalized with an interleukin-13 (IL-13) peptide that is
designed to target an overexpressed receptor in glioblastoma multiforme tumors (see
Figure 42).”*"* Gadolinum containing EMFs have also been synthesized, but in lower
yields than ScsN@Csg, and have been found to have relaxation times up to 30 to 40 times
longer than MRI contrasting agents that are commercially available.”® The metathesis
reaction described herein may provide more efficient means of preparing these and other
useful EMFs.

Experimental work on this project so far has been performed by Hunter Champion
and Jianyuan Zhang of the Dorn group. The first attempt was to insert one or more
yttrium atoms in place of scandium in ScsN@Cgo. The reaction was performed by
Jianyuan Zhang using a laser activation technique as illustrated in Figure 43 below. As

shown by the mass spectrometry results, about a 1% yield was achieved.
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Figure 43: Metathesis Reaction between Y (metal) and ScsN@Cg Yttrium metal powder (~40 mesh)
and ScsN@Cgg (mass ratio Y/ ScCAN@C80=2/1) The pellet was irradiated by CO, laser (10.6
micrometer, less than 25W) for about 6 minutes under 50 torr of N,. (in chamber on the right)

Hunter Champion attempted to insert one or more aluminum atoms into
ScsN@Cg, Y3N@Cgp or LusN@Cgp by thermal activation in a sealed quartz tube with

low oxygen content at temperatures between 650°C and 1000°C (see Figure 44 below).

These trials are still ongoing.
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Figure 44: Sealed quartz tube containing ScsN@Cg, and Al powder for attempted metathesis
reaction.
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COMPUTATIONAL METHODS:

The thermodynamic viability of these proposed reactions can be evaluated via
quantum mechanical molecular modeling. For example, to predict the AGyeaction at @
range of temperatures for the following reaction:

SCcsN@Cg(s) + Lu(s) 2 ScoLUN@Cgo(s) + Sc(s) Q)
one would compute the electronic and nuclear repulsion contributions to the total energy
for each species using quantum mechanics, compute the remaining energetic terms
(vibrational, rotational and translational) as well as the enthalpic (PV) and entropic (at
various temperatures) terms using the same method described in the statistical mechanics
portion of chapter one of this work. Since the models used in the computations assume
gas phase single molecules, terms accounting for the free energies of sublimation of each
species will need to be added into the calculation of AGyeaction Via Hess’s Law.

In order to gain an understanding of the thermodynamics of several proposed
reactions, we modeled ScsN@Cgy, SC,YN@Cgo, SCAIN@Cgo, SC,LUN@Cgy,
Sc,GAN@Cao, Sc2LaN@Cao, Sc, SC**, Y, Y*, Al AP, Gd, Gd**, Lu, Lu**, Laand La**
using the PBEO density functional and the 6-31G(d) basis set for carbon, nitrogen,
scandium, aluminum, the DZVP basis set for yttrium, and the cep-121G electronic core
potential basis set for gadolinium, lutetium and lanthanum.?"**#113128 The PBEQ density
function was chosen because of the success with which it has been shown to model

109111 \ve then used the

fullerenes that contain metal atoms with unpaired f electrons.
computed free energies to model the thermodynamics for several hypothetical metathesis
reactions involving ScsN@Cg reacting with a particular metal in several different forms

(gas, solid, gas ion, solid oxide). In order to simplify the model somewhat, we made the
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assumption that the free energy of sublimation of the product endohedral metallofullerene
is the same as the free energy of sublimation of the reactant endohedral, allowing us to
approximate the AGeaciion OF reaction (1) above by computing AGyeaction fOr:

ScaN@Cso(g) + Lu(s) = Sc2LUN@Cago(g) + Sc(s) 2)
and assuming that AGreaction(1) = AGreaction(2)-

Modeling both the neutral atom and the 3+ ion for each proposed reactant metal
allowed for the prediction of AGyeaciion fOr the reaction of ScsN@Cgp with both the neutral
metal and a salt of that metal. For example, in the lutetium case, AGeaction Can be
computed for the following reaction:

ScsN@Cso(g) + LU205(s) 2 ScoLUN@Cao(g) + Sc203(s) 3
by modeling the species involved as described above, but including terms for the free

energies of sublimation of Lu,O3 and Sc,03 in the Hess’s Law calculation of AGeaction-
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RESULTS AND DISCUSSION:

Reactions involving Sc;N@Cg,and Al
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Figure 45: Plot of computed AG of reaction versus temperature for reactions involving ScsN@Cg
and aluminum in several forms. Crystal entropy effects are not included for the oxide case.

Figure 45 (above) shows the results of computations involving the reaction of
ScsN@Cgo with aluminum in several different forms (chemical equations for each
reaction shown in the figure). Based on these results, it is unlikely that we will have
success with a metathesis reaction involving aluminum and ScsN@Cg, from a
thermodynamic viewpoint. Of the four reactions modeled, the only one with an

exergonic Gibbs free energy change is the one involving gas phase AI**

, which would be
quite difficult to achieve at reasonable temperatures, but not necessarily impossible using
laser activation of Al,Os.

The results of computations of the Gibbs free energy chances for the reactions of

lutetium in several forms with ScsN@Csg are shown in Figure 46 below (chemical
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equations for each reaction shown in the figure). Reaction of solid metal lutetium with
ScsN@Cyg is a bit more promising than for the aluminum case, but yields should still be

expected to be less than one percent.

Reactions involving Sc;N@C,,and Lu
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=4=5c3NC80(g) + Lu(g) --» Sc2LuNC80(g) + Sc(g) =l=5c3NC80(g) + Lu3+(g) --> Sc2LuUNCB0(g) + Sc3+(g)
Sc3NCB0(g) + Lu(s) > Sc2LuNCB0(g) + Sc(s) = Sc3NCB0(g) + Lu203(s) --> Sc2LuNCBO(g) + 5c203(s)

Figure 46: Plot of computed AG of reaction versus temperature for reactions involving ScsN@Cg
and lutetium in several forms. Crystal entropy effects are not included for the oxide case.

Figure 47 (below) shows the results of computations involving ScsN@Cgy and
yttrium in several forms (chemical equations for each reaction shown in the figure).
Predictions for the reactions of ScsN@Cgo with solid yttrium metal match the
experimental results reported earlier of about a one percent yield. The exciting thing here
is the prediction of an extremely exergonic reaction between ScsN@Cg and solid yttrium

oxide.
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Reactionsinvolving Sc;N@Cg,and Y
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Figure 47: Plot of computed AG of reaction versus temperature for reactions involving ScsN@Cg
and yttrium in several forms. Crystal entropy effects are not included for the oxide case.

The predicted Gibbs free energies for the reactions of gadolinium in several forms
with ScsN@Cgp are shown in Figure 48 (chemical equations for each reaction shown in
the figure). Based on these results, our best option for metathesis reaction involving
gadolinium with ScsN@Cgo would be the reaction of solid metal gadolinium with
ScsN@Cg. Beginning with gas phase gadolinium is slightly more favorable from a
thermodynamic standpoint, but complicates the experiment because the high

temperatures needed for sublimation of gadolinium would decompose the fullerene cage.
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Reactions involving Sc,N@C;, and Gd
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Figure 48: Plot of computed AG of reaction versus temperature for reactions involving ScsN@Cg
and gadolinium in several forms. Crystal entropy effects are not included for the oxide case.

Figure 49 (below) shows the results of computations involving the reactions of
ScsN@Cg with Lanthanum in several forms (chemical equations for each reaction shown
in the figure). In addition to yttrium, lanthanum presents another very promising case for
the metathesis reaction in that a very exergonic reaction is predicted for the reaction of

ScsN@Cgo With lanthanum oxide.
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Reactions involving Sc;N@C,,and La
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Sc3NCB80(g) + La(s) —=> 5c2LaNC80(g) + Sc(s) ===5c3NC80(g) + La203(s) --> Sc2LaNC80(g) + 5c203(s)

Figure 49: Plot of computed AG of reaction versus temperature for reactions involving ScsN@Cg
and lanthanum in several forms. Crystal entropy effects are not included for the oxide case.

CONCLUSION:

In summary, we have presented computational predictions for the Gibbs free
energies of reaction for the reactions of several metals in several forms with ScsN@Cg in
order to predict the feasibility of a metal-metal exchange “metathesis” reaction. Based on
computations so far, we should not expect appreciable yields for the metathesis reaction
of Al with ScsN@Cgp unless the Al ions are in the gas phase (very high temperature
perhaps using laser ablation). The Lu case is a bit more promising in the neutral atom,
but <1% vyields would still be expected at reasonable temperatures. We should also not
expect appreciable yields for the reaction of Gd with ScsN@Cgo, unless Gd is in its
neutral state and in the gas phase (very high temperature). Yields at < 1% are expected

for the reaction of Y(s) metal with ScsN@Cg which agrees with our experiments so far,
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but the reaction of Y,03(s) with ScsN@Cg is predicted to give much more significant
yields, as could the reaction of La,O3 with ScsN@Csgo.

Computations are currently running to investigate the thermodynamic viability of
reactions involving ytterbium metal or ytterbium salts with either ScsN@Cg or
LusN@Csg. These reactions have shown some promise in the lab, but the geometry

optimizations that are needed to model these reactions have yet to converge.
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CHAPTER 7: CONCLUDING REMARKS

GENERAL COMMENTS:

The research presented herein describes the computational modeling of several
classes of fullerenes and endohedral metallofullerenes. Through these computational
studies and the experimental studies performed by our group, we have been able to
predict and explain the properties of several novel endohedral metallofullerenes as well
as develop theories about the structure and stability of endohedral metallofullerenes in
general.

By looking at the anions of Cg4 and Cgo, We discover a general theory about the
stability of the fullerene anions that encase the clusters of EMFs. Specifically, cages with
more pyracyclene bonding motifs become less stable as negative charge on the cage is
increased because the negative charge collects on the pentagon atoms, causing negatively
charged cages to be less stable with the pentagons bonded together. That being said,
even though the pentagon atoms become more negatively charged, the bonds within the
pentagons become shorter, which signifies that the added electron density is localizing in
the bonding orbitals between those atoms. This is to be expected as the additional
electron in the pentagon for allow for aromaticity of the pentagon.

We also report on two novel endohedrals, the Y,C,@Cg,, and the Gd,@CgN.
NMR and computational evidence support the idea of a unique cluster rotation in the
Y,C,@Cg, that we refer to as a “carousel rotation”. The Gd,@CrgN is not only unique
because of its incorporation of a nitrogen atom onto the cage, but for its significant lack

of reactivity, particularly for a molecule with a spin quantum number of 15/2.
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Perhaps the most interesting part of this report is the computational and
experimental evidence for the possibility of the so-called “metathesis” metal-metal
interchange reaction for endohedral metallofullerenes. ScsN@Csgo can be made in the
graphite-arc reactor in large yields. The reaction of ScsN@Cg, with several metals is
explored and found to be thermodynamically favorable for the replacement of one of the

scandium atoms with yttrium or lanthanum.

FULLERENE ANIONS:

Fullerene anions are of interest computationally because most metal clusters in
endohedral metallofullerenes (EMFs) have a net positive charge, leaving the cage with a
net negative charge. This provides a convenient way of approximating models for EMFs
without modeling the cluster, by modeling the appropriate empty cage anion. We have
done this for all the dianions of the Cq4 IPR isomeric set (134 isomers). We have also
modeled all of the IPR isomers for Cgy (seven isomers) at all charges between zero and
negative six. Analysis of that data has shown a lack of ability for cages with pyracyclene
bonding motifs to accept negative charge, probably because of localization of that added
charge on the pentagons, which become smaller with added electrons, possibly due to the
addition of those electrons to bonding LUMO orbitals on the pentagon.

A more challenging and time consuming task, but perhaps more instructive,
would be to model, in the same way we did for Cgg, all of the IPR isomers of a slightly
larger fullerene cage that would have a larger number of isomers. The Cgq4, cage for

example has 24 IPR isomers. A full computational treatment of all 24 of these isomers at
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all of the charges for which we did the Cgo isomers would give more data points and

therefore more detail and reliability to the conclusions we have drawn based on Cg.

CARBIDE CLUSTERS:

Our work concerning Y,C,@Cgy, has helped us find out some very interesting
things about the cluster dynamics of carbide groups inside of fullerenes. The puzzling
question that has not yet been answered is of how they are formed. Is the C, unit
surrounded by a forming cage and then encased in that cage? Or, is the C, unit ejected
from a larger cage into the middle of the cage that has already encased the 2 metal atoms?
While there are computational approaches to this problem that might yield useful results,
an experimental approach that would give great insight would be to use an isotopically
normal graphite rod in the arc generator, packed with carbon-13 labeled yttrium carbide.
Once Y,C,@Cy; is isolated from the plasma arc soot, NMR spectral signals will tell us
whether the carbide group in the molecule has higher carbon-13 abundance than the cage,
which would support the hypothesis of the C, unit being surrounded from the start rather
than ejected from the cage.

Additionally, the cluster geometry of carbides in general needs a bit more
investigation. While the geometries of Gd,C,@Cg, and Y,C,@Cg, have been found to
have the metal atoms of the M,C; cluster oriented along the cage main D3 symmetry
axis,®? preliminary computational and experimental findings for Y,C,@Cs, suggest that
the metal atoms may be oriented orthogonal to the main Cs, axis of the cage with the
carbide group aligned with the main axis. Both computational models and high

resolution NMR spectra are being run to confirm or refute this hypothesis.
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OTHER FUTURE DIRECTIONS:

The atomic and subatomic interactions that cause the formation of fullerenes in
the plasma arc have long been of intense interest in the literature. There has been
extensive of molecular dynamics work done in an effort to computationally simulate the
formation of fullerenes in the plasma arc environment, 4117155158 The carbon
pentagons that must form in order for fullerenes to be made are thought to be created in
the plasma arc by pressure caused by the inert gas in the chamber.™® In particular, the
pentagons are thought to close from the Cy5 geometry shown in Figure 43 below.'®
Several different catalysts have been shown to cause the kinds of defects that begin the
“pentagon road” including chlorine and compounds containing chlorine atoms or chloride

ions. ¢

Figure 50: Cyg unit thought to be a precursor to pentagon closure in fullerenes.
Computational models are being developed to try to explain the role of chlorine as

a catalyst in the ring closure by placing either hydrogen or chlorine atoms to terminate
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each carbon on the Cyg unit shown in Figure 50 and calculating the pentagon closure
energy for several different configurations of chlorines and hydrogens. Results so far
suggest that the orth-para directing nature of chlorine atoms on aromatic rings explains

their role as pentagon closure catalysts in fullerene formation.

CONCLUSION:

Knowledge about the formation, structure, and possible applications for fullerenes
and endohedral metallofullerenes is still growing at a fantastic rate. This work scratches
some of the surfaces of what is still yet to come in the world of fullerene discovery, but

there is still infinitely more for us to find in the years to come.
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APPENDIX 1: Relative Energies of Co,* ion isomers

Isomer AE (kJ/mol) 42 Cs 59.89925971 22 C2 106.4389777
124 C2 0 129 C1 60.83055081 114 C3 109.2432743
132 C1 5.81243692 47 C2 60.9670243 108 C2 114.8448573
134 C3v 9.92412745 98 C1 61.63384879 77 C1 114.9379313
118 C1 15.04456133 12 C1 62.03316109 78 C1 115.9039577

75 C1 17.62590043 121 C2 62.66477763 83 C1 119.2428849
119 C1 19.66121428 92 C1 63.14918237 23 GCs 119.8989185
122 C1 20.13369926 37 C1 63.31645298 5 C1 122.0811816
125 C1 22.6486132 73 C2 64.21642187 79 C1 122.6580565

20 C2 22.76872982 21 C1 66.42767048 39 GCs 122.8374044
130 C2 23.36442952 116 C1 67.45786417 86 C2 125.9694421
123 C1 29.18096222 85 C1 70.65913632 70 C1 127.2339092
117 C2 32.63596269 87 C1 71.72645458 10 C1 128.2524456

9%5 C1 33.10206771 94 C2 72.86124819 11 C1 128.2524456

51 C2 36.77758392 35 C1 73.80020575 14 Cs 131.2059231

91 cC1 36.77881791 16 C1 74.68925256 104 C1 132.510324

36 Ci1 37.28756104 69 C1 74.71548131 88 C1 132.5334547
112 C1 38.44606292 110 C3 75.16136997 25 C1 135.9703392
101 cC1 40.15059002 32 C1 75.40905964 9 C2 136.1260838

65 C1 41.27797972 102 C1 78.3774762 63 C1 137.0817133
131 C1 42.23833511 49 C1 79.17964521 29 C1 138.1280801

59 C1 42.42091238 54 C1 79.67835894 106 C1 141.6890195
126 C2 43.83379895 24 C2v 79.86474318 100 C1 143.7465976

43 C2 44.42590171 103 C1 80.09161264 109 C2 149.0157135
128 C1 44.58763251 64 C1 80.76379315 84 C1 149.6622954

56 C1 46.43041845 66 C1 83.22556697 17 Cs 159.0853725
120 GCs 47.37617606 9 cC1 85.33092916 41 C1 167.3162099

82 C1 49.30300426 80 C1 85.63280915 107 C2 178.4819626

34 C1 49.54124213 81 C1 86.03361798 40 Cs 181.1351879

45 Cs 49.78381207 60 C1 86.12868734 7 C2 181.2027945

15 C1 50.0338647 93 C1 88.4194886 89 C2 182.1436687

74 C1 50.30237458 76 C1 89.06683188 4 C2 183.7138752

18 Cs 51.46591741 67 C1 89.84715674 6 C1 183.972907
133 C2 53.23442796 105 C1 91.93587326 13 GCs 184.4078211

68 C1 53.92054988 8§ C1 94.40452589 27 C1 184.6560621

57 C1 53.99096579 55 C1 95.1118881 52 C2v 190.4551353

44 Cs 54.46163917 50 C1 96.23449939 28 C1 208.3638545

61 C2 54.56348231 3 C2 97.77165087 38 C1 210.3256019

97 C1 55.1601797 71 C1 98.84855221 2 C1 213.3118456
115 C1 56.79387082 53 C1 99.20782563 1 C2 221.3951825

72 C1 57.27053034 90 C1 100.2255744 30 C1 245.3634507

19 C1 57.39537287 33 C2 100.3220616 26 C2 252.8653181
111 C1 57.88484483 48 C1 101.9050018 46 Cs 273.1255403
127 C1 58.15889453 96 C3 104.0218899

31 Cs 58.61607284 113 C1 104.7510438

62 Cl1 59.44326287 58 C1 105.4834007
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APPENDIX 2: Effect on atomic charges and bond lengths of adding 6
electrons to each isomer of Cgy. Bond types are shown in more detail in
Figure 4 (a=4 Hexagons, b=Pyracyclene, c=Pent. to Hex., d=Pent. Edge)

Isomer|Afom Avg ACharge. {St.Dev. Bond Aveg. ALength (St Dev.
1D5D |Pvracvlene -0.0879: 0.0023 Pvracvclene 0.0333; 0.0032
MNonPyraPent -0.0647: 0.0001 Pent. to Hex. 0.0239: 0.0000
Hex-1Pent -0.0595: 0.0000 4 Hexagons 0.0011: 0.0163
Pent. Edge -0.0015: 0.0043
2D2?  |Pyracvclene -0.0816! 0.0312 Pyracyclene 0.0326! 0.0221
MNonPyraPent -0.0837; 0.0216 Pent. to Hex. 0.0240: 0.0071
Hex-1Pent -0.0550: 0.0144 4 Hexagons -0.0026: 0.0059
Hex-2Pent -0.0440; 0.0000 Pent. Edge 0.0000; 0.0169
3C2v |Pyracvclene -0.0734; 0.0267 Pyracyclene 0.0299: 0.0184
MNonPvraPent -0.0909: 0.0199 Pent. to Hex. 0.0192! 0.0174
Hex-1Pent -0.0705; 0.0081 4 Hexagons -0.0062: 0.0095
Hex-2Pent -0.0400¢ 0.0103 Pent. Edge 0.0021% 0.0172
Hex-3Pent -0.0210: 0.0061
4D3  |Pvracvclene -0.0839: 0.0121 Pvracvclene 0.0385: 0.0059
NonPvraPent -0.0875: 0.0153 Pent. to Hex 0.0097: 0.0082
Hex-0Pent -0.0658: 0.0007 4 Hexagons 0.0089: 0.0036
Hex-1Pent -0.0473: 0.0006 Pent. Edge 0.0023; 0.0136
Hex-2Pent -0.0371: 0.0080
S5C2v |Pvracvclene -0.0749: 00189 Pvracvclene 0.0318: 0.0144
NonPvraPent -0.0886: 0.0144 Pent. to Hex. 0.0139: 0.0129
Hex-1Pent -0.0684: 0.0001 4 Hexagons -0.0046: 00115
Hex-2Pent -0.0487: 0.0085 Pent. Edge 0.0038; 0.0163
Hex-3Pent -0.0314; 0.0101
6D5h |Pvracvclene -0.0813: 0.0537 Pvracvclene 0.0338: 0.0010
NonPvraPent -0.0764: 0.0453 Pent. to Hex. 0.0102: 0.0076
Hex-2Pent -0.0620: 0.0321 4 Hexagons -0.0009: 00118
Hex-3Pent -0.0749: 0.0538 Pent. Edge 0.0055: 0.0177
T1h NonPyraPent -0.0850: 0.0057 Pent. to Hex. 0.0089: 0.0122
Hex-3Pent -0.0449; 0.0054 Pent. Edge 0.0075; 0.0082
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APPENDIX 3: Dependence of relative energy (kJ/mol) of Cgy IPR
iIsomers on charge of the cage. The D5h(6)0802' Is shown to have the
lowest energy of the 49 systems modeled.

Isomer 0 -1 -2 -3 -4 -5 -6
1-D5d 361.75 82.40 7852 44701 1075.85)1994.30| 3157.78

2-D2 35095 83.50] 9075 425124 1030.74| 1916.92| 3070.01

3-Clv 37892 6285 2049 35592| 966.24| 1832.27| 2974.33

4-D3 38764 9438 7796 408.94( 1018.28| 1869 54| 2996.64

5-Clv 38588 6042 022 29249 855.24| 1717.46| 2858.10

6-D5h 39651 5581 0.00| 281 88| 84185| 1651.85| 2736.08

7-Th 46539 13268 §2.00) 31131 813.93|1390.12| 2640.03
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APPENDIX 4: Six geometries of Y,C,Cgy, optimized to confirm carousel
rotation hypothesis. For each structure, the cage symmetry axis is
horizontal through the cluster.
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APPENDIX 5: Complete plot of dielectrion affinities of the Cy; IPR
isomers vs. number of pyracyclene motifs on each and verse number of
para-fused-pentagon motifs on each.
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