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Abstract

A detailed theoretical study of the gas phase reactivity of copper cation (Cu*) with CO,
H,0, 0,, N; and their mixture was performed and compared to experimental results to determine
the ability of Cu* to act as a low-temperature catalyst for CO oxidation. It was found that Cu*
binds strongest to CO, followed by H>O, N, and O, strongly interacting with each species until
reaching saturation at a maximum of four ligands. It was also found that a single Cu* cannot by
itself activate the O, molecule as small copper cluster anions can, leading to CO, formation
Nevertheless, since moisture and impurities on the surface of a catalyst can modify its chemical
activity, it is important to understand at the atomic level the interaction between the active site
(Cu*) and the binding molecules in order to help to identify intermediates and key reaction steps

that control the reactivity and catalytic activity.
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Chapter 1. Introduction

1.1 CO Catalysis

Carbon monoxide (CO) is a colorless, odorless gas that is a common byproduct of
incomplete fuel combustion [1] via the following reaction [2]:

CxH, + 0, - CO, + CO + H,0 + H, (1)

Carbon monoxide is therefore produced to some extent by all fuel-powered vehicles and
essentially anything else that uses a hydrocarbon as a fuel, including generators, gas heaters, and
propane grills. While carbon monoxide is in and of itself toxic to humans [1], an additional
problem is that when present at ground level, CO leads to the production of nitrogen dioxide
(NO2) and ozone (0s) [3]. Both chemicals are toxic pollutants and ingredients of smog, which
causes a wide variety of health problems for humans [4] including asthma [5] and lung cancer [6],
among others. Anthropogenic ozone by itself, without including the effects of the particulate
pollution also included in smog, has been estimated by various models to cause between 50,000
and 1,000,000 deaths a year worldwide, the majority of which occur in the densely-populated
and highly-polluted regions of east and south Asia [4]. It is therefore essential to design fuel-
burning equipment in such a way as to minimize the output of carbon monoxide.

Various methods are used to achieve this purpose, including, perhaps most importantly,
designing equipment in such a way as to ensure a near-ideal mixture of oxygen is available for
the combustion process to minimize the output of carbon monoxide in favor of carbon dioxide
(COz) [7]. Being a long-lived greenhouse gas, carbon dioxide does cause many problems on its

own. Notably, increases of CO; in the atmosphere are largely responsible for climate change [8].



However, given the more immediate harmful effects of carbon monoxide on the environment
and human health, carbon dioxide is a preferable output.

However well-designed the combustion process is, CO is inevitably produced to some
extent. This is the reason why most vehicles are equipped with catalytic converters, which are
devices that convert carbon monoxide to carbon dioxide via the following reaction [7]:

CO +0; - CO; +Energy (2)

Most catalytic converters additionally reduce nitric oxide (NO) and nitrogen dioxide (NO>)
to N; and O; [7], although this process will not be discussed here. Because of the energy required
to break the O, bond, the carbon dioxide-producing reaction in equation 2 does not occur
spontaneously without the presence of a catalyst. The catalyst reduces the activation energy for
the reaction, and consequently, the temperature at which the reaction can occur [7].

There are two main mechanisms by which the catalysis of CO into CO; is known to occur.
In the Langmuir-Hinshelwood mechanism, both O, and CO are coadsorbed on the surface of the
catalyst [9]. The catalyst donates charge to the O, molecule, which results in a stretching of the
0O-O bond. This is because the lowest unoccupied molecular orbital (LUMO) in O; is an
antibonding m* orbital [10]. Any charge added to O, goes into this antibonding orbital and
weakens the double bond holding the O, together. This results in a lengthening of the bond and
a reduction of the bond order, and one of the O atoms is able to break away and attach to CO,
forming CO.. In the Eley-Rideal mechanism, by contrast, only the O, molecule directly adsorbs on
the surface of the catalyst. The CO molecule then reacts with the activated O, molecule directly

in the gas phase without itself adsorbing on the surface of the catalyst [9]. The key to either



process is the activation of the O, molecule, without which the breaking of the O, bond cannot
occur and CO; cannot be formed.

The bulk catalysts in catalytic converters work by the Langmuir-Hinshelwood mechanism
[11], but CO catalysis by both Langmuir-Hinshelwood and Eley-Rideal mechanisms are known to
occur on small clusters [9].

If a suitable catalyst is not present, CO indirectly aids in the formation of ozone (0O3) via

the following series of reactions [3, 12]:

CO+0,+NO - CO, + NO, (3)
NO, + hv > NO + 0 (4)
0+ 0, - 05 (5)

In the first step, carbon monoxide reacts with oxygen and nitric oxide to produce carbon
dioxide and nitrogen dioxide. In the second step, nitrogen dioxide photodissociates due to
sunlight to produce nitric oxide and single oxygen atoms. The single oxygen atoms then react
with O, molecules to form ozone (Os3). Since sunlight is required to photodissociate the NO,,
ozone is produced in highest quantities during the daylight hours in summer and the amounts of
ozone peak in late afternoon [14]. Both nitric oxide and nitrogen dioxide are byproducts of
automobile emissions in addition to carbon monoxide [7]. This means that ozone is formed even
without the presence of carbon monoxide. However, carbon monoxide increases the amount of
ozone produced since it makes up a larger portion of vehicle exhaust than NOx by a factor of up
to 20 [13]. Ozone is thermodynamically unstable and does eventually reduce to O [15], but this

process can take weeks [14] and Ozis harmful in the meantime. Importantly, a catalytic converter



can prevent the production of ozone in favor of the relatively less immediately harmful carbon
dioxide.

The catalysts used in catalytic converters are typically precious metals such as platinum,
rhodium, and/or palladium [7]. These catalysts can, at the right temperature, reduce CO and NOy
emissions by up to 98% [7], but they do have a number of disadvantages. One of the primary
drawbacks is that the precious metals used in them are extremely expensive. Platinum, for
example, is approximately $975 per ounce [16]. Compare this to copper, which at $0.16 per
ounce [17] is over 6000 times cheaper. Clearly, if copper or another cheaper metal could be used
as a catalyst, it could significantly reduce the price of catalytic converters and make them more
common, particularly in developing countries where cost is a bigger obstacle.

In addition, mining of precious metals causes detrimental environmental effects. More
than half of the world’s platinum and more than 85% of palladium is used in catalytic converters
[18]. For example, the city of Norilsk, Russia, is one of the world’s largest producers of platinum
and palladium and is, as a result, considered to be one of the most polluted cities on earth [19].
Reducing the need for these metals in catalytic converters would decrease the amount of
environmentally harmful mining.

Perhaps the most important drawback to current catalytic converters is that they require
a high temperature to be effective. This means that vehicles emit a great deal of carbon monoxide
during the first few minutes of operation after a cold start before the engine has had an
opportunity to heat up sufficiently (typically to 300 - 400 °C) [7]. A more ideal catalyst, capable
of operating at ambient temperatures, would minimize the cold start problem and reduce

harmful emissions.



A final disadvantage to current catalytic converters is that their effectiveness can be
decreased or even completely ruined by the presence of contaminants in the system. Lead, for
example, which used to be and still is in some countries added to gasoline as an anti-knocking
agent, can completely poison the catalytic process and even permanently disable the catalytic
converter [7]. In exploring the possibility of alternatives to precious metals for use in catalysis, it
is therefore also important to explore how the most common air molecules and contaminants
can affect the catalysis process, either positively or negatively. While few countries still use
leaded fuel, and it will likely be phased out entirely around the world in the coming years,
interaction by H,0, N, and other common air molecules can never be eliminated, so it is

especially important to explore how these molecules affect the catalysis process.

1.2 Alternative Catalysts

In 1987, Haruta et. al. [20] described the potential of gold nanoparticles to act as catalysts
for the oxidation of carbon monoxide into carbon dioxide. It was found that supported gold
nanoparticles were able to successfully oxidize carbon monoxide at temperatures as low as -70°C,
even in high moisture conditions. This paper evoked great interest in the potential of small
clusters of gold to act as a catalyst, particularly at ambient temperatures. Prestianni et. al.
explored CO oxidation on neutral and cationic gold clusters, finding that CO oxidation occurs on
cationic gold clusters when both CO and O; are adsorbed on the same site in the cluster [21]. Xing
et. al. found that coadsorbed H,O enhanced the catalytic activity of gold cluster cations [22].

Further studies have been performed on clusters of the other coinage metals. Zhang et. al. found



silver clusters to be effective catalysts for CO oxidation at low temperatures [23]. Hirabayashi
found that copper anion clusters are also capable of oxidizing carbon monoxide [24].

In designing novel catalysts, it is important to note that effectiveness of a catalyst depends
on a number of factors, including the phase of the catalyst relative to the reactants, its support,
its size, and even its shape. For example, in automobile catalytic converters, the precious metals
used as catalysts are commonly supported on a ceramic honeycomb structure designed to
maximize surface area and withstand high temperatures [7]. An oxide, such as cerium oxide
(Ce0y,), is typically added to serve as an oxygen source for the necessary chemical reactions [7].

In practice, it can be difficult to isolate the effects of any one factor on the effectiveness
of a catalyst. For this reason, it is useful to study the gas phase reactivity of single atoms, ions, or
molecules, since external interactions such as solute-solvent and intermolecular interactions can
be categorically excluded. Gas phase studies of atoms can additionally provide information about
their reactivity, reaction mechanisms and rates, and thermochemistry, and also aid in identifying
intermediates and key reaction steps controlling the catalytic activity. Therefore, even if the
single atoms in gas phase are not by themselves capable of significant catalytic activity, gas phase
studies can still offer useful information that will aid in the development of novel catalysts.

Many studies have also been performed on the gas phase reactions of single metal ions
with molecules such as CO and H0. Sato used the laser ablation-molecular beam (LAMB) method
to calculate the binding energies of A" and other monopositive metal ions to H,O [25]. Reveles
et. al. found that single Au* ions are capable of CO oxidation, though catalytic activity is inhibited
by the presence of H,0 [10]. Specifically, a number of studies have been performed on gas phase

reactions of Cu* with various molecules. Jarvis et. al. studied the reaction of Cu* and other metal



cations with CO and O, using inductively coupled plasma/selected-ion flow tube (ICPSIFT) tandem
mass spectrometry and quantum chemical calculations [26]. Holland and Castleman measured
the bond energies of complexes of Cu* and NH3; and H,0 using thermionic emission sources [27].
Rodgers et. al. studied the reaction of Cu* with CO, O, CO2, N, NO, N,0, and NO; using guided
ion beam mass spectrometry [28]. The reaction of Cu* with CO specifically has also been studied

by Morgantini and Weber [29], Merchan et. al. [30], and Barnes et. al. [31].



Chapter 2 - Theory

2.1 Schrodinger equation
The steady-state geometry and energy of any particle or collection of particles can be
described by its wave function, which can be found by solving the Schrodinger equation in its
time-independent form [32].
Ay = EY (6)

For a collection of N nuclei of mass M with n electrons of mass m, the Schrodinger

equation is:
ey M ge _Mem g2y Logw gn ZaZp 1 ym oyn 2 L gy yn Zaetly _pyo (7)
A=1 2My4 A om&i=1 Vi 4meg A=14B>A RaB 4me i=1 ]>l.rij 4me, A=1 4Li=1 Ry

The first two terms of the Hamiltonian represent the kinetic energy of the nuclei and
electrons, respectively. The third term is the repulsive Coulombic potential energy between each
pair of nuclei, and the fourth term is the repulsive Coulombic potential energy between each pair
of electrons. The final term is the attractive Coulombic potential energy between each electron
and each nucleus.

For this system, there are N nuclear kinetic terms in the Hamiltonian, along with n
L 1 . 1 . .
electron kinetic terms, EN(N — 1) nuclear potential terms, En(n — 1) electronic potential

terms, and N X n nuclear/electron potential terms. A simple triatomic molecule such as Cu*CO
has 3 nuclei and 42 electrons, resulting in a Hamiltonian with a total of 1035 terms, of which 861
come from the interelectron potential.

For even larger systems, the number of terms increases exceedingly rapidly. This means

that in practice, the Schrodinger equation for any system larger than a simple hydrogen atom is



impossible to solve analytically, and even to solve numerically with the aid of a computer requires

a number of approximations and simplifications.

2.2 Born-Oppenheimer Approximation
The first approximation, used in molecular modeling of all kinds, is the Born-Oppenheimer
approximation [33]. The nucleus of any atom is at minimum several thousand times more
massive than its electrons (a copper nucleus, for example, is 115,000 times as massive as an
electron). As a result, the electrons move much faster than the nuclei do and respond essentially
instantaneously to nuclear motion [33]. For this reason, nuclear motion can be essentially
ignored while calculating the electronic wave functions without much loss in accuracy. Using this
assumption, it is possible to approximate the wave function as the product of separate nuclear
and electronic wave functions [32].
¥ = Yhuctei X Petectrons (8)
One can therefore focus on solving the electronic wave functions for any given nuclear
position, which greatly simplifies the Schrodinger equation. The resulting Schrodinger equation

for the electrons only is:

h? 2 1 wn €

1 Zpe? 7

N n Z4 W = HY

om “i=1 Vj + 8me, JE 4mey SA=1 Zi:l RA'] electrons — electrons (9)
ij i

—__\n

However, since most systems have many more electrons than nuclei, the Born-
Oppenheimer approximation does not by itself sufficiently simplify the Schrodinger equation to

the point where it is easily solvable. For the example Cu*CO molecule, using the Born-



Oppenheimer approximation only reduces the number of terms in the Schrodinger equation from

1035 to 1029. More simplifications are needed before the problem becomes realistically solvable.

2.3 Electron Density and Hohenberg-Kohn Theorems

In reality, the wave function of the electrons is not of much interest, since it cannot
actually be observed in practice. In addition, electrons are indistinguishable particles, so it is not
useful to assign an individual wave function to each separate electron. A more valuable quantity
to look at is the density of electrons as a function of their position; or, in other words, the
probability of finding an electron at any given location. This electron density is related to the
electronic wave function and is given by [34]:

p(F) = 2 XL, W (MY¥e(7) (10)

This equation gives the probability of finding any electron at position 7. The factor of two
in front of the sum is present because the Pauli Exclusion Principle allows two electrons of
opposite spins to occupy the same space.

The objective now is to rewrite the Schrodinger equation in terms of the electron density
rather than the electronic wave function. Doing this will reduce the number of terms in the
Schrodinger equation by a great deal and allow a numerical solution to be found with much less
computing power needed. The electron density depends only on three spatial variables (x, y, z),
while the wave function for n electrons depends on 3n spatial variables (x, y, z for each electron)
[34]. Using electron density in place of wave functions therefore reduces even the most complex

system of atoms to one of only three dimensions.

10



In 1964, Pierre C. Hohenberg and Walter Kohn proved the two Hohenberg-Kohn theorems
that relate electron density to the electron wave function. The first Hohenberg-Kohn theorem
states that the ground state energy and the ground state electron density are related via a unique
energy functional, given by [35]:

Elp(P] = [ p(MVexe (T + Fp(7)] (11)

In this equation, p(7) is the electron density, V,,;(7) is the external potential (from the
nuclei) under which the electrons move, and F[p(7)] is an unknown functional that depends only
on the electron density.

The second Hohenberg-Kohn theorem specifies that the true electron density is the
electron density that minimizes the energy of the functional [35]. Therefore, if the functional is
known, the electron density can be found variationally, that is by varying the electron density
until an energy minimum is found. Once the energy minimum is found, the electron density can
be accurately considered to be the true electron density [35].

What these two theorems show is that the electron density can indeed be used to solve
the Schrodinger equation once the unique functional connecting the electron density to the
electron wave function is known. Unfortunately, finding this functional and the corresponding

electron density is not necessarily an easy process.

2.4 Kohn-Sham Equations
The two Hohenberg-Kohn theorems are not by themselves sufficient to solve the
Schrodinger equation in terms of electron density because they do not offer a way to find the

unique functional connecting the electron density to the wave function.
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The Kohn-Sham equations resolve this problem by offering a way to approximate the

functional F[p(7)]. It is approximated as the sum of three terms [36].

Flp(")] = Exglp(M)] + Exlp()] + Exc[p ()] (12)
The first term, Exg[p(7)], is the kinetic energy of a system of noninteracting electrons

with the same density as the real system in question.

aﬂmm=§}ﬁ%—

The second term, Ey[p(7)], is the usual repulsive Coulombic energy between electrons, also

2v2

- >¢(f)df (13)

known as the Hartree electrostatic energy.

,0(7"1),0(7”2) _
Eqlp(P)] = Zw%ff drdr,

|7y — 75l

The final term, Ex-[p(7)], is the exchange correlation energy, which includes the quantum
mechanical exchange and correlation energies as well as the difference between the non-
interacting kinetic energy of the first term and the true interacting kinetic energy of the real
system [36].

The exchange correlation term can be calculated in many different ways, but a common
method is to use the local density approximation. The local density approximation uses a uniform
electron gas model, assuming that electron density is constant in space. The total exchange
correlation energy can therefore be found by simple integration over all space [33].

Exelp(P] = [ p(Pexc[p(P] (14)
In this equation, ex-[p(7)] is the exchange correlation energy per electron which can be found
using other methods, such as quantum Monte Carlo computations [33] or the analytical

expressions proposed by Gunnarsson and Lundgqvist [37].
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Putting all terms together in equation 11, the total energy of the system is:

n sz
Elp(M)] = fp(f)Vext(f)df + Z NG) <_ — >¢(f)df
i=1 s
p(11)p( 2) _
247‘[60 Jf |7y — 75 diydi, + Exc[p(7)]

Afinal stepis to insert the nuclear-electron potential into the first term, and sum over all N nuclei.

Z p(r) o
EleI =3 Zf A +Z¢()( ) Pu(dr
€ |7 —
(16)
(Tl)P(Tz) _ _
"2 47‘[60 J.f |7, — 75 drdr, + Exc[p(P)]

The electron density p(i") can now be written in terms of a set of one-electron orbitals.

p() = Tl @I (17)
The Kohn-Sham equations can now be written.
2

[~ L0+ V@ + Vi@ + VD] 0@ = e @ (1)

Here, the three potential terms (nuclear/electron, electron/electron, and exchange-correlation)
have been replaced by V (), Vi (¥), and Vy (7) respectively. This equation resembles the original
Schrodinger equation after the Born-Oppenheimer approximation (equation 9), except instead
of a summation over n electrons, there are n separate equations, one for each electron.
The Kohn-Sham equations are solved using a self-consistent method. The individual
electron wave functions are written as a linear combination of orbitals, ¢;.
b (M) =2 Cio; (19)
Gaussian type orbitals (GTO) and Slater type orbitals (STO) are common choices for ¢;, but other

options are possible. The electron wave functions are put into the Kohn-Sham equations

13



(equation 18) and a new wave function is produced. The process is continued until the wave

function converges and an energy minimum is found.

2.5 Theoretical and Computational Method

Several initial geometries for all possible species were constructed and run through the
deMon2k code [38] using the PBE99 functional [39] and a linear combination of Gaussian type
orbitals (LCGTO), along with DZVP basis sets [40] and GEN-A2 auxiliary function sets [41]. A tight
convergence criteria (10®) was used whenever possible, though loosened when necessary to find
a stable result. Geometries were optimized using a quasi-Newton method in internal coordinates
without symmetry constraints [42-43].

To give an example, Cu*CO was run with the following four geometries:
cu’ c O
T o:“
0
Cu+
p
C
cu’ 0O C
s. @)=0=0
+
Cu
0 C
+ @==)—=0

Figure 1: Starting geometries of Cu*CO.



Only geometries 1 and 3 were found to be stable, and geometry 1 was found to be of
lower energy. The geometries corresponding to the lowest energies are considered the ground
state geometries. To this the zero point energy correction was added. In addition, frequency
analyses were conducted to verify the minima, and charge transfer analyses were conducted

using the natural bonding orbital (NBO) method.

2.6 Experimental Method

The theoretical and computational results to follow are compared to experimental gas
phase reactions of copper cations with molecules present in air, studied using Laser Vaporization
lonization High-Pressure Mass Spectrometry (LVI-HPMS) [44]. Copper cations were generated by
focusing an Nd:YAG laser on a copper rod placed in a high pressure vacuum cell. The copper
cations were then allowed to react with the intended molecules (CO, 0,, H;0, and N;) and
stabilize through collisions with the helium carrier gas. The reaction products then exited the cell
and were analyzed by a quadrupole mass filter [44].

Three different combinations of gas composition and pressure were used. The first gas
consisted of pure CO at 12, 35, and 100 mTorr; the second of pure Oz at 12, 50, and 100 mTorr;
and the final of a CO/0; (3.4%/20%) mixture at 12, 100, and 400 mTorr. In all cases, the gas
mixtures also contained a small amount of impurities, including H,0, N, and O; (in the case of
pure CO) [44]. These gas mixtures reflect the composition of normal air, which at ground level
contains mostly nitrogen (N;) and oxygen (O;), along with a certain amount water vapor (H20),

depending on humidity.
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Chapter 3 - Results and Discussion

3.1 Reactions of Cu* with CO, O, H,0, and N
3.1.1 Reactions of Cu* with CO
Cu* reacts with CO successively to form Cu*CO, Cu*(CO),, Cu*(CO)s, and Cu*(CO)4 via the

following reactions.

Cut + CO  Cu*(C0) AE = —45.7 kcal /mol (20)
Cu*CO + CO & Cu™(CO), AE = —40.1 kcal /mol (21)
Cu*(C0O), + CO & Cu*(CO), AE = —19.6 kcal/mol (22)
Cu*(C0); + CO & Cu*(CO), AE = —14.9 kcal/mol (23)

The binding energy AE was calculated as: AE =) total energy of products —
Y. total energy of reactants. According to this definition, a larger AE implies a more favorable
process.

Each of these reactions is exothermic, with the thermodynamic favorability of each
addition of CO decreasing as the molecule grows. Cu*(CO)s was not found to be a stable species,
nor was any product found with more than four ligands connected to the Cu* atom. The addition

reactions are shown in Figure 2.

Cu*(CO)3 Cut(C0)
4

1.15

Cut Cut(CO) Cu*(CO)2
O co - CO . . C) . . CO I CO 2.00

-45.7 keal/mol 185 1.5 -40.1 191 1.4 -19.6 -14.9

Figure 2: Summary of Cu” reactions with CO. Optimized geometries are shown with bond lengths
in Angstroms. Yellow, brown, and red circles represent Cu, C, and O atoms respectively.
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Experimentally, all Cu*(CO), withn = 1 — 4 were found during the gas phase reactions of
Cu* with pure CO. At low pressures (12 mTorr), only Cu*CO formed. At 35 mTorr, Cu*(CO), was
additionally found. Only at the highest pressure of 100 mTorr were Cu*(CO); and Cu*(CO)s

produced, in addition to their precursors Cu*(CO) and Cu*(CO),. The full results of the gas phase

reactions of Cu* with pure CO are shown in Figure 3.
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Figure 3: Mass spectrum of the gas phase reactions of Cu* with CO [44].

By contrast, during the gas phase reactions of Cu* with the CO/0, mixture, only Cu*CO
and Cu*(CO), were produced, and even then only at pressures of 100 mTorr and above. At 12,
mTorr, only Cu*O, Cu*O,, and Cu*(CO)O, were produced, hinting at the competitive binding

between CO and O, on Cu*. The full results of the gas phase reactions of Cu* with the CO/0,

mixture are shown in Figure 4.
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Figure 4: Mass spectrum of the gas phase reactions of Cu* with (3.4% CO, 20% O,/He) mixture

3.1.2 Reactions of Cu* with O:

[44].

Cu* and Cu*CO can react with O, as shown in the following reactions:

Cut+0,  Ccu*o,

Cu*CO + 0, & Cu*(C0)0,

AE = —19.8 kcal/mol (24)

AE = —17.1 kcal/mol (25)

This last product, Cu*(CO)0,, is also possible as a result of Cu*O; reacting with CO, as

shown in equation 26.

Cut0, + CO & Cut(C0)0,
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AE = —42.9 kcal /mol (26)



Both reactions produce the same geometry, as presented in Figure 5.

Cut Cut(CO)

CO
— () -0
-45.7 keal/mol 185 1.5

-198 || O -1 ?.\02

Cu*(0p) Cu*(CO)05

co
1.25 ﬁ 1.24
-42.9
185 207 186 1.4

Figure 5: Summary of Cu* reactions with both CO and O,. Optimized geometries are shown with
bond lengths in Angstroms. Yellow, brown, and red circles represent Cu, C, and O atoms
respectively.

No stable Cu*(0;)2 product was found, which contradicts the findings of Jarvis et. al. [25]. This is
likely because their pure O; reactions occurred at higher pressures.

Experimentally, Cu*O; was found in all three gas mixtures, though only at pressures of 50
mTorr and below. The reactions with pure CO gas (Figure 3) resulted in Cu*O, formation at 12
and 35 mTorr, while those with pure O, gas (Figure 6) produced Cu*0; at 12 and 50 mTorr. Finally,
the CO/0; mixture (Figure 4) produced Cu*O; only at 12 mTorr. In no case was Cu*(0;), found,
and in all cases Cu*O; disappeared at higher pressures to be replaced by other products, mostly

involving CO and/or H.0.
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Figure 6: Mass spectrum of the gas phase reactions of Cu* with O, [44].

3.1.3 Reactions of Cu* with H,O

Cu* reacts with H;O in successive reactions up to a maximum of three H,0 ligands, forming

CU+(H20), CU+(H20)2, and CU+(H20)3.

Cut + H,0 © Cu*H,0

Cu*H,0 + H,0 & Cu*(H,0),

Cu*(H,0); + H,0 & Cu*(H,0);

20

AE = —43.6 kcal/mol (27)
AE = —40.9 kcal /mol (29)
AE = —16.2 kcal /mol (29)



Only the first two H20 molecules attach directly to Cu*. The third is connected to one of the other
H,0 molecules via hydrogen bond in the second coordination shell. The summary of H,O

additions to Cu™ is presented in Figure 7.

¢ 7 +
Cu+H20 Cu*(Hp0)2 ' ‘102 Cu™ka0lg

D
— 098 0.98 —
O Q ‘{098
43 6 kcal/mol & 1 .96 40 9 ¢ 1.95 '®) 16 3 & 9

Cut

Figure 7: Summary of Cu” reactions with H,O. Optimized geometries are shown with bond
lengths in Angstroms. Yellow, red, and white circles represent Cu, O, and H atoms respectively.

Cu*(CO)H,0 can also be formed by the reaction of Cu*H,O with CO. Similarly,
Cu*(CO)(H20); can also be formed by the reaction of Cu*(H,0), with CO, and Cu*(CO)(H;0)s can
be formed by the reaction of Cu*(H20)3 with CO. In each case, the geometry formed is the same

as that formed by the first reaction.

Cu*H,0 + CO & Cu*(CO)H,0 AE = —46.3 kcal /mol (30)
Cu*(H,0), + CO & Cu*(CO)(H,0), AE = —25.0 kcal/mol (31)
Cu*(H,0); + CO & Cu*(CO)(H,0); AE = —23.8 kcal/mol (32)

Cu*(CO); can react with up to two H,O molecules to form Cu*(CO).H.O and

Cu*(CO)2(H:0)..
Cu*(C0), + H,0 & Cu*(C0O),H,0 AE = —23.1 kcal /mol (33)
Cu*(C0),H,0 + H,0 & Cu*(C0),(H,0), AE = —15.2 kcal/mol (34)
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Cu*(CO)2H0 can also be a result of Cu*(CO)H0 reacting with CO, and Cu*(CO)2(H20), can
also be a result of Cu*(CO)(H,0); reacting with CO.
Cu*(CO)H,0 + CO & Cu*(C0),H,0 AE = —18.9 kcal/mol (35)
Cu*(CO)(H,0), + CO & Cu™(C0),(H,0), AE = —14.5 kcal/mol (36)
Finally, Cu*(CO)3H20 can be formed either by a reaction of Cu*(CO)3; with H,0 or a reaction
of Cu*(CO),H»0 with CO.

The summary of all reactions involving CO and H>O is given in Figure 8.

fosa 0

‘Q Cu+(CO)(H20)3
o Cu*(Hy0
e co

102 v
& 4 -23.8
& o Faadle K
-1 6.31H 20 -1 s,olH 20
038 )
Cut(H20)2 . *\Cu"‘(CO)(Hzo)z 1158 Cut(CO)2(H20)2
098 Cco CO
195 195 O -25.0 182 115 -14.
21
J
-40.9 [ H2O
H 1{ g -19.6|H20 Hs0
+ 20 15.2f Hp!
CutHp0 Cu*(CO)H0 035 4gf Cu+(CO)pHL0
Q Qoa8 209
Cco Cco Cco
———— i =
U'SBhEO -46.3 & o7 183 118 -19.0 1.91 o -13.6
.43_5\H20 .44,21H20 .23_1\H20 ‘17.11H20
Cut CutCO Cu*(C0)2 Cu*(CO)3
O — O = o= 00 ——~
-45.7 kcal/mol 185 1185 -40.1 191 114 -19.6 i
118
I 20 >

+CO

Figure 8: Summary of Cu” reactions with CO and H,0. Optimized geometries are shown with
bond lengths in Angstroms. Yellow, brown, red, and white circles represent Cu, C, O, and H
atoms respectively.

H»0 was present as a contaminant in each of the gas tanks (pure CO, pure O, and CO/0;
mixture). In the pure CO case (Figure 3), only Cu*(CO)(H.0) and Cu*(CO),(H20). were produced,
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and only at 35 mTorr. Of note, neither Cu*(CO),(H;0) nor Cu*(CO)(H.0), were found to be
present, though one of them must be the precursor to Cu*(CO)2(H20),, which was produced.

Reacting with pure O, (Figure 6), Cu*H,O was produced at 12 and 100 mTorr, and
Cu*(H,0), was produced at 100 mTorr. In addition, Cu*(N;)H20 was found at 100 mTorr. No
combination of Cu* with both H,O and O, was found experimentally.

The CO/0; mixture (Figure 4) produced a wider variety of products involving H,0. Cu*H,0
was produced at each pressure, but Cu*(H.0); was not found to be present at any pressure.
Instead, a variety of combinations of H>O molecules and CO molecules were formed, particularly
at higher pressures. At 100 mTorr, Cu*(CO)H;0 and Cu*(CO)(H20), were found, while at 400
mTorr, each of those and in addition Cu*(CO),(H20),;, Cu*(CO)(H;0)s;, and Cu*(CO)sH,O were

produced. Cu*(H,0)s; was not found to be produced at any pressure in any gas mixture.

3.1.4 Reactions of Cu* with N;
Cu* can react with N, to form Cu*N; and Cu*(N;)..
Cut+ N, © Cu*N, AE = —29.4 kcal /mol (37)
Cu*N, + N, & Cu*(N,), AE = —28.2 kcal /mol (38)
In addition, Cu*N;H>0 can be produced either due to Cu*H:0 reacting with N, or due to
Cu*N; reacting with H;0.
Cu*H,0 + N, & Cu*N,H,0 AE = —29.9 kcal /mol (39)
Cu*N, + H,0 & Cu*N,H,0 AE = —44.1 kcal /mol (40)

A summary of Cu* reactions with N; and H,0 is presented in Figure 9.

23
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Figure 9: Summary of Cu” reactions with H,O and N,. Optimized geometries are shown with
bond lengths in Angstroms. Yellow, blue, red, and white circles represent Cu, N, O, and H atoms
respectively.

Cu* products with N> were found experimentally only in the gas phase reactions with pure
O; (Figure 6), and was found only in combination with H,0, never with O, or CO. Cu*N; was found
at each pressure, while Cu*(N;)2 was found only at the highest pressure of 100 mTorr.

A summary of all possible reactions involving CO, O;, H;0, and N is shown in Table 1.
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AE AE
Pure CO Products (kcal/ CO/0; Products (kcal/
mol) mol)
Cu*+CO — Cu*(CO -45.6 Cu*(CO)+ 0O -17.1
u u*(CO) u*(CO) + O, & Cu'(CO)o,
Cu*(CO)+CO — Cu*(CO), -40.1 Cu*(0,) + CO -42.9
Cu*(CO);+CO — Cu*(CO)s -19.6
Cu*(CO)3+CO — Cu*(CO)4 -14.9 CO/H;0 Products
Cu*(CO) +H,0 W Cu(COMHLO -44.3
Pure O; Products Cu*(H,0) + CO -46.3
Cu*+0 —  Cu*(O -19.8 Cu*(H,0), + CO -25.0
u 2 u ( 2) u ( 2 )2 N CU+(CO)(H20)2
Cu*(CO)H,0 + H,0 -19.6
Pure H,0 Products Cu*(CO)s + H20 -17.1
Cu*(CO)z(H,0) + —  Cu’(CO)sH,0
Cu*+ H,0 —  Cu*(H,0) -43.6 co -13.6
Cu*(H,0) +
H,0 —  Cu*(H,0)2 -40.9 Cu*(CO), + H,0 . -23.1
CU+(H20)2 + - Cu (CO)szO
H,0 —  Cu*(H,0); -16.3 Cu*(CO)H,0 + CO -18.9
CU+(CO)2(H20) +
H,0 5 Cu*(CO),(H,0) -15.2
CU+(CO)(H20)2 + 2
Pure N; Products co -14.5
Cu*(CO)(H,0), +
Cu™ + N, —  Cu*N; -29.4 H,0 —  Cu*(CO)(H.0)s -15.0
CU+N2 + N> i CU+(N2)2 -28.2 CU+(H20)3 + CO -23.8
N2/H,0 Products
* -44.1
Cu'N;y + H,0 5 CuN,H,0 44
Cu'H,0 + N; -29.9

Table 1: Summary of all possible reactions.

3.2 Competitive binding of CO, H;0, O;, and N; to Cu*

According to the calculated results, Cu* binds strongest to CO (-45.7 kcal/mol), followed

by H20 (-43.6 kcal/mol), N2 (-29.4 kcal/mol), and O; (-19.8 kcal/mol). After attaching the first CO,
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H0 is energetically favored for the second ligand (-44.3 kcal/mol) over the addition of a second
CO molecule (-40.1 kcal/mol). Similarly, after the addition of the first H,O to Cu*, CO is
energetically favored for the second ligand (-46.3 kcal/mol) over a second H,O molecule (-40.9
kcal/mol). Once two CO molecules are bonded to Cu* in the form of Cu*(CO),, the addition of H,0O
(-23.1 kcal/mol) to form Cu*(CO).H-0 is favored over the addition of another CO molecule (-19.6
kcal/mol) to form Cu*(CO)s. Once three CO molecules are bonded to the Cu* ion in Cu*(CO);, it is
again easier to bind an H,0 molecule (-17.1 kcal/mol) to form Cu*(CO)3H20 than an additional CO
(-14.9 kcal/mol) to form Cu*(CO)4. The end result of this alternate adding of CO/H,0 is that a large
number of Cu*(CO)n(H20)m molecules with n +m < 4 are produced, particularly at higher
pressures. This is confirmed experimentally, as shown in the mass spectrum of the CO/0O; mixture
in Figure 4.

Though CO binds stronger to Cu* than does O,, it is worth noting that Cu*O; and Cu*(CO)O;
were both experimentally found in larger quantities than Cu*CO at low pressures of pure CO, as
shown in the mass spectrum in Figure 3. At high pressures of pure CO as well as in the CO/0;
mixture, Cu*(CO), and Cu*(CO),(H20)m products were found in larger amounts, and Cu*O; and
Cu*(CO)O; disappeared entirely. This suggests that O, and CO compete for spots on Cu*, with CO
winning out at higher pressures to form Cu*(CO),.

To investigate the reason for the difference in binding energies between the different
species (H.0, 0,, CO, and N;), the charge transferred from the ligands to the Cu* ion was
calculated, along with the HOMO-LUMO gap (the energy gap between the highest occupied and

lowest unoccupied molecular orbitals). A higher HOMO-LUMO gap indicates a chemically more
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stable complex, as the species must overcome a higher energy barrier to either give or receive
electronic charge.

It was found that Cu*CO had the largest binding energy (-45.7 kcal/mol) as well as the
largest HOMO-LUMO gap (3.60 eV). Cu*O; had the lowest binding energy (-19.8 kcal/mol) and
the lowest HOMO-LUMO gap (1.40 eV). However, while Cu*H,0 had a larger binding energy (-43.6
kcal/mol) than Cu*N; (-29.4 kcal/mol), the latter had the larger HOMO-LUMO gap (3.00 eV
compared to 2.16 eV for Cu*H0).

In addition, Cu* received the largest charge reduction due to CO adsorption (1.00e to
0.93e), while its charge increased due to O, adsorption (1.00e to 1.03e). The full summary of
binding energies, electronic charge, electronic configuration, and HOMO-LUMO gaps are shown

in Table 2.
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HOMO-LUMO

gap
(eVv)

AE Electronic Electronic
(kcal/mol) charge Configuration

Cu:0.93  Cu [core] 4s%263¢%8

Cu*(CO) -45.7 C:0.35  C [core] 2543 2p?16 36
0:-0.28 O [core] 2s*2p***
Cu:0.94  Cu [core] 4s%163¢%8°
0O: 1.05 O [core] 2s-752p528

Cu*(H20) -43.6 29
H: 0.56 H 15044
H: 0.56 H 15044
Cu:1.00  Cu [core] 4s%*°3d*®

Cu™N2 -29.4 N: -0.25 N [core] 2s1°62p364 3.0
N: 0.25 N [core] 2s16°2p306
Cu: 1.03 Cu [core] 4s%1130496

Cu*(02) -19.8 0:-0.21 O [core]2s*912p2 % 1.4
0:0.18 O [core] 2s%922p%>2
Cu:0.87  Cu[core] 4s%% 3d°73
C:038  C[core] 252 2p?1

Cu*(CO)O2 -17.1/-42.9 0:-029 O [core] 25174 2p*52 1.7
0:-0.16 O [core] 2517 2p*3

0:0.19 O [core] 2583 2p3-9

Table 2: Summary of binding energies, electronic charge, electronic configuration, and HOMO-
LUMO gaps of Cu™ + M - Cu™™M (M = CO,H,0,N,,0,) and (Cu*CO + 0,)/(Cu*0, +
C0) - Cu*(C0)0,.

Of note is that significant charge transfer from Cu* to O, did not occur for the case of
Cu*O; or Cu*(CO)0:;. For the Eley-Rideal mechanism of catalysis to work, once adsorbed as Cu*O;,
the 0, molecule must receive a significant amount of charge from the Cu* molecule, resulting in
a stretching of the O-O bond due to partial filling of its highest occupied molecular orbital

(HOMOQ), which is an antibonding orbital. As seen in Figure 5, the O, bond length in Cu*O; is only
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1.25 A. This is only slightly longer than the free Oz bond length of 1.21 A [45]. Since little charge
is transferred to the Cu* molecule and the O, bond length is not significantly stretched, it is
unlikely that Eley-Rideal catalysis of CO will occur. Similarly, when CO and O; are coadsorbed on
Cu* in Cu*(C0)0;, the O; bond is stretched only to 1.24 A (Figure 5), and the O, molecule gains
only a small amount of charge. For this reason, the Langmuir-Hinshelwood mechanism is equally

unlikely to occur.

3.3 Possible reactions producing CO;

Experimentally, CO, was not observed for any gas mixture at any pressure, either by itself
or connected as a ligand to Cu* or another molecule. This, and the lack of O, activation shown by
very little charge transfer to the Cu* molecule in Cu*O; and Cu*(CO)O; suggests that single Cu*
ions are not by themselves capable of activating the O, molecule at room temperature.

Though CO; was not produced in the experiment, there are several pathways by which
CO; could theoretically be produced.

1. A single O atom can split off from Cu*(CO)O; in an endothermic reaction.

Cu*(C0)0, © Cu*C0o,+ 0 AE = 33.5 kcal /mol (41)
2. Cu*(CO)O; can react exothermically with CO to form Cu*CO; and CO..

Cu*(C0)0, + CO & Cu*C0, + CO, AE = —99.0 kcal/mol (42)
3. 0, can react with Cu*(C0O), to produce Cu*(CO)(CO,)0O, which can then lose an oxygen atom to
form Cu*(CO)CO..

Cu*(C0), + 0, & Cu*(C0)(C0,)0 AE = 101.6 kcal/mol (43)

Cut(CO)(C0,)0 & Cut(CO)CO, + 0 AE = —91.3 kcal /mol (44)
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4, Alternately, Cu*(CO)(CO2)O can react with another CO molecule to produce Cu*(C0O)CO; and
CO:.
Cu*(C0)(C0,)0 + CO & Cu*(CO)CO, + CO, AE = 223.9 kcal/mol (45)
5. Finally, Cu*(CO);s can react with O, to form Cu*(CO)(CO;)..
Cu*(C0); + 0, © Cu*(C0O)(CO,), AE = —111.1 kcal /mol (46)

A summary of these possible reaction pathways is shown in Figure 10.
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Figure 10: Summary of possible Cu* with CO/0O, mixture reactions resulting in the production of
CO;. Optimized geometries are shown with bond lengths in Angstroms. Yellow, brown, and red
circles represent Cu*, C, and O atoms respectively.

Reactions 1, 3, and 4 are strongly endothermic, which makes it unlikely that they will

occur at room temperature. Reactions 2 and 5 are exothermic, but they require the breaking of

the unactivated O-O bond in the O, molecule. This requires a large activation energy which is

unlikely to occur at room temperature.
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It is useful to compare the reactions involving Cu* with CO, O, N2, and H2O0 to a similar

study on the theoretical gas phase reactivity of Au* with the same molecules performed by

Reveles et. al. [10]. In this study, the O, bond was activated and CO, was produced. Copper and

gold being both group 11 elements, they share many similar properties. Similar reactions are

compared in Table 3.

Binding Binding
Cu* Reaction Energy Au* Reaction Energy

(kcal/mol) (kcal/mol)
Cu* + CO — Cu*(CO) -45.6 Au* + CO — Au*(CO) -54.1
Cu*(CO) + CO — Cu*(CO); -40.1 Au*(CO) + CO — Au*(CO), -47.9
Cu*(C0O), + CO — Cu*(CO)3 -19.6 Au*(CO), + CO — Au*(CO); -4.8
Cu* + 0, = Cu*(0,) -19.8 Au* + 0, = Au*(0,) -17.3
Cu*(CO) + O, — Cu*(CO)0, -17.1 Au*(CO) + O, — Au*(CO)0, -17.7
Cu* + H,0 — Cu*(H,0) -43.6 Au* + H,0 — Au*(H,0) -39.6
Cu*(H,0) + H,0 — Cu*(H,0), -40.9 u*(H,0) + H,0 — Au*(H,0), -42.4
Cu*(H,0); + H,0 — Cu*(H0)s -16.3 Au*(H 0); + H,0 — Au*(H,0)3 -18.3
Cu*(CO) + H,0 — Cu*(CO)H,0 -44.3 Au*(CO) + H,0 — Au*(CO)H,0 -45.7
Cu*(CO)H,0 + H,0 — Cu*(CO)(H,0), -19.6 AU*(CO)H,0 + H,0 — Au*(CO)(H.0), -20.0
Cu*(CO); + H,0 — Cu*(CO);H,0 -23.1 Au*(CO); + H,0 — Au*(CO);H,0 -12.0
CU*(CO)a(H:0) + H,0 — Cu*(CO)s(H:0); 152 Egg;jﬂzg;; H20 = 114
Cu*+ Ny = Cu*N, -29.4 Au*+ N, = Au*N, -27.2
Cu*N; + H,0 — Cu*N;H,0 -44.1 Au*N; + H,0 — Au*N,H,0 -47.0
Cu*(CO)(H,0); + H,O — Cu*(CO)(H,0)3 -15.0 Au*(CO)(H,0); + H,0 — Au*(CO)(H,0); -15.9
Cu*(CO), + 0, = Cu*(CO)(CO,)0 101.6 Au*(CO), + O, — Au*(CO),0, 2.7
Cu*(CO)(C0O,)0 + CO — Cu*(CO)(COy) + 223.9 Au*(C0O),0; + CO — Au*(CO)(COy) + 115.0

CO;

CO;

Table 3: A comparison of the binding energies (AE) for Cu* and Au* [10] with CO, O, H20, N,
and their mixture.

Cu* and Au* perform similarly for all reactions with the exception of the last two, which

are the ones lead to CO, production.

In the Cu* case, Cu*(CO), reacts with O, to form

Cu*(C0)(C0O3)0, which then reacts with CO to form Cu*(CO)CO; and CO;. These are both strongly
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endothermic reactions. In the Au” case, Au*(CO); reacts with O, to form Au*(C0O)20; in a slightly
exothermic reaction, then Au*(C0),0; reacts with CO to form Au*(CO)CO; and CO; in a strongly
exothermic reaction. Though the reactions involving Au* and Cu* are similar in many respect, Au”*
is able to produce carbon dioxide via a series of exothermic reactions, while a significant amount

of additional heat would be required to create carbon dioxide with Cu* as a catalyst.
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Chapter 4: Summary and Conclusions

An in depth theoretical investigation of the gas phase reactivity of Cu* with CO, H,0, O,
N; and their mixture demonstrates that Cu* interacts with all of the present ligands in competitive
addition reactions until achieving saturation with four ligands. CO binds strongest to Cu*,
followed by H>0, N, and O,. Though Cu* does bond to O,, it does not result in the activation of
the 0, molecule (stretching of the O-0O) bond. As a result, CO, production is not observed. The
theoretical results are compared to experimental results and fit well together. The theoretical
results for Cu* are also compared to a similar study done on Au* and the differences are
compared. Though a single Cu* ion is not capable of activating O, and causing the production of
CO;, other studies have found that larger clusters of Cu molecules are capable of activating O;
and forming CO,. Since moisture and other impurities can modify the chemical activity of

catalysts, it is still useful to understand at the atomic level the interaction between these systems.
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