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ABSTRACT

The vital link between low-energy electron elastic scattering resonances and low-energy chemical reaction dynamics has been fully
established, leading to the fundamental understanding of the mechanism driving nanoscale catalysis as well as sensor technology through
atomic negative ions. The production of methanol from methane without CO2 emission and water catalysis to peroxide through the use of
the atomic Au anion catalyst has been accomplished. Greenhouse gas emissions will be impacted and observational Astronomy will be
facilitated. Vessels could be lined with nanopaladium or nanogold negative ions to carry drinking water, impacting the weight of a soldier
significantly. Industrial furnaces and jet engines could be coated with nanogold or nanosilver negative ion catalysts for the combustion of
methane gas without the CO2 emission. A novel mechanism for explaining the matter-antimatter asymmetry of the Universe has also been
advanced. The obtained photoabsorption spectrum of the Xe@C60 endohedral fullerene confirms the three main peaks observed in the
measured data. This and the knowledge of other giant endohedral fullerenes could impact quantum computing and drug delivery. Our
international collaboration has unveiled the fundamental properties of the exotic quantum spin liquid (QSL), formed with such hypothetic
particles as fermionic spinons carrying spin 1/2 and no charge; QSL forms a strongly correlated Fermi system located at a fermion
condensation quantum phase transition.
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Summary of Accomplishments: Final Report

The research project has achieved significant results in two main areas:

I. Low-energy electron scattering, leading to a fundamental understanding of nanoscale catalysis through negative ion
resonances.

II. Photoabsorption of Xe atoms encapsulated inside fullerenes

The essentials of each area are presented and discussed below; the details are found in the published or to be published
(completed) papers

I. Low-energy electron scattering resonances: Catalysts and Sensors

[.1 Overview

The present research has now fully established the vital link between low-energy electron elastic scattering resonances
(maxima and minima in the electron elastic scattering total cross sections) and low-energy chemical reaction dynamics.
Consequently, the fundamental atomic physics mechanism driving nanoscale catalysis, namely responsible for the oxidation of
water to peroxide, has been attributed to the interplay between resonances and Ramsauer-Townsend (R-T) minima that
characterize the low-energy electron elastic scattering total cross sections (TCSs) for Au and Pd atoms, along with their large
electron affinities (EAs) [1]. Many more chemical reactions, particularly nanocatalysis, including sensor technology, can now be
studied and analyzed using the electron—Au scattering TCSs as the benchmark. So, the investigation and delineation of the
resonance structures in the TCSs for low-energy electron elastic scattering can now take center stage.

The role of atomic particles and nanoparticles in catalysis continues to attract extensive investigations from both fundamental
and industrial perspectives. Recently, our research group has added the novel atomic negative ions to the study of catalysis at
the atomic scale by performing transition state calculations using dispersion-corrected density-functional theory for the following
reactions: 1) Conversion of H20, HDO, and D20 to H202, HDO2, and D202, respectively using atomic Au™ and atomic Pd™ ion
catalysis [2, 3] and 2) Complete and partial oxidation of methane in the absence and presence of the atomic Au™ ion catalyst [4-
6]. The fundamental mechanism of negative ion catalysis in the oxidation of water to peroxide catalyzed by the atomic Au™ ion
has been attributed to the anionic molecular complex Au™(H20)1,2 formation in the transition state, with the atomic Au™ ion
breaking up the hydrogen bond strength in the water molecules, permitting the formation of the peroxide in the presence of O2
usually provided by the support. Similarly, in the conversion of methane to methanol using the atomic Au™ ion catalyst, the
anionic molecular complex Au™(CH4) formation, weakens the C-H bond in the transition state.

[.2 Tunable Catalysis of Water to Peroxide

In the paper “Tunable Catalysis of Water to Peroxide” [6] we employed a scalable method to investigate the optimization of the
catalytic behavior of Au, Ag, Pd, Rh, and Os atomic systems via polarization effects and conclude that anionic atomic systems
are optimal and therefore ideal for catalyzing the oxidation of water to peroxide, and that anionic Os is the best candidate
among the atomic anions investigated. These results confirm our recent complex angular momentum analysis identifying
negative atomic ions as the fundamental mechanism of catalysis at the atomic scale with the implication that the anionic atomic
systems are optimal configurations for catalytic behavior [7]. Also important here is the discovery that cationic systems increase
the transition energy barrier in the synthesis of peroxide; this could render them important as inhibitors in controlling and
regulating catalysis as well as in the design and manufacture of sensors.

In general, these calculations using density functional theory provide insight into the catalytic behavior of higher order
dimensional transition metal substrate via ionic tuning of fundamental atomic species, and imply guidance for scale-up
approaches. Hence, a plausible theoretical foundation for tailoring and optimizing transition metal substrate identification,
processing, and industrial application is inferred. Furthermore, there is an implication that these results may plausibly extend to
negatively charged enzymes in biological systems, polymers, and organic substrates, and pose an interesting hypothesis as to
whether this is consistent across interdisciplinary systems, reaction types, atomic cluster substrates and ionic solutions. This
conclusion should also be applicable to the oxidation of methane to methanol without CO2 emission, with the anionic Os being
the best catalyst. These findings usher in a fundamental atomic theoretical framework for the generation of tunable catalytic
systems, with application also to sensor technology.

II. Photoabsorption spectra of Xe atoms encapsulated inside fullerenes
Endohedral fullerenes are not only of scientific interest but also promise important applications in quantum computing, magnetic
resonance imaging, nuclear magnetic resonance analysis, drug delivery and sensor technology.

In this section we discuss the confinement resonances of Xe atoms encapsulated inside fullerenes (1) C180 and C240, which
are close to a sphere and (2) C58, C56 and C54, which are deformed from a sphere. The photoabsorption spectra of Xe atoms
encapsulated inside fullerenes have been investigated using the time-dependent density-functional theory (TDDFT) and
compared for C180 and C240 with the results of our short range spherical well potential.



1.1 Overview

In the photoionization studies of endohedral fullerenes the most attractive problem isthe = Xe 4d confinement resonances in
the Xe@C60 molecule. The demonstration that in the photoionization of Xe@CG60, the 4d giant resonance is distorted
significantly when compared with that of the isolated Xe atom [8], has stimulated a number of investigations, including the first
experimental discovery of confinement in the photoionization of the 4d subshell of the Xe atom in molecular Xe@C60 [9].
Hitherto for, almost all the studies of the Xe confinement resonances have been focused on the Xe@C60 endohedral fullerene.
A recent R-matrix calculation which agreed with the measurement therein [10], as well as a fully relativistic R-matrix calculation
[11] used a delta-type model potential. However, the R-matrix calculation used in the measurement in [10] has been criticized
severely [12]. Our short range spherical well potential [13] gave better results compared to the &-like potential with respect to
the measurement [9]. Most important here, our calculation using the TDDFT with pseudopotential [14] can evaluate the
photoabsorption spectra when the Xe atom is located off the center. A recent study indicated that the photoionization cross
section of the encaged Xe atom is very sensitive to the position of the Xe atom [15]. The confinement resonances can be
observed only if the Xe atom is located at about 0.3 °A around the center. Unfortunately, current experimental techniques can’t
determine the location of the Xe atom inside the C60. This is the main source of controversy among the theoretical calculations
which aim at reproducing the measurements.

1.2 Results

A. For the photoabsorption spectra of Xe atoms encapsulated inside C180 and C240 we found:

1) The Xe-C180 and Xe-C240 binding energies along some high symmetry directions showed the possibility of other Xe
positions. For the Xe@C240 molecule the changes in the Xe-C240 binding energies with the off-center distance of the Xe atom
demonstrates two minima for the Xe-C240; one is at the center of the cage, while the other is nearr = 3.2 "A.

2) Itis noted that if r is less than 3.4 “A the Xe-C240 binding energies are all negative. This implies that if the Xe atom has
enough kinetic energy it should move rather freely within a spherical ball with the radius of r< 3.4 °

3) The main features of the confinement resonances for the Xe atoms inside C180 and C240 may be predicted by our simple
empirical formula relating the location of a confinement peak to the radius of a fullerene. If the radius of a fullerene equals an

integer (= 2) x the half wave length of the photoelectron, then at this photon energy we may be able to observe a confinement
peak.

4) The agreement between the two methods (the TDDFT and the short range potential well) is reasonably good; both methods
demonstrate the significant distortion of the Xe 4d giant resonance, consistent with the prediction in [8].

B. For the Xe atom inside C58, which has similar confinement resonances as those of the Xe atom inside C60, the spectra of
Xe inside C56 and C54 are completely different from that of the Xe inside C60 which are characterized by confinement
resonances of the Xe@C60 molecule. This is related to the larger deformation parameters of the C56 and C54. It is concluded
that the quantum confinement resonances will be destroyed if the shape of the fullerene is deformed significantly from a sphere.
The appearance of additional peaks in the spectra of giant endohedral fullerenes can be understood as follows. The radii for the
C180 and C240 are respectively, 6.16 and 7.10 A from our calculations [16]. They are much larger than the 3.5 ‘A radius of the
C60. Therefore, their extended space allows for the generation of more standing waves.

Technology Transfer
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Abstract

The vital link between low-energy electron elastic scattering resonances and low-energy chemical
reaction dynamics has been fully established, leading to the fundamental understanding of the mechanism
driving nanoscale catalysis as well as sensor technology through atomic negative ions. The production of
methanol from methane without CO, emission and water catalysis to peroxide through the use of the
atomic Au anion catalyst has been accomplished. Greenhouse gas emissions will be impacted and
observational Astronomy will be facilitated. Vessels could be lined with nanopaladium or nanogold
negative ions to carry drinking water, impacting the weight of a soldier significantly. Industrial furnaces
and jet engines could be coated with nanogold or nanosilver negative ion catalysts for the combustion of
methane gas without the CO, emission. A novel mechanism for explaining the matter-antimatter
asymmetry of the Universe has also been advanced. The obtained photoabsorption spectrum of the
Xe@Cgo endohedral fullerene confirms the three main peaks observed in the measured data. This and the
knowledge of other giant endohedral fullerenes could impact quantum computing and drug delivery. Our
international collaboration has unveiled the fundamental properties of the exotic quantum spin liquid
(QSL), formed with such hypothetic particles as fermionic spinons carrying spin 1/2 and no charge; QSL
forms a strongly correlated Fermi system located at a fermion condensation quantum phase transition.

Summary of Accomplishments: Final Report

The research project has achieved significant results in two main areas:

I. Low-energy electron scattering, leading to a fundamental understanding of nanoscale catalysis through
negative ion resonances.

I1. Photoabsorption of Xe atoms encapsulated inside fullerenes

The essentials of each area are presented and discussed below; the details are found in the published or to
be published (completed) papers

I. Low-energy electron scattering resonances: Catalysts and Sensors



I.1 Overview

The present research has now fully established the vital link between low-energy electron elastic
scattering resonances (maxima and minima in the electron elastic scattering total cross sections) and low-
energy chemical reaction dynamics. Consequently, the fundamental atomic physics mechanism driving
nanoscale catalysis, namely responsible for the oxidation of water to peroxide, has been attributed to the
interplay between resonances and Ramsauer—-Townsend (R—T) minima that characterize the low-energy
electron elastic scattering total cross sections (TCSs) for Au and Pd atoms, along with their large electron
affinities (EAs) [1]. Many more chemical reactions, particularly nanocatalysis, including sensor
technology, can now be studied and analyzed using the electron—Au scattering TCSs as the benchmark.
So, the investigation and delineation of the resonance structures in the TCSs for low-energy electron
elastic scattering can now take center stage.

The role of atomic particles and nanoparticles in catalysis continues to attract extensive investigations
from both fundamental and industrial perspectives. Recently, our research group has added the novel
atomic negative ions to the study of catalysis at the atomic scale by performing transition state
calculations using dispersion-corrected density-functional theory for the following reactions: 1)
Conversion of H,O, HDO, and D,0 to H,0,, HDO,, and D,0,, respectively using atomic Au™ and atomic
Pd” ion catalysis [2, 3] and 2) Complete and partial oxidation of methane in the absence and presence of
the atomic Au” ion catalyst [4-6]. The fundamental mechanism of negative ion catalysis in the oxidation
of water to peroxide catalyzed by the atomic Au” ion has been attributed to the anionic molecular
complex Au (H,0),, formation in the transition state, with the atomic Au™ ion breaking up the hydrogen
bond strength in the water molecules, permitting the formation of the peroxide in the presence of O,
usually provided by the support. Similarly, in the conversion of methane to methanol using the atomic
Au” ion catalyst, the anionic molecular complex Au (CH,) formation, weakens the C-H bond in the
transition state.

I.2 Tunable Catalysis of Water to Peroxide

In the paper “Tunable Catalysis of Water to Peroxide” [6] we employed a scalable method to investigate
the optimization of the catalytic behavior of Au, Ag, Pd, Rh, and Os atomic systems via polarization
effects and conclude that anionic atomic systems are optimal and therefore ideal for catalyzing the
oxidation of water to peroxide, and that anionic Os is the best candidate among the atomic anions
investigated. These results confirm our recent complex angular momentum analysis identifying negative
atomic ions as the fundamental mechanism of catalysis at the atomic scale with the implication that the
anionic atomic systems are optimal configurations for catalytic behavior [7]. Also important here is the
discovery that cationic systems increase the transition energy barrier in the synthesis of peroxide; this
could render them important as inhibitors in controlling and regulating catalysis as well as in the design
and manufacture of sensors.

In general, these calculations using density functional theory provide insight into the catalytic behavior of
higher order dimensional transition metal substrate via ionic tuning of fundamental atomic species, and
imply guidance for scale-up approaches. Hence, a plausible theoretical foundation for tailoring and
optimizing transition metal substrate identification, processing, and industrial application is inferred.
Furthermore, there is an implication that these results may plausibly extend to negatively charged
enzymes in biological systems, polymers, and organic substrates, and pose an interesting hypothesis as to
whether this is consistent across interdisciplinary systems, reaction types, atomic cluster substrates and
ionic solutions. This conclusion should also be applicable to the oxidation of methane to methanol
without CO2 emission, with the anionic Os being the best catalyst. These findings usher in a fundamental
atomic theoretical framework for the generation of tunable catalytic systems, with application also to
sensor technology.



II. Photoabsorption spectra of Xe atoms encapsulated inside fullerenes

Endohedral fullerenes are not only of scientific interest but also promise important applications in
quantum computing, magnetic resonance imaging, nuclear magnetic resonance analysis, drug delivery
and sensor technology.

In this section we discuss the confinement resonances of Xe atoms encapsulated inside
fullerenes (1) C180 and C240, which are close to a sphere and (2) C58, C56 and C54,
which are deformed from a sphere. The photoabsorption spectra of Xe atoms encapsulated inside
fullerenes have been investigated using the time-dependent density-functional theory
(TDDFT) and compared for C180 and C240 with the results of our short range spherical
well potential.

II.1 Overview

In the photoionization studies of endohedral fullerenes the most attractive problem is the
Xe 4d confinement resonances in the Xe@C60 molecule. The demonstration that in the
photoionization of Xe@Cso, the 4d giant resonance is distorted significantly when compared with that of
the isolated Xe atom [8], has stimulated a number of investigations, including the first experimental
discovery of confinement in the photoionization of the 4d subshell of the Xe atom in molecular Xe@C60
[9]. Hitherto for, almost all the studies of the Xe confinement resonances have been focused
on the Xe@C60 endohedral fullerene.

A recent R-matrix calculation which agreed with the measurement therein [10], as well as a
fully relativistic R-matrix calculation [11] used a delta-type model potential. However, the R-
matrix calculation used in the measurement in [10] has been criticized severely [12]. Our
short range spherical well potential [13] gave better results compared to the oJ-like
potential with respect to the measurement [9]. Most important here, our calculation using the
TDDFT with pseudopotential [14] can evaluate the photoabsorption spectra when the Xe
atom is located off the center. A recent study indicated that the photoionization cross section
of the encaged Xe atom is very sensitive to the position of the Xe atom [15]. The
confinement resonances can be observed only if the Xe atom is located at about 0.3 A around
the center. Unfortunately, current experimental techniques can’t determine the location of the
Xe atom inside the C60. This is the main source of controversy among the theoretical calculations
which aim at reproducing the measurements.

II.2 Results

A. For the photoabsorption spectra of Xe atoms encapsulated inside C180 and C240 we
found:

1) The Xe-C180 and Xe-C240 binding energies along some high symmetry directions
showed the possibility of other Xe positions. For the Xe@C240 molecule the changes in
the Xe-C240 binding energies with the off-center distance of the Xe atom demonstrates
two minima for the Xe-C240; one is at the center of the cage, while the other is near » =

3.2A.

2) It is noted that if » is less than 3.4 A the Xe-C240 binding energies are all negative. This
mplies that if the Xe atom has enough kinetic energy it should move rather freely within a
spherical ball with the radius of » < 3.4 °



3) The main features of the confinement resonances for the Xe atoms inside C180 and
C240 may be predicted by our simple empirical formula relating the location of a
confinement peak to the radius of a fullerene. If the radius of a fullerene equals an integer (=
2) x the half wave length of the photoelectron, then at this photon energy we may be able to
observe a confinement peak.

4) The agreement between the two methods (the TDDFT and the short range potential
well) is reasonably good; both methods demonstrate the significant distortion of the Xe 4d
giant resonance, consistent with the prediction in [8].

B. For the Xe atom inside C58, which has similar confinement resonances as those of the
Xe atom inside C60, the spectra of Xe inside C56 and C54 are completely different from
that of the Xe inside C60 which are characterized by confinement resonances of the
Xe@C60 molecule. This is related to the larger deformation parameters of the C56 and
C54. It is concluded that the quantum confinement resonances will be destroyed if the

shape of the fullerene is deformed significantly from a sphere. The appearance of additional
peaks in the spectra of giant endohedral fullerenes can be understood as follows. The radii for the C180 and

C240 are respectively, 6.16 A and 7.10 "A from our calculations [16]. They are much larger than the 3.5 A
radius of the Cg(. Therefore, their extended space allows for the generation ofmore standing waves.
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