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Abstract

Hydrocarbons are an abundant resource of carbon and hydrogen. For example, fossil
can be used to produce useful organic compounds. However hydrocarbons seem to be
inert. Thus, the activation of the C-H bond is a popular research area. Metals play the
main role in most catalysts that convert hydrocarbons to starting materials in industry.
The study of metals is important because the properties of the metal core greatly
influences the reactivity of a catalyst.’

The study of the chemistry of metals in the gas phase provides valuable information
about the properties of metals. This information can be expanded to the chemistry of
metals in the condensed phase. Furthermore, it is often both more accurate and more
manageable to study the profile of a reaction in the gas phase than in the condensed
phase.??

There are many studies about metal cations in the gas phase due to ease of their
production. However metals have low electronegativity, limiting the study of gas phase
metal anions. Recently, a simple and efficient method to generate atomic metal anions
was developed at the University of Ottawa in Dr. Mayer's research laboratory.*® Atomic
metal anions of Fe’, Co’, Cu’, Ag, Cs” and K" were generated in an electrospray
ionization (ESI) source of a mass spectrometer (MS).

In this thesis study generated metal anions were reacted with small hydrocarbons of
pentane, 1-pentene, 2-pentene and 1-pentyne to investigate the role of different metal
anions in the activation of the C-H bond. Also metal anions were reacted with small

alcohols of 1-butanol, 2-butanol and 2-methyl-2-propanol to compare the results.

13



Metal anions showed a variety of reactions with these hydrocarbons and alcohols. Fe
was the only metal anion to show the electron transfer reaction, indicating that alcohols
are more electronegative than Fe” and less electronegative than other metal anions. Fe’,
Co” and Ag showed the complex formation reaction. All metal anions showed the
deprotonation reaction. A deprotonation reaction follows the harpoon mechanism, the
long range proton abstraction’, and depends on the gas phase acidity of fragments. The
most informative reaction observed was the dehydrogenation reaction because a metal-
containing fragment is observed as a product in the spectrum of this reaction. The
observation of a metal-containing fragment in the spectrum is significant because it
emphasizes the important role that metal anions play in this reaction. This suggests that
a dehydrogenation reaction involves metal insertion into a C-H bond. Among the
transition metal anions, it was observed that Fe” and Cu™ are more reactive than Co™ and
Ag” with regards to the dehydrogenation reaction, probably because Fe” and Cu have a
greater hydrogen affinity than Co™ and Ag™ that facilitates the hydrogen abstraction
reaction. Another reason could be that Fe” and Cu™ have a greater gas phase acidity
that leads to a more stable intermediate in the course of the reaction. The results of this
thesis study revealed that Cs™ and K could not abstract H from these substrates,
probably due to the absence of occupied d orbitals that would facilitate insertion into a
C-H bond.

Some metal anions not only can insert into a C-H bond of alcohols but also can insert
into a C-O bond of alcohols to form metal hydroxide anions. Alcohols are more reactive
than hydrocarbons with regards to reactions with metal anions because they contain a

functional group.
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This thesis study shows that some atomic metal anions are able to activate the C-H
bond and abstract two hydrogens to form a double bond in hydrocarbons. It is probable
that the electronic configuration, gas phase acidity and hydrogen affinity of the metal

anions governs their reactivity.
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Chapter 1: Introduction

1.1: The activation of the C-H bond by metal-

containing cations

There are abundant sources of hydrocarbons in the earth that could be used to produce
several useful starting materials to synthesis a variety of organic compounds. The main
step in converting hydrocarbons to more valuable compounds is the activation of the C-
H bond. Although methane is more abundant than other hydrocarbons, the activation of
the C-H bond of methane is more challenging than the activation of the C-H bond of
other hydrocarbons. Studies exist on converting methane to more valuable compounds
such as methanol as a source of starting material in the fuel industry.® Too, Metals and
metal-containing compounds can be used as catalysts to convert hydrocarbons to more
useful products. There are also studies on the reactivity of metals and metal-containing
compounds with hydrocarbons, focusing on the properties of the metal core.’

A variety of reactions of bare or ligated as well as neutral or charged metal atoms or
metal-containing compounds, shown as [M], with C-H bond have been summarized by
Dr. Schroder and Dr. Schwarz.? Their study indicates that five types of reactions can

take place in those reactions (reactions 1 to 5).

a) Deprotonation H3C-H + [M] — CH3 + [MH]" (1)
b) Hydride trasfer H3C-H + [M] — CH3" + [MH] (2)
c¢) H-atom abstraction H;C-H + [M] — CH3 + [MH] (3)
d) Insertion H3;C-H + [M] — CH3-[M]-H 4)
e) Carbene formation H3C-H + [M] — [M]=CH3 + H> (5)
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Dr. Schroder and Schwarz suggested that bare metal cations are more reactive than
metal-containing cations. Through the investigation of the effect of the ligand on the
reactivity of metal-containing cations, they found that closed-shell ligands, such as CO
and H,O, lower the reactivity of metal-containing cations and increase the selectivity.
Fe(H,0)" inserts into a C-H bond and Fe(CO)" inserts into a C-C bond. Pt" is seven
times more reactive than PtAr" in the dehydrogenation reaction with methane while
PtAr," does not activate methane. Furthermore, open-shell ligands, such as F and OH,
increase the reactivity of metal-containing cations. Cr" is less reactive than CrCI” in
regards to the activation of the C-H bond. CrF* dehydrogenates propane whereas CrF3*
and CrF4" can activate methane.

The structure of intermediates in reactions of metals with alkanes has been reviewed by
Dr. Hall and Dr. Perutz.® They investigated the bond lengths and bond energies of metal
alkane complexes and suggested that a metal can be reactive when the complex

between the metal and alkane is stable.

1.2: The activation of the C-H bond by bare metal

cations

Dr. Gross and his coworkers showed that Fe* and Mo™ are highly reactive cations in the
reaction with aliphatic alcohols whereas Cr” is less reactive.”

Dr. Weisshaar showed that Sc*, Ti*, V*, Fe", Co", and Ni* can activate a C-H bond and
show the dehydrogenation reaction, whereas Cr*, Mn*, Cu™ and Zn" are not able to

activate a C-H bond." His study suggests that the electronic configuration of the metal
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cations governs their reactivity. In the condensed phase, the insertion of a metal center
into a C-H bond is known as the oxidative addition reaction.

Dr. Roithova and Dr. Schroder reviewed the activation of alkanes by metal cations and
suggested that 3d and 4d transition metal cations are not able to activate methane in
thermal energy.11 Their study suggests that in the reaction of the metal cation with
methane, the metal cation inserts into the C-H bond to form an intermediate. Then an a-
H shift, a-H elimination, takes place allowing a molecular hydrogen to leave the
intermediate. Subsequently, a metal-carbene cation, MCH", will be produced. During
this reaction the formal oxidation state of the metal will increase by two. Thus, only
metals that are able to change their oxidation number can activate methane.
Furthermore, the reaction should be exothermic. In other words, the amount of energy
that is produced by the formation of M-C and H-H bonds should be more than the
amount of energy used to break two C-H bonds. However, in reactions of alkanes other
than methane with metal cations, a 3-H shift, B-H elimination, takes place.

Dr. Blomberg and his coworkers performed AB initio quantum chemical calculations for
reactions of methane with second-row transition metals and metal cations.' Results of
these calculations show that at the left and in the middle of the periodic table metal
cations have lower barrier for activation of a C-H bond, whereas on the right of the
periodic table neutral metals have a lower barrier for activation of a C-H bond. The
barrier or activation energy is the energy required to form an intermediate complex from

starting materials in a reaction.
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1.3: The activation of the C-H bond by metal-

containing anions

There have been a limited number of studies investigating the reactions of metal anions

and metal-containing anions with neutral substrates. Dr. Squires reviewed the chemistry

of metal-containing anions including methods of generation, thermochemistry and

reactivity of metal anions and metal-containing anions." His study suggests that metal-

containing anions show three kinds of reactions: ligand substitution, reactions with

dioxygen and oxidative insertion/reductive elimination. Below are several examples of

such reactions:
CpCo(CO), and CpCo(CO) react with NO and PF3 to form substituted products

(reactions 6 to 9):

CpCo(CO), + NO — CpCo(NO) + 2CO (6)
CpCo(CO), + PF3 — CpCo(CO)PF3 + CO (7)
CpCo(COY + NO — CpCo(NOY + CO (8)
CpCo(COY + PF3 — CpCo(PF3) + CO (9).

The following example shows that oxygen can substitute ligands in a metal carbonyl
anion (reaction 10):

M(CO)," + O — M(CO)07" + (n-x)CO (10).
Metal-containing anions react with a variety of organic compounds by oxidative
addition/reductive elimination (reactions 11 to 17):

(CO)4Fe™ + ICF3 — (CO)4Fel + CF3 (11)

(CO)sFe™ + Hy — (CO)sFeHy (12)
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(CO)Fe” + 2H,0 — (CO)Fe(OH), + H, + CO (13)

(CO)Fe” + H,S — (CO)FeS™ + CO + H, (14)
(CO)sMn™ + NHz —(CO)sMn(NH3) (15)
Mn(CO)s™ + CH30H — (CO);Mn(H.CO) + H, (16)
M(CO)y” + RCI — CIM(CO)nm + R + mCO (17).

Dr. McElvany and Dr. Allison show that metal-containing anions such as Fe(CO)3 4,
Cr(CO)s.5 and Co(CO), 3 are not able to insert into a C-H bond and only insert into a C-
X bond, where X is a functional group.14 The predominate reaction between metal
carbonyl anions and neutral organic molecules is the ligand substitution reaction. In
order to investigate the effect of ligand on the reactivity, metal-containing anions that
were containing different numbers of ligands were tested. The result shows that 17-
electron anions (M(CO),.1), are unreactive in the gas phase, whereas 15-electron
anions (M(CO),.2") are reactive. Thus, the more reactive anions of metal carbonyls, such
as Fe(CO)s from Fe(CO)s and Cr(CO)4 from Cr(CO)s, were generated and were
reacted with n-chloroalkanes. These experiments show that metal carbonyl anions can
insert into the C-X bond and then undergo a 3-hydrogen shift rearrangement.
Metal-carbonyl anions show three types of reactions with alcohols and chloroalkanes:

ligand substitution, chlorine abstraction and HCI abstraction (Scheme 1).
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R—CI + M(CO),

l

R-M-CI’
(CO)n
-mCO
-mCO -(R-Cl) | -mCO B-H shift
-(R-H)
R-I}II-CI' (OC)y-m—M—CI H—I\|II—CI'
(CO)n-m (CO)pom
Ligand substitution Cl abstraction HCI abstraction

Scheme 1: Products of the reaction of metal-carbonyl anions with chloroalkanes

In the first step of this mechanism, the metal carbonyl anion makes a three centre-two
electron bond with the o halide-carbon bond of the haloalkane to form the intermediate
complex. Next, the negative charge of the metal transfers to the halide atom because
the halide is more electronegative than the metal. This step is the rate determining step
of the mechanism and leads to the breakage of the halide-carbon bond and forms the
intermediate. Finally, the intermediate of the metal insertion reaction can dissociate into
products in such a way that the weakest bond will cleave and the negative charge will

remain on the more electronegative fragment of the dissociation.
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1.4: The formation of atomic metal anions

There are many studies on the chemistry of metal cations due to the ease of their
production. Metals are the most electropositive elements in the periodic table. In
contrast, there are only a few methods to generate metal anions such as FT-ICR, FA
and the Knudson cell.” In the Fourier transform ion cyclotron resonance mass
spectroscopy (FT-ICR or FT-MS), ions are generated in a trap by the electron impact
ionization method and are separated according to their resonance frequency in the
magnetic field surrounding the trap. Selected ions may remain in the trap for a longer
period of time for further investigation, while the rest of the ions will leave the trap. In
flowing afterglow (FA), ions are generated by the electron impact method and are
carried by a buffer gas, such as helium, through the flow tube. lons with the desired
charge are separated at the end of the flow tube and focused into a quadrupole mass
spectrometer. In the Knudsen cell method, metal-containing compounds such as
K2CrO,4 are heated to 1000 °k to produce a saturated vapor of ions and neutrals. For
production of anions with this method, alkali metals can be mixed with the metal-
containing compound as a reduction agent. Desired ions are transferred into a single-

focusing mass spectrometer.

1.5: The formation of atomic metal anions by ESI

Previous methods of the generation of atomic metal anions are not readily implemented.
In this thesis study, metal anions were generated by a simple and efficient method

recently developed in Dr. Mayer's Iaboratory.“‘G First, a solution of oxalic acid in
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methanol (solution 1) and a solution of metal salt in methanol (solution 2) are made

(Scheme 2).

Okc/o\ H  Methanol O\ C/O
Solution 1 | = .+ 2H
~C__H C-
o) o) o) o)
Methanol
Solution 2 CsOH &= Cs* + OH-

Scheme 2: Solution 1) Produced ions in a solution of oxalic acid in methanol; Solution 2)
Produced ions in a solution of cesium hydroxide in methanol

These two solutions were then mixed by one-to-one ratio and diluted to the

concentration of 10 molar. A metal oxalate complex forms in the mixture of these two

solutions. With singly charged metals, the complex contains one oxalate. With triply

charged metals, the complex contains two oxalates. With triply charged metals a two-to-

one ratio of oxalic acid solution is mixed with metal salt solution. With doubly charged
metals, instead of oxalic acid, tricarbalilic acid (CsOgHs) is used to make solutions.
Tricarbalylic acid has three carboxilate sites. All these complexes carry one negative

charge (Scheme 3).
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O

Scheme 3: Examples of formed complexes in the mixture of the solution of oxalic acid or

tricarbalilic acid and the solution of metal salt
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The diluted solution is injected into an electrospray ionization (ESI) source of a mass

spectrometer. The complex will dissociate upon collision with atmospheric gas in the

source region (CID) to two neutral CO, molecules and the metal anion (Scheme 4)*°.
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Scheme 4: The decomposition pattern of the cesium oxalate complex anion in the ESI source

The negative charge of the complex will remain on the metal because metals have

higher electron affinity than CO,, leading to the formation of metal anions (Table 1).*

Table 1: Electron affinity values for metals and CO,

Fragment

1.6: lon molecule reactions

Reactions in a mass spectrometer take place by ion- neutral collisions. Thus, it is

important to study the nature of a collision.?® Reactive collisions in the mass

spectrometer are assumed to occur via the formation of an encounter complex:

[M...AB] (reaction 18).

M + AB — [M...AB] — products

(18)
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In a mass spectrometer, ions move, so they have translational energy. This energy is
called the laboratory-frame translational energy. Only part of the translational energy of
the ion can be converted into the internal energy of the ion-neutral complex formed
upon a collision. The center-of-mass translational energy is the maximum amount of
laboratory-frame translational energy that can be transferred to internal (vibrational and
rotational) energy in a collision. The laboratory-frame and the center-of-mass

translational energies are related by the following equation:

Equation 1: The relationship between the laboratory-frame and the center-of-mass translational
energies

E - ( Miarget )
com™ tlab
mtarget+ Mion

In an elastic collision, the internal energy of the ion and the neutral fragment will not
change. In other words the translational energy of the ion will not be transferred to
atoms or bonds in the encounter complex.

In an inelastic collision, the translational energy of the projectile ion will be transferred to
the internal energy of the encounter complex. This process will form a collisionally
activated complex that can lead to products. There are generally three kinds of
processes that can take place in an inelastic collision:

1-Electronic excitation

2-Impulsive collision

3-Sticky collision
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Electronic excitation is only important for collisions in the KeV range, while impulsive
collisions (the ones investigated here) produce translational to vibrational energy
transfer at eV collision energies. Sticky collisions are generally defined as when a long-
lasting encounter complex is formed.

Reactions outlined in this thesis study take place by an impulsive collision. The internal
energy of the formed complex distributes to some degree among the bonds to raise the
vibrational energy of bonds. The bonds receiving a sufficient vibrational energy will

break.

1.7: Objectives

In the present study, metal anions were allowed to react with neutral target gases in the
collision cell of an ESI triple quadrupole mass spectrometer. Abundant sources of
hydrocarbons can be used for the production of more industrially valuable compounds;
thus, the activation of a C-H bond is a popular research area. Metal-containing anions
cannot activate the C-H bond. In addition, metal anions might be more reactive than
metal-containing anions due to their lower coordination number. Therefore, metal
anions might be able to activate the C-H bond.

The goal of this thesis study was to compare the reactivity of the first row transition
metal anions with each other. However, it was limited to experiments only with metal
anions that can be generated in an ESI source, such as Fe’, Co, Cu’, Ag, Cs" and K.
So far, other metal anions cannot be generated in an ESI source because either the

production of metal oxide anions are energetically more favorable than the production of
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metal anions or an ESI| source cannot provide suitable amount of energy for the
production of these metal anions.

Small hydrocarbons were chosen to study the activation of the C-H bond. Hydrocarbons
with five carbon atoms are the optimum size to experiment with because they are liquid
and more readily implemented in the instrument than gases or solids. Furthermore,
these hydrocarbons have enough vapor pressure to flow into the collision cell
spontaneously. Comparing the result of reactions of hydrocarbons with the result of
reactions of alcohols helps the investigation of the functional group effect on the
reactivity. Same sized primary, secondary and tertiary alcohols with high enough vapor
pressure to flow into the collision cell were selected to react with metal anions. The
following substances were used as organic samples: pentane, 1-pentene, 2-pentene, 1-

pentyne, 1-butanol, 2-butanol and 2-methyl-2-propanol.
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Chapter 2: Experimental procedures

2.1: The schema of the ESI-MS

All experiments were performed in the negative mode of a Micromass electrospray

ionization triple quadrupole mass spectrometer (Figures 1 and 2).15

» - \
TR G | E \ =
. I _

First ]/ \[ Third
ESI Quadrupole Quadrupole Detector
Source
Collision
Cell

Figure 1: Schematic diagram of an electrospray ionization (ESI) triple quadrupole mass
spectrometer; The prepared solution is injected into the ESI source where metal anions and other
ions are generated; Metal anions are separated in the first quadrupole and are allowed to travel
inside the instrument as a beam until they reach the detector; Organic samples are introduced
into the collision cell to react with metal anions; Products are separated in the third quadrupole;
The detector counts the ions
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Figure 2: The electrospray ionization (ESI) triple quadrupole mass spectrometer used to perform
indicated experiments in this thesis study

2.2: Preparing solutions

A 0.01 molar solution of oxalic acid in methanol was prepared (solution 1). A 0.01 molar
solution of metal salt in methanol was prepared (solution 2). 10 ul of solution 1 and 10 pl
of solution 2 and 980 pl of methanol were mixed to form a 10 molar mixture solution.
The latter mixed solution can be diluted to form a 10™° molar or a 10 molar metal
oxalate solution (solution 3). When the metal has the oxidation number of 1, the solution
1 and the solution 2 were mixed with one-to-one ratio. When the metal has the oxidation
number of 3, the solution 1 and the solution 2 were mixed with two-to-one ratio. For
metals with the oxidation number of 2, instead of oxalic acid, tricarbalilic acid was used
to prepare solutions.

To produce higher yields of metal anion in the ESI source, a three-fold molar excess of
acid to the metal salt was typically used, in order to push the equilibrium toward metal

oxalate complex formation (reaction 19).

Methanol

Cs*+C,0.>7 = [CsC,O
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2.3: Introducing the organic sample into the collision

cell

In a reaction experiment, the organic sample needs to be placed in the instrument
without a considerable increase in the internal pressure of the instrument. Also, the
oxygen in the air can interfere with the result of experiments. About 0.2 ml of the organic
sample is placed in the related vial and then the vial containing the organic sample is
frozen with liquid nitrogen. The tubing is pumped by a roughing pump to empty it from
air. The Granville-Phillips (GP) variable leak valve is gradually opened between the
organic compound vial and the collision cell until enough pressure of the target gas is

established in the collision cell (Figure 3).

Granville-Phillips
variable leak valve

Collision cell

Roughing
Pump

Organic Compound vial

Figure 3: The schematic diagram of the designed tubing to introduce the organic sample into the
collision cell
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The roughing pump is not very powerful. As a consequence, even after three freeze-
thaw cycles some air will still remain in the tubing. This researcher chose to use the
help of the more powerful turbo pump of the instrument to lower the amount of air
remaining in the tubing. This was done by leaving the GP valve open for five minutes
while keeping the organic sample vial in the liquid nitrogen container. Then the GP
valve was left half open to prevent air entering into the tubing until the organic sample in
the vial had melted. Then the valve was optimized to maintain the desired pressure of

the target gas in the collision cell.

2.4: The types of experiments

One can perform three types of experiments with an ESI triple quadrupole MS

instrument, depending on the goal of the experiment.

2.4.1: All RF experiments

In an all RF experiment, all ions made in the source are allowed to travel through the
instrument to reach the detector. This was done to determine whether the desired ions
were made in the source. For example, the existence of m/z of 232 (Fe(C204)2) in a
solution of iron oxalate can be checked in the mass spectrum of this solution to test the

suitability of the prepared solution of iron oxalate to generate the iron anion.
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2.4.2: Collision induced dissociation experiments (CID)

In these experiments an ion with the desired m/z is selected in the first quadrupole
which is then allowed to travel through the instrument. One can select the m/z of the
desired metal anion in order to perform further experiments on it. Meanwhile, in the
collision cell, one can introduce the Ar gas as a collision gas. For example, one can
choose the m/z of a metal anion (63 for Cu’) in the first quadrupole and collide it with Ar
in the collision cell at different voltages to check the purity of the metal anion beam. All
selected ions have m/z 63 which could be Cu’, the metal anion, or CoH;05", a
deprotonated dimer of methanol. When Cu’ collides with Ar, it will remain the same and
it will not dissociate. As a result in all different collision energies only m/z 63 (Cu’) will be
observed in the spectrum of the CID experiment. However, when C,H70O;" collides with
Ar, it will dissociate to CH30™ and CH3OH in the proper collision energy and as a result
m/z 31 (CH3O") will be observed in addition to m/z 63 in the spectrum of the CID

experiment.

2.4.3: Reacting metal anions with organic samples

In these experiments an ion with the desired m/z, more often the m/z of a metal anion,
is selected in the first quadrupole and is allowed to travel through the instrument to
reach the detector. Meanwhile, in the second hexapole or collision cell, one introduces

the organic sample as a reactant gas (Figure 4).
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Figure 4: The designed device to introduce the organic sample into the collision cell

Products of the reaction of a metal anion with the organic sample that have a negative
charge on them will be detected in the detector. An example of this type of experiment
is one when the m/z 56 is selected in the first quadrupole and reacted with pentane gas
in the second hexapole to investigate the reactions of Fe” with pentane. As the collision
energy is raised, the produced signals broaden and their intensity decreases because
scattering of ions increases. With a greater collision energy, other reactions may be

observed as more energy is provided for the system.
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Chapter 3: Results and discussion of reactions

of hydrocarbons

In this research, six metal anions of Fe’, Co", Cu’, Ag’, Cs” and K were allowed to react
individually with seven organic samples of pentane, 1-pentene, 2-pentene, 1-pentyne,
1-butanol, 2-butanol and 2-methyl-2-propanol. The ionic products of the reactions were
mass analyzed by the third quadrupole to produce the mass spectrum. A mass
spectrum is a plot of m/z of signals versus the intensity of them. The instrument is set in
the negative mode; thus, only negative, and not neutral, fragments are observed in the
mass spectrum. Products of reactions in this thesis study produced low intensity signals
in the mass spectrum due to the low reactivity of the starting materials.

At different energies in the collision cell, different fragments may be produced.
Fragments that need less energy to be produced appear at lower collision energies,
whereas fragments that need more energy to be produced appear at higher collision
energies. However, increasing the collision energy causes broadening of signals as well
as decreasing of the intensity of signals due to the scattering of ions which may cause
some unwanted signal overlapping.

What follows are results of each set of reactions individually with their mass spectra as

well as discussion on relative observations:
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3.1: Reactions with pentane

3.1.1: Reactions of pentane with Fe

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 5 eV, m/z 56 (Fe') and m/z 58 (FeH;") were observed in the mass spectrum of the

reaction of Fe” with pentane (Figure 5).
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Figure 5: Mass spectrum of the reaction of pentane with Fe in voltages of (50-5-50) and the target
gas pressure of 1.2 e-3 mbar

FeH, is a product of the bisdehydrogenation reaction of pentane with Fe” (reaction 20).
CsHiz + Fe" — CsHqp + FeHy (20)

To confirm that m/z 58 is not an artifact, the experiment was repeated with deuterated
pentane. In deuterated pentane all hydrogens, with the atomic weight of 1 amu, were
exchanged with deuterium, with the atomic weight of 2 amu. Thus, the m/z of related
produced fragments will have a shift. In the mass spectrum of the reaction of pntane-d4»

with Fe™ the signal of FeH; shifted by 2 mass units (Figure 6).
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Figure 6: Mass spectrum of the reaction of pentane-d;, with Fe in voltages of (50-5-50) and the

target gas pressure of 1.2 e-3 mbar

With the collision voltage of 10 eV, m/z 56 (Fe’); m/z 57 (FeH") and m/z 58 (FeHy") were

observed (Figure 7).
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Figure 7: Mass spectrum of products of the reaction of pentane with Fe in voltages of (50-10-50)
and the target gas pressure of 1.2 e-3 mbar
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FeH" is a product of the dehydrogenation reaction of pentane with Fe™ (reaction 21).
CsHqy + Fe" — CsHyq + FeH’ (21)

In the reaction of Fe™ with deuterated pentane the signal of FeH" shifted by 1 mass unit
(Figure 6).

With the collision voltage of higher than 15 eV only m/z 56 (Fe") was observed.

3.1.2: Reactions of pentane with Co

At all collision energies, no reaction was observed. Thus, pentane shows no reaction

with Co'.

3.1.3: Reactions of pentane with Cu

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage

of 10 eV, m/z 65 (Cu’); m/z 66 (CuH’) and m/z 67 (CuHy) were observed (Figure 8).
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Figure 8: Mass spectrum of products of the reaction of pentane with cu’in voltages of (50-10-50)
and the target gas pressure of 1.2 e-3 mbar
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CuH' is a product of the dehydrogenation reaction of pentane with Cu™. CuH; is a
product of the bisdehydrogenation reaction of pentane with Cu™ (reactions 22 and 23).
CsHqo + Cu” — CsH4q + CuH” (22)

CsHqo + Cu” — CsHqg + CuHy (23)

To confirm that m/z 66 and m/z 67 are not artifacts, the experiment was repeated with
the deuterated pentane. With the collision voltage of 10 eV, the signal of CuH" shifted by
1 mass unit and the signal of CuH;" shifted by 2 mass units in the mass spectrum of the

reaction of pentane-di, with Cu” (Figure 9).
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Figure 9: a) Mass spectrum of reaction of pentane-d,;, with 8cu at voltages of (50-10-50) and the
target gas pressure of 1.2 e-3 mbar; b) Mass spectrum of reaction of pentane-d,, with cu at
voltages of (50-10-50) and the target gas pressure of 1.2 e-3 mbar
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3.1.4: Reactions of pentane with Ag

At all collision energies, no reaction was observed. Thus, pentane shows no reaction

with Ag'.

3.1.5: Reactions of pentane with Cs’

At all collision energies, no reaction was observed. Thus, pentane shows no reaction
with Cs’.
3.1.6: Reactions of pentane with K

At all collision energies, no reaction was observed. Thus, pentane shows no reaction

with K.

3.2: Reactions with pentene

3.2.1: Reactions of pentene with Fe

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 10 eV, m/z 56 (Fe’); m/z of 57 (FeH") and m/z of 58 (FeH,") were observed in the

mass spectrum of the reaction of Fe” with 1-pentene and 2-pentene (Figures 10).

41



10000
d 9000
8000
7000
6000
5000
4000
3000
2000
1000

Intensity

56

FeH-

57
FeH,

58

53

54

55

56

m/z

57 58

59

60 61

4000
3500
3000

Intensity
= NN
v O U
o O o
o O o

52

53

54

Fe
56

55

56

m/z

FeH’ FeH,
7

57

H
58

58

59

60 61

Figure 10: a) Mass spectrum of products of the reaction of 1-pentene with Fe in voltages of (50-
10-50) and the target gas pressure of 1.2 e-3 mbar; b) Mass spectrum of products of the reaction
of 2-pentene with Fe in voltages of (560-10-50) and the target gas pressure of 1.2 e-3 mbar

FeH" is a product of the dehydrogenation reaction of pentane with Fe". FeH, is a

product of the bisdehydrogenation reaction of pentane with Fe™ (reactions 24 and 25).

CsHqio + Fe" — CsHg + FeH™

(24)
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CsHio + Fe" — CsHg + FeHy™

With the collision voltage of 40 eV, m/z 56 (Fe’) and m/z 69 (CsHg") were observed in

the mass spectrum of the reaction of Fe” with pentene (Figures 11).
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Figure 11: a) Mass spectrum of products of the reaction of 1-pentene with Fe in voltages of (50-

(29)

40-50) and the target gas pressure of 1.2 e-3 mbar; b) Mass spectrum of products of the reaction

of 2-pentene with Fe in voltages of (50-40-50) and the target gas pressure of 1.2 e-3 mbar

43



CsHo is a product of the deprotonation reaction (reaction 26).

CsH1o + Fe" — CsHg + FeH (26)

3.2.2: Reactions of pentene with Co

At all collision energies, no reaction was observed. Thus, pentene shows no reaction

with Co'.

3.2.3: Reactions of pentene with Cu

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 5 eV, m/z 65 (Cu’) and m/z 67 (CuHy") were observed in the mass spectrum of the

reaction of pentene with Cu™ (Figure 12).
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Figure 12: Mass spectrum of products of the reaction of 1-pentene with cu’in voltages of (50-5-
50) and the target gas pressure of 1.2 e-3 mbar
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CuHy  is a product of the bisdehydrogenation reaction (reaction 27).
CsHqp + Cu” — CsHg + CuHy” (27)
With the collision voltage of 10 eV, m/z 65 (Cu’) and m/z 66 (CuH") were observed in the

mass spectrum of the reaction of pentene with Cu™ (Figure 13).
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Figure 13: Mass spectrum of products of the reaction of 1-pentene with cu in voltages of (50-10-
50) and the target gas pressure of 1.2 e-3 mbar

CuH' is a product of the dehydrogenation reaction of Cu” with pentene (reaction 28).
CsH1g + Cu” — CsHg + CuH’ (28)

With the collision voltage of higher than 15 eV only m/z 65 (Cu’) was observed.
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3.2.4: Reactions of pentene with Ag

At all collision energies, no reaction was observed. Thus, pentene shows no reaction

with Ag'.

3.2.5: Reactions of pentene with Cs’

With the collision voltage of 0 eV, no reaction was observed.
With the collision voltage of 10 eV, m/z 133 (Cs’); m/z 27 (C,H3") and m/z 41 (C3H5)

were observed in the mass spectrum of the reaction of 1-pentene with Cs™ (Figure 14).
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Figure 14: Mass spectrum of products of the reaction of 1-pentene with Cs" in voltages of (50-10-

50) and the target gas pressure of 1.2 e-3 mbar

C,H3 and C3Hs™ are products of spontaneous dissociation of deprotonated 1-pentene

(reactions 29 and 30).
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CsHg — CsHs + CoHy (29)

CsHg — CoH3™ + CsHe (30)

m/z 32 (O2") is contamination of oxygen in the system.

With the collision voltage of 10 eV, m/z 133 (Cs’); m/z 41 (CsHs’) and m/z 55 (C4H7)

were observed in the mass spectrum of the reaction of 2-pentene with Cs™ (Figure 15).
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Figure 15: Mass spectrum of products of the reaction of 2-pentene with Cs" in voltages of (50-10-
50) and the target gas pressure of 1.2 e-3 mbar

CsHs and C4H7 are products of spontaneous dissociation of deprotonated 2-pentene
(reactions 31 and 32).

CsHys — CzHs + CoHy (31)

CsHy — C4H7 + CH» (32)

m/z 32 (Oy") is contamination of oxygen in the system.
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3.2.6: Reactions of pentene with K

At all collision energies, no reaction was observed. Thus, pentene shows no reaction

with K.

3.3: Reactions with 1-pentyne

3.3.1: Reactions of 1-pentyne with Fe’

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 10 eV, m/z 56 (Fe’); m/z 57 (FeH’); m/z of 58 (FeH,") and m/z of 67 (CsH;") were

observed in the mass spectrum of the reaction of 1-pentyne with Fe™ (Figure 16).
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Figure 16: Mass spectrum of products of the reaction of 1-pentene with Fe in voltages of (50-10-
50) and the target gas pressure of 1.2 e-3 mbar
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FeH" is a product of the dehydrogenation reaction. FeH; is a product of the

bisdehydrogenation reaction. CsH; is a product of the deprotonation reaction (reactions

33 to 35).
CsHs + Fe — CsHy + FeH" (33)
CsHs + Fe” — CsHg + FeHy (34)
CsHs + Fe” — CsHy + FeH (35)

3.3.2: Reactions of 1-pentyne with Co

With the collision voltage of 0eV, no reaction was observed. With the collision voltage of
5eV, m/z59 (Co’); m/z61 (CoHy') and m/z 67 (CsH7") were observed in the mass

spectrum of the reaction of 1-pentyne with Co” (Figure 17).
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Figure 17: Mass spectrum of the reaction of 1-pentyne with Co’ in voltages of (50-5-50) and the
target gas pressure of 1.2 e-3 mbar
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Co” and CH3COOQO" have the same molecular mass; thus, there is a chance of having
CH3COOQO" contamination in the Co” beam when m/z 59 is selected in the source.
CH3COO" can be produced in the source by the decomposition of the solution of
tricarbalilic acid in methanol. To confirm that m/z 61 is a result of reaction with Co’, not
with CH3COO", a solution of acetic acid in methanol was injected into the source and
the produced CH3COQO" was reacted with 1-pentyne. No m/z 61 was observed (Figure

18).
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Figure 18: Mass spectrum of products of the reaction of 1-pentyne with CH3COO' in voltages of
(50-5-50) and the target gas pressure of 2.3 e-3 mbar

CoHy; is a product of the bisdehydrogenation reaction of 1-pentyne with Co". CsH7 is a
product of the deprotonation reaction of 1-pentyne with Co™ (reactions 36 and 37).
CsHg + Co” — CsHg + CoHy” (36)

CsHg + Co” — CsH7 + CoH (37)
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3.3.3: Reactions of 1-pentyne with Cu

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 5eV, m/z 63 (Cu’); m/z 65 (CuHy) and m/z 67 (CsH;) were observed in the mass

spectrum of the reaction of 1-pentyne with Cu” (Figure 19).
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Figure 19: Mass spectrum of products of the reaction of 1-pentyne with Scuin voltages of (50-5-
50) and the target gas pressure of 1.2 e-3 mbar

CuHj; is a product of the bisdehydrogenation reaction and CsH7  is a product of the
deprotonation reaction (eactions 38 and 39).

CsHg + Cu” — CsHg + CuHy (38)

CsHg + Cu” — CsH;+ CuH (39)

With the collision voltage of 25 eV, m/z 63 (Cu’); m/z 67 (CsH7"); m/z 25 (C,H') and m/z
39 (CsH3") were observed in the mass spectrum of the reaction of 1-pentyne with Cu’

(Figures 20).
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Figure 20: a) Mass spectrum of products of the reaction of 1-pentyne with 8cuin voltages of (50-
25-50) and the target gas pressure of 1.2 e-3 mbar, b) Mass spectrum of products of the reaction
of 1-pentyne with *Cuin voltages of (50-25-50) and the target gas pressure of 1.2 e-3 mbar

CsH7 is a product of the deprotonation reaction. C;H and C3sH3z™ are products of
spontaneous dissociation of deprotonated 1-pentyne (reactions 40 and 41).
CsH7” — CoH™ + C3Hg (40)

CsH7 — CsH3™ + CoHy (41)
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3.3.4: Reactions of 1-pentyne with Ag

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 40 eV, m/z 107 (AQ’); m/z 67 (CsH;'); m/z 25 (C,H") and m/z 39 (CzH3") were

observed in the mass spectrum of the reaction of 1-pentyne with Ag™ (Figures 21).
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Figure 21: a) Mass spectrum of products of the reaction of 1-pentyne with 107Ag' in voltages of (50-
40-50) and the target gas pressure of 1.2 e-3 mbar; b) Mass spectrum of products of the reaction
of 1-pentyne with 109Ag' in voltages of (50-40-50) and the target gas pressure of 1.2 e-3 mbar
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CsH7 is a product of the deprotonation reaction. CoH™ and C3Hj3™ are products of
spontaneous dissociation of deprotonated 1-pentyne (reactions 42, 40 and 41).
CsHg + Ag- — CsH7 + AgH
CsH7 — CoH + C3Hg

CsH7 — C3H3™ + CoHq

3.3.5: Reactions of 1-pentyne with Cs’

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage

of 40 eV, m/z (Cs’); m/z 67 (CsH7"); m/z 25 (C,H") and m/z 39 (C3H3") were observed in

the mass spectrum of the reaction of 1-pentyne with Cs™ (Figure 22).

10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

0

Intensity

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

\_

m/z

Figure 22: Mass spectrum of products of the reaction of 1-pentyne with Cs’ in voltages of (50-40-
50) and the target gas pressure of 1.2 e-3 mbar
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CsH7 is a product of the deprotonation reaction. CoH™ and C3Hj3™ are products of

spontaneous dissociation of deprotonated 1-pentyne (reactions 43, 40 and 41).

CsHg + Cs” — CsH7 + CsH (43)
CsH7 — CoH + C3Hg (40)
CsH7 — C3H3™ + CoHy (41)

3.3.6: Reactions of 1-pentyne with K

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 40 eV, m/z 39 (K"), m/z 67 (CsH;) and m/z 25 (C,H") were observed in the mass

spectrum of the reaction of 1-pentyne with K™ (Figure 23).
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Figure 23: Mass spectrum of products of the reaction of 1-pentyne with K in voltages of (50-40-50)

and the target gas pressure of 1.2 e-3 mbar
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CsH7 is a product of the deprotonation reaction. C,H™ is a product of spontaneous

dissociation of deprotonated 1-pentyne (reaction 44, 40 and 41).

CsHs + K — CsHy + KH (44)
CsH7 — CoH™ + C3He (40)
CsH7” — C3H3™ + CoHq (41)

It is generally understood that CsH3™, a product of spontaneous dissociation of
deprotonated 1-pentyne, is produced in this reaction. However, the signal of C3H3

cannot be observed separately because it overlaps with m/z of the potassium anion.
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3.4: Summary of reactions of metal anions with

hydrocarbons

3.4.1: Observed reactions

Hydrocarbons tested as organic samples or target gases in this thesis study show
different types of reactions with metal anions such as:

1) Deprotonation reaction

A deprotonation reaction is the abstraction of a proton from the target gas by the metal
anion. The products of this reaction are the neutral metal hydride, which is not observed
in the spectrum, and the deprotonated target gas, which is observed in the spectrum. All
metal anions show the deprotonation reaction with pentyne. Fe” shows the

deprotonation reaction with pentene (Table 2).

Table 2: The observation of the deprotonation reactions of metal anions with hydrocarbons; stars
indicate the observed reactions

Pentane
Pentene

Pentyne
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2) Dehydrogenation reaction

A dehydrogenation reaction is the abstraction of a hydrogen from the target gas by the
metal anion. The products of this reaction are the metal hydride anion, which is
observed in the spectrum, and the neutral dehydride radical, which is not observed in
the spectrum. Fe” shows the dehydrogenation reaction with all tested hydrocarbons. Cu”

shows the dehydrogenation reaction with pentane and pentene (Table 3).

Table 3: The observation of the dehydrogenation reactions of metal anions with hydrocarbons;
stars indicate the observed reactions

*

Pentane *

Pentene * *

Pentyne ) ¢

3) Bisdehydrogenation reaction

A bisdehydrogenation reaction is the abstraction of two hydrogens from the target gas
by the metal anion. The products of this reaction are the metal dihydride anion, which is
observed in the spectrum, and the bisdehydrated target gas, which is not observed in
the spectrum. Fe” and Cu” show the bisdehydrogenation reaction with all tested

hydrocarbons (Table 4).
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Table 4: The observation of the bisdehydrogenation reactions of metal anions with hydrocarbons;
stars indicate the observed reactions

Pentane

phe phe
Pentene

< phe
Pentyne

PA PA

4) spontaneous dissociation of the deprotonated target gas

The deprotonated target gas can dissociate to smaller fragments when there is enough
energy in the system. The metal anions have no role in this dissociation. Details of
experiments that confirm this dissociation takes place spontaneously can be find in
chapter 4.4.3 of this thesis study.

To find the driving force of these reactions and explain these results, the reactions can
be discussed from different points of view, such as comparing the properties of the

metal anions, the enthalpies of reactions, and the mechanism of reactions.

3.4.2: The comparison of properties of metals

The properties of metals, such as electronic configuration, electron affinity, hydrogen
affinity and gas phase acidity, were studied in order to find a relationship between the
properties of metal anions and their reactivity with regards to the dehydrogenation

reaction (Table 5).>

59



Table 5: The table of the comparison of properties of metals

[Ar] 3d® 4s? 0.151 -22.05 1439
Co 59 [Ar] 3d7 4s? 0.662 -168.59 1411
Cu 63, 65 [Ar] 3d10 4s? 1.228 -188.06 1451
Ag 107,109  [Kr] 4d0 5st 1.302 -133.02 1406
Cs 133 [Xe] 6s? 0.472 -198.10 1441
K 39 [Ar] 4s? 0.501 -203.62 1439

The electronic configuration shows that alkali metal anions do not have accessible d-
orbitals in their outer valance shell and as a consequence cannot form intermediate
complexes with organic compounds. The electron affinity of metal anions shows a
different trend as their reactivity. The calculated hydrogen affinities of transition metal
anions has the same trend as their reactivity. Fe” and Cu™ have lower hydrogen affinity
and show the dehydrogenation reaction. Fe™ has a high hydrogen affinity and shows a
more intense products in a dehydrogenation reaction than other metal anions. The gas
phase acidities of Fe” and Cu™ are greater than the gas phase acidities of other metal

anions. The gas phase acidity has the same trend as observations.
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3.4.3: The enthalpies of reactions

A reaction can be observed when there is enough energy in the system to overcome the
barrier of that reaction. Meanwhile, calculation of the enthalpies of reactions is more
readily made than calculation of the barrier of reactions. All metal anions in the studied
reactions are bare metal atomic anions without any ligand on them. In addition, all
organic target gases are small linear organic neutral molecules with similar molecular
weights. Moreover, all reactions in this thesis study were done in the gas phase with
similar energies. Thus, the enthalpies of these reactions may be considered
representative of the barriers of these reactions. The Marcus theory has a complete
explanation for this assumption. Dr. Rudolph A. Marcus received the Nobel prize in
1992 for developing his theory about electron transfer reactions.'” From working on
hypotheses related to outer sphere electron transfer reactions, Dr. Marcus derived the
following equation on the relationship between the barrier of a reaction, AE, and the

enthalpy of that reaction, AG:

Equation 2: A simplified version of Marcus equation, AE is the barrier, AG is the enthalpy and A is
the reorganization energy

(AG + 1)
44

AE =

According to Marcus's theory, in reactions where the structures of starting materials and
products are similar, the reaction with a smaller enthalpy will have a smaller barrier

(Figure 24).
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Figure 24: a) The relationship between the enthalpy, AH,, and the barrier, E,, of a thermoneutral
reaction; b) The relationship between the enthalpy, AH,, and the barrier, E,, of an exothermic
reaction; c) The relationship between the enthalpy, AH;, and the barrier, E;, of an endothermic
reaction; According to the Marcus's theory this relationships shows that E,<E,<E; where
AH,<AH,<AH;



Enthalpies of some observed and unobserved reactions were calculated and
documented in Appendix 1 of this thesis. The enthalpy of a reaction is the sum of the
heats of formation of products subtracted by the sum of heats of formation of starting
materials. Enthalpies of unobserved reactions were calculated to compare with the
observed similar reactions. Heats of formation of fragments were found in the NIST
webbook'® or the Gas-Phase lon and Neutral Thermochemistry Book'® and
documented in the Appendix 4 and 5 of this thesis. Calculated enthalpies of reactions
of hydrocarbons with metal anions are plotted for each tested metal anion in this thesis

study (Figures 25 to 27).
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Figure 25: Enthalpies of the dehydrogenation reactions of metal anions with hydrocarbons, Y
indicates observed reactions and N indicates unobserved reactions
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Figure 26: a) Enthalpies of the bisdehydrogenation reactions of metal anions with hydrocarbons;
b) Extended Enthalpies of the bisdehydrogenation reactions of metal anions with hydrocarbons; Y
indicates observed reactions and N indicates unobserved reactions

65



f deprotonation

=@= Pentane

l)o
=
U
o

|

== Pentene

=g Pentyne
50 -

o

Fe- Co- Cu- Ag- Cs- K-
The type of the metal anion

Figure 27: Enthalpies of the deprotonation reactions of metal anions with hydrocarbons; Y
indicates observed reactions and N indicates unobserved reactions

Calculated enthalpies for reactions involving the iron anion or copper anion are typically
lower than the calculated enthalpies for the cobalt anion or the silver anion, matching
with the experimental results that show that the iron anion or copper anion show the
dehydrogenation reaction whereas the cobalt anion or silver anion do not. Calculated
enthalpies for 1-pentyne are lower than calculated enthalpies for pentene or pentane.
Experiments show that 1-pentyne is more reactive than pentene and pentene is more
reactive than pentane. This is expected since 1-pentyne and pentene have 1T orbitals
and form a more stable intermediate complex by forming 1 back-bonding in the
encounter complex. Calculated enthalpies for the bisdehydrogenation reactions are
significantly lower than calculated enthalpies for the dehydrogenation reactions.

Experiments show that metal dihydrides, products of the bisdehydrogenation reactions,
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need less energy to be produced than metal hydrides, products of the dehydrogenation
reactions. Below is a breakdown curve for the formation of FeH™ and FeH,” from the
reaction of 2-pentene with Fe". A breakdown curve is a diagram of intensities of
produced fragments in different voltages of the collision cell. This diagram shows that

FeH, starts to form at lower collision energies than FeH™ (Figure 28).
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Figure 28: A break down curve of formation of FeH and FeH, in the reaction of 2-pentene with Fe
and shows that FeH, needs less energy to be produced than FeH

Enthalpy values for the bisdehydrogenation reactions of alkali metal anions are
unexpectedly low because cesium dihydride and potassium dihydride do not exist.
The trend between calculated enthalpies matches with the trend between experimental

data; however, calculated enthalpies are not a strong indicator to predict the
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observation of a reaction. This could be due to the fact that the observation of a reaction
depends directly on the barrier values of that reaction rather than enthalpy values. The

mechanism of reaction may provide a better explanation for obtained results.

3.4.4: The mechanism of reactions

The deprotonation reaction of hydrocarbons follows the harpoon mechanism, a long
range proton abstraction.” The deprotonation reaction is governed by the gas phase
acidity of fragments. For example, all metal anions deprotonate 1-pentyne because it
has a greater gas phase acidity than other metal anions. In a mass spectrometer, ions
have high translational energy. For that reason, ions need less energy to show a
deprotonation reaction than corresponding values in condensed phase .

The deprotonated hydrocarbon can dissociate spontaneously (reactions 40 and 41).
CsHy — CoH + CsHg (40)

CsH7 — C3Hs™ + CoHy (41)

The driving force of this dissociation is the formation of stable products, such as
propene and ethylene.

The research carried out by Dr. Mayer's group suggests that the dehydrogenation
reaction of hydrocarbons follows a metal insertion mechanism. This may be similar to a
novel oxidative addition-reductive elimination mechanism that has been previously
suggested for reactions of metal-carbonyl anions with alcohols.™ The first step in the
reaction of metal anions with organic neutral target gases is the formation of the

intermediate complex between the metal anion and the neutral target gas (Scheme 5).
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Scheme 5: The metal insertion mechanism for the dehydrogenation reaction of hydrocarbons with
metal anions

The bond between 1-pentyne, with 11 orbitals, and the metal anions is stronger than the
bond between pentane, with no t-orbitals, and the metal anions, due to the formation of
T back-bonding in the intermediate complex. 1 back-bonding is formed between T1-
orbitals of 1-pentyne and empty orbitals of metal anions. Thus, 1-pentyne forms a more
stable intermediate complex than pentane. As a result, 1-pentyne is more reactive than
pentane. Alkali metal anions such as Cs™ and K™ have no accessible d-orbitals and are
not able to form this intermediate complex.

The second step in the reaction of metal anions with organic neutral target gases is the
insertion of the metal anion into the bond between the carbon and the functional group
attached to it to form an intermediate. In this step, the negative charge of the metal
anion in the intermediate complex is transferred to the empty anti-bonding orbital of the
bond between carbon and the functional group, resulting in the breakage of this bond.
When the functional group attached to the carbon atom is electronegative, the charge is

more readily transferred to the empty anti-bonding orbital. The more electronegative the
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functional group, the more exothermic the electron transfer step is. The electron transfer
step is the rate-determining step of the mechanism. H has low electronegativity; thus,
the electron transfer step, involving the movement of the negative charge from the metal
to the C-H bond, is endothermic and the dehydrogenation reaction of hydrocarbons
needs extra energy to take place.

The third step in the reaction of metal anions with organic neutral target gases is the
dissociation of the intermediate to products that are observed in the mass spectrum. In
the intermediate, the weaker bond, either the bond between the metal anion and
hydrogen or the bond between the metal anion and carbon will break. The negative
charge will remain on the more electronegative fragment.

The intermediate of the reaction of metal anion with the target gas can rearrange prior
to the dissociation. The result of a B-H-shift, -H-elimination, is the attachment of two
hydrogens to the metal anion. The dissociation of this rearranged intermediate produces
a metal dihydride anion. During this dissociation, the negative charge remains on the
metal dihydride, indicating that metal dihydride is more electronegative than the other

counterpart of this dissociation (Scheme 6).

H, H - H, H, H

- 2 2
H-——-Fi;—a;ic:—c —C —CH, B-Helimination  H----Fe---C——C —C —C —CH,
2 1 2 °
H H
- H H,
s FeH, + H,C==C——C —C —CH,

Scheme 6: The B-H elimination rearrangement of the intermediate leading to the formation of the
metal dihydride anion
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Chapter 4: Result and discussion of reactions of

alcohols

4.1: Reactions with 1-butanol

4.1.1: Reactions of 1-butanol with Fe

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 5 eV, m/z 56 (Fe’); m/z 57 (FeH’); m/z 58 (FeHy); m/z 74 (C4H1007); m/z 73 (C4HO");
m/z 71 (C4H;07) and m/z 129 (FeC4HyO") were observed in the mass spectrum of the

reaction of Fe™ with 1-butanol (Figure 29).

s000 1 nFe” FeH- FeH,
5000 - 56 57 58

_ 4000
% 3000 C4HyO
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2000 - -
H7:07 I C,H,00 FeC,H,O
1000 - 71
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Figure 29: Mass spectrum of products of the reaction of 1-butanol with Fe in voltages of (50-5-50)
and the target gas pressure of 1.2 e-3 mbar
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FeH" is a product of dehydrogenation; FeH; is a product of bisdehydrogenation;
C4H100" is a product of electron transfer; C4HyO" is a product of deprotonation; C4H;O"
is a product of dissociation of C4HgO" ; and FeC4HgO" is a product of complex formation

of Fe” with 1-butanol (reactions 45 to 50).

C4H100 + Fe” — C4HgO + FeH" (45)
C4H100 + Fe” — C4HgO + FeHy (46)
C4H100 + Fe” — C4HgO™ + FeH (47)
C4HoO" — C4H,O" + Hy (48)
C4H100 + Fe” — C4H10O + Fe (49)
C4H100 + Fe” — FeC4HoO + H (50)

To confirm that m/z 57, m/z 58 and m/z 129 are not artifacts, this experiment was
repeated with a deuterated compound. In 1-butanol-d+g, all hydrogens, with the atomic
weight of 1 amu, were exchanged with deuterium, with the atomic weight of 2 amu.
Thus, the m/z of the corresponding fragments in the reaction will shift in the mass
spectrum.

With the collision voltage of 5 eV, m/z 56 (Fe’); m/z 58 (FeD"); m/z 60 (FeDy"); m/z 82
(C4Dg0O") and m/z 138 (FeC4DyO") were observed in the mass spectrum of the reaction

of Fe” with 1-butanol-d+ (Figure 30).
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Figure 30: a) Mass spectrum of products of the reaction of 1-butanol-d,, with Fe in voltages of
(50-5-50) and the target gas pressure of 1.2 e-3 mbar; b) The expanded spectrum shown in a,
between 50 and 88 m/z



4.1.2: Reactions of 1-butanol with Co

With the collision voltage of 0 eV, m/z 59 (Co’) and m/z 132 (CoC4HyO") were observed

in the mass spectrum of the reaction of 1-butanol with Co™ (Figure 31).

1000 - Co
900 - 59
800 -
700 -
600 -

500 - CoC,H,0
400 -
132

300 -+

200 A
100 A
O o A

50 55 60 65 70 75 80 85 90 95 100105110115120125130135140
m/z

Intensity

Figure 31: Mass spectrum of product of the reaction of 1-butanol with Co in voltages of (50-0-50)
and the target gas pressure of 1.2 e-3 mbar

CoC4HyO' is a product of the complex formation reaction (reaction 51).

C4H100O + Co — CoC4HO™ +H (51)

4.1.3: Reactions of 1-butanol with Cu

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 10 eV, m/z 65 (Cu’); m/z 67 (CuHy’); m/z 82 (CuOH"); m/z 81 (CuO’); m/z 73 (C4H.O")
and m/z 71 (C4H;O") were observed in the mass spectrum of the reaction of Cu” with 1-

butanol (Figure 32).
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Figure 32: Mass spectrum of products of the reaction of 1-butanol with cu in voltages of (50-5-
50) and the target gas pressure of 1.2 e-3

CuHy is a product of bisdehydrogenation; CuOH" is a product of dehydroxylation; CuO”
is a product of O-atom abstraction; C4HgO" is a product of deprotonation and C4H;O" is
a products of spontaneous dissociation of the deprotonated alcohol (reactions 52 to 56

and reaction 48).

C4H100 + Cu” — C4HgO + CuHy (52)
C4H100 + Cu” — C4HgO™ + CuH (53)
C4HoO" — C4H,O" + H (48)
C4H100 + Cu” — C4Hg + CuOH (54)

C4H100 + Cu” — C4Hqg + CuO’ (55) [OR CuOH — CuO +H (56) ]
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To confirm this result, the experiment was repeated with a deuterated butanol.
With the collision voltage of 10 eV, m/z 65 (Cu’); m/z 69 (CuDy’); m/z 83 (CuOD"); m/z
81 (CuO’); m/z 73 (C4HyO’) and m/z 71 (C4H;O") were observed in the mass spectrum

of the reaction of Cu™ with 1-butanol-d+o (Figure 33).
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Figure 33: Mass spectrum of products of the reaction of 1-butanol-d;, with Cu- in voltages of (50-
5-50) and the gas pressure of 1.2 e-3 mbar

4.1.4: Reactions of 1-butanol with Ag

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 10 eV, m/z 107 (AgQ’); m/z 124 (AgOH") and m/z 123 (AgO’) were observed in the

mass spectrum of the reaction of Ag” with 1-butanol (Figure 34).
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Figure 34: a) Mass spectrum of products of the reaction of 1-butanol with 107Ag' in voltages of (50-

10-50) and the target gas pressure of 1.2 e-3 mbar; b) Mass spectrum of products of the reaction
of 1-butanol with "”Ag’ in voltages of (50-10-50) and the target gas pressure of 1.2 e-3 mbar

With the collision voltage of 20 eV, m/z 107 (Ag’); m/z 73 (C4HyO") and m/z 71 (C4H;0O")

were observed in the mass spectrum of the reaction of Ag” with 1-butanol (Figure 35).
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Figure 35: a) Mass spectrum of products of the reaction of 1-butanol with "' Ag in voltages of (50-
20-50) and the tar%gt gas pressure of 1.2 e-3 mbar; b) Mass spectrum of products of the reaction

of 1-butanol with "~Ag’ in voltages of (50-20-50) and the target gas pressure of 1.2 e-3 mbar

78



AgOH" is a product of dehydroxylation; AgO" is a product of O-atom abstraction;
C4HyO" is a product of deprotonation; and C4H;O" is a product of spontaneous

dissociation of the deprotonated fragment (reactions 57 to 60 and reaction 48).

C4H100 + Ag” — C4HoO™ + AgH (57)
CsHsO" — C4H;O + H, (48)
C4H100 + Ag” — C4Hg + AgOH" (58)

CsH10 + Ag’ — CsHio + AgO™ (59) [OR  AgOH — AgO +H (60) ]

4.1.5: Reactions of 1-butanol with Cs’

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage

of 20 eV, m/z 133 (Cs’); m/z 73 (C4HyO"); m/z 71 (C4H;O7); m/z 57 (R’); m/z 17 (OH")

and m/z 147 (ROH2-1") were observed in the mass spectrum of the reaction of 1-

butanol with Cs™ (Figure 36).
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Figure 36: Mass spectrum of products of the reaction of 1-butanol with Cs" in voltages of (50-20-

50) and the target gas pressure of 1.2 e-3 mbar
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C4HyO  is a product of deprotonation; C4H;0O", C4Hg and OH" are products of
spontaneous dissociation of the deprotonated fragment and CgH19O" is a product of
dimerization. m/z 32 (Oy") is a contamination of oxygen in the system (reactions 61 to 64

and reaction 48).

C4H100 + Cs™ — C4HeO™ + CsH (61)
CsHeO — CsH/ O + Hy (48)
CsHeO' — C4Hg + O (62)
CsHeO' — C4Hg + OH (63)
CsHeO  + CuH100 — CgHigO" (64)

4.1.6: Reactions of 1-butanol with K

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 20 eV, m/z 39 (K"); m/z 73 (C4HyO") and m/z 17 (OH") were observed in the mass

spectrum of the reaction of 1-butanol with K™ (Figure 37).
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Figure 37: Mass spectrum of products of the reaction of 1-butanol with K in voltages of (50-20-50)
and the target gas pressure of 1.2 e-3 mbar

C4HyO" is a product of deprotonation and OH" is a product of spontaneous dissociation
of the deprotonated fragment (reactions 65 and 63).
C4H100 + K — C4HO™ + KH (65)

CsHeO™ — CsHg + OH (63)
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4.2: Reactions of 2-butanol with metal anions

4.2.1: Reactions of 2-butanol with Fe

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 5 eV, m/z 56 (Fe’); m/z 57 (FeH’); m/z 58 (FeHy); m/z 74 (C4H1007); m/z 73 (C4HO");
m/z 71 (C4H;07) and m/z 129 (FeC4HyO") were observed in the mass spectrum of the

reaction of Fe™ with 2-butanol (Figure 38).
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Figure 38: a) Mass spectrum of products of the reaction of 2-butanol with Fe" in voltages of (50-5-
50) and the target gas pressure of 1.2 e-3 mbar; b) The expanded mass spectrum shown in a,
between 52 and 60 m/z

FeH" is a product of dehydrogenation; FeH; is a product of bisdehydrogenation;

C4H100O is a product of electron transfer; C4HygO" is a product of deprotonation; C4H;O"
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is a product of dissociation of C4HyO"; and FeC4HyO" is a product of complex formation

reaction of Fe™ with 2-butanol (reactions 66 to 71).

C4H100 + Fe” — C4HgO + FeH' (66)
C4H100 + Fe” — C4HgO + FeHy (67)
C4H100 + Fe” — C4HoO™ + FeH (68)
CsHeO — CsH/ O + Hy (69)
C4H100 + Fe” — Cy4H100" + Fe (70)
C4H100 + Fe” — FeCyHeO + H (71)

With the collision voltage of 20 eV, m/z 56 (Fe’); m/z 73 (C4HyO’); m/z 71 (C4H7O); m/z
17 (OH") and m/z 147 (CgH190") were observed in the mass spectrum of the reaction of

2-butanol with Fe™ (Figure 39).
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Figure 39: Mass spectrum of products of the reaction of 2-butanol with Fe in voltages of (50-20-
50) and the target gas pressure of 1.2 e-3 mbar
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C4HyO  is a product of deprotonation; C4H;O™ and OH™ are products of spontaneous
dissociation of the deprotonated fragment; and (CsH19O") is a product of dimerization in

the reaction of Fe™ with 2-butanol (reactions 68, 69, 72 and 73).

C4H100 + Fe” — C4HoO™ + FeH (68)
CsHeO' — CsH/ O + Hy (69)
CsHeO' — C4Hg + OH (72)
CsHeO  + CuH100 — CgHigO" (73)

4.2.2: Reactions of 2-butanol with Co

With the collision voltage of 0 eV, m/z 59 (Co’) and m/z 132 (CoC4HyO") were observed

in the mass spectrum of the reaction of 2-butanol with Co™ (Figure 40).
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Figure 40: Mass spectrum of product of the reaction of 1-butanol with Co in voltages of (50-0-50)
and the target gas pressure of 1.2 e-3 mbar
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CoC4HyO' is a product of complex formation reaction of Co™ with 2-butanol (reaction 74).
C4H10O + Co” — CoC4HO" + H (74)
With the collision voltage of 15 eV, m/z 59 (Co); m/z 73 (C4HsO") and m/z 71 (C4H;0")

were observed in the mass spectrum of the reaction of 2-butanol with Co™ (Figure 41).
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Figure 41: Mass spectrum of product of the reaction of 2-butanol with Co’ in voltages of (50-15-50)
and the target gas pressure of 1.2 e-3 mbar

C4HyO" is a product of deprotonation and C4H7O" is a product of spontaneous
dissociation of the deprotonated fragment (reactions 75 and 69).
C4H100 + Co” — C4HO™ + CoH (75)

CsH) O — C4H;O0" + H, (69)

4.2.3: Reactions of 2-butanol with Cu

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage

of 5 eV, m/z 65 (Cu’); m/z 67 (CuHy); m/z 82 (CuOH"); m/z 81 (CuO’); m/z 73 (C4HyO")
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and m/z 71 (C4H7;0") were observed in the mass spectrum of the reaction of Cu” with 2-

butanol (Figure 42).
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Figure 42: a) Mass spectrum of products of the reaction of 2-butanol with 8cuin voltages of (50-
5-50) and the target gas pressure of 1.2 e-3 mbar; b) Mass spectrum of products of the reaction of

2-butanol with **Cu’ in voltages of (50-5-50) and the target gas pressure of 1.2 e-3 mbar
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CuHy is a product of bisdehydrogenation; CuOH" is a product of dehydroxylation; CuO”
is a product of O-atom abstraction; C4HgO" is a product of deprotonation; and C4H;O" is
a product of spontaneous dissociation of the deprotonated alcohol (reactions 76 to 79

and reactions 69 and 56).

C4H100 + Cu” — C4H3sO + CuHy’ (76)
C4H100 + Cu” — C4HeO" + CuH (77)
CsHeO” — CsH/ O + Hy (69)
C4H100 + Cu” — C4Hg + CUOH" (78)

CsH1O + Cu — C4Hio + CUO™ (79) [OR CuOH — CuO +H (56)]

With the collision voltage of 15 eV, m/z 65 (Cu’); m/z 81 (CuO’); m/z 73 (C4HO"); m/z
71 (C4H70°); m/z 57 (C4Hyg'); m/z 17 (OH") and m/z 147 (CgH19O") were observed in the

mass spectrum of the reaction of Cu” with 2-butanol (Figure 43).
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Figure 43: a) Mass spectrum of products of the reaction of 2-butanol with **Cu in voltages of (50-
15-50) and the target gas pressure of 1.2 e-3 mbar; b) Mass spectrum of products of the reaction
of 2-butanol with *>cu’ in voltages of (50-15-50) and the target gas pressure of 1.2 e-3 mbar
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CuO' is a product of O-atom abstraction; C4HyO" is a product of deprotonation; C4H;O",
C4Ho and OH" are products of spontaneous dissociation of the deprotonated fragment;

and (CgH490") is a product of dimerization (reactions 77, 69, 80, 72 and 73).

C4H100 + Cu” — C4HeO" + CuH (77)
CsHeO — CsH/ O + Hy (69)
CsHeO' — C4Hg + O (80)
CsHeO' — C4Hg + OH (72)
CsHeO  + CuH100 — CgHigO" (73)

4.2.4: Reactions of 2-butanol with Ag

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 10 eV, m/z 107 (Ag’), m/z 124 (AgOH") and m/z 123 (AgO") were observed in the

mass spectrum of the reaction of Ag™ with 2-butanol (Figure 44).
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Figure 44: a) Mass spectrum of products of the reaction of 2-butanol with " Ag in voltages of (50-
10-50) and the tar%tgt gas pressure of 1.2 e-3 mbar; b) Mass spectrum of products of the reaction

of 2-butanol with ""Ag’ in voltages of (50-10-50) and the target gas pressure of 1.2 e-3 mbar
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AgOH' is a product of dehydroxylation and AgO" is a product of O-atom abstraction
(reactions 81, 82 and 60).
C4H100 + Ag" — C4Hg + AgOH" (81)

CsH1 0O + Ag — C4H1o + AgO" (82) [OR AgOH — AgO +H (60)]

With the collision voltage of 20 eV, m/z 107 (AgQ’); m/z 73 (C4H9O’); m/z 71 (C4H;O");
m/z 57 (C4Hg’) and m/z 17 (OH") were observed in the mass spectrum of the reaction of

Ag” with 2-butanol (Figure 45).
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Figure 45: a) Mass spectrum of products of the reaction of 2-butanol with "' Ag in voltages of (50-

20-50) and the tar?

et gas pressure of 1.2 e-3 mbar; b) Mass spectrum of products of the reaction
of 2-butanol with °9Ag' in voltages of (50-20-50) and the target gas pressure of 1.2 e-3 mbar
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C4HyO  is a product of deprotonation and C4H;0O", C4Hg and OH" are products of

spontaneous dissociation of the deprotonated fragment (reactions 83, 69, 80 and 72).

CsH100 + Ag” — C4HeO™ + AgH (83)
CsHeO — CsH/ O + Hy (69)
CsHeO' — C4Hg + O (80)
CsHeO' — C4Hg + OH (72)

4.2.5: Reactions of 2-butanol with Cs’

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 40 eV, m/z 133 (Cs’); m/z 73 (C4HgO’); m/z 71 (C4H7O"); m/z 57 (C4Hg’); m/z 17 (OH’)
and m/z 147 (CgH190O") were observed in the mass spectrum of the reaction of 2-butanol

with Cs™ (Figure 46).
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Figure 46: Mass spectrum of products of the reaction of 2-butanol with Cs" in voltages of (50-40-
50) and the target gas pressure of 1.2 e-3 mbar

94



C4HyO" is a product of deprotonation; C4H;0O", C4Hg and OH" are products of
spontaneous dissociation of the deprotonated fragment; and CgH19O is a product of
dimerization. m/z 32 (Oy") is a contamination of oxygen in the system. (reactions 84, 69,

80, 72 and 73).

C4H100 + Cs™ — C4HeO™ + CsH (84)
CsHeO — CsH/ O + Hy (69)
CsHeO' — C4Hg + O (80)
CsHeO' — C4Hg + OH (72)
CsHeO  + CuH100 — CgHigO" (73)

4.2.6: Reactions of 2-butanol with K

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 20 eV, m/z 39 (K"); m/z 73 (C4HyO"); m/z 71 (C4H7;0O’); m/z 57 (C4Hg) and m/z 17 (OH"

) were observed in the mass spectrum of the reaction of 2-butanol with K™ (Figure 47).
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Figure 47: Mass spectrum of products of the reaction of 2-butanol with K in voltages of (50-20-50)
and the target gas pressure of 1.2 e-3 mbar

C4HyO" is a product of deprotonation and C4H;0O", C4Hg and OH" are products of

spontaneous dissociation of the deprotonated fragment (reactions 85, 69, 80 and 72).

CaH100 + K — C4HgO™ + KH (85)
CsHeO — C4H;0™ + Hy (69)
CsHeO" — C4Hg + O (80)
CsHeO — C4Hg + OH' (72)

4.3: Reactions of 2-methyl-2-propanol

4.3.1: Reactions of 2-methyl-2-propanol with Fe

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 5 eV, m/z 56 (Fe’); m/z 57 (FeH) and m/z 73 (C4HyO") were observed in the mass

spectrum of the reaction of Fe™ with 2-methyl-2-propanol (Figure 48).
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Figure 48: Mass spectrum of products of the reaction of 2-methyl-2-propanol with Fe" in voltages
of (60-5-50) and the target gas pressure of 1.2 e-3 mbar

FeH" is a product of dehydrogenation and C4HgO' is a product of deprotonation
(reactions 86 and 87).
C4H100 + Fe" — C4HyO + FeH" (86)

C4H100 + Fe" —- C4HyO™ + FeH (87)

4.3.2: Reactions of 2-methyl-2-propanol with Co

With the collision voltage of 0 eV, m/z 59 (Co’) and m/z 132 (CoC4HyO") were observed

in the mass spectrum of the reaction of 2-methyl-2-propanol with Co™ (Figure 49).
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Figure 49: Mass spectrum of products of the reaction of 2-methyl-2-propanol with Co in voltages
of (560-0-50) and the target gas pressure of 1.2 e-3 mbar

CoC4HoO' is a product of complex formation reaction of Co™ with 2-methyl-2-propanol

(reaction 88).

C4H100 + Co” — CoC4H1(O"

With the collision voltage of 15 eV, m/z 59 (Co’) and m/z 73 (C4HyO") were observed in

the mass spectrum of the reaction of 2-methyl-2-propanol with Co™ (Figure 50).

98



3000

2500

2000

1500

Intensity

1000

500

52

J

OM

54

.y

56

58

60

59

62

Q&M&M

64
m/z

C,H,0
73

66 68 70 72 74 76

Figure 50: Mass spectrum of products of the reaction of 2methyl-2-propanol with Co’ in voltages
of (60-15-50) and the target gas pressure of 1.2 e-3 mbar

C4HyO is a product of deprotonation (reaction 89).

C4H100O + Co” — C4H,O + CoH

(89)

4.3.3: Reactions of 2-methyl-2-propanol with Cu

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage

of 10 eV, m/z 65 (Cu’), m/z 82 (CuOH’); m/z 81 (CuQO); m/z 57 (C4Hg’) and m/z 73

(C4HO") were observed in the mass spectrum of the reaction of Cu” with 2-methyl-2-

propanol (Figure 51).
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Figure 51: Mass spectrum of products of the reaction of 2-methyl-2-propanol with Cu in voltages
of (60-10-50) and the target gas pressure of 1.2 e-3 mbar

CuOH' is a product of dehydroxylation; CuO" is a product of O-atom abstraction; and

C4HoO' is a product of deprotonation (reactions 90 to 93 and reaction 56).

C4H100O + Cu — C4HO" + CuH (90)
CsH O — C4Hg + O (91)
C4H100 + Cu” — C4Hg + CuOH" (92)

CaH1O + Cu — C4Hio + CuO™ (93) [OR CuOH — CuO +H (56)]

4.3.4: Reactions of 2-methyl-2-propanol with Ag

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 10 eV, m/z 107 (AQ’); m/z 124 (AgOH’); m/z 57 (C4Hg) and m/z 73 (C4HyO") were
observed in the mass spectrum of the reaction of Ag™ with 2-methyl-2-propanol (Figure

52).
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Figure 52: Mass spectrum of products of the reaction of 2-methyl-2-propanol with Ag in voltages
of (60-10-50) and the target gas pressure of 1.2 e-3 mbar

AgOH' is a product of dehydroxylation and C4HgO' is a product of deprotonation

(reactions 94, 91 and 95).

CaH100 + Ag" — C4HgO™ + AgH (94)
CsH O — C4Hg + O (91)
C4H100O + Ag_ — Cy4Hg + AgOH_ (95)

4.3.5: Reactions of 2-methyl-2-propanol with Cs’

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 40 eV, m/z 133 (Cs"); m/z 73 (C4HyO’); m/z 57 (C4Hy’); m/z 17 (OH") and m/z 147
(CsH190O") were observed in the mass spectrum of the reaction of 2-methyl-2-propanol

with Cs™ (Figure 53).
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Figure 53: Mass spectrum of products of the reaction of 2-methyl-2-propanol with Cs’ in voltages
of (60-40-50) and the target gas pressure of 1.2 e-3 mbar

C4HyO" is a product of deprotonation; C4Hg” and OH" are products of spontaneous
dissociation of the deprotonated fragment; and CgH19O" is a product of dimerization. m/z

32 (Oy) is a contamination of oxygen in the system. (reactions 96 to 98 and reaction

91).
C4H100 + Cs™ — C4HeO™ + CsH (96)
CsHeO™ — C4Hg + O (91)
CsHeO' — C4Hg + OH (97)
CsHeO  + CuH100 — CgHigO" (98)
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4.3.6: Reactions of 2-methyl-2-propanol with K

With the collision voltage of 0 eV, no reaction was observed. With the collision voltage
of 40 eV, m/z 39 (K"); m/z 73 (C4HyO") and m/z 57 (C4Hg) were observed in the mass

spectrum of the reaction of 2-methyl-2-propanol with K™ (Figure 54).
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Figure 54: Mass spectrum of products of the reaction of 2-methyl-2-propanol with K in voltages of
(50-40-50) and the target gas pressure of 1.2 e-3 mbar

C4HyO" is a product of deprotonation, C4Hg is a products of spontaneous dissociation of
the deprotonated fragment (reactions 99 and 91).
C4H100 + K — C4HgO™ + KH (99)

CsH) O — C4Hg + O (91)
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4.4: Summary of reactions of alcohols with metal

anions

4.4.1: Observed reactions
Alcohols are more reactive than hydrocarbons with regards to the reactions with the

metal anions. Alcohols contain an electronegative atom, oxygen. In addition to all the
reactions of the hydrocarbons, alcohols show the dehydroxylation reaction with metal
anions too.

Alcohols show the following types of reactions with the metal anions:

1) Deprotonation reaction

A deprotonation reaction is the abstraction of a proton from the target gas by the metal
anion. The products of this reaction are the neutral metal hydride, which is not observed
in the spectrum, and the deprotonated target gas, which is observed in the spectrum. All

metal anions show the deprotonation reaction with all tested alcohols (Table 6).

Table 6: The observation of the deprotonation reactions of metal anions with alcohols; stars
indicate the observed reactions

T I I S
* * * * *

1-butanol *

2-butanol * * * *

2-methyl- * * * * e
2-

propanol
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2) Spontaneous dissociation of the deprotonated alcohol
The deprotonated target gas can dissociate to smaller fragments when there is enough

energy in the system.

3) Dimer formation

The deprotonated target gas can collide with the neutral target gas to form a dimer.

4) Dehydrogenation reactions

A dehydrogenation reaction is the abstraction of a hydrogen from the target gas by the
metal anion. The products of this reaction are the metal hydride anion, which is
observed in the spectrum, and the neutral dehydride radical, which is not observed in

the spectrum. Fe” shows the dehydrogenation reaction with tested alcohols (Table 7).

Table 7: The observation of the dehydrogenation reactions of metal anions with alcohols; stars
indicate the observed reactions

1-butanol *
2-butanol ) ¢
2-methyl-

2-
propanol
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5) Bisdehydrogenation reactions

A bisdehydrogenation reaction is the abstraction of two hydrogens from the target gas
by the metal anion. The products of this reaction are the metal dihydride anion, which is
observed in the spectrum, and the bisdehydrated target gas, which is not observed in
the spectrum. Fe” and Cu” show the bisdehydrogenation reaction only with tested

primary and secondary alcohols (Table 8).

Table 8: The observation of the bisdehydrogenation reactions of metal anions with alcohols; stars
indicate the observed reactions

1-butanol
phe pie
2-butanol
¥ yie
2-methyl-
2-
propanol

6) Dehydroxylation reaction

A dehydroxylation reaction is the abstraction of a hydroxyl group from the target gas by
the metal anion. The products of this reaction are the metal hydroxide anion, which is
observed in the spectrum, and the dehydroxylated alcohol, which is not observed in the

spectrum. Fe’, Cu” and Ag” show the dehydroxylation reaction (Table 9).
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Table 9: The observation of the dehydroxylation reactions of metal anions with alcohols; stars
indicate the observed reactions

1-butanol
*

2-butanol
*

2-methyl-
). * * *

propanol

7) Complex formation

A complex formation reaction is the attachment of the metal anion to the organic neutral
target gas followed by the loss of a hydrogen atom to form an organometalic anion
fragment. The product of this reaction is MC4H9O", where M is the metal. Fe’, Co” and

Ag” show the complex formation reaction (Table 10).

Table 10: The observation of the complex formation reactions of metal anions with alcohols; stars
indicate the observed reactions

* *

1-butanol 4

2-butanol * *

2-methyl- * *
2-

propanol
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8) Electron transfer

An electron transfer reaction is the transfer of electron from the metal anion to the target
gas. The products of this reaction is the alcohol anion, which is observed in the
spectrum, and the neutral metal, which is not observed in the spectrum. Fe’ is the only

metal anion to show the electron transfer reaction with alcohols (Table 11).

Table 11: The observation of the electron transfer reactions of metal anions with alcohols; stars
indicate the observed reactions

1-butanol *
2-butanol *

2-methyl- *
2-
propanol

4.4.2The enthalpies of reactions

Enthalpies of some observed and unobserved reactions were calculated and
documented in Appendix 1 of this thesis. The enthalpy of a reaction is the sum of the
heats of formation of products subtracted by the sum of heats of formation of starting
materials. Enthalpies of unobserved reactions were calculated to compare with the

similar observed same reaction. Heats of formation of fragments were found in the NIST
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webbook'® or the Gas-Phase lon and Neutral Thermochemistry Book'® and
documented in the Appendix 4 and 5 of this thesis. Calculated enthalpies of reactions
of alcohols with metal anions are plotted for each tested metal anion in this thesis study

(Figures 55 to 57).
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Figure 55: Enthalpies of the dehydrogenation reactions of metal anions with alcohols; Y indicates
observed reactions and N indicates unobserved reactions
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Figure 56: a) Enthalpies of the bisdehydrogenation reactions of metal anions with alcohols; b)
Expanded Enthalpies of the bisdehydrogenation reactions of metal anions with alcohols; Y
indicates observed reactions and N indicates unobserved reactions
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Figure 57: Enthalpies of the deprotonation reactions of metal anions with alcohols; Y indicates
observed reactions and N indicates unobserved reactions

Calculated enthalpies for alcohols has the same trend as that for hydrocarbons.
Calculated enthalpies for dehydrogenation reactions of Fe™ with alcohols are lower than
calculated enthalpies for other metal anions. Fe" is the only metal anion that shows the
dehydrogenation reaction with alcohols.

Unlike hydrocarbons, calculated enthalpies for the bisdehydrogenation reactions of
metal anions with primary, secondary and tertiary alcohols are similar. Thus, it is
probable that the structures of intermediate complexes of these reactions are similar.
The reactions that have a lower calculated enthalpy were observed. However, the
enthalpy data cannot be used to predict the observation. This could be due to the fact

that in a reaction, barrier values govern the observation rather than enthalpy values.
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Also, it seems there is no direct relationship between the enthalpy values and barrier
values of these reactions. The mechanism of reactions produces a better explanation

for these observations.

4.4.3: The mechanism of reactions

The deprotonation reaction of metal anions with alcohols follows the harpoon
mechanism, a long range proton abstraction.” The gas phase acidity of fragments
governs the observation of the deprotonation reaction. Alcohols have a greater gas
phase acidity than hydrocarbons and they are more reactive with regard to the
deprotonation reaction.

The deprotonated target gas can dissociate to smaller fragments, without the help of the
metal anion, when enough energy is provided. The spontaneous dissociation of the
deprotonated alcohol is a sequential reaction in the reactions of the metal anions with

alcohols as indicated below:

CsHsO" — C4H,O + H, (48)
CsH O — C4Hg + O (62)
CsHoO" — Cy4Hg + OH (63).

To confirm that the metal anion has no role in the production of these fragments, the
dissociation of the deprotonated alcohol was tested. 1 g potassium was added to 20 mli
2-butanol to facilitate the production of C4HgO™ anion in this solution. This solution was
injected into the ESI source. The produced C4HgO™ anion was selected in the first
quadrupole. Then the dissociation pattern of C4HyO" fragment, in the absence of a metal

anion, was investigated through a CID experiment (Figure 58).
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Figure 58: a) Mass spectrum of the CID experiment of C,H,0" with Ar in voltages of (50-5-50); b)
Mass spectrum of the CID experiment of C,H,0" with Ar in voltages of (50-60-50)

The same pattern of this dissociation was observed in the mass spectrum of the
reaction of 2-butanol with Cs’, confirming that metal anions have no role in this
dissociation.

The driving force for the spontaneous dissociation of an organic ion is the formation of

stable organic neutral products such as C4Hgand Hy.
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In the dissociation of C4HoO" to C4H7;O", a double bond is formed between the carbon
atom that is attached to the hydroxyl group and the adjacent carbon to this carbon.
When an alcohol has no hydrogen in any of these carbons, the double bond cannot be
formed. Thus, tertiary alcohols or 2,2-dimethyl propanol do not show the formation of a

C4H7O" fragment (Scheme 7).

CH3 CH3
"

HsC—— C——C —OH H3C—T—OH
CH3 CH3

Scheme 7: 2,2-dimethyl propanol and 2-methyl-2-propanol cannot form a double bond between
the carbon atom that is attached to the hydroxyl group and the adjacent carbon, thus, their
deprotonated anion, C,H,0’, does not dissociate to C,H,0

The deprotonated fragment may collide with the neutral organic target gas to form a
dimer. Dimer formation is the result of a three body collision when C4HyO" collides with
C4H100 to form an excited complex which will be relaxed by the buffer gas down to a
sufficient energy to produce a dimer (reaction 100).

[C4HO™ + C4H10O]* + Nz — CgHigO2 + No* (100)

In the reaction 84, * indicates the exited state of the fragment.

Raising of the pressure of the target gas raises the probability of the three body
collision. Thus, the greater intensity of production of a dimer anion fragment is observed
with the higher pressure of the organic neutral target gas.

The mechanism of the metal anion insertion reactions of alcohol is the same as that of
hydrocarbon that was discussed earlier. The metal anion can insert into either the O-H
bond or the C-O bond of alcohols to form the respective intermediate complex. Oxygen

is more electronegative than hydrogen; consequently, the electron transfer step of the
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mechanism for alcohols is less endothermic than it is for hydrocarbons. The insertion of
metal anions into a O-H bond or a C-O bond is more favorable than insertion of metal
anions into a C-H bond, which indicates that alcohols are more reactive than
hydrocarbons.
A complex formation reaction takes place when the metal-H bond in the intermediate
formed by the metal insertion into the O-H bond breaks and the negative charge
remains on the metal-containing fragment.
A dehydrogenation reaction takes place when the metal-O bond in the intermediate
formed by the metal insertion into the O-H bond breaks and the negative charge
remains on the metal-containing fragment.
A bisdehydrogenation reaction takes place when the intermediate formed by metal
insertion into the O-H bond undergoes a 3-H shifts rearrangement. The metal-O bond
breaks and the negative charge remains on the metal-containing fragment. 2-methyl-2-
propanol, which is a tertiary alcohol, shows no bisdehydrogenation reaction as it has no
a-H atom to the oxygen in the alcohol. (Scheme 8).

CHs

HyC—— C——OH
CH,

Scheme 8: 2-methyl-2-propanol has no a-H atom to the oxygen, thus, does not show a
bisdehydrogenation reaction

During these dissociations, the metal-containing anion, metal dihydride anion, does not
lose its negative charge indicating that the metal-containing fragment is more

electronegative than the other produced fragment in this dissociation.
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In the observed reactions of metal-carbonyl anions with alcohols, the intermediate loses
two hydrogen atoms instead of a metal dihydride anion.' The reason for this could be

that the metal-O bond in the intermediate is stabilized by resonance over O=C-M-O

(Scheme 9).
oc. o T H eliminati ocC co "
N | B-H elimination % |
H----M----0——C—R , H---:M----0—C—R
C H C
I I
(0] (0]
oc o H Stabilizing oc co H
o N By N /|
2 M----O——C——R resonance '.V'"'_'O_CE_R
. | ' «— |
¢ ¢
I |
0] 0]

Scheme 9: The intermediate in the reaction of metal-carbonyl anions with alcohols loses

dihydrogen instead of metal-carbonyl dihydride anion, probably due to the resonance stabilization
of the metal-O bond over O=C-M-O
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The dehydroxylation reaction and the O-atom abstraction reaction result from metal
anion insertion into a C-O bond of alcohols. A dehydroxylation reaction takes place
when the metal anion inserts into the C-O bond and the metal-C bond breaks, leaving
the negative charge on the metal-containing fragment. A O-atom abstraction reaction
takes place when the intermediate formed by metal insertion into the C-O bond
undergoes a hydrogen shift from the hydroxyl group to the carbon. The metal-C bond
breaks and the negative charge remains on the metal-containing fragment. Another
path to form a metal oxide anion might be the dissociation of the metal hydroxide anion

to the metal oxide anion.

Electron transfer is the transference of an electron from the metal anion to the organic
neutral target gas. Fe is the only metal anion that shows an electron transfer reaction.
The observation of an electron transfer reaction is governed by the electron affinity of
fragments. The fact that alcohols are able to abstract an electron from Fe™ shows that
alcohols have a higher electron affinity than iron. Meanwhile, no electron transfer
reaction was observed in the reaction of alcohols with other metal anions. Thus, the
electron affinity of alcohols is lower than the electron affinity of other metal anions.
According to the electron affinity values of metals, we can deduce that the electron

affinity of alcohols should be between 0.151 eV and 0.472 eV (Table 1).
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Chapter 5: Conclusion

In this thesis study the generation of metal anions and their reactions with organic
samples such as hydrocarbons and alcohols was investigated. All experiments were
done in the negative mode of an electrospray ionization triple quadrupole mass
spectrometer instrument (ESI-TQ-MS). To explain the result, properties of metal anions
such as electronic configuration, electron affinity, hydrogen affinity and gas phase
acidity as well as enthalpies of reactions and the possible mechanism, were explored.
Metals are the active core of many catalysts. The investigation of properties of metals in
the gas phase helps to improve understanding of the mechanism of catalytic reactions
involving these types of catalysts. Metals are the most electropositive elements of the
periodic table. Therefore, there are numerous studies about metal cations in the gas
phase, due to the ease of their production, but not about metal anions. Recently, in Dr.
Mayer's research laboratory, a new, simple and efficient method to generate atomic
metal anions such as Fe’, Co’, Cu’, Ag, Cs” and K" in an ESI source has been
developed.

The activation of a C-H bond is of interest to the petroleum industry in regards to the
production of more valuable starting materials from abundant sources of hydrocarbons.
This thesis study investigated the reactions of produced metal anions with hydrocarbons
such as pentane, 1-pentene, 2-pentene and 1-pentyne as well as alcohols such as 1-
butanol, 2-butanol and 2-methyl-2-propanol in the second quadrupole of an ESI-TQ-MS.
Moreover, in addition to the linear hydrocarbons with five carbons, certain other
hydrocarbons and alcohols, such as heptane and pentanol, were also reacted with

metal anions and similar results were observed. Metal anions show various reactions of
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dehydrogenation, bisdehydrogenation, deprotonation, dehydroxylation, electron transfer

and complex formation. the observation of studied reactions is summarized in table 12.

Table 12: The summary of observed reactions of metal anions with hydrocarbons and alcohols;
stars indicate the observed reactions

X Electron transfer % Dehydrogenation
% Complex formation Y¢Bisdehydrogenation
Y Deprotonation ¥ Dehydroxylation
IR
Pentane * *
A 3
Pentene * *
* "
Pentyne *
* * * 3% * * *
1-butanol * * Kk Kk *
* k% * * k% Kk ok * *
2-butanol * k Kk K *
X kY x kkksr kK * *
2-methyl- Xk * * *
2- * % * *x*x - Kk * *

propanol
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All metal anions show the deprotonation reaction. The deprotonation reaction follows
the harpoon mechanism and depends on the gas phase acidity of fragments. The
deprotonated fragment of the target gas can dissociate spontaneously to smaller
fragments in a process that does not involve metal anions. Also, the deprotonated
fragment can form a dimer in collision with the neutral organic target gas.
Dehydrogenation and bisdehydrogenation reactions are the most informative reactions
of metal anions for two reasons. First, the products of these reactions are metal-
containing anions, which proves that the metal anions have an important role in this
reaction and they can insert into a C-H bond. Second, metal anions have the potential
to convert hydrocarbons to olefins as a valuable starting material for the petroleum
industry.

The enthalpies of the dehydrogenation reaction for studied metal anions is plotted

against studied metal anions (Figure 59).
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Figure 59: The plot of enthalpies of the dehydrogenation reaction of pentane for each metal anion
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Fe  and Cu” have lower enthalpy of the dehydrogenation and they show the
dehydrogenation reaction. Co™ and Ag™ have higher enthalpy of the dehydrogenation
and they do not show the dehydrogenation reaction. Although the enthalpy values of the
dehydrogenation reactions for Cs™ and K" are in such values that they might show the
dehydrogenation reaction, they do not; Cs™ and K are alkali metal anions and they do
not have accessible d orbitals to form an intermediate in this reaction.

In addition to the enthalpies, the hydrogen affinities of metals is plotted for each metal

anion (Figure 60).
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Figure 60: The plot of the hydrogen affinities for each metal anion
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Hydrogen affinity values show the similar result of enthalpies. Fe” and Cu™ have lower
hydrogen affinity and they show the dehydrogenation reaction. Co” and Ag” have higher
hydrogen affinity and they do not show the dehydrogenation reaction. Although the
hydrogen affinity values for Cs™ and K" are in such values that they might show the
dehydrogenation reaction, they do not; Cs” and K are alkali metal anions and they do

not have accessible d orbitals to form an intermediate in this reaction.

There is a novel mechanism for reactions of metal carbonyl anions in the literature that
may be similar to that used by metal anions. The first step of the mechanism is the
formation of a three centre two electron bond between the metal anion and the C-H
bond of hydrocarbons to form the intermediate complex. In the second step of the
mechanism, the negative charge is transferred from the metal anion to an anti-bonding
orbital of the C-H bond, causing the breakage of the C-H bond and formation of the
intermediate. The exothermicity of electron transfer step depends on the
electronegativity of the attached functional group to C. The more electronegative the
functional group, the more exothermic is the electron transfer step. H has a low
electronegativity and, consequently, dehydrogeation and bisdehydrogenation reactions
of hydrocarbons are endothermic and need energy to occur. The third step is the
dissociation of the intermediate to form products that can be observed in the spectrum.
The breakage of the metal-C bond in the intermediate results in the formation of the
metal hydride anion. When prior to the breakage of the metal -C bond, a p-H shift takes

place, the metal dihydride anion will be formed. Also, metal anions can insert into the O-

122



H or the C-O bond of alcohols to form metal hydride, metal dihydride, metal-alcohol

comlex and metal hydroxide anions.

Comparing the reactivity of the metal anions with the reactivity of the metal cations
suggests that the reactivity of metals is governed by their electronic configuration and
the charge on the metal has lower influence on the reactivity. The isoelectronic metal
ions show the same reactivity in the activation of the C-H bond in the gas phase. In
similar energies, Co” and Cu* cannot activate the C-H bond whereas Fe” and Ni* can

activate the C-H bond.

To expand this research, the reactivity of metal anions that were not included in this
thesis study could be investigated. In addition, the reactivity of heteroatom organic
compounds can be studied in order to investigate the reactivity of a variety of bonds
such as the C-N, C-P and C-S bonds. The AB initio quantum chemical calculations
could provide a better understanding of the energy profile of studied reactions and the

role of the electronic configuration of metal anions in their reactivity.
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Claim of Original Research

| declare that the studies presented in this thesis were done for the first time in Dr.
Mayer's research group in the Chemistry Department of the University of Ottawa during
my two years Master's thesis research in his laboratory from September 2011 to August
2013.

Further Information:

1) In my research, | reacted each of the following as outlined in my thesis:

a) pentane with Fe’, Co’, Cu’, Ag’, Cs” and K and produced metal hydride anions and
metal dihydride anions;

b) 1-pentene and 2-pentene with Fe’, Co’, Cu’, Ag, Cs” and K" and produced metal
hydride anions, metal dihydride anions and pentenyl anion;

c) 1-pentyne with Fe", Co’, Cu’, Ag,, Cs” and K" and produced metal hydride anions,
metal dihydride anions and pentynyl anion;

d) 1-butanol with Fe", Co’, Cu’, Ag’, Cs™ and K and produced metal hydride anions,
metal dihydride anions, metal hydroxide anions, metal oxide anions and 1-butanyl
anion;

e) 2-butanol with Fe’, Co’, Cu’, Ag’, Cs” and K and produced metal hydride anions,
metal dihydride anions, metal hydroxide anions, metal oxide anions and 2-butanyl
anion;

f) 2-methyl-2-propanol with Fe’, Co’, Cu’, Ag’, Cs” and K and produced metal hydride
anions, metal dihydride anions, metal hydroxide anions, metal oxide anions and 2-

methyl-2-propanyl anion;
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2) In addition, | reacted selective hydrocarbons and alcohols and pentane-d12 and 1-
butanol-d10 with Fe", Co’, Cu’, Ag for confirmation and comparison purposes.

3) From the relevant values of heats of formation of fragments presented by Holmes
and in the NIST webbook and the Gas-Phase lon and Neutral Thermochemistry Book
(see References 18 and 19), | calculated the enthalpy of the reactions outlined in the
thesis.

4) Dr. Mayer's group suggested that the mechanism of the reactions outlined in this
thesis is a metal insertion mechanism similar to that suggested by Dr. Alison (see

reference 14).
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Appendix 1: Table of enthalpies of reactions

The reaction The reaction Enthalpy
number kJ/mol
Reactions of pentane
CsH1i2 + Fe" — CsH1yq + FeH’ 21 176
CsHiz + Fe” — CsHqg + FeHy 20 -124
CsHi2 + Fe" — CsHq4” + FeH 101 204
CsHi2 + Co” — CsHqq + CoH’ 102 248
CsHi2 + Co” — CsHyg + CoHy 103 -114
CsHi2 + Co” — CsH44” + CoH 104 270
CsH1z2 + Cu” — CsHqq + CuH’ 22 226
CsHi2 + Cu” — CsHqg + CuH2 23 -87
CsHq2 + Cu” — CsHy4. + CuH 105 207
CsHiz + Ag — CsHyq + AgH' 106 282
CsHi2 + A — CsHig + AgH2 107 -38
CsHi2 + Ag” — CsHy4- + AgH 108 258
CsHqp + Cs” — CsHqq + CsH’ 109 217
CsHi2 + Cs” — CsHyp + CsHy 110 11
CsHqo + Cs” — CsHqq1. + CsH 111 224
CsHi2 + K — CsHqq + KH 112 211
CsHiz2 + K — CsHig + KHy 113 -1516
CsHi2 + K — CsHqq. + KH 114 217
Reactions of pentene
CsH1o + Fe” — CsHg + FeH’ 24 107
CsHio + Fe” — CsHg + FeHy 25 -141
CsHqo + Fe" — CsHg + FeH 26 20
CsH1o + Co” — CsHg + CoH" 115 179
CsH1p + Co” — CsHg + CoHy’ 116 -131
CsH1o + Co” — CsHg + CoH 117 86
CsH1o + Cu” — CsHg + CuH" 28 157
CsH1p + Cu” — CsHg + CuHy’ 27 -104
CsH1o + Cu” — CsHg + CuH 118 23
CsH1o + Ag- — CsHg + AgH' 119 213
CsHio + Ag° — CsHg + AgHy’ 120 -55
CsH1o + Ag- — CsHg™ + AgH 121 74
CsH1g + Cs” — CsHg + CsH’ 122 148
CsH1o + Cs” — CsHg + CsHy’ 123 -6
CsHqo + Cs” — CsHg. + CsH 124 40
CsHip + KT = CsHg + KH” 125 142
CsH1p + K" — CsHg + KHy 126 -1533
CsH1o + K = CsHg. + KH 127 33
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Reactions of 1-pentyne

CsHg + Fe — CsH7 + FeH” 33 98
CsHg + Fe" — CsHg + FeHy' 34 -126
CsHg + Fe" — CsH7 + FeH 35 128
CsHg + Co” — CsH7 + CoH" 128 170
CsHg + Co” — CsHg + CoHy” 36 -116
CsHg + Co” — CsH7 + CoH 37 194
CsHg + Cu” — CsH7 + CuH’ 129 148
CsHg + Cu” — CsHg + CuHy 38 -89
CsHg + Cu” — CsH7 + CuH 39 131
CsHs + A — CsH7 + AgH’ 130 204
CsHs + AG — CsH + AgHy 131 40
CsHg + Ag — CsH7 + AgH 42 182
CsHg + Cs” — CsH7 + CsH” 132 139
CsHg + Cs™ — CsHg + CsHy' 133 9
CsHg + Cs” — CsH7 + CsH 43 148
CsHg + K — CsH7 + KH’ 134 133
CsHg + K — CsHg + KH»Y 135 -1518
CsHg + K — CsH7 + KH 44 141
Reactions of 1-butanol
C4H400 + Fe" — C4HoO + FeH" 45 192
C4H100 + Fe" — C4HgO + FeHy” 46 -172
C4sH100 + Fe" — C4H O™ + FeH 47 110
C4sH10O + Co — C4HO + CoH" 136 264
C4sH100 + Co — C4HgO + CoHy” 137 -162
C4H100O + Co — C4HO + CoH 138 176
C4H100 + Cu” — C4HO + CuH" 139 242
C4H400 + Cu” — C4HgO + CuHy” 52 -135
C4H100 + Cu” — C4HO" + CuH 53 113
C4H400 + Ag' — C4HgO + AgH' 140 298
C4H100O + Ag_ — C4HgO + AgHz_ 141 -86
C4H400 + Ag' — C4H, O + AgH 57 164
C4H400 + Cs” — C4HyO + CsH" 142 233
C4H100 + Cs” — C4HgO + CsHy” 143 =37
C4H400 + Cs” — C4HsO™ + CsH 61 130
C4H10O + K — C4HO + KH" 144 227
C4H1oo + K — C4H30 + KHy 145 -1564
C4H100 + K — C4HgsO™ + KH 65 123
Reactions of 2-butanol

C4sH100 + Fe" — C4HoO + FeH" 66 203
C4H100 + Fe" — C4HgO + FeHy” 67 -185
C4H100 + Fe" — C4HgO" + FeH 68 105
C4sH40O +Co — C4HgO + CoH" 146 275
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C4H100O + Co — C4H5O + CoHsy 147 -175
C4H400O + Co — C4HO™ + CoH 89 171
C4H100 + Cu” — C4HO + CuH’ 148 253
C4H100 + Cu” — C4HgO + CuHy> 76 -148
C4H400 + Cu” — C4HO + CuH 77 108
CaH100 + Ag' — C4HeO + AgH" 149 309
C4H400 + Ag' — C4HgO + AgHz_ 150 -99
C4H100 + Ag — C4HeO™ + AgH 83 159
C4H400 + Cs” — C4HgO + CsH" 151 244
C4H100 + Cs” — C4HgO + CsHy” 152 -50
C4H100 + Cs” — C4HyO + CsH 84 125
C4sH100 + K — C4HgO + KH" 153 238
C4H100 + K — C4HgO + KHy 154 -1577
C4sH4100 + K — C4HO™ + KH 85 118
Reactions of 2-methyl-2-propanol

C4H100 + Fe" — C4HoO + FeH" 86 200
C4H100 + Fe" — C4HgO + FeHy 155 -197
C4H100 + Fe" — C4H O™ + FeH 87 106
C4sH1 O + Co — C4HO + CoH" 156 272
C4sH100 + Co — C4HgO + CoHy” 157 -187
C4H100O + Co — C4HO + CoH 89 172
C4H400 + Cu” — C4HgO + CuH" 158 250
C4H100 + Cu” — C4HgO + CuHy 159 -160
C4H400 + Cu” — C4HO + CuH 90 109
C4H100 + Ag' — C4HO + AgH' 160 306
CaH100 + Ag' — C4HgO + AgHy 161 111
C4H400 + Ag' — C4H, O + AgH 94 160
C4H100 + Cs” — C4HyO + CsH" 162 241
C4H100 + Cs” — C4HgO + CsHy” 163 -62
C4H100O + Cs” — C4HyO + CsH 96 126
C4H100O + K — C4H O + KH" 164 235
C4sH100 + K — C4HgO + KHy” 165 -1589
C4H100 + K — C4HO™ + KH 99 119

Appendix 2: Calculation of reaction enthalpies

All reaction enthalpies of reactions indicated in this thesis study are derived from the

known values of heats of formation of fragments in the literature. The value indicated
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under each fragment in each reaction is the heat of formation of that fragment. The

enthalpy of a reaction is the sum of the heats of formation of products subtracted by the

sum of heats of formation of starting materials. For example, for the dehydrogenation

reaction of pentane with Fe’, the enthalpy A/H is derived as follows:

AH(csH12) = -147

AfH(Fe_) =402
AH(csH11) = 50
AfH(FeH-) = 381

CsH42 + Fe" — CsHqq + FeH"
-147 402 50 381
AH= [(50) + (381)] - [(-147) + (402)] = 176

All of the heats of formation and the enthalpy values are in kd/mol.

Reactions of pentane with Fe;

CsHip + Fe' — CsHyy + FeH' AH= 176
147 402 50 381
CsHip + Fe' — CsHip + FeHy  AH=-124
147 402 32 163
CsHip + Fe” — CsHiq™ + FeH AH= 204

-147 402 -12 471

Reactions of pentane with Co;

CsHq2 + Co” — CsH4q + CoH” AH= 248

-147 361 50 412
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CsH12 + Co” — CsHqo + CoHy AH= -114
-147 361 -32 132
CsHq» + Co” — CsH4¢4” + CoH AH=270

-147 361 -12 496

Reactions of pentane with Cu’;
CsHq42 + Cu” — CsH4q + CuH’ AH= 226

-147 219 50 248

CsH42 + Cu” — CsH4¢4” + CuH AH= 207

-147 219 -12 291

CsH42 + Cu” — CsHqg + CuHy AH=-87

-147 219 -32 17

Reactions of pentane with Ag
CsHiz + Ag”— CsHqq + AgH" AH= 282

-147 159 5 244

CsH12 + Ag” — CsHqq™ + AgH AH= 258

-147 159 -12 282

CsH12 + Ag” — CsHqo + AgH2™ AH= -28

-147 159 -32 6

Reactions of pentane with Cs;

CsHqo + Cs” — CsHqq + CsH’ AH= 217

-147 31 50 51
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CsHi2 + Cs” — CsHq1™ + CsH AH= 224
-147 31 -12 120

CsHq2 + Cs™ — CsHqg + CsHy' AH= 11
-147 31 -32 -73

Reactions of pentane with K ;
CsHq2 + K — CsHqq + KH” AH=211

-147 41 50 55

CsHqiyo + K — CsHq¢4 + KH AH= 217

-147 41 -12 123

CsHq2 + K — CsHqg + KHyY' AH=-1516

-147 41 -32 -1590

Reactions of 1-pentene with Fe ;

CsH1o + Fe" — CsHg + FeH’ AH=107
-22 402 106 381

CsHqo + Fe" — CsHg + FeHy AH=-141
-22 402 76 163

CsHqo + Fe" — CsHg + FeH AH=20

-22 402 -71 471

Reactions of 1-pentene with Co;

CsH1ig + Co — CsHg + CoH’ AH=179

-22 361 106 412
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CsH1p + Co” — CsHg + CoHy AH=-131
-22 361 76 132

CsHq1o + Co” — CsHg + CoH AH= 86
-22 361 -71 496

Reactions of 1-pentene with Cu,
CsHqo + Cu” — CsHg + CuH” AH= 157

-22 219 106 248

CsHq4o + Cu” — CsHg + CuHy” AH=-104

-22 219 76 17

CsH4o + Cu” — CsHg + CuH AH=23

-22 219 71 291

Reactions of 1-pentene with Ag;
CsH1o + Ag” — CsHg + AgH" AH= 213

-22 159 106 244

CsH1io + Ag"— CsHg + AgH AH=74

-22 159 -71 282

CsH1o + Ag” — CsHg + AgHy AH= -55

-22 159 76 6

Reactions of 1-pentene with Cs
CsHqg + Cs" — CsHg + CsH" AH= 148

22 31 106 51
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CsHqp + Cs" — CsHg. + CsH AH=40
22 31 -71 120
CsHqp + Cs” — CsHg + CsHy AH= -6

-22 31 76 -73

Reactions of 1-pentene with K ;
CsHqo + K — CsHg + KH" AH=142

22 41 106 55

CsHqo + K — CsHg. + KH AH= 33

22 41 -71 123

CsHqo + K — CsHg + KH2" AH=-1533

-22 41 76 -1590

Reactions of 1-pentyne with Fe’;
CsHg + Fe” — CsH7 + FeH” AH= 98

144 402 263 381

CsHg + Fe" — CsHg + FeHy' AH=-126

144 402 257 163

CsHg + Fe" — CsH7” + FeH AH=128

144 402 203 471

Reactions of 1-pentyne with Co;

CsHg + Co” — CsHg + CoHy' AH=-116

144 361 257 132
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CsHg + Co” — CsH7” + CoH AH=194
144 361 203 496
CsHg + Co” — CsH7 + CoH’ AH=170
144 361 263 412

Reactions of 1-pentyne with Cu’;
CsHg + Cu” — CsH7 + CuH’ AH= 148

144 219 263 248

CsHg + Cu” — CsHg + CuHy AH= -89

144 219 257 17

CsHg + Cu” — CsH7 + CuH AH= 131

144 219 203 291

Reactions of 1-pentyne with Ag ;
CsHs + Ag- — CsH7 + AgH AH= 182

144 159 203 282

CsHs + Ag” — CsH7 + AgH" AH= 204

144 159 263 244

CsHs + Ag” — CsHe + AgHo  AH=-40

144 159 257 6

Reactions of 1-pentyne with Cs;

CsHg + Cs” — CsH; + CsH AH= 148

144 31 203 120
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CsHg + Cs” — CsH7 + CsH” AH= 139
144 31 263 51
CsHg + Cs” — CsHg + CsHy AH=9

144 31 257 -73

Reactions of 1-pentyne with K,

CsHg + KW — CsH7 + KH AH= 141

144 41 203 123

CsHg + KW — CsH7 + KH" AH=133
144 41 263 55

CsHg + KW — CsHe + KHy AH=-1518
144 41 257  -1590

Reactions of 1-butanol with Fe  ;

C4H100 + Fe" — C4HoO + FeH" AH=192
-275 402 -62 381

C4H100 + Fe" — C4HgO + FeHy AH=-172
-275 402 -208 163

C4H100 + Fe" — C4HO™ + FeH AH=110

-275 402 -234 471

Reactions of 1-butanol with Co

C4H100O + Co — C4HO + CoHy AH=-162

-275 361 -208 132
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C4H100 + Co" — C4HO + CoH AH=176
-275 361 -234 496
C4H100 + Co” — C4H9O + CoH’ AH= 264
-275 361 -62 412

Reactions of 1-butanol with Cu ;

C4H100 + Cu™ — C4HgO + CuHy AH=-135
-275 219 -208 17
C4H100 + Cu™ — C4HgO + CuH’ AH= 242
-275 219 -62 248

C4H400 + Cu” — C4HO™ + CuH AH= 113
-275 219 -234 291

Reactions of 1-butanol with Ag;
CsH100 + Ag” — C4HeO" + AgH AH= 164

-275 159 -234 282

C4H100 + Ag” — C4HgO + AgH" AH= 298

-275 159 -62 244

C4H100 + Ag — C4HgO + AgH,  AH=-86

-275 159 -208 6

Reactions of 1-butanol with Cs’;

C4H100 + Cs” — C4HyO + CsH AH=130

-275 31 -234 120
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C4H100 + Cs™ — C4H9O + CsH" AH= 233
-275 31 -62 51

C4H100 + Cs” — C4HgO + CsHy AH=-37
-275 31 -208 -73

Reactions of 1-butanol with K ;
C4H400 + K — C4HO™ + KH AH=123

275 41 -234 123

C4H100 + K — C4HO + KH" AH= 227

275 41 -62 55

C4sH100 + K — C4HgO + KHy” AH=-1564
-275 41 -208 -1590

Reactions of 2-butanol with Fe  ;

C4H100 + Fe" — C4HoO + FeH" AH=203
-295 402 -71 381

C4H100 + Fe" — C4HgO + FeHy AH=-185
-295 402 -241 163

C4H100 + Fe" — C4HyO™ + FeH AH=105

-295 402 -259 471

Reactions of 2-butanol with Co’;

C4H100O + Co — C4HO + CoHy AH=-175
-295 361 -241 132
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C4H10O + Co — C4HO + CoH AH=171
-295 361 -259 496
C4H1 0O + Co — C4HyO + CoH" AH= 275

-295 361 -711 412

Reactions of 2-butanol with Cu ;

C4H400 + Cu” — C4HgO + CuHy” AH=-148
-295 219 -241 17

C4H100 + Cu” — C4H O + CuH" AH= 253
-295 219 -71 248
C4H400 + Cu” — C4HO™ + CuH AH= 108

-295 219 -259 291

Reactions of 2-butanol with Ag;
CsH100 + Ag” — C4HeO" + AgH AH= 159

-295 159 -259 282

C4H100 + Ag” — C4HgO + AgH" AH= 309

-295 159 -71 244

C4H100 + Ag” — C4HgO + AgH," AH=-99

-295 159 -241 6

Reactions of 2-butanol with Cs’;

C4H100 + Cs” — C4HyO + CsH AH= 125

-295 31 -259 120
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C4H100 + Cs™ — C4H9O + CsH" AH= 244
-295 31 -71 51

C4H100 + Cs” — C4HgO + CsHy AH=-50
-295 31 241 -73

Reactions of 2-butanol with K ;

C4H100 + K — C4HO" + KH AH=118
-295 41 -259 123

C4H100 + K" — C4Ho0O + KH" AH= 238
-295 41 -71 55

C4H100 + K — C4HgO + KHy AH=-1577

-295 41 -241  -1590

Reactions of 2-methyl-2-propanol with Fe ;

C4H100 + Fe" — C4HgO + FeH" AH=-200
-312 402 -91 381

C4H100 + Fe" — C4HgO + FeHy AH=-197
-312 402 -270 163
C4H100 + Fe" — C4HyO" + FeH AH= 106
-312 402 -275 471

Reactions of 2-methyl-2-propanol with Co;

C4H100O + Co — C4HO + CoHy AH=-187
-312 361 -270 132

C4H100O + Co — C4HO + CoH AH=172
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-312 361 -275 496

C4H100O + Co — C4HgO + CoH"

-312 361 91 412

Reactions of 2-methyl-2-propanol with Cu’,

AH= 272

C4H100 + Cu™ — C4HgO + CuHy AH=-160
-312 219 -270 17

C4H100 + Cu™ — C4HgO + CuH’ AH= 250
-312 219 -91 248

C4H100 + Cu™ — C4HoO" + CuH AH=109

-312 219 -275 291

Reactions of 2-methyl-2-propanol with Ag’,
C4H100 + Ag” — C4HsO™ + AgH AH= 160

-312 159 -275 282

CsH100 + Ag” — C4HgO + AgH" AH= -306

-312 159 -91 244

C4H100 + Ag” — C4H;O™ + AgH. AH=-111

-312 159 -270 6

Reactions of 2-methyl-2-propanol with Cs’;
C4H100 + Cs” — C4H,O + CsH AH= 126
-312 31 -275 120

C4H100 + Cs” — C4HyO + CsH" AH= 241
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-312 31 -91 51
C4H400 + Cs” — C4HgO + CsHy” AH= -62
-312 31 -270 -73

Reactions of 2-methyl-2-propanol with K

C4H100 + K — C4HO" + KH AH=119
-312 41 -275 123

C4H100 + K" — C4Ho0O + KH" AH= 235
312 41 -91 55

C4H100 + K — C4HgO + KHy AH=-1589

-312 41 -270  -1590

Appendix 3: Calculation of hydrogen affinity of

metal anions

Fe + H— FeH

The enthalpy of this reaction is calculated from the heats of formation of fragments as:

H + Fe— FeH AH=-179.2

1452 415 381

In addition, there are two electron affinity reactions as:
H +Fe - FeH AH=-179.2

Fee— Fe+e -EA(Fe)=0.31196.5= 29.91

H+e —H EA(H)=-0.754"96.5= -72.76

(166)

(166)
(167)

(168)
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The sum of reactions 166, 167 and 168 produces reaction 169 which defines the
hydrogen affinity of iron:

Fe +H— FeH  AH=-222.05 (169)

Co +H — CoH

The enthalpy of this reaction is calculated from the enthalpies of fragments as:
H + Co— CoH  AH=-159.8 (170)
1452 426.6 412

In addition, there are two electron affinity reactions as:

H +Co— CoH  AH=-159.8 (170)
Co — Co+e -EA(Co) =0.663"96.5= 63.97 (171)
H+e —H EA(H)=-0.754"96.5= -72.76 (172)

The sum of reactions 170, 171 and 172 produces reaction 173 which defines the
hydrogen affinity of cobalt:

Co +H— CoH  AH=-168.59 (173)

Cu +H — CuH

The enthalpy of this reaction is calculated from the enthalpies of fragments as:
H + Cu— CuH AH=-2345 (174)
1452 337.4  248.1

In addition, there are two electron affinity reactions as:

H +Cu— CuH AH=-2345 (174)
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Cu —Cu+e -EA(Cu)=1.236"96.5= 119.2 (175)
H+e - H EA(H)=-0.754"96.5= -72.76 (176)

The sum of reactions 174, 175 and 176 produces reaction 177 which defines the
hydrogen affinity of copper:

Cu+H—CuH  AH=-188.06 (177)

Ag +H— AgH

The enthalpy of this reaction is calculated from the enthalpies of fragments as:
H + Ag— AgH  AH=-186.1 (178)
1452 284.9 244

In addition, there are two electron affinity reactions as:

H +Ag —» AgH  AH=-186.1 (178)
Ag — Ag+e -EA(Ag)= 1.304"96.5= 125.8 (179)
H+e —»H EA(H)=-0.754"96.5= -72.76 (180)

The sum of reactions 178, 179 and 180 produces reaction 181 which defines the
hydrogen affinity of silver:

Ag +H - AgH  AH=-133.024 (181)

Cs +H—- CsH

The enthalpy of this reaction is calculated from the enthalpies of fragments as:
H + Cs— CsH AH=-170.7 (182)

1452 76.5 51
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In addition, there are two electron affinity reactions as:

H +Cs — CsH  AH=-170.7 (182)
Cs —Cs+e -EA(Cs)= 0.4796.5= 45.355 (183)
H+e —H EA(H)=-0.754"96.5= -72.76 (184)

The sum of reactions 182, 183 and 184 produces reaction 185 which defines the

hydrogen affinity of cesium:

Cs"+H — CsH’ AH=-198.105 (185)
K+H—KH

The enthalpy of this reaction is calculated from the enthalpies of fragments as:
H + K- KH AH=-179.2 (186)

145.2 89 55

In addition, there are two electron affinity reactions as:

H+K—->KH AH=-179.2 (186)
K —>K+e -EA(K)=0.501196.5= 48.34 (187)
H+e —H EA(H)=-0.754"96.5= -72.76 (188)

The sum of reactions 186, 187 and 188 produces reaction 189 which defines the
hydrogen affinity of potassium,

K+H—->KH  AH=-203.62 (189)
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Appendix 4: Table of heats of formation of metal-
containing fragments

Fragment AH, (kd/mol) Electron Gas phase
affinity, (eV) acidity,
(kd/mol)
Fe 41547 0.1510
Fe 416"
Fe 401.75™
Fe 402 0.151™ 1461™
FeH 471 (Calculated) 0.934™
FeH 381 0.934"
FeH, 414 (Calculated)
FeH, 163 (Calculated) 1.049"
Co 426.68™ 0.6633™
Co 425™
Co 360.7™°
Co 361™ 0.662™ 14377
CoH 496" 0.671™
CoH" 412"
CoH’ 412" 0.671"
CoH, 272 (Calculated)
CoHy 132 (Calculated) 1.45"
Cu 337.6™ 1.236™
Cu 338.2"
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2198

Cu
Cu 220™ 1.228" 1459™
Cu 219 (Calculated)
CuH 291" 0.4447®
CuH 248 (Calculated)
CuH; 268 (Calculated)
CuHy 17 (Calculated) 26"
Ag 248.9™ 1.304™
Ag 284.6™
Ag 1598
Ag 159" 1.302™
AgH 282"
AgH 283 (Calculated)
AgH’ 244 (Calculated)
AgHa 274 (Calculated)
AgH> 6 (Calculated)
Cs 76.5™ 0.471™
Cs 76.17 0.47™
Cs 317 0.472"
CsH 120 (Calculated)
CsH’ 51 (Calculated)
CsH, 81 (Calculated)
CsHy -73 (Calculated)
K 89"
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K 89™
K 41" 0.501™
K 0.501™ 1448"
KH 123.017®
KH 123"
KH" 55 (Calculated)
KH, -1445 (Calculated)
KHy -1590 (Calculated)

Appendix 5: Table of heats of formation of
organic fragments

Fragment Structure AH, (kJ/mol) Electron Gas
affinity, phase
(eV) acidity,

(kd/mol)

CsHs CH=C-CH=CH-CHs 257"

CsHe’

CsH HC=CC(CHs), 263"

CsH7 More

CsHy nprC=C 203™ 2.85™ 1589™

CsH; nprC=C 2.9

CsH; CH»=C(CH=CH,)CH,’ 159" 1614"

CsH; Pentadienide- 118" 0.91" 1542
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CsH7

203 (Calculated)

CsHs 1-pentyne 144.3™
CsHs 2-pentyne 128.9"
CsHs CsH;C=CH 144"
CsHs C,HsC=CCHj3 128™
CsHs (CH3),CHC=CH 136"
CsHg | CHo=CH-CH=CH-CHj 76"
CsHg’

CsHo CH,=CHCHCH,CH; 106™
CsHo CH3CHCH=CHCH, 92"
CsHg (CH53),CCH=CH, 81"
CsHo Cyclopentyl radical 0.277°
CsHo -71(Calculated)
CsH1o 1-pentene -22'%
CsHio 1-CsH1o -21.4"
CsHio 2-(Z)-CsH1o -26.5"
CsHio 2-(E)-CsH1o -31.57
CsHio (CH53),CHCH=CH, -27.47
CsHio C,HsC(CH3)=CH, -35.6"
CsH1o (CH3),C=CHCHjs 421"
CsHio®

CsH11 1-CsHq 56"
CsH1 CH3CH,CH,CHCH; 50"
CsHi1 (CH3)2CCH,CHj3 27"
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CsHi1 (CH3)3CCH, 33" 0.23"™

CsHqq -11 (Calculated)

CsH1» pentane -146.8"

CsH12 neopentane -167.9"

CsHiz -146.5™

CsHi2

C4HsO -211.8™

C4HgO CsH;-CHO -207.5™

C4HgO C2H5-CO-CHj3 -240.8™

C4HsO (CH3)3CO -270 (Estimated)

C4HsO

C4HsO n-C4HoO -69™ 1.78'°

C4HoO n-C4HyO -62 (Calculated)

C4HoO s-C4HyO -71 (Calculated)

C4HsO t-C4HoO -91 (Calculated)

C4HgO iBuO" 246" 1.87" 1568™
C4HgO nBuO’ 234" 1.78" 1571™
C4HgO sBuO -259™ 1.95" 1566"°
C4HoO tBuO 275" 1.91" 15677
C4H100 n-C4HoOH 275"

C4H100 277"

C4H100 Se-C4HyOH 295"

C4H100 Iso-C4HoOH 284"
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C4H100 Tert-C,HgOH -312"

C4H1oo_

Appendix 6: Calculations of heats of formation of
some fragments

All unknown heats of formation of fragments are derived from the known values of heats
of formation in the literature. All energy values are in kd/mol.

FeH

FeH + e — FeH , EA =-0.934 eV * 96.48 kJ/mol/eV = -90.11, AH(FeH")= 381
AH(FeH)= 471

Fe + H" — FeH AaigH= -1461 , AH(Fe) =402 , AH(H') = 1530™

AH(FeH)= 471

CsHqr

CsHiy + € — CsHy EA= -0.7 » 96.48 = -67.5 , EA (C4Hy , CsH7 )=-0.7"°,
AfH(C5H11)= 56

AfH(C5H11_)= -11.5

CsHy

CsHy + € — CsHy EA=-0.36" 96.48 = -35, EA (C4H; and C3Hs ) =-0.36"7,
AH(CsHg) = 106

AfH(C5H9-) =-71

n-C4H90
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C4H90 +e — C4H90_ ,EA =-1.78"196.48 =-172 , AfH (C4Hgo_) =-234
AH (C4HgO) =-62

s-C4H90
C4HgO + " — C4HoO" ,EA =-1.957196.48 =-188 , AH (C4HoO") = -259
AH (C4HgO) =-71

t-C4H90
C4HgO + " — C4Ho O™ ,EA =-1.91 1 96.48 = -184 , AH (C4HeO") = -275
AfH( C4HgO) = -91

CuH
CuH + € — CuH EA=-0.444 196.48 = -42.83 AH(CuH) = 291
AH(CuH") = 248

Cu
Cu+e — Cu EA=-1.2367"9648=-119 , AH(Cu) =338
AH(Cu) =219

CUH2
CuH + H* — CuH,

( AaciaH (FeH2)=-1497 and  AacgH( FeH)=-1439 and AscigH( CuH)=-1451 ) so
AacigH(CuH2)=-1510 |, AH (CuH )= 248

AH( CuH,)= 268
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CUHZ-
CuH; + € — CuH2® EA= -26 " 9648 = -251 , AH(CuH;) =268

AH(CuHy) = 17

FeH2
FeH + H' — FeHy AacigH (FeHz)= -1497 |, AH(FeH )= 381, AH( H+)= 1530

AH (FeH,) = 414

FeHz-
FeH, + e — FeHy

(EA(CuH)=-044 and EA(CuHy)=-26 and EA(FeH)=-0.934 ) so
EA(FeH,) =-2.6 , AH(FeH,) =414

AH (FeHy) = 163

COHz
CoH + H" — CoH,

(AacigH ( FeH)= 1439 and AsgH CoH= 1411 and AaigH( FeHz)= 1497 ) so
AacidH (COH2)=1470

AH (CoH)=412 | AH(H") = 1530

AH (CoHy)= 272
COHz-
CoH, + € — CoH, EA=-1.45"96.48=-140 AH(CoHy)= 272

AfH( COHQ_)= 132
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FeH; —FeH + H
FeH, — FeH + H AH(FeHy) =163, AH (FeH) =381, AH (H) =218
AH = 436

HCs
Cs + H — HCs , AH=-1441 , AH(Cs)=31, AH(HY) = 1530
AH(HCs) = 120

AgH
Ag + H'— AgH, AH=-1406 , AH(Ag)=159 , AH (H")=1530

AH (AgH) = 283

AgH
AgH + e — AgH , EA=-0479648=-39 , AH(AgH) =283
AH( AgH') = 244

CsH
CsH + € —» CsH , EA=-072296.48=-69 , AH (CsH)=120
AH (CsH) = 51

KH
KH+ e — KH , EA=-07 " 96.48=-68 , AH(KH)=123

AH (KH) =55
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AgH,

AgH +H' — AgH> , AaicH= -1500 , AH (AgH) =244, AH (H*)= 1530

AH  (AgH,) = 274

AgH;
AgH,+e — AgH, , EA=-2910648=-278 , AH (AgH,) =274 ,
AfH (AgHz_) =6

CSHZ
CsH +H" — CsH, , AH=-1500 , AH(CsH)=51, AH (H") = 1530

AH (CSHQ) =81

CSHz-
CsHy + & — CsHy , EA=-16"96.48 =-154 , AH (CsHy) =81

AH (CSHQ_) =-73

KH
KH + H" — KHy , ArH=-1500 , AH (KH)=55 , AH (H") = 1530

AH (KHp) = -1445

KHy
KHy + € — KHy , EA=-1.5796.48 = -145 , AH (KH,) =-1445

AH (KHy) = -1590
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Some electron affinities of fragments were estimated, according to known electron

affinities, to complete the calculations of enthalpies ( Table 23).'®'° The estimated

electron affinities are indicated by 'Estimated' in this table.

Table 13: The literature and the estimated values for electron affinities of fragments

Fragment

Co

Ag

Electron
affinity, eV

0.663

1.304

Fragment

CoH

AgH

Electron
affinity, eV

0.671

Estimated
0.40

Fragment

CoH2

Estimated
2.90

AgH2

Electron
affinity, eV

1.45

0.501

KH

Estimated
0.70

KH2

Estimated
1.50

Appendix 7: Enthalpies of some reactions

Reaction Enthalpy (kJ/mol)
Fe +H — HFe 1439°
Cu +H" — HCu 1451"°
Co +H" — HCo 14118
Ag + H" — HAg 1406"
Cs +H" — HCs 1441®
K +H" — HK 1439
HFe + H" — HJFe 1497"®
CsH1g + Hy — CsHy» -126.6"
CsHqq + H" - CsHq2 1720
CsHg + H" > o 1750
CsH; + H" — CH3CH,CH,C=CH 1589
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Appendix 8: MassLynx settings

a) Below are guideline settings for an all RF experiment:

Source Analyzer Acquire
Capillary 2.95 kV LM Res 1 15 Function MS
Cone 60 V HM Res 1 15 Data Format | Continuum
Extractor 7V Energy 1 2 Set Mass
RF Lens 0.2V Entrance 50 Start Mass 5amu
Source Block | 80 °c Collision 0 End Mass 300 amu
Temp.
Desolvation 170 °c Exit 50 Scope Gain 32
Temp.
LM Res 2 15 Scan Time 2 sec.
HM Res 2 15 Inter Scan 0.25 sec.
Time
Energy 2 2 Run Duration | 200 min.
Multiplier 2 650 V
b) Below are guideline settings for a CID experiment:
Source Analyzer Acquire
Capillary 2.95 kV LM Res 1 12 Function Daughter
Cone 60 V HM Res 1 12 Data Format | Continuum
Extractor 7V Energy 1 2 Set Mass 56
RF Lens 0.2V Entrance 50 Start Mass 5amu
Source Block | 80 ‘c Collision 0 End Mass 100 amu
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Temp.

Desolvation 170 °c Exit 50 Scope Gain 32
Temp.
LM Res 2 12 Scan Time 2 sec.
HM Res 2 12 Inter Scan 0.25 sec.
Time
Energy 2 2 Run Duration | 200 min.
Multiplier 2 650V
c) Below are guideline settings for a reaction experiment:
Source Analyzer Acquire
Capillary 2.95kV LM Res 1 12 Function Daughter
Cone 60 V HM Res 1 12 Data Format | Continuum
Extractor 7V Energy 1 2 Set Mass 56
RF Lens 0.2V Entrance 50 Start Mass 5amu
Source Block | 80 °c Collision 0 End Mass 200 amu
Temp.
Desolvation 170 °c Exit 50 Scope Gain 32
Temp.
LM Res 2 12 Scan Time 2 sec.
HM Res 2 12 Inter Scan 0.25 sec.
Time
Energy 2 2 Run Duration | 200 min.
Multiplier 2 650 V

158




