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SUMMARY

This thesis focuses on the development of new compounds or new processes that
are more environmentally friendly and economical than those currently in use. The
decomposition of hydrazine, a well established liquid rocket fuel for both the aerospace
and defense industries, to the product ammonia is studied. Control of this reaction will
allow hydrazine to be used as a propellant for both chemical and electric propulsion.
From this a dual stage thruster will be developed that will be more efficient than current
systems decreasing the amount of propellant needed and allowing for either a larger
mission payload or a longer duration of individual missions. Hydrazine, while beneficial
and well established, is also highly toxic, so other work in this thesis focuses on the
synthesis of the novel molecule 1,1-dimethyl-2-[2-azidoethyl]hydrazine or DMAEH and
its hydrazone intermediate 1,1-dimethyl-2-[2-azidoethyllhydrazone or De-DMAEH as
less toxic hydrazine replacements.

Novel “switchable” solvents have been investigated in this research. These are
solvents that can change from molecular liquids to ionic liquids and back, simply with the
addition or removal of CO, from the system. They can be used for a variety of
applications, including as solvents for a reaction and separation system. Due to the
recyclable nature of these solvents, waste is decreased making their development and
implementation both environmentally and economically beneficial. Finally, the grafting
reaction of vinyl silanes onto a hydrocarbon backbone is investigated. Fundamental work
is being performed to study the graft distribution, selectivity and mechanism by which
this reaction occurs. A more thorough understanding of how this reaction proceeds will

allow for the development of a more efficient industrial process.
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CHAPTER ONE

INTRODUCTION
Hydrazine is the liquid propellant of choice for most military orbital and deep
space rockets, as well as many commercial satellites. Due to this, engines are currently
manufactured, and certified for use with this propellant. While this type of chemical
propulsion engine provides high thrust for rapid maneuvering, it is less attractive in
situations where long term life is required.!"! On the other end of the spectrum, electric
propulsion using an inert gas such as xenon as the propellant provides very low thrust,
but has a very high specific impulse (impulse obtained per mass unit of propellant),

meaning the propellant is used efficiently.!”!

Combining these two types of propulsion
systems into a single thruster would provide a flexible system in which a single engine
could efficiently fulfill both short term and long term needs of a space mission. For
example, the chemical propulsion would fuel rapid high thrust maneuvers to put a
satellite into orbit and electrical propulsion would control the minor course corrections
required to keep that satellite in orbit over a several year life span. Ideally both types of
propulsion would be fueled by the same propellant.

As chemical propulsion engines are already certified for use with hydrazine, this
chemical seems the ideal choice as a propellant feed source for electric propulsion as
well. Hydrazine itself is not an efficient fuel for electric propulsion,”) however,

1 To be effective for electric

ammonia, a hydrazine decomposition product, can be.*
propulsion, the amount of ammonia must be the dominant product in the decomposition

stream (at least 75 mol%). In Chapter Two, the synthesis and analysis of supported metal

catalysts for hydrazine decomposition are discussed. The ability of these catalysts to



selectively decompose hydrazine into ammonia is investigated using a reactor and
detector system that has been designed and constructed in our lab. The ultimate goal of
this project is to combine the most affective of these catalysts with an electric propulsion
thruster being developed by the research group of Dr. Mitchell Walker to build a working
dual-propulsion thruster fueled by the single propellant hydrazine.

In Chapter Three, novel “switchable” ionic liquids are investigated. Common
organic solvents have fixed properties such as viscosity and polarity. This can be a
disadvantage in some applications, such as large multi-step syntheses as solvent may
have to be removed and changed between each step. On an industrial scale, this creates a
lot of waste, which has a major economic and environmental impact. Having a solvent
whose properties could be “switched” or changed between steps by an inert mechanism
such as irradiating light or bubbling a gas could help alleviate this problem.

We have developed two types of switchable ionic liquids: a two component
system based on a pentasubstituted guanidine and alcohol and a one component system
derived from silylated amines. For both systems, the switch occurs by the addition of or
removal of carbon dioxide from the system. In Chapter Three we explore the synthesis
and complete characterization of these switchable liquids in both their neutral and ionic
form. The use of these ionic liquids as a recyclable medium for two applications, as a
reaction solvent with a built in separation mechanism, as well as for the extraction of
alkanes from bitumen are examined.

In the wire and cable industry, low density polyethylene (LDPE) is frequently
used as a means of insulating the cables.”® However, LDPE has low thermal and

]

chemical stability.!”) To overcome these obstacles, the polymer is cross-linked, which



increases its thermal and chemical resistance as well as its long-term durability.[g] The
most common method of inducing cross-linking is by first grafting a cross-linker
precursor such as vinyl trimethoxysilane (VIMS) to the polymer chain, and then
exposing the grafted material to moisture which induces cross linking via the reactive
VTMS sites.”) The mechanism of the grafting reaction is currently not well understood,
however, and no means currently exists of controlling the grafting distribution. In
Chapter Four, the peroxide initiated grafting of vinyl silanes onto a hydrocarbon
backbone is investigated. The polyethylene model compounds dodecane and heptane are
used to study graft distribution and the radical reaction mechanism. By chromatographic
separation, individual grafted fractions are isolated so that a regio-selective analysis can
be performed. The affect of carbon dioxide on the grafting mechanism is also examined.
Ultimately, the fundamental information learned about this reaction mechanism will be
used to develop a more efficient industrial process.

Finally in Chapter Five, we return to liquid rocket fuels. As discussed previously,
hydrazine is a common and well used liquid rocket fuel due to its high thrust, high
specific impulse compared to other liquid rocket fuels (though not compared to other
propulsion methods), and the large quantity of hot expanding gases produced from a very
small amount of liquid hydrazine. However, it is also toxic and a known carcinogen with

high vapor pressure.!'”’

Finding a suitable replacement for hydrazine is an area of much
interest both to the private and government aerospace industries. If a new, cost
competitive liquid rocket fuel were developed that could maintain the same favorable

propellant characteristics as hydrazine but that has fewer hazards to humans and the

environment, there would potentially be a large commercial market. To meet his goal,



our group proposed the novel molecule 1,1-dimethyl-2-[2-azidoethyl]lhydrazine or
DMAEH as well as its hydrazone intermediate 1,1-dimethyl-2-[2-azidoethyl]hydrazone
or De-DMAEH as possible replacements. Chapter Five discusses the synthesis and
purification of these molecules starting from commercially available small organic

starting materials.
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CHAPTER TWO
DEVELOPMENT OF NEW CHEMISTRY FOR A DUAL USE HYDRAZINE
THRUSTER
2.1 Introduction

Although hydrazine can be used as bipropellant, it is more traditionally used as
monopropellant for chemical propulsion. Hydrazine decomposition is catalyzed by metals
such as iridium into a mixture of ammonia, hydrogen, and nitrogen, the composition of
which is of no interest to traditional chemical propulsion. The important characteristic is
that the reaction produces a large volume of very hot gas (up to 800°C)!" from a small
amount of liquid hydrazine. This hot gas is focused through a nozzle providing the
thrust, the amount of which varies, depending on the engine and desired use.

For the present work, the interest lies in focusing and controlling this reaction by
designing, synthesizing, and testing a catalyst or a pre-catalyst that decomposes
hydrazine at temperatures between 25-75°C in a controlled manner. The aim is to
selectively produce the highest amount of ammonia possible, to be subsequently used as a
propellant for electric propulsion. Although electric propulsion does not yield as high of a
thrust as chemical propulsion, it provides higher thrust control. Therefore electric
propulsion is advantageous for applications like satellite relocation or trajectory
adjustment. Combining both electric and chemical propulsion from a sole propellant is an
attractive avenue for satellite technology as it will couple high trust (for take-off) with
precise thrust (for trajectory adjustment). This directly translates to significant cost gain
by increasing a satellite’s lifetime while causing little to no change in its overall weight.

Controlling the decomposition of hydrazine is a key challenge in developing a

dual propulsion system that uses hydrazine as the sole propellant for electric and



chemical propulsion. There are two major pathways in which hydrazine can decompose;
(1) into nitrogen and hydrogen (Equation 2.1) and (2) into nitrogen and ammonia
(Equation 2.2). Both of these decomposition pathways are exothermic and as heat builds
up decomposition towards hydrogen and nitrogen (Equation 2.2) becomes the dominant
pathway. In addition at even higher temperatures the decomposition of ammonia to
hydrogen and nitrogen (Equation 2.3) also becomes significant. The catalysts being
developed in this work are designed to provide the right balance between efficiency and
chemoselectivity in that the decomposition should primarily yield ammonia (Equation
2.2) and that the exothermicity of the reaction should be limited to minimize the

occurrence of the undesired pathways (Equation 2.1 and 2.3).1%

N,H4s — N, +2H,» (Equation 2.1)
3N2H4 i NZ + 4NH3 (Equation 22)
4 NH; + N,Hs — 3N, + 8H, (Equation 2.3)

For this work, the metals nickel, copper, rhodium, ruthenium, cobalt and iridum
have been chosen for examination based on their known activity towards hydrazine

decomposition and selectivity for the formation of ammonia."!

We have developed
methods to synthesize and support these catalysts both as nanoparticles and as layers of
metal on a solid surface and each is being tested for their catalytic activity and selectivity

for the formation of ammonia for ultimate use in an electric propulsion system (Equation

2.2).



2.2. Background
2.2.1 Hydrazine Decomposition
As discussed above, hydrazine decomposition can form either hydrogen and
nitrogen, or nitrogen and ammonia as products (Equation 2.1 and Equation 2.2).
Ultimately, which decomposition products are favored is determined by the metal

(4]

catalyst, and the temperature range of the reaction.”” As a decomposition mechanism,

literature suggests no scrambling of nitrogen atoms, based on "N labeled hydrazine

I By this mechanism, hydrazine adsorbs to the catalyst surface by

studies (Figure 2.1).
hydrogen abstraction to form an adsorbed N,H, molecule (Step 1, Figure 2.1). This

reacts by a concerted mechanism with a second hydrazine molecule in the vapor phase to

form ammonia and nitrogen (Step 2, Figure 2.1).

H N N—~H
! ! Step 1
N,H > ! ! + *
24 Metal Surface 2H
N,H,4
\—/ N H
/_\ ( ™ 2NH; + N;  Step?
N==N""H
Metal Surface
2H® —— H,
Step 3

Figure 2.1 Proposed hydrazine decomposition mechanism



Hydrazine decomposition has been studied over metal thin films>®!, hot wires!”™,

[9-11] 12-14]

metal foils® "), on a single metal crystal' , and over metal powders and supported

catalysts®' 5%

For our work we are most interested in the results over metal powders
and supported catalysts as they are most directly comparable to the supported catalysts
that we are developing.

The behavior of these metal catalysts is defined in terms of their activity which is
the ability to convert hydrazine to products, and selectivity which is their preference for
the formation of nitrogen and hydrogen (Equation 2.1) versus the formation of ammonia
(Equation 2.2) during decomposition. For the current research, a catalyst with high
activity and low selectivity is desired. Work performed by Maurel ef a/'*! on metal
catalysts supported on alumina granules studied selectivity and activity of iridium,
rthodium, nickel, platinum, cobalt, ruthenium, palladium, silver and copper at
temperatures <180°C. In his work, it was found that these metals decrease in activity in
the following order:

Ir>Rh>Ni~Pt~Co~Ru>Pd~Ag~Cu

However, in terms of selectivity, a very different order is followed. In order of decreasing
selectivity:

Pd>Pt>Rh>Ni>Ir~Ru>Cu>Co>Ag

From this information, it was decided to focus on Cu, Ni, Co, Ir, Rh, and Ru for this

research, as they appear to have the best potential in terms of activity and selectivity.

2.2.2 Catalyst Synthesis



In the thin film studies by Al-Haydari and coworkers in 1985, catalysts of iron,
nickel and copper were prepared by evaporation of metal filaments onto a glass surface to

form a thin film.[""]

Hydrazine decomposition over these thin films was tested in the
temperature range of 0°C-120°C. While all three, showed high activity with complete
decomposition of hydrazine, nickel showed the lowest selectivity, corresponding to
highest ammonia formation, with 81.86% of the product stream at 120°C. Thin film type
catalysts are one method that can be used. However, an alternate preparation is to adsorb
a nanoparticle catalyst onto a solid support such as silica or alumina.

Most literature methods involve a procedure for mixing the catalyst precursor
with or impregnating it on the solid support first, then forming the catalyst on the solid

20331 This is generally done by impregnating solid support particles with a metal

surface.!
salt complex which is then reduced by hydrogen gas at high temperatures. Maurel et a/
used this method in their catalyst activity studies.”! In their work, 0.2-0.4mm alumina
granules were used as support. Metal salts were deposited by soaking these granules in
aqueous solutions of the salts. These were then dried, placed in a hydrogen gas stream
and heated to 500°C. The catalysts were held at 500°C in hydrogen for ten hours to carry
out complete reduction. The iridium catalyst Shell 405 that is currently used for chemical
propulsion is also made by a variation of this method.**  Solid alumina support is
impregnated with aqueous iridium chloride salt solution. The solid is dried, decomposed
in a 350°C air stream and re-impregnated with another layer of metal salt. This layering

and decomposition can occur up to 20 times to achieve the desired catalyst loading. Final

reduction is done in a hydrogen gas stream at 500°C-550°C.**
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Metal nanoparticles possess unique properties (such as enhanced catalytic activity
and chemoselectivity) often different from the bulk metals because of their nanoscale
dimensions and resulting high surface to mass ratio.”*’ A plethora of methods for the
preparation of metal nanoparticles are reported in the literature detailing ways to achieve

[26-38]

precise control of their size. While some methods require the use of specific

[26]

capping agents in the nanoparticle synthesis”- other methods use ethylene glycol as both

27281 For example, Couto and coworkers carried out the

the solvent and the capping agent.!
synthesis of nickel nanoparticles (Equation 2.4) using nickel chloride hexahydrate
reduced by sodium borohydride in ethylene glycol in the presence of the capping agent
polyvinylpyrrolidone (PVP, Figure 2.2).”! In contrast, Wu and coworkers reported the
preparation of nickel nanoparticles via the reduction of nickel chloride with hydrazine
hydrate in the presence of sodium hydroxide in ethylene glycol, which was both the

solvent and capping agent (Equation 2.5) .1*"]

NiCl,-6H,0 + 3NaBH4 + nPVP — Ni(PVP), + 11H, + 2HCI + 3NaBO, (Equation 2.4)

2NiCl, + No,H4 + 4NaOH — 2Ni + N, + 4H,0 + 4NaCl (Equation 2.5)

o
HE IR

Figure 2.2 Polyvinylpyrrolidone (PVP) capping agent
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Both Couto’s capping method, as well as Wu’s ethylene glycol method, and
modifications of it have been tried for the synthesis of nickel nanoparticles, as well as

copper, iridium, ruthenium, rhodium, and cobalt nanoparticles for use in this research.

2.2.3 Liquid Chemical Propulsion

Chemical rocket propulsion as it is known today began with the work of Dr.
Robert Goddard in 1928. In modern liquid propulsion, either fuel and oxidant are
pumped into a combustion chamber, or fuel is passed over a heterogeneous catalyst bed
within a combustion chamber. The fuel is ignited to produce a large quantity of high
pressure, high velocity gases. These gases are then focused through a nozzle which
provides the thrust and lift for the rocket. In the space shuttle main engines, liquid
oxygen and liquid hydrogen are used as the liquid propellant. However, for most military
orbital and deep space rockets, as well as many commercial satellites, hydrazine is the
liquid propellant of choice, and engines are currently designed, manufactured, and
certified for use with this propellant. This type of propulsion is ideal in situations that
call for high thrust such as the rapid maneuvers needed to control the adjustment of orbits
and attitudes of space vehicles.*” However, along with the high thrust comes a generally
low specific impulse of 230-250 seconds (change in momentum per unit of propellant
used by weight) making traditional chemical propulsion less attractive in situations where

long term use or life is needed.

2.2.4 Electric Propulsion

12



Electric propulsion is defined as any propellant technology in which electricity is

used to increase exhaust velocity.*”!

In this type of propulsion, there is low thrust, but
high specific impulse, so the amount of propellant necessary is greatly decreased
compared to standard chemical propulsion. It is ideal for long term space missions where
small course corrections and changes are needed over time. In electric propulsion
systems, a plasma source is used to ionize a propellant gas stream, generally a heavy inert
gas such as xenon (Figure 2.3). These ions are then accelerated by either an

electrothermal, electrostatic, or electromagnetic method.*”! It is the acceleration of these

ions along a fixed path that provides the thrust for propulsion.

\ “~{_ Source - yd

Figure 2.3 Ionization of ammonia gas stream by RF Source. Arrows show the path of ions traveling
through the thruster.

For the electric propulsion thruster being designed for this work, ionization of the
ammonia gas stream will be done by a helicon plasma generator. A helicon is an
efficient plasma generator that uses radio frequency (RF) waves to deposit energy into a

gas, resulting in ionization. In this work, an RF signal is transmitted into the ammonia

13



and the energy is absorbed by the electrons. This energizes the electrons to the point that
they can break free from the atoms, forming ions. Additional ions are also formed as
collisions between electrons and other neutral molecules take place within the gas stream.

The acceleration will then be done by an electrostatic method meaning that ions
will be accelerated along electric field lines created by a drop in electrostatic potential
between two regions. This is a commonly used method for electric propulsion

thrusterst*! 4

as the specific impulse of the thruster can then be set by the potential drop
across the grids, and is solely dependent on the power available to the thruster as opposed
to the internal energy of the propellant itself.

While inert gases such as xenon are the most common propellants for electric
propulsion, some prior work has been done on the use of ammonia as propellant. Esker,
et al at McDonnell Research laboratories tested ammonia as thruster propellant, both in
short term tests and in lifetime tests of 508 hours. Over the course of this lifetime test,
specific impulse was found to be 1900 seconds, indicating that ammonia has high specific
impulse, and therefore long lifetime and efficiency that we are interested in for our

research.[*”]

However, this thruster was never actually flown, and to our knowledge, no
ammonia based electric propulsion thruster has ever actually been flight tested.

A small amount of work has also been done on the ionization potential of
hydrazine itself as a propellant for electric propulsion, without any prior decomposition.
However, it has been found that it is not a very efficient fuel molecule to ionize. This is
due to the fact that when hydrazine is ionized, it fragments into nitrogen and hydrogen

ions.**! Only the Ny+ ion is useful for acceleration for electric propulsion, so the energy

that goes into the fragmentation and formation of hydrogen ions is wasted. By
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decomposing the hydrazine by a chemical process first into a product stream that is
mostly ammonia, fragmentation during ionization does not occur, allowing a much higher

percentage of the electric power input in the system to translate directly into thrust.

2.2.5 Benefits of a Dual Propulsion System

The ultimate goal of this project is the development of a dual use hydrazine
thruster. This thruster will use decomposition of a single propellant, hydrazine, to fuel
both a liquid chemical propulsion thruster, as well as an electric propulsion thruster. By
using hydrazine as the propellant for both, liquid hydrazine thrusters, which have been
used in flight for years can continue to be used as is. No new liquid propulsion system
will have to be developed and re-certified, and having a single propellant to fuel both
systems makes the entire thruster more efficient.

A dual propulsion mode thruster of this type will combine the high thrust, low
specific impulse operation of a chemical system with the low thrust, high specific
impulse operation of an electric propulsion system. This gives flexibility not currently
seen in space craft as a single engine will now be able to efficiently fulfill both short term
needs of a system such as rapid high thrust maneuvers to put a satellite into orbit and long
term needs such as the minor course corrections required to keep that satellite in orbit
over a several year life span. Current systems use one engine type or the other, based on
what is most beneficial for the mission, which leads to sacrifices being made either in
power, speed, propellant weight or cost. The flexibility of our system should lead to a
decrease in the amount of propellant needed, allowing for either a larger mission payload

or a longer duration of individual missions.
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To our knowledge, the only other dual stage rocket engines currently in
development do not involve a single propellant source, nor do they incorporate multiple
propulsion modes. Instead, they involve the use of multiple fuel mixtures to carry out

47-48 L
T8 For example, one proposed design involves

two types of chemical propulsion.!
standard catalytic decomposition of hydrazine in one stage, while in the second stage,
nitrogen tetroxide is added to act as an oxidizer to yield higher energy and higher thrust

48] These designs are very different from what we are proposing,

chemical propulsion.
and do not have the high specific impulse, long lifetime and efficiency benefits that our
system will have due to the incorporation of electric propulsion.

In this research, metal catalysts are being designed analyzed and tested for their
activity and selectivity in the decomposition of hydrazine. The decomposition must be at
low temperatures (between 25-75°C) and take place in a controlled manner, leading to a
large amount of ammonia. Ammonia is desired as it will lead to the most efficient

electric propulsion. Whichever catalyst shows the most promise, will be used to develop

this two stage engine.

2.3. Results and Discussion
2.3.1 Catalyst Synthesis

2.3.1.1 Nanoparticle Synthesis

Due to the high ammonia yields seen with thin film studies,!"” nickel was chosen
as the initial metal for catalyst development and testing. A standard nanoparticle
synthesis method that could then be applied to multiple metals was developed using the

nickel procedure. Initially, the method developed by Couto and coworkers was
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employed.[26] Following this method, nickel chloride hexahydrate (0.01mmol) and
40,000Mw PVP (0.0003mmol) were dissolved in ethylene glycol (25mL). This was
heated to 140°C with vigorous stirring. At temperature, sodium borohydride was added
(4.76mmol) with continued stirring. After reacting for 2 hours, the solution was cooled
and acetone was added to the solution (50mL) to precipitate nanoparticles. Particles were
collected by centrifugation and dried.

For these initial syntheses, only qualitative analysis was performed. Only nickel
nanoparticles, not nickel oxide or unreacted starting material will exhibit magnetic
properties. Magnetic nanoparticles were consistently formed by this method using
40,000Mw PVP. When imaged by transmission electron microscopy (TEM, Figure 2.4
A) and analyzed using the Image J software, the size histogram (Figure 2.4 B) showed an
average particle size of 6nm with a standard deviation of +2nm. However this may not
be completely representative as the sample examined contained only about a hundred
particles. While this is a reasonable size and standard deviation, ultimately this method
was not pursued further due to difficulties in preparing a sizeable amount of materials for
further analysis and use. When the reaction was run on a larger scale, a correspondingly
larger amount of product was not successfully isolated.

The method published by Wu and co-workers was then employed.*” This
method involves the reduction of nickel chloride in ethylene glycol by hydrazine
monohydrate in the presence of sodium hydroxide. After modifications and optimization
to suit our needs, this reaction was consistently run by dissolving nickel chloride
(0.5mmol) and solid sodium hydroxide (1.8mmol) in ethylene glycol (25mL) at 60°C

with vigorous stirring. After complete dissolution of solid reactants, hydrazine
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Figure 2.4 A. TEM image of particles made using 40,000 MwPVP and B.the corresponding particle size
histogram.

monohydrate (0.3mL, 6.2mmol) was added. Reaction continued for 1 hour at 60°C, after
which time it was cooled to room temperature. UV-vis analysis was used to track the
disappearance of NiCl, starting material. The NiCl, starting salt solution showed a sharp
peak with a wavelength of maximum absorption at 287nm. This was no longer present in
the product particle solution. Complete reduction was confirmed by chlorine elemental
analysis, which consistently showed 0% chlorine remaining in the isolated nanoparticle

samples. Particles were isolated by centrifugation, washed with ethanol, and dried
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overnight in a vacuum oven heated at 80°C. The particles were found to be magnetic,
and could be isolated in 95% yield.

To confirm nickel(0) formation, x-ray diffraction (XRD) analysis was used. The
XRD obtained contains 5 peaks which correspond to those expected for face centered
cubic nickel metal (Figure 2.5). This confirms that no nickel oxide is present, as nickel

oxide would show a sharp peak at ~63° that is not visible in this spectrum.*’!

2500
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Figure 2.5 XRD spectra of Ni nanoparticles

Also from the XRD, the peak shape and size were used to calculate an average particle
size. This was done by the JADE software using a method based on the Debye-Scherrer
equation, and gave an average particle size of 8nm.

To confirm this particle size, this sample was also imaged by TEM (Figure 2.6
A). From this TEM, a size histogram was made using the Image] software (Figure 2.6
B). This showed the particles to have an average size of 6nm with a standard deviation of

+4nm. While this standard deviation is larger than desired in most cases, and likely

19



B.

Figure 2.6 A.TEM of nickel nanoparticles and B. the resulting particle size distribution histogram

caused by a lack of addition capping agent such as PVP in the reaction, it was not
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considered a detriment to our purposes at this time.

By making minor changes to reaction time and temperature, the same nanoparticle
synthesis method used successfully for nickel nanoparticle formation was also used for
the formation of nanoparticles of copper, cobalt, ruthenium, rhodium and iridium. With

copper, both CuCl and CuCl, were examined as nanoparticle precursors (Equation 2.6

and 2.7).

4CuCl + N,H4 + 4NaOH — 4Cu + 4NaCl + 4H,0 + N,

2CLIC12 + N2H4 + 4NaOH — 2Cu + 4NaCl + 4H20 + N2

20

(Equation 2.6)

(Equation 2.7)



With both, copper salt (0.5mmol) and solid sodium hydroxide (1.8mmol) were dissolved
in ethylene glycol (25mL) at 60°C with vigorous stirring. After complete dissolution of
solid reactants, hydrazine monohydrate (0.3mL, 6.2mmol) was added, and the mixture
continued to react for 1 hour at 60°C. Nanoparticles made from each salt were analyzed
both by UV-vis and by TEM imaging. Copper nanoparticles exhibit a Plasmon band
traditionally at 570nm in the UV-vis.”® The broader the band is, the broader the size
distribution of the nanoparticles. CuCl, appears to produce a very broad size distribution
of particles (Figure 2.7) while the particles from CuCl are of a much narrower size range
(Figure 2.8).

This was confirmed when TEM imaging was used to look at the particles made
from both CuCl, (Figure 2.9) and CuCl (Figure 2.10). The actual particle size
distribution determined from these images is consistent with the general distribution

obtained from the UV-vis, as the particles formed from CuCl, were found to have an
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Figure 2.7 UV-vis of Cu nanoparticle solution formed from CuCl, precursor
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Figure 2.8 UV-vis of Cu nanoparticles formed from CuCl precursors
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Figure 2.9 A. TEM image and B. size histogram of Cu particles from CuCl,
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Figure 2.10 A. TEM image and B. size histogram of Cu particles from CuCl

average size of 2.0nm +1.7nm (Figure 2.9) while the particles from CuCl were only
1.4nm + 0.90nm (Figure 2.10). Isolated yield and conversion, as determined by chlorine
analysis, were also examined for the two different precursors. Particles with CuCl as
precursor were isolated in 92% yield, and showed complete conversion (0% ClI
remaining). The particles from CuCl, appeared to have higher 99% yield, but chlorine
analysis indicated only 99.48% conversion (0.58% Cl remaining).

XRD analysis confirmed the formation of only copper(0), not copper oxide in the
particles made from CuCl (Figure 2.11), while the particles from CuCl, showed a mix of

51]

copper(0) and Cu,0 formation (Figure 2.12)". Based on these results, all further copper

work was carried out using CuCl as the precursor molecule.
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Figure 2.11 XRD of particles made from CuCl showing only Cu(0) formation
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Figure 2.12 XRD of particles made from CuCl, showing a mix of Cu(0) and Cu,O
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The cobalt salt CoCl, follows a similar reduction reaction to the nickel salt (Equation 2.8)

2CoCl, + NoHy + 4NaOH — 2Co + 4NaCl + 4H,0 + N, (Equation 2.8)

However, unlike nickel, before reduction occurs, cobalt forms a complex with hydrazine,
Co(N,H,)e>".P* This complex gives the solution a characteristic pink color and is known

34321 The actual reduction took place at elevated temperature (190°C)

to be very stable.
for twelve hours. All other reaction conditions and concentrations remained the same.
Before particles were isolated, UV-vis was used to check for complete
disappearance of starting material, by comparing the signal obtained from the CoCl,
starting solution and the post-reaction solution (Figure 2.13). From this, it appeared that

the reaction had gone to completion as CoCl, showed a peak with a wavelength of

maximum absorption at 529nm, which was not present in the post-reaction solution.

iy
25 \
s 2 \
© ——CoClI2
2 15 .
2 \ —— Co Patrticles
Q0
< 1

el

o

250 450 650 850 1050 1250
Wavelength (nm)

Figure 2.13 UV-vis spectrum of CoCl, starting solution and Co nanoparticle solution
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Particles were collected by centrifuge, washed with ethanol, and dried overnight in a
vacuum oven set at 80°C. The dried particles were magnetic, as expected for cobalt, and
isolated in 67% vyield. Cl elemental analysis showed no Cl remaining either in the
isolated particles or in the collected supernatant layer.

TEM imaging showed a sample of Co particles evenly dispersed on the solid
support, appearing in the image as black spots (Figure 2.14 A). From this image, a
particle size histogram was developed (Figure 2.14 B). The Co particles formed were

found to be 1.2nm +0.9nm in diameter.
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Figure 2.14 A. TEM image of Co nanoparticles and B. the resulting size histogram
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XRD analysis of these particles showed only two small peaks. This is typical, as it is
difficult to obtain clear sharp peaks for Co metal in such a small nanoparticle size range.
However, these peaks were consistent with two of the peaks for face centered cubic
cobalt(0).

To form ruthenium nanoparticles, reduction of the RuCl; salt was carried out

(Equation 2.9).

4 RuCls + 12NaOH + 3N;H4 — 4Ru + 12NaCl + 12H,0 + 3N, (Equation 2.9)

The same concentrations and procedure were followed as with previous metals, however
both reaction temperature and time were increased. It was not unexpected that ruthenium
required a higher temperature to reduce, as in the literature methods studied, reduction
was carried out at temperatures ranging from 120°C to 198°C.193%331 RyCl; (0.5mmol)
and solid sodium hydroxide (1.8mmol) were dissolved in ethylene glycol (25mL) at 60°C
with vigorous stirring.  After complete dissolution of solid reactants, hydrazine
monohydrate (0.3mL, 6.2mmol) was added. Reaction temperature was increased to
120°C and was allowed to react with stirring for 24 hours.

UV-vis analysis was used to look for disappearance of starting material. This
appeared to indicate a small amount of starting material remaining, as the salt solution
showed a sharp peak with a wavelength of maximum absorption at 407nm which
remained as a slight shoulder in the post-reaction solution (Figure 2.15). To confirm this,
particles were collected by centrifuge, washed with ethanol and dried. Isolated yield was

not calculated, however, from chlorine elemental analysis a 99.4% conversion was
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Figure 2.15 UV-vis spectrum of RuCl; salt solution and Ru nanoparticle solution

calculated (0.65% Cl remaining) consistent with the UV-vis results. These particles were
imaged by TEM to look at shape and size distribution (Figure 2.16 A), which is
represented by a size histogram (Figure 2.16 B). From this, the Ru particles formed were

found to be 1.3nm + 0.8nm in diameter.
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Figure 2.16 A. TEM of Ru nanoparticles and B. the resulting size histogram
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As with Co, when these particles were analyzed by XRD, only very faint peaks were
seen. However, these peaks were consistent with the expected hexagonal ruthenium
signal.

To synthesize rhodium nanoparticles, the salt RhCl3;:3H,O was used as a

precursor (Equation 2.10). The standard procedure and concentrations were used to carry

4RhCl3:3H,0 + 12NaOH + 3N;H4 — 4Rh + 12NaCl + 15H,0 + 3N,  (Equation 2.10)

out this reduction. However, as with ruthenium, the reaction time and temperature were
increased. This was not unexpected based on literature where rhodium salt reductions are

run anywhere from 90°C to 220°C [3637]

For this synthesis, temperature was raised to
190°C and reacted for 2 hours. UV-vis analysis was used to check for disappearance of
starting material and chlorine analysis indicated 99.2% conversion (0.85% Cl remaining).
The particles were isolated in 76% yield. It was believed that the unaccounted for
rhodium remained in suspension as nanoparticles.

These particles were also imaged by TEM to look at particle shape and size
distribution (Figure 2.17 A). In these images, the individual particles can clearly be seen
as the dark spots within an ethylene glycol matrix. From this imaging the size histogram
showed a particle size of 2nm +1nm in diameter (Figure 2.17 B). When analyzed by

XRD, though the resulting peaks were broad, they clearly showed the expected pattern

for face centered cubic rhodium metal (Figure 2.18).
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Figure 2.17 A. TEM of Rh nanoparticles and B. the resulting size histogram
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Figure 2.18 XRD of rhodium nanoparticles
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To synthesize iridium nanoparticles, the salt IrCl;-3H,O was used. The reaction
and stoichiometry of this reduction are identical to that of the rhodium reaction (Equation

2.11).

41rCl3-3H,0 + 12NaOH + 3N,Hy — 4Ir + 12NaCl + 15H,0 + 3N,  (Equation 2.11)

For this synthesis, the same concentrations and procedure were used as with previous
metals, however, the reduction was carried out at 190°C for 3 hours. By UV-vis analysis,
complete conversion occurred, as the starting salt solution showed a double humped peak
with maxima at 460nm and 499nm, and the product nanoparticle solution showed neither

of these (Figure 2.19).
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Figure 2.19 UV-vis spectrum of IrCl; starting salt and the resulting nanoparticle solution
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Particles were isolated in 96% yield. Based on chlorine analysis, the reduction occurred
with 98.4% conversion (0.91% CI remaining).

These particles were imaged by TEM to determine particle shape and size
distribution (Figure 2.20 A). From this, a size histogram was developed (Figure 2.20 B)

which showed the particles to be 2nm + 1nm in diameter.
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Figure 2.20 A. TEM of iridium nanoparticles and B. the corresponding size histogram.

2.3.1.2 Supported Nanoparticle Synthesis

To support the nanoparticles on silica, three methods were initially investigated
using nickel as the catalyst metal. These methods were: (1) isolating the nanoparticles

and adsorbing them onto a dried silica surface by solvent evaporation at elevated
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temperature,[zo] (2) adsorbing NiCl, onto the silica surface, then reducing it with
hydrazine monohydrate, and (3) adding silica to the ethylene glycol solution during
nanoparticle formation and allowing them to adsorb onto the surface.

In method one, the silica was first dried by heating at 500°C. This silica was
stirred with nickel nanoparticles in ethanol solution for 12 hours, then dried for 1 hour in
the vacuum oven and 12 hours in a regular oven at 100°C. This produced a tan powder
that showed no physical evidence of nickel on the surface. This was confirmed by XRD,
in which only a single broad peak was present in the 20-30° range, which is characteristic
of amorphous silica.

Method two followed the same basic procedure; however the dried silica stirred
with a solution of NiCl, in water for 12 hours. This was then dried for 4 hours in the
vacuum oven and 12 hours in a regular oven at 100°C. The product from this was a pale
yellow powder, as the nickel chloride was now baked onto the silica surface. The NiCl,
was then reduced following the same procedure as for nanoparticle formation. The solid
was suspended in ethylene glycol, sodium hydroxide and hydrazine monohydrate were
added, and the mixture reacted at 60°C for 1 hour with stirring. From this, a pale blue
powder was collected by filtration and vacuum drying. This color was consistent with at
most, a partial reduction of the NiCl,. XRD analysis was performed on this sample, and
as with method one, no metallic nickel was visible. The XRD shows only a characteristic
amorphous silica peak (Figure 2.21). This method was repeated with similar results.
Due to the low loadings, and reduction issues, as well as the fact that method two would
not guarantee production of nanoparticles on the support surface, these two methods were

not pursued further.
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Figure 2.21 XRD of attempts to deposit nickel on the silica surfacewagi‘;lg method two showing an
amorphous silica peak

For initial supported nickel catalyst samples synthesized by the third method, the
nanoparticle synthesis was carried out as described in the previous section. However,
instead of isolating the nanoparticles after formation, the solution was diluted with a 2:1
volume amount of ethanol (50mL of ethanol for 25mL ethylene glycol), the desired
amount of silica was added directly to the mixture, and this was left to stir at room
temperature for 4 days. Product was collected by filtration, washed with ethanol and
dried overnight in a vacuum oven.

Using this method, a series of samples with 2-50wt.% theoretical loading of
nickel were synthesized. These samples were made on both 40-75uM sized silica (Table
2.1) and 75-200uM sized silica (Table 2.2), both with 150A pores. All were made at the
scale described earlier, (0.5mmol of NiCl, in 25mL of ethylene glycol) unless otherwise
noted. These others were made on a five times larger scale (2.5mmol NiCl,, 9mmol
NaOH, 31mmol hydrazine monohydrate dissolved in 125mL of ethylene glycol). All

samples were analyzed by chlorine analysis to determine the extent of reduction. If no

34



chlorine was present, as was the case with all samples tested, the reaction was assumed to
proceed to 100% conversion. Theoretical percent loading was calculated from the initial
amount of nickel introduced into the system as nickel chloride, while nickel metals
elemental analysis by atomic absorption (performed by Columbia Analytical Services)
was used to determine the actual percent loading after product isolation.

Following the synthesis of these samples, a few modifications were made to the
procedure. Nickel chloride and sodium hydroxide were dissolved in ethylene glycol at
60°C. The desired amount of silica was then added to the reaction mixture, with vigorous

stirring. Hydrazine monohydrate was added and the entire mixture reacted at 60°C for 1

Table 2.1 Analysis of all samples made on 40-75uM sized silica

Entry | Silica size (um) % Ni % CI Found % Ni Found
1 40-75 9 0.0 5.1
2 40-75 17 0.0 7.8
2 40-75 17 0.0 7.3
3 40-75 5 0.0 1.4
4 40-75 50 0.0 8.4
5 40-75 10 0.0 2.7
6 40-75 15 0.0 6.7
7 40-75 20 0.0 6.8

Table 2.2 Analysis of all samples made on 75-200uM sized silica

Entry Silica % Ni | % CI Found % Ni Found
size (Um)
1 75-200 10 2.6
2 75-200 5 0.0 1.1
3 75-200 15 0.0 3.5
4 75-200 10 0.0 2.6
5 75-200 20 0.0 2.7
6 75-200 2 0.0 0.4
7 75-200 10 0.0 2.9
8 75-200 6 0.0 22

a. Samples made on larger scale
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hour. After an hour, all heating was stopped, and the solution stirred at room temperature
overnight. Product was isolated by centrifugation, washed with ethanol, and dried
overnight in a vacuum oven at 80°C

This method, with the addition of silica prior to reduction of the metal salt, was
used to synthesize supported metal samples of nickel, copper, ruthenium, rhodium, and
iridium. Cobalt, however, required a few modifications. Initially CoCl, (2.5mmol) and
sodium hydroxide (9mmol) were dissolved in 125mL ethylene glycol. Silica (1.69g for
8% loading) was added with vigorous stirring. Hydrazine monohydrate (3 1mmol) was
added and the heat raised to 190°C for 12 hours to carry out the reduction. When the
reaction was stopped, the product was isolated by centrifugation, however, it was a dark
brown powder. This was not the expected color, and it was not magnetic, indicating that
metallic cobalt was not formed. In literature it is known that cobalt can form silicate

[33-541 T address this, in all further

complexes when reduced in the presence of silica.
deposition reactions, Co particles were formed first. The desired amount of silica was
then added to the system and left to stir for three days at room temperature. Catalyst
product was collected by centrifugation, washed with ethanol, and dried overnight in a
vacuum oven at 80°C.

All supported samples were made using spherical silica with a range of 75-200pum
area and 150A pores. Supported samples of each metal were analyzed by Cl and metals
elemental analysis to determine conversion and actual percent loading, XRD to confirm

formation of the desired metal, scanning electron microscopy (SEM) imaging to look at

metal distribution on the surface, and with a Brunauer, Emmett and Teller (BET)
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machine to determine surface area and pore volume. Table 2.3 shows a comparison of

the values found for a representative sample of each of these different metals.

Table 2.3 Comparison of conversion, metal loading, surface area and pore volume

Metal Metal % % ClI BET Surface Area Pore Volume (cm*/g)
Load Found™ (m?/g)
Ni 3.0% <0.25% 167+5 0.9+0.1
Cu 2.6% 0% 141 +4 0.8+0.1
Co 3.1% 0% 96 + 3 0.6+0.1
Ru 3.1% <0.25% 195+5 0.8+0.1
Ir 3.4% 0% 163+5 09+0.1
Rh 3.6% <0.25% 109 £+ 3 0.6+0.1

A. 0% - No CI detected. <0.25% - Trace CI detected, but below the quantitative analysis limits of the
instrument

It was found that supported samples of each metal were synthesized in a narrow
actual loading range (2.6%-3.6%). Also, all were found to go to complete or near
complete conversion as Cu, Ir and Co showed no remaining CI present in the system and
Ni, Ru, and Rh showed only traces (<0.25%). The uncoated silica was analyzed and
found to have a BET surface area of 168 + 5m*/g and a pore volume of 0.9 + 0.lcm’/g.
Compared to this, depositing the nanoparticles on the silica surface did not appear to
cause a substantial change in either surface area or pore volume, except in the cases of
cobalt and rhodium, where both values decreased. For cobalt, this was a decrease of
approximately 50% (57% decrease in surface area, 33% decrease in pore volume) while
rhodium showed a decrease of 35% percent in surface area and 33% in pore volume.

As with the nanoparticles themselves, Co, Rh, Ru and Ir were difficult to see by
XRD, especially as the amorphous silica support produces such a large peak. However,
what peaks were present corresponded with those expected for the respective metals.
Cobalt, for example showed peaks that were small, but characteristic of face centered

cubic cobalt (Figure 2.22). Nickel and copper samples both clearly showed the peaks
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Figure 2.22 XRD of supported cobalt showing characteristic face centered cubic peaks

expected for face centered cubic metal crystals of each of these two species (Figure 2.23
and Figure 2.24), and neither showed any evidence of oxide formation within the

detection limits of the instrument.
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Figure 2.23 XRD of supported nickel sample
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Figure 2.24 XRD of supported copper sample

SEM imaging allowed us to examine whether the different metals retained their
nano-scale character on the silica support surface, as well as how the metal particles were
distributed on the support surface. In all images, the metals are visible as white or light
colored particles on a dark background, which is the surface of the silica support. Nickel
(Figure 2.25) and copper (Figure 2.26), showed a very small amount of clustering, but in
both the supported particles remained on the nano-scale. The other metals, rhodium,
ruthenium, cobalt, and iridium, showed a larger amount of clustering, bringing the metal

particles in these cases up to a micrometer size range (Figure 2.27 and Figure 2.28).
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Figure 2.25 SEM of supported nickel catalyst

Figure 2.26 SEM of supported copper catalyst
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Figure 2.27 SEM image of iridium particles supported on a silica surface

Figure 2.28 SEM image of ruthenium particles on silica surface
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Initial work was performed on a method for increasing the total catalyst loading
by adding a second layer of nanoparticles to an already synthesized sample. A catalyst
sample with 8.4% nickel by weight (Entry 4, Table 2.1) was chosen. The goal was to
increase the total loading to 20% by weight, so the necessary amounts of NiCl, and
sodium hydroxide were dissolved in ethylene glycol. The 8.4% sample was added, and
reduction was carried out with hydrazine monohydrate. Product was collected by
centrifugation, washed with ethanol, and dried in the vacuum oven. Elemental analysis
on this sample showed no Cl present in the system, and a new nickel loading of 14%.
SEM imaging also showed a visible increase in the amount of nickel present on the
surface (Figure 2.29). However, it clustered with the nickel already present on the
surface, increasing the metal particle size into the micrometer range. Future work will
focus on developing and optimizing this layering method as a way of producing high

metal loading catalysts.

Figure 2.29 SEM image of particle surface with second layer of nickel nanoparticles added
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2.3.1.3 Supported Catalyst Synthesis by the Shell Method

The Shell 405 iridium catalyst is commercially available and is the primary
catalyst used for chemical propulsion with hydrazine as propellant. Its synthesis was
described in a Shell patent in 1978.*" The patent details the formation of iridium and
ruthenium catalysts by reduction of these metals from the corresponding chloride salts.
The adsorption of the metal onto the support proceeds step wise. First, the chloride salt is
adsorbed by immersion of the support in a basic aqueous solution of the salt. Then, the
impregnated-support is dried and reduced using a stream of H,/N, gas at elevated
temperature (>400°C). The process is then repeated up to 20 times, forming up to 20
consecutive, metallic layers around the support.

This catalyst contains 31-33% iridium deposited in layers on the surface of the
alumina support giving it a BET surface area of 120-121m?*/g and a pore volume of 0.22-
0.25cm’/g. Due to the high loading applied as layers, none of the support surface is
exposed. Instead the entire particle is encased in a semi-porous layer of iridium metal,

which can be seen with SEM imaging (Figure 2.30).

BSKU 868K E7M S8088 B5KU  B.60KX 16.7F 5018

Figure 2.30 SEM images of the surface of Shell 405 commercial catalyst
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It should be highlighted that in forming this catalyst, the aqueous solutions of
metal chloride are dilute (0.6 M), leading to a single layer coating of metal chloride on
the support’s surface and yielding to a thin metal layer after reduction. The catalyst
loading can be easily adjusted by increasing or decreasing the number of layers applied
and the surface area of the silica becomes very important as the aim is to fully cover the
support. Reduction occurs simply by reaction of hydrogen gas with the metal chloride to
form the metal and HCI gas. For our research, initial syntheses were performed using

nickel (Equation 2.12)

NiCl, + H, — Ni + 2HC1 (Equation 2.12)

In our initial attempts, a 2.7M basic NiCl, solution was made and heated to 50°C for 15
minutes. After cooling to room temperature, silica was added to this solution. It stirred
for 20 minutes, was filtered, and was dried using a hot plate set at 400°C and a heat gun.
The silica was returned to the liquid and this filtering and drying process was repeated
twice to ensure complete deposition of all NiCl, onto the solid surface. Reduction was
carried out using a gas mixture of 40:60 H,:N, gas at 250°C for 5 hours. Chlorine
elemental analysis was performed on two samples made by this method to study
conversion, and they were found to have 30% and 47.5% conversions respectively. The
reaction was continued for another 20 hours, however, conversion only increased by
another 3.5%.

Most likely only the outermost layer of NiCl, on the silica surface was being

reduced. The Shell method was therefore optimized with nickel chloride (0.7mmol)

44



being dissolved in distilled water (3mL) to form a 0.2M solution. This was heated to
90°C with stirring. At temperature 30% ammonium chloride solution (2mL) was then
added slowly, followed by the addition of silica (2g.) to form a 2 wt.% loading of the
nickel. The mixture was stirred at room temperature for 30 minutes, followed by stirring
and heating at 150°C until all water was removed from the system. This was then
reduced at >300°C in a gas stream of 40:60 hydrogen and nitrogen for 5 hours.

Using this same method, samples were made with 2%, 5%, 10%, 20%, and 50%
theoretical loading (Table 2.4) of nickel. Each sample was made using 2 grams of silica
as support material, so the loadings were varied by changing the amounts of NiCl, and
water used to make the impregnation solution. Because of this method, the NiCl,
solution molarity increased with each sample (0.225M-1.13M), so it is not surprising that
at higher weight loadings (10-50% theoretical weight), and correspondingly higher
molarities, not all NiCl, was reduced as evidenced by chloride elemental analysis (Table
2.4). However, at lower weight loadings (2% and 5% theoretical weight) all NiCl, has
been reduced. Also at lower weight loadings, the actual nickel percent loading is very
close to what is expected (1.7% vs. 2% and 4.5% vs. 5%). However, that decreases as
the theoretical loading increases up to the 50% theoretical sample actually having only

22% nickel on the surface.

Table 2.4 Supported nickel samples prepared by the Shell method

30%
NH;OH | Theoretical | Actual
Entry NiCl, (g9) H,O (mL) Mol. (mL) % Ni % Ni % CI Found
1 0.088 3 0.226 2 2 1.7 <0.25
2 0.22 5 0.338 5 5 4.5 <0.25
3 0.44 7 0.485 10.1 10 7.2 2.23
4 0.88 10 0.679 20.2 20 13.2 1.23
5 2.2 15 1.13 50.5 50 21.6 9.76
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This method was extended to use with CuCl as well as CoCl,. Both can also be
reduced with hydrogen gas to form the metal species and HCl gas (Equations 2.13 and
2.14).

2CuCl + H, — 2Cu + 2HCI (Equation 2.13)
CoCl, + H, — Co + 2HCI (Equation 2.14)
Samples were made with 17%, 27%, and 50% theoretical copper loading by weight
(Table 2.5), as well as 2%, 5% and 10% theoretical cobalt loading by weight (Table 2.6).
For all samples, 2g of 75-200uM sized silica with 150A pores was used and the loading
was varied by changing the amount of metal chloride salt and water used in preparation,

so molarity of the solution increases from 0.23M-0.48M with higher percent loading

(Table 2.5 and 2.6).

Table 2.5 Supported copper samples prepared by the Shell method

30%
NH;OH Theoretical
Entry | CuCl(g) | H,O (mL) Mol. (mL) % Cu % CI Found
1 0.62 2 0.31 0.2 17 <0.25
2 1.14 5 0.23 0.5 27 4.08
3 3.12 7 0.45 1 50 11.30
Table 2.6 Supported cobalt samples prepared by the Shell method
Entry CoCly(g) | H,O (mL) Mol. 30% Theoretical | Actual % ClI
NH;OH % Co % Co Found
(mL)
1 0.09 3 0.231 0.15 2 1.9 1.13
2 0.22 5 0.339 0.4 5 3.9 0.92
3 0.44 7 0.484 0.9 10 7.6 1.67
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As with the nickel, a decrease in conversion is seen with this increase in percent. With
copper, only the 17% sample actually went to complete conversion, while no cobalt
samples achieved complete conversion.

Though complete conversion was not achieved in all cases, the 5% Ni sample,
the 17% Cu sample, and the 5% Co sample were analyzed by XRD. Both the nickel and
copper samples showed only the face centered cubic form of the desired metal. No oxide
was present in either case. The XRD of the 5% cobalt sample showed formation of
cobalt metal with a hexagonal crystal structure (Figure 2.31). This is in direct contrast to
the supported nanoparticle cobalt samples which have a face centered cubic cobalt crystal
structure. This may have an affect on the catalyst behavior between the two different
samples as hydrazine will be interacting with a different metallic face. Though some
CoCl, remained in this sample, it was not seen by XRD most likely because its amount

(1.7% of the total sample) was below the detection limit of the instrument.

Counts

10000 0 Co Shell

50004

""""" R L e P S5 P e ] D S
3o 40 a0 B0 70 =]

Puosition [*ZTheta]

Figure 2.31 XRD of 5% Co sample made by the Shell method
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By SEM imaging, both the 5% nickel sample (Figure 2.32) and the 27% copper
sample (Figure 2.33) showed the formation of metal crystals in the micro size range.
This is a larger metal particle size than was seen for the supported Ni and Cu nanoparticle
samples, which retain their nano-scale size even after support. Also, the entire surface of
the support is not covered, as is seen with the commercial Shell 405 catalyst, however,
this is not unexpected, as our percent loading is an order of magnitude lower than that of

Shell 405.

18KV 18.8Kx 1.88M 4352

Figure 2.32 SEM image of 5% nickel sample by the Shell method

1@Ky

Figure 2.33 SEM image of 27% copper sample by the Shell method
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2.3.1.4 Comparison of Supported Nanoparticle and Shell Synthesis Methods

Thus far, the supported nanoparticle method and the Shell method each appear to
have their own advantages and disadvantages. The supported nanoparticle method is
consistent for the formation of nanoparticles of nickel, copper, iridium, ruthenium,
rhodium and cobalt. Complete or near complete conversion (> 95%) has been obtained
in all reactions run. It also allows for simple deposition onto a silica surface. For some
metals (nickel and copper) the nano-character is successfully retained during this
deposition, though there is some agglomeration seen with others such as iridium and
rhodium. It can be easily scaled up in size to produce the desired amount of catalyst.
However, when supported on silica, the weight percent loadings obtained are much lower
than expected due to metal nanoparticle stability in the ethylene glycol solvent.

With the Shell method, much higher loadings are possible with a better surface
coverage on the silica and it can also easily be translated to other metals as shown with
copper and cobalt. In future work, each type of catalyst will be tested for their hydrazine
decomposition abilities to determine which is better suited for our desired purpose of

hydrazine decomposition to high ammonia levels.

2.3.2 Hydrazine Safety

Hydrazine is a class 3 explosive and a class 3 health risk chemical, making it a
rigorously regulated substance. In coordination with the Environmental Health and Safety
department (EHS) at Georgia Tech a standard operating procedure and an emergency
procedure were developed for working with hydrazine. The entire reactor system was

placed within a hood and is equipped with pressure sensors and pressure relief valves.
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The hood ventilation system was adjusted to a flow of 120ft/min, which is the legal
requirement for handling Class 3 chemicals. The level of hydrazine in the laboratory is
continuously monitored using a Honeywell® ChemCassette system (Figure 2.35). The
detection limit of this device was set at the conservative level of 5 ppb. This is the level
to which an individual can be exposed for 8 hours without suffering from adverse health
issues such as irritation of the eyes, nose, and throat, dizziness, nausea, and in extreme
cases pulmonary edema and seizures. In addition, each operator is required to wear a

monitoring badge that changes color when exposed to hydrazine (Figure 2.34).

Figure 2.34 ChemCasette hydrazine monitoring system and hydrazine monitoring badges

The intensity of the color is a function of the hydrazine level it has been exposed
to. These badges are purchased from DoD Technologies and can be used for 48 hrs
before they must be disposed of. Their detection limit is 0.5 ppm. These same badges
have been placed within the hood at strategic places as an extra precaution to signal
possible hydrazine leaks. If a badge outside the hood or on the body of any operator
turns colors, the lab will immediately be evacuated and those involved taken for medical

attention.
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2.3.3 Hydrazine Reactor and Analysis Design

To study the catalyst activity for the decomposition of hydrazine to ammonia, a
reactor was designed and built in our lab. The reactor was divided in three sections: (1)
hydrazine introduction, (2) a catalyst bed, and (3) analysis with a Gas Chromatogram
coupled with a Thermal Conductivity detector (GC/TCD, Figure 2.35). In the first
section, the argon carrier gas passed through a flow meter and pressure check point with
relief valve. Then, it bubbled through liquid hydrazine in a containment vessel resulting

in a combination hydrazine/argon stream. The amount of hydrazine in the resulting argon
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Figure 2.35 Reactor designed and built to test the hydrazine decomposition abilities of metal
catalysts supported on silica.
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stream contained a fixed percentage of hydrazine that could be altered by changing the
temperature and thus the vapor pressure of the hydrazine within the containment vessel.
The hydrazine-containing argon stream was then directed through a valve allowing the
stream to pass through the second section of the reactor, the temperature controlled
catalyst bed. The catalyst bed was constructed from % inch stainless steel tubing. The
catalyst powder was kept in place by a piece of mesh and a small piece of glass wool at
each extremity. Both vibration and vacuum suction were used to ensure tight packing
within the reactor. Originally, the silica particle sizes were 40-75uM. However, when this
was tested using a catalyst bed packed with uncoated silica, the resulting pressure drop
across the system was too large, and no flow was taking place after the catalyst bed. As a
consequence, all catalyst beds studied were packed with samples made with 75-200uM
sized silica particles. After passing over the catalyst bed, product stream flowed into the
third section, the GC-TCD, for analysis.

Before completely exiting the system and being released into the hood, the gas
stream was bubbled through a nitric acid solution of pH 1 to neutralize the ammonia and
a bleach solution that is 6.15mol% sodium hypochlorite to neutralize any remaining
hydrazine. There were valves installed within the system that allowed the argon stream to
bypass the hydrazine or the hydrazine/argon stream to bypass the catalyst bed, the
analysis, or both if so desired. This reactor enabled us to study the activity of the catalyst
as a function of (1) catalyst bed temperature, (2) hydrazine concentration, (3) percent
loading of catalyst, (4) amount of catalyst in the catalyst bed, and (5) the flow rate of the

system.
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This first generation reactor was used for initial decomposition testing. However,
the system was long. As it stretched across an entire hood (Figure 2.35) it contained over
20 feet of stainless steel tubing. The residency time provided by this allowed for a great
deal of interaction between the hydrazine and the stainless steel, before it even came into
contact with the catalyst bed. It was determined that for more accurate results, a better
control of the variables of the system, and greater consistency and repeatability a simpler
system was desired.

The second generation reactor incorporated several changes (Figure 2.36). First
and foremost, the length of tubing between hydrazine introduction and analysis was
shortened, decreasing the amount of stainless steel tubing that the hydrazine passes
through to less than one foot between the hydrazine introduction and catalyst bed, and
only two feet from catalyst bed to GC-TCD for analysis (Figure 2.37). Second, the
quarter inch stainless steel tubing being used for catalyst packed beds was replaced by
HPLC columns of 4.6mm inner diameter and 30mm in length. As these columns come

with filters on either end, they could now be packed completely with catalyst without the
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Figure 2.36 Schematic of second generation reactor
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Figure 2.37 Shortened hydrazine pathway in second generation reactor

need for mesh or glass wool inserts. These columns could be packed with ~0.3g of
catalyst, and the packing procedure remained the same, with vacuum and vibration used
for consistent packing.

The third change was the removal of a bypass system around the packed catalyst
bed. This decreased the number of valves and fittings in the system, again making it
simpler and decreasing the number of potential leaks or corrosion points between
hydrazine and the reactor itself. Finally the fourth change was the removal of the water
bath to heat the catalyst bed. This was replaced with electric heating using heating tape
and a temperature controller (Figure 2.37). This allowed for better control of the
temperature of the gas stream, as this heating was controlled by a probe inserted into the
flow of the gas stream itself, rather than by an external temperature probe. All further

work has been carried out with this second generation reactor.
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2.3.4 Analysis of Product Gas Stream

Gas chromatography was chosen for this analysis as it allows us to easily sample
directly from the product gas stream without having to manually sample or isolate any of
these hazardous gases. The TCD detector was chosen because it detects gases based on
their relative conductivity properties, making it a universal detector. Hence using the
GC-TCD, the hydrazine starting material and its three potential decomposition products
(hydrogen, nitrogen, and ammonia) can be individually isolated and quantified.

In order to achieve this separation, in the first generation system, the GC was
configured with two 6 port sample valves and 3 columns. The first 6 port valve
controlled the injection of a metered amount of the product gas stream into the GC-TCD
(Figure 2.38). Once inside the GC, the gas stream flowed through a Chromosorb 102
packed column (12 ft. long, 1/8 inch outer diameter), which performed the basic
separation of nitrogen and hydrogen from ammonia and hydrazine, as well as the
separation of the ammonia and hydrazine from each other. A second 6 port valve was

located after the Chromosorb 102 column (Figure 2.38). The switching of this valve
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Figure 2.38 Diagram of the 3 columns and two valves necessary for the product stream to be introduced
into, separated, and identified using the GC-TCD
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allowed the hydrogen and nitrogen to pass over an MS-13X mole sieve column (6 ft.
long, 1/8 inch outer diameter), which separated these two gases, and the ammonia and
hydrazine to simply pass through a silica column (6 feet long, 1/8 inch outer diameter), so
that ultimately four distinct peaks were seen by the TCD detector. The timing of the
second valve switch was critical to direct the streams onto the desired columns and
needed to be optimized after any change in column configuration for separation to occur
correctly.

Calibration curves were prepared for the hydrazine, ammonia, hydrogen, and
nitrogen that were used to quantify the decomposition reactions. For ammonia, hydrogen
and nitrogen, this was done using calibrating gas mixtures containing 2mol% and 8mol%
of the desired gases, with the balance being argon. The area of the peaks obtained from
the TCD detector directly correlate to the thermal conductivity of the individual
components. Specifically, the thermal conductivity of ammonia is 0.024W/mK, of
hydrogen is 0.186W/mK and of nitrogen 0.026W/mK at 300K.1®! A comparison of these
numbers suggests that the responses of ammonia and nitrogen should be about the same
while the response for hydrogen should roughly be 7 times larger at the same
concentration, which corresponds with what is observed experimentally with the
calibrating gas (Figure 2.39). In all of the calibration curves, very high R? values (0.98-
0.99) were obtained which indicate a linear and proportional detector response
(Experimental Figures 2.48-2.56).

To prepare a calibration curve for hydrazine, the hydrazine concentration in the
argon stream was varied by varying the temperature of the hydrazine reservoir and

[57]

therefore the vapor pressure. At the constant flow rate of 83.7 mL/min, the
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concentration of hydrazine in argon was 1.7 mol% at 25°C and 5.9 mol% at 45°C. The

resulting linear calibration curve had an R? value of 0.9947 (Figure 2.40).
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Figure 2.39 Chromatogram of 8% calibrating gas showing the TCD response differences between
ammonia, hydrogen, and nitrogen.
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Figure 2.40 Hydrazine calibration curve at 83.7mL/min

By studying the pure compounds, the average retention time for each gas was

determined (Table 2.7). These values were used for identification of the products
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obtained once hydrazine decomposition testing began. NH; and hydrazine show a
constant retention time of 5.2 +0.3 and 7.6 +0.4 minutes respectively. However, the
retention times of H, and N; are dependent on the timing of the second valve switch, so
they changed as the system was optimized. What remained constant however was that
the H, retention time was 0.52 + 0.03 minutes after the valve switch and the N, retention

time was 0.99 £0.04 minutes after the switch.

Table 2.7 Average retention times of all four pure gas components in minutes

NH; Hydrazine H, N,
Retention Time 52+0.3 76+04 10.52 + 0.03 10.99 + 0.04
13.52 + 0.03 13.99 + 0.04

2.3.5 GC-TCD Analysis Modifications

While initially excellent results were obtained with this GC-TCD configuration,
over time, problems arose with the analysis. During attempts to calibrate hydrazine at a
flow rate of 29.4mL/min, a diminished signal with a gas stream of 7.1% was seen, much
lower than what was expected for these conditions (an area of 20,000-30,000 versus
170,000-180,000 expected). The GC was tested at a variety of temperature and flow
rates (130°C-200°C and 10-30m/min), however, signal was not consistently seen.
Furthermore, hydrazine decomposition was seen with no catalyst bed present (Figure
2.41).

To determine whether this problem was occurring in the reactor system or within
the GC-TCD itself, the hydrazine gas stream from the end of the reactor was collected

and condensed into a tetrahydrofuran (THF) solution. After an hour of collection, this
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Figure 2.41 Appearance of ammonia peak with no catalyst bed present in the system

solution was injected into a GC-mass spec. For comparison, an independently prepared
solution of hydrazine in THF was also injected into the GC-MS. The two solutions gave
identical spectra, both clearly indicating the presence of hydrazine. This test showed that
the complete decomposition we were seeing and any hydrazine adsorption leading to a
diminishing of signal must be taking place inside the GC itself.

The GC columns were replaced with columns containing the same packing,
Chromosorb 102, but now glass lined so that the hydrazine did not come into contact with
any metal surfaces within the GC. This was done as 316 stainless steel (the column
material) is only rated for use with hydrazine up to 70°C.°®  This eliminated the
decomposition problem, however, the problem of a diminished hydrazine signal
remained.

Two columns, Tenax TA and Carbowax 1500 have been reported in the literature
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and are used for hydrazine analyses."**!! Initially neither column gave promising results,

as through the Tenax TA column, the hydrazine peak appeared broad and double
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humped, and through the Carbowax 1500 column, no peak at all was seen. However,
when the 2% calibrating gas was passed through each of these columns, and no ammonia
peak could be seen either, this indicated that a problem caused by something other than
column packing material was occurring.

The six port valves were removed and cleaned. Upon opening them up, a black
oily liquid was found inside both valves. These valves were made of hastelloy, which
can react with hydrazine. It is believed that the black oil was caused by a side reaction
with this metal and was both interfering with the passage of hydrazine and ammonia
through the system, as well as contaminating the GC columns themselves. The six port
injection valve was replaced with an identical valve constructed of Nitronic 60 stainless
steel. With this in place, the second generation analysis method was devised.

The second generation analysis system was a simplified version of the first
generation system. The product gas stream passes through the injection six port valve

(Figure 2.42). Following injection, all products pass over a Carbowax 1500 column (6 ft.

SAMPLE LOOP

SAMPLE OUT
SAMPLEIN

Nitronic 60
Valve

IN > TCD

COLUMN
Carbowax 1500

Figure 2.42 Second generation GC-analysis system
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long, 1/8 inch outer diameter) at a flow rate of 50mL/min in a GC heated to 130°C and
directly to the detector. There is no second valve switch and no passing over either a
silica or a mole sieve column. With this method, hydrogen and nitrogen cannot be
separated and they elute as a single peak. However, there is good peak separation
between the combined H,/N; peak, the ammonia peak, and the hydrazine peak, allowing
for analysis of products based on yield of ammonia formed. With this new configuration,
the N»/H, peak elutes at 0.2780 + 0.0005 minutes, the ammonia at 0.41 + 0.05 minutes,
and the pure hydrazine at 2.90 £ 0.03 minutes. It is interesting to note that, in the
presence of ammonia, there is a co-elution affect and the hydrazine then elutes at 1.6 +

0.1 minutes (Table 2.8).

Table 2.8 Average retention times with second-generation configuration in minutes

N,/H, NH; Hydrazine
Retention Time 0.2780 + 0.0005 0.41+0.05 2.90+0.03
In the presence of NHj 16+0.1

A new calibration was performed for ammonia, nitrogen, and hydrogen, using the
calibrating gas mixtures. Both the N,/H; peak and the ammonia peak were found to have
the desired linear calibrations with an R* value of 0.99 (Experimental Figure 2.58).
Hydrazine was calibrated by passing two different concentrations of hydrazine through
the system. At a flow rate of 29.4mL/min, a 0.9% hydrazine stream and a 1.4%
hydrazine stream were passed through the system. Assuming 0% hydrazine produces 0

response, a linear calibration with an R* value of 0.99 was achieved (Figure 2.43).
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Figure 2.43 Hydrazine calibration with second generation system

2.3.6 Decomposition of Hydrazine — First Generation Reactor

Initial catalyst decomposition testing was performed on a nickel catalyst bed that
was 1.06% loading by weight on 75-200um silica. Hydrazine was kept at room
temperature (~25°C) with a system flow rate of 83.7mL/min (~1mol% hydrazine in the
gas stream. Hydrazine amount is approximate as an accurate system pressure was not
recorded at the time of reaction). The system was tested with the catalyst bed at 25°C,
35°C, 50°C, and 60°C. At each temperature, two samples were taken per data point,
which means the system was run at each temperature for 40 minutes. Under these
conditions, the system did not reach equilibrium at each condition; however, it allowed us
to see general trends.

The areas found for hydrazine, hydrogen and nitrogen were converted to mole
percent amounts of the total gas stream using the 83.7mL/min calibration curve
(Experimental Figure 2.57). Under these conditions, at all temperatures, a hydrazine

peak was seen. The amount of hydrazine seen was highest at 25°C, with 1.32% and
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decreased steadily to 0.25% at 60°C indicating 19% of the hydrazine remained unreacted.
There was 0% yield of ammonia, but very small quantities of hydrogen (0.005-0.01%)
and nitrogen (0.004-0.02%) were present at all temperatures. The hydrogen amount
peaked a 35°C with 0.02%, then decreased steadily, while the nitrogen amount was more
fluxional, with its highest amount being seen at 35°C (0.02%), and its lowest amount at
50°C (0.004%).

Along with the expected peaks for hydrazine, hydrogen and nitrogen, a new peak
appeared with a retention time that varied from 8.9 to 10.4 minutes as the temperature
was increased. This peak initially appeared with an area of 973.6 and increased as

temperature increased to a final value of 1400 (Figure 2.44).
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Figure 2.44 New peak appearance during hydrazine decomposition

An investigation began into the identity of the new peak. The first possibility
studied was that this peak was water introduced in the system either from the hydrazine
or from the silica. To test this, a sample of a 50:50 mixture of water and hydrazine by

volume, followed by a sample of pure water were introduced into the GC-TCD. The
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mixture displayed a single peak, which is not surprising as water and hydrazine together
form a hydrate complex. This peak had a retention time of 7.2, while pure water had a
retention time of 6.9 (Figure 2.45), indicating that neither of these species could explain

the new unknown peak with a retention time of ~10.3.
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Figure 2.45 Comparison of the retention times of pure hydrazine, pure water, and a 50:50 mixture of the
two

Diazene (Figure 2.46) is a well-known intermediate in the decomposition of

62
' In our

hydrazine to its final product mixture of ammonia, hydrogen and nitrogen.!
system, if hydrazine was only undergoing partial decomposition, diazene could be
formed by the adsorption of hydrogen onto the nickel catalyst surface. The thermal

conductivity of diazene is not known, nor is it available as a pure substance which can be

calibrated; therefore diazene will be reported as a peak area.

Figure 2.46 Diazene molecule, formed as an intermediate of hydrazine decomposition.
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Due to the appearance of diazene, it was conjectured that in the previous catalyst
tests the hydrazine was decomposing, but incompletely, forming diazene instead of
ammonia. This may have occurred due to the short exposure time between the hydrazine
and the catalyst caused by either too high of a flow rate, too small an amount of catalyst
packed into the catalyst bed, or a combination of the two. The residency time of the
hydrazine within the catalyst bed was increased by addressing both issues
simultaneously.

The catalyst bed was packed with 0.7g of catalyst with 2.90% nickel loading by
weight. The temperature of the catalyst bed was maintained at 75°C. The hydrazine was
kept at room temperature with an argon flow of 29.4mL/min (~1.35 mol% hydrazine).
To analyze the data obtained with this catalyst bed, ammonia, hydrogen and nitrogen
were converted to mole percents using the 29.4mL/min calibration curves (Experimental
Figure 2.55), and hydrazine and diazene amounts were compared as peak areas. The
reactor was run at these conditions for 4 hours and 40 minutes. Over that time, the
system did not reach equilibrium, however, once initial ammonia formation occurred 1
hour and 20 minutes into the reaction, the ammonia, hydrogen and nitrogen increased
steadily, while the hydrazine and diazene both decreased (Figure 2.47). In the final
sample of the day, the total gas stream analyzed consisted of 0.55% ammonia, 0.02%
hydrogen, and 0.14% nitrogen. There was 73% percent conversion of hydrazine, and
42% yield of ammonia. When just the product stream was examined, the products
contained 81% +3% of the desired ammonia.

The reactor column was stored under argon overnight, and the reaction

continued the next day under the same system parameters, (~1.35% hydrazine stream
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Figure 2.47 Results over time from passing a ~1.35% hydrazine stream over 0.7g of 2.90% Ni loading
catalyst at 75°C with a flow rate of 29.4mL/min.

over 0.7g of 2.90% Ni loading catalyst at 75°C with a flow rate of 29.4mL/min).
Ammonia, hydrazine, diazene, hydrogen, and nitrogen were all present from the
beginning. For 3 hours and 20 minutes, the hydrazine and diazene amounts decreased,
and the ammonia and hydrogen amounts increased until equilibrium was reached with
100% conversion of hydrazine, and a total gas stream composed of 1.7% ammonia,
0.05% hydrogen, and 0.40% nitrogen. This is a 96% + 2% yield of ammonia, and it
represents 82% £3% of the total product stream. The nano-nickel catalyst supported on
silica appeared more active toward the formation of ammonia than the nickel thin film

reported in the literature, which produced a product stream containing 76.03% ammonia

at 90°C.[""]
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2.3.7 Decomposition of Hydrazine — Second Generation Reactor

After re-designing the reactor and analytical method, all supported nanoparticle
catalysts (Ni, Cu, Co, Ir, Rh, and Ru) were tested for their activity towards hydrazine
decomposition and selectivity for ammonia formation. The catalysts were supported on
75-200um silica particles with 150A pores. Each catalyst to be tested had between 2.6%
and 3.6% actual metal loading (The exception was the repeat Ir catalyst, which had only
1.3% metal loading). For each test, approximately 0.3g of catalyst was packed into the
catalyst bed. The catalyst bed was heated to 90°C with flowing argon for 12 hours prior
to the decomposition reaction. During the reaction, the bed was heated to 75°C and the
flow rate of the system was kept at 29.4mL/min. The hydrazine was kept at room
temperature (~ 25°C). Each catalyst was evaluated for activity (amount of hydrazine
decomposed at equilibrium) and selectivity (amount of ammonia formed) at system
equilibrium. Ammonia formation is reported as a yield based on the complete

hydrazine decomposition reaction (Equation 2.15)

3N,Hs — 4NH; + N, (Equation 2.15)

For each catalyst, based on the mole percent of hydrazine entering the system, the
theoretical 100% yield amount of ammonia was calculated. The actual amount of
ammonia formed was determined from the ammonia calibrating curve (Experimental
Figure 2.58). The percent yield was determined as the ratio of the two. Each metal was
tested twice using fresh catalyst either from the same or a similarly prepared batch of

catalyst to confirm reproducibility (Table 2.9).
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Table 2.9 Results from supported nanoparticle catalyst decomposition tests

Metal BET Surface Area NH; Yield Conversion
Loading (m?/g)

3.0% Ni 167+5 91% + 3% 100%
2.9% Ni* 96% + 2% 100%
2.6% Cu 141 £ 4 0% 0%
2.6% Cu 0% 0%
3.1% Ru 195+5 67% + 4% 100%
3.1% Ru 60% + 6% 100%
3.1% Co 96+ 3 0% 0%
3.1% Co 0% 0%
3.3%Ir 163+5 67% + 5% 100%

1.3% Ir 63% + 3% 100%
3.6% Rh 109 +3 60% + 2% 100%
2.8% Rh 55% + 4% 100%

A. Results obtained using first generation reactor system

Under these reaction conditions, both copper and cobalt were found to have no
measurable activity for hydrazine decomposition. With cobalt, in all tests run, no product
formation was observed. With copper, the initial samples showed indications of product
formation, however, after half an hour, these disappeared and no product formation was
observed. It is possible that the copper surface was being poisoned or corroded by
ammonia formation, preventing any further hydrazine from interacting with the catalyst
active sites.

With the other four metals (Ni, Ru, Rh, and Ir) 100% conversion of the hydrazine
to products is assumed, as no hydrazine was seen within the detection limits of the GC-
TCD at equilibrium conditions. In terms of selectivity, nickel was found to have the
lowest, corresponding to the highest ammonia yields, as 94% + 3% yield of ammonia was
observed with this metal. Ruthenium and iridium both produced similar yields of
ammonia with 67% + 6% and 62% =+ 6%. Under our conditions, rhodium showed the

highest selectivity and lowest yields with 57% + 4% ammonia yield. Prior to reaching
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equilibrium, the product stream from rhodium and ruthenium both showed some
fluctuations, with ammonia yield ranging from 17%-97%, which may indicate some
initial ammonia adsorption onto the metals surface. However, these fluctuations were no
longer evidenced once equilibrium was reached.

Based on its excellent ammonia yields, complete conversion of hydrazine to
products, and moderate equilibration times, nickel appears to be the most promising

catalyst for further study and optimization.

2.4 Conclusions

A method for the synthesis of nickel, copper, cobalt, iridium, ruthenium, and
rhodium nanoparticles has been developed. That the particles are of the desired metal
and have a nanoscale size has been confirmed by chlorine and metals elemental analysis,
XRD, and TEM imaging. A method has also been developed to support these metals on
silica for use as catalysts, and samples containing between 2.6% and 3.6% actual loading
of all metals have been prepared and analyzed by chlorine and metals elemental analysis,
XRD, SEM imaging, and BET surface area analysis. The method is versatile, being
easily scaled up in size to produce gram scale quantities of catalyst. However, the actual
metal loading amounts on silica are low. Preliminary work has been done on increasing
the catalyst loading by adding multiple layers of nanoparticles, and that was successful in
increasing the catalyst loading of a nickel sample from 8% to 14%, however the
nanoscale of the catalyst was lost in this process. Future work will focus on further ways
to increase the supported amount and to better control the actual percent loading

compared to the desired theoretical percent loading.
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A variation of the method used to produce the commercial catalyst Shell 405 has
also been developed for catalyst synthesis. Using this method, samples have been made
with theoretical loadings from 2-50% of nickel, copper and cobalt. At low percent
loadings (<7% for Ni and <20% for Cu), full reduction to metal is achieved with nickel
and copper, however, at higher loadings of these metals and all loading of cobalt,
unreduced metal chloride salt remains in the system. This method is also versatile as it
can be used for multiple metals and can produce large batches of catalyst at once.
However, work must be done to optimize the system and achieve complete reduction to
the desired metals.

A reactor to test these catalysts was designed and built in our lab and a safety plan
for working with hydrazine was developed and implemented with the aid of
Environmental Health and Safety. Product analysis was performed using a GC with TCD
detector. Using the first and second generation designs of this reactor and analysis
method, supported nanoparticle catalysts of nickel, copper, cobalt, ruthenium, rhodium
and iridium have been tested for their activity towards the decomposition of hydrazine
and selectivity for the formation of ammonia as a product. Cobalt and copper did not
show measurable activity for hydrazine decomposition under the reaction conditions
investigated. However, nickel, ruthenium, rhodium, and iridium all showed high activity
with complete decomposition of the hydrazine to the production ammonia, hydrogen, and
nitrogen. Nickel appears to be the most promising catalyst for further development as it
showed the most selectivity for ammonia formation with ammonia yields of 94% + 3%
over repeat runs. Optimization of the use of this catalyst including percent loading and

reaction temperature will be pursued in future work. Once the synthesis method has been
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optimized for complete reduction, the Shell catalysts will also be tested for their
hydrazine decomposition abilities, and their behavior compared to that of the supported
nanoparticle catalysts. The overall path forward for this work will be to couple our
hydrazine decomposition with the electric propulsion thruster to finalize the design of a

dual stage, single propellant engine.

2.5 Experimental

General Methods. Nickel chloride, nickel chloride hexahydrate, copper chloride,
ruthenium chloride, rhodium chloride hydrate, iridium chloride hydrate, cobalt chloride
amorphous silica, hydrazine, hydrazine monohydrate, sodium hydroxide, and sodium
borohydride were purchased from SigmaAldrich and used without further purification.
Spherical silica was purchased from Sorbent Technologies (Atlanta, GA). Ethylene
glycol was also purchased from SigmaAldrich. Initial reactions were run with untreated
ethylene glycol, however, for later reactions, ethylene glycol was treated by refluxing
with heptane at 95°C for 10-15 hours to remove water. Calibrating mixtures of ammonia,
nitrogen and hydrogen, 2mol% and 8mol% of each with argon as the balance gas were
purchased from Scott Specialty Gas Corporation (Augusta, GA). All GC-TCD columns
were purchased from and packed by Supelco (Bellefonte, PA).

All UV-vis measurements were performed on a Hewlet Packard 8453 UV-Vis
system. Chlorine elemental analysis was performed by Atlantic Microlab (Norcross, GA)
and was done by flash combustion followed by ion chromatography. All metals
elemental analysis were performed by Columbia Analytical Services (Tucson, AZ) by

atomic adsorption spectroscopy. All electron microscopy was done at the Robert P.
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Apkarian Integrated Electron Microscopy Core at Emory University. SEM images were
taken on a Topcon DS-130F Field Emission Scanning Electron Microscope and TEM
images were taken on either a JEOL JEM-1210 Transmission Electron Microscope or a
Hitachi H-7500 Transmission Electron Microscope. XRD analysis was performed by the
microstructural characterization facility in the materials science and engineering
department at the Georgia Institute of Technology. The XRD were run on an X’Pert
PRO Alpha-1 diffractometer with a symmetrical incident beam Johansson
monochromator, an X’celerator detector, and 1.8 kW Ceramic Copper tube X-ray source.
BET surface area analysis was performed by the Koros Research group at the Georgia

Institute of Technology on a Micromeritics ASAP 2020.

Synthesis of Nickel Nanoparticles with PVP

Ni nanoparticles were synthesized according to the literature procedure of Couto
and co-workers.*®! Stock solutions were made of NiCI12+6H20 and the desired PVP in
ethylene glycol (5.0¥10°M NiCl;6H,0 and 1.5*10“*M PVP in 100mL). Vigorous
magnetic stirring was used to dissolve all solid. Stock solution (1, 2, or 4 mL) was
diluted in ethylene glycol to give the desired concentrations (4*10™*M NiCl,-6H,0 and
1.2*¥10°M PVP or 2*10* M NiCl,-6H,0 and 5.9%10°M PVP). The solution was heated
to 140 °C. At temperature, sodium borohydride was added (0.180g, 4.76mmol) with
stirring. This reacted at temperature for 2 hours. It was cooled to room temperature.
Acetone was added to the solution (50mL) to precipitate nanoparticles. It was
centrifuged and the supernatant decanted. Particles were stored in 15mL of ethylene

glycol and acetone mixture.

72



Synthesis of Nickel Nanoparticles without PVP - Initial

Ni nanoparticles were synthesized according to the literature procedure of Wu and
coworkers.””! Nickel(IT) chloride (26mg, 0.20mmol) was added to dry ethylene glycol
(10mL) to make a 20mM solution. Sodium hydroxide solution (0.72mL of 1.0M) was
added. This was sonicated until all solid NiCl, dissolved. Hydrazine monohydrate
(0.12mL, 2.5mmol) was added. The reaction mixture was warmed to 60°C and stirred
for 1 hour. It was cooled to room temperature. A magnet was placed in solution to
remove all Ni particles formed. Particles were washed in ethanol, removed from the

magnet, and stored in ethanol solution.

Silica Support — Method One

Nickel particles were adsorbed onto silica using a modification of a literature
method.?  Silica gel (1.2g, amorphous silica) was baked in air at 500°C for 10 hours.
The dried silica was stirred with nickel particles (0.1g, 1.7mmol) in ethanol (10mL) at
room temperature, under an inert atmosphere for 12 hours. Solvent was removed by

vacuum and heat to obtain a fine white powder.

Silica Support — Method Two

Nickel particle precursor was adsorbed onto silica using a modification of a

I' Silica gel (5.0g, amorphous silica) was baked in air at 500°C for 9

literature method."*°
hours. The dried silica was stirred with nickel chloride (0.55g, 4.24mmol) in water

(25mL) at room temperature, under nitrogen, overnight. Solvent was removed by

vacuum and heat to obtain a pale yellow powder. This powder was placed in ethylene
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glycol (212mL) with vigorous stirring. Sodium hydroxide solution (15.2mL of 0.1M)
was added followed by hydrazine monohydrate (2.5mL, 51.5mmol). The reaction was
warmed to 60°C and stirred for 1 hour. It was cooled to room temperature, diluted with
ethanol, and filtered to remove solid product. The solid was collected dried by vacuum.

Final product was collected as a pale blue powder.

Silica Support — Method Three

Nickel nanoparticles were made by the non-PVP method described above. Once
the reaction was finished, before particle isolation, silica (0.058g, 75-200um, 150A pores
for 20% loading) was added to mixture with vigorous stirring. Two equivalents of
ethanol by volume (50mL of ethanol to 25mL of ethylene glycol) were added. This
stirred under an inert atmosphere for 4 days. This was filtered to collect solid product.
The solid was collected and dried by vacuum. Product was obtained as a grainy,

magnetic, black powder.

Standard Synthesis and Support-Optimized Method

Nickel(IT) chloride (0.325g, 2.5mmol) and solid sodium hydroxide (0.36g,
9.00mmol) were dissolved in ethylene glycol (125mL) at 60°C. The desired amount of
silica was added (1.32g 75-200pum, 150A pores for 10% loading) Hydrazine monohydrate
(1.5mL, 30.9mmol) was added. This mixture stirred at temperature for 1 hour. It was
cooled to room temperature and stirred overnight. Product was collected by centrifuge,
washed with ethanol, and solvent was removed with vacuum and heat. Product was

obtained as a dark grey powder.
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Increasing Catalyst Loading-Second Nanoparticle Layer

Nickel(IT) chloride (60.8mg, 0.470mmol) was added to dry ethylene glycol
(23.3mL) to make a 20mM solution. Sodium hydroxide solution (1.68ml of 1.0M) was
added. This was sonicated until all solid NiCl, dissolved. Hydrazine monohydrate
(0.28mL, 5.77mmol) was added. The reaction mixture was warmed to 60°C and stirred
for 1 hour. It was cooled to room temperature. Two equivalents of ethanol by volume
(46.6mL) were added. Nickel on silica sample was added (189.7mg of 8.4%N:i on silica).
This stirred for four days. Solid was collected by filtration, washed with ethanol and

dried with vacuum and heat. Product was collected as a dark grey solid.

Synthesis of Copper Nanoparticles

Copper(I) chloride (49.5mg, 0.5mmol) and solid sodium hydroxide (72mg,
1.8mmol) were dissolved in ethylene glycol (25mL) at 60°C with vigorous stirring. After
complete dissolution of solid reactants, hydrazine monohydrate (0.3mL, 6.2mmol) was
added, and the mixture continued to react for 1 hour at 60°C. It was then cooled to room
temperature. Product was collected by centrifugation, washed with ethanol and dried

with vacuum and heat. Product was collected as a dark reddish brown powder.

Synthesis of Supported Copper Nanoparticles

Copper (I) chloride (247mg, 2.5mmol) and sodium hydroxide (360mg, 9.00mmol)
were added to dry ethylene glycol (125mL). The solution was warmed to 60°C with
stirring until complete dissolution of solid. The desired amount of silica was added

(1.43g, 75-200pum, 150A pores for 10% loading). Hydrazine monohydrate (1.5mL,
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30.9mmol) was added. This mixture stirred at temperature for 1 hour. It was cooled to
room temperature and stirred overnight. Product was collected by centrifuge, washed
with ethanol, and solvent was removed with vacuum and heat. Product was obtained as a

reddish brown powder.

Synthesis of Cobalt Nanoparticles

Cobalt(II) chloride (0.325g, 2.5mmol) was added to dry ethylene glycol (125mL).
Sodium hydroxide (0.36g, 9.00mmol) was added. The solution was warmed to 60°C
with stirring until complete dissolution of solid. Hydrazine monohydrate (1.5mL,
30.9mmol) was added. The reaction was stirred for 1 hour. It was warmed to 190°C and
stirred overnight. It was then cooled to room temperature. Product was collected by
centrifugation, washed with ethanol and dried with vacuum and heat. Product was

collected as a dark grey metallic powder.

Synthesis of Supported Cobalt Nanoparticles

Cobalt nanoparticles were synthesized by the standard method described above.
Before centrifugation, the desired amount of silica was added (1.69g, 75-200um, 150A
pores for 8% loading). This stirred at room temperature under an inert atmosphere for 72
hours. Product was collected by centrifugation, washed with ethanol and dried with

vacuum and heat. Product was collected as a dark grey metallic powder.

Synthesis of Ruthenium Nanoparticles
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Ruthenium(III) chloride (0.104g, 0.501mmol) was added to dry ethylene glycol
(25mL). Sodium hydroxide (0.072g, 1.8mmol) was added. The solution was warmed to
60°C with stirring until complete dissolution of solid. Hydrazine monohydrate (0.3mL,
6.16mmol) was added. It was warmed to 120°C and stirred for 24 hours. It was then
cooled to room temperature. Product was collected by centrifugation, washed with

ethanol and dried with vacuum and heat. Product was collected as a dark brown powder.

Synthesis of Supported Ruthenium Nanoparticles

Ruthenium(IIl) chloride (0.259g, 1.25mmol) was added to dry ethylene glycol
(75mL). Sodium hydroxide (0.18g, 4.5mmol) was added. The solution was warmed to
60°C with stirring until complete dissolution of solid. The desired amount of silica was
added (1.449g, 75-200um, 150A pores for 8% loading). Hydrazine monohydrate (0.9mL,
18.5mmol) was added. It was warmed to 120°C and stirred for 24 hours. It was then
cooled to room temperature. Product was collected by centrifugation, washed with

ethanol and dried with vacuum and heat. Product was collected as a dark brown powder.

Synthesis of Rhodium Nanoparticles

Rhodium(III) chloride hydrate (0.264g, 1.000mmol) was added to dry ethylene
glycol (50mL). Sodium hydroxide (0.144g, 3.6mmol) was added. The solution was
warmed to 60°C with stirring until complete dissolution of solid.  Hydrazine
monohydrate (0.6mL, 12.3mmol) was added. It was warmed to 190°C and stirred for 2

hours. It was then cooled to room temperature. Product was collected by centrifugation,
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washed with ethanol and dried with vacuum and heat. Product was collected as a dark

brown powder.

Synthesis of Supported Rhodium Nanoparticles

Rhodium(IIT) chloride hydrate (0.264g, 1.000mmol) was added to dry ethylene
glycol (50mL). Sodium hydroxide (0.144g, 3.6mmol) was added. The solution was
warmed to 60°C with stirring until complete dissolution of solid. The desired amount of
silica (1.18g, 75-200um, 150A pores for 8% loading) was added. Hydrazine monohydrate
(0.6mL, 12.3mmol) was added. It was warmed to 190°C and stirred for 2 hours. It was
then cooled to room temperature. It stirred at room temperature overnight. Product was
collected by centrifugation, washed with ethanol and dried with vacuum and heat.

Product was collected as a dark brown powder.

Synthesis of Iridium Nanoparticles

Iridium(IIT) chloride hydrate (0.1762g, 0.500mmol) was added to dry ethylene
glycol (25mL). Sodium hydroxide (0.072g, 1.8mmol) was added. The solution was
warmed to 60°C with stirring until complete dissolution of solid.  Hydrazine
monohydrate (0.3mL, 6.16mmol) was added. It was warmed to 190°C and stirred for 3
hours. It was then cooled to room temperature. Product was collected by centrifugation,
washed with ethanol and dried with vacuum and heat. Product was collected as a dark

brown powder.

Synthesis of Supported Iridium Nanoparticles
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Iridium(IIT) chloride hydrate (0.1762g, 0.500mmol) was added to dry ethylene
glycol (25mL). Sodium hydroxide (0.072g, 1.8mmol) was added. The solution was
warmed to 60°C with stirring until complete dissolution of solid. The desired amount of
silica was added (1.1g, 75-200um, 150A pores for 8% loading). Hydrazine monohydrate
(0.3mL, 6.16mmol) was added. It was warmed to 190°C and stirred for 3 hours. It was
then cooled to room temperature. It stirred at room temperature overnight. Product was
collected by centrifugation, washed with ethanol and dried with vacuum and heat.

Product was collected as a dark brown powder.

Synthesis of Nickel Catalyst — Shell Method

NiCl, powder (0.22g, 1.70mmol) was weighed into a glass evaporating dish.
Distilled water was added (5mL), for a solution molarity of 0.338M. Aqueous
ammonium hydroxide (0.2mL of 30% solution) was added to this slowly, with constant
stirring.  Stirring continued for one hour at room temperature. Spherical silica (2g, 75-
200um, 150A pores) was added. This mixture stirred at room temperature for 30 minutes.
It was heated to 150°C with continued stirring to evaporate all solvent. Solid was

calcinated at >300°C in a gas stream of 40:60 hydrogen and nitrogen for 5 hours.

Synthesis of Copper Catalyst — Shell Method

CuCl powder (0.62g, 6.26mmol) was weighed into a glass evaporating dish.
Distilled water (2mL) was added for a solution molarity of 0.31M. Aqueous sodium
hydroxide (5SmL, 30% solution) was added to this slowly, with constant stirring. Stirring

continued for one hour at room temperature. Spherical silica (2g, 75-200pum, 150A
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pores) was added. This mixture was stirred at room temperature for 30 minutes. It was
warmed to 150°C with continued stirring to evaporate solvent. The solid was calcinated

at >300°C in a gas stream of 40:60 hydrogen and nitrogen for 5 hours.

Synthesis of Supported Cobalt Catalyst — Shell Method

CoCl, powder (0.22g, 1.70mmol) was weighed into a glass evaporating dish.
Distilled water (5SmL) was added for a solution molarity of 0.339M. Aqueous sodium
hydroxide (0.4mL, 30% solution) was added to this slowly, with constant stirring.
Stirring continued for one hour at room temperature. Spherical silica (2g, 75-200um,
150A pores) was added. This mixture was stirred at room temperature for 30 minutes. It
was warmed to 150°C with continued stirring to evaporate solvent. The solid was

calcinated at >300°C in a gas stream of 40:60 hydrogen and nitrogen for 5 hours.

UV-vis Analysis

To obtain UV-vis spectra of the starting salts, a few crystals of each metal salt
were dissolved in ethylene glycol. To obtain UV-vis spectra of product solution, two

drops of solution were removed from the product and diluted in ethylene glycol.

Preparation of XRD Samples

XRD samples were prepared on clean glass plates. A small amount of product
powder (plain nanoparticles or nanoparticles embedded on silica) was made into a slurry
with ethanol. Pasteur pipette was used to transfer the slurry 2-3 drops at a time onto the

slide. Ethanol was allowed to evaporate in between each addition. Sample had to cover
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an area 0.5cm by lcm in the center of the slide to obtain good results. Slides were dried

in the vacuum oven overnight.

Preparation of SEM Samples

SEM samples were made on SEM stops covered with black carbon tape. Silica
supported nanoparticle powder was dusted onto the carbon tape. Samples were coated

with either chromium or a gold/palladium mix prior to imaging.

Preparation of TEM Samples

TEM samples were made on carbon coated copper grids. A few drops of metal
nanoparticle solution in ethylene glycol were diluted heavily in ethanol (ImL). The
mixture was sonicated to evenly disperse particles. One single drop of solution was

placed on each grid and allowed to dry in air followed by vacuum drying for 5 minutes.

Preparation of Calibration Curves: Ammonia, Nitrogen, Hydrogen, and Hydrazine

With the first generation GC analysis, configuration, and settings of 130°C and
10mL/min. flow rate, calibration curves of the product gases were made using calibrating
gas mixtures containing either 2 mol% or 8 mol% of ammonia, nitrogen, and hydrogen
with argon as the balance gas. The areas obtained from these two calibrating gases were
used, along with the assumption that at 0% calibration there will be no area response in
the GC-TCD. Calibration curves were obtained at flow rates of 83.7mL/min,

190mL/min, 95mL/min, 43.1mL/min, 29.4mL/min and a flow meter setting of 5, which
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does not have a calibrated value, and in all cases, R” values were 0.98 or higher (Figures

2.48-2.53).
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Figure 2.48 Calibration curves of N,, H, and NHj; at 83.7mL/min
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Figure 2.49 Calibration curves of N,, H, and NH; at 190mL/min
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Figure 2.50 Calibration curves of N,, H, and NH3 at 95mL/min
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Figure 2.51 Calibration curves of N,, H, and NHj; at 43.1mL/min
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Figure 2.52 Calibration curves of N,, H, and NHj; at 29.4mL/min
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Figure 2.53 Calibration curves of N,, H, and NHj; at Flow Level 5
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With this configuration, the ammonia and hydrazine peaks overlapped with each
other due to trailing of the peaks (a common phenomena for compounds containing
amine functionality). Therefore, each peak was deconvoluted using the Origin® program.
In order for data obtained in Origin to be accurately analyzed, the calibration curves had
to be re-done using this program. This was necessary, as the GC software and the Origin
software use a substantially different standard area unit. Calibrations at 83.7mL/min,

29.4mL/min, and Flow Level 5 were re-done in Origin (Figures 2.54-2.56).

83.7mL/min

Area
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Figure 2.54 Calibration curves of N,, H,, NH;3 and N,H, at 83.7mL/min after processing with Origin
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Figure 2.55 Calibration curves of N, H,, and NH; at 29.4mL/min after processing with Origin
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Figure 2.56 Calibration curves of Ny, H,, and NHj; at Flow Level 5 after processing with Origin
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A calibration curve of hydrazine was also prepared. The hydrazine concentration
in the argon stream was varied by varying the temperature of the hydrazine reservoir and

57V At the constant flow rate of 83.7 mL/min, the

therefore the vapor pressure.
concentration of hydrazine in argon was 1.72 mol% at 25°C and and 5.94 mol% at
45°C. The resulting linear calibration curve with an R* value of 0.9947 is shown in

Figure 2.57 as well as a comparison of the calibrations for all four gases at a flow rate of

&3.7mL/min.
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Figure 2.57 A. Calibration of pure hydrazine at 83.7mL/min. B. Calibration of all 4 gases at 83.7mL/min
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With the second generation GC configuration and settings of 130°C and flow rate
50mL/min, new calibrations were performed. The calibrations of ammonia and the
unseparated mixture of N, and H, gas were performed using 2% and 8% purchased gas
mixtures, and assuming a 0 response at 0% calibration for the third point. For each gas, a

linear calibration with an R* value of 0.99 was obtained (Figure 2.58).

29.4mL/min y = 47884x
R*=0.9973
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R =0.9966
¢ NH3 = N2H2

Figure 2.58 Calibration curves of NH; and N,/H, mixture at 29.4mL/min

Hydrazine was calibrated at a flow rate of 29.4mL/min by analyzing samples
containing 0.9% hydrazine 1.4% hydrazine Assuming 0% hydrazine produces 0 response,

a linear calibration with an R? value of 0.99 was achieved (Figure 2.59).
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Figure 2.59 Calibration curve for hydrazine at 29.4mL/min

Catalyst Bed Packing Procedure

First Generation: Catalyst was packed in “ inch stainless steel 316 tubing (4inches in
length). Into one end, 230 mesh size stainless steel mesh, and glass wool were packed.
Catalyst powder was added through a funnel. During addition vacuum was pulled
(~1lmmHg) through the tube, accompanied by vibration to ensure even packing. After the
tube was filled, glass wool was inserted in the other end, as well as another piece of 230
mesh size stainless steel mesh.

Second Generation: Catalyst was packed in empty HPLC columns of 4.6mm inner
diameter and 30mm in length made of 316 stainless steel. A frit containing 20um pores
was placed at each end of the column. Catalyst powder was added through a funnel.
During addition vacuum was pulled (~1lmmHg) through the tube, accompanied by

vibration to ensure even packing.

Hydrazine Decomposition
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For both first and second generation reactors, hydrazine (1mL) was loaded into a glass
vessel. Argon carrier gas was flowed through the system. Flow rate was controlled by a
flow meter. This carrier gas bubbled through the liquid hydrazine. Based on the
temperature of the hydrazine and pressure of the system, a certain percentage of
hydrazine vapor was carried into the catalyst bed. The catalyst bed was heated to 75°C.
The product stream passed from the catalyst bed into a sample loop heated to 75°C.

Rotation of a six-port valve injected the sample from the sample loop into the GC.

GC Troubleshooting

During attempts to calibrate hydrazine at a flow rate of 29.4mL/min, a diminished
signal with a gas stream of 7.1% was seen, much lower than what was expected for these
conditions (an area of 20,000-30,000 versus 170,000-180,000 expected). To determine
where the loss of signal was occurring, the system was tested with the GC at different
temperatures and flow rates. The GC oven was set at 130°C and the gas flow rate at
10mL/min. It was found that upon increasing the temperature of the oven to 200°C,
while leaving the flow rate at 10mL/min., a consistent hydrazine peak was again
obtained. The GC temperature was decreased to 170°C and signal was also detected, so
further analyses were run at this temperature.

However, the decomposition of hydrazine to ammonia and nitrogen was seen in
the absence of catalyst. This was evidenced by the decrease of the hydrazine peak and the
appearance of an ammonia peak, as well a nitrogen peak (Figure 2.41).

To determine whether this problem was occurring in the reactor system or within

the GC-TCD itself, the hydrazine gas stream from the end of the reactor was collected
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and condensed into a tetrahydrofuran (THF) solution in a dry ice bath. After an hour of
collection, this solution was injected into a GC-mass spec. For comparison, an
independently prepared solution of hydrazine in THF was also injected into the GC-MS.
The two solutions gave identical spectra, both clearly indicating the presence of
hydrazine. This test showed that the complete decomposition we were seeing and any
hydrazine adsorption leading to a diminishing of signal was taking place in the analysis
zone.

The GC-columns were packed 316 stainless steel columns. This stainless steel is
rated for use with hydrazine, however, only up to a temperature of 70°C.P¥ At higher
temperatures and for long exposure time hydrazine decomposition can be catalyzed by
these column walls. New glass lined columns were purchased and installed, both of the
Chromosorb 102 and the silica column. With these new glass lined columns a 1.6%
hydrazine gas stream was passed into the GC, which was set at 170°C and flow rate of
20mL/min. Decomposition of the hydrazine was successfully prevented. However, the
hydrazine signal exhibited an area of 20,228+1100 when 44,000+1000 was expected
based on previous results. The peak was very broad, trailing over 7 minutes; inconsistent
and multi-humped (Figure 2.60). When the temperature was ramped up to 240°C, a
single broad peak could be eluted.

The GC system was examined in sections. First, a 1.6% hydrazine stream was
injected directly from our reactor into the GC detector. A consistent peak with an area of
133,000+8800 was obtained (Figure 2.61). Next, the hydrazine was passed through the
glass lined silica column and to the detector. Once the system stabilized, while the peak

shape was now different, it was a consistent peak with an area of 134,000+1500 (Figure
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Figure 2.60 Hydrazine peak obtained with glass lined Chromosorb 102 columns
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Figure 2.61 Peak obtained from hydrazine passing straight to the detector
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2.62). Within error, these are the same value, indicating that the hydrazine problem was
not occurring within the silica column either. This implied that the problem could be
with the Chromosorb 102 column. To test this, hydrazine was passed straight through

this column and to the detector bypassing all other columns and the valve switch.
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Figure 2.62 Peak obtained from hydrazine passing only through the Supelcoport column

When this was done the peak area diminished considerably, to 44,000. As more
samples were run under these conditions, the peak area fluctuated going as low as 34,000
and as high as 46,000. It also broadened from two and half minutes for complete elution
to six minutes, and it went from being a single humped peak to having four distinct
humps (Figure 2.63). This confirmed that the problem was arising within the
Chromosorb 102 column.

Two columns, Tenax TA and Carbowax 1500 were chosen as possible
replacements since they are used both in literature as well as by the International

Standards Organization to verify the purity of commercially available hydrazine.>**"
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Figure 2.63 Peak obtained from hydrazine passing only through the glass lined Chromosorb 102
column

Initially the Tenax TA column appeared promising. Using this column when a hydrazine
gas stream containing 1.6% was passed through the GC at 170°C and a flow rate of
20mL/min a signal with an area of 64,000 + 3,500 was seen. This signal was broad,
taking almost 7 minutes to elute, and double humped, but it was consistent. When the
concentration in the gas stream was increased to 9.0%, the signal area increased to 93,000
+ 6,000. Though the peak was still taking 7 minutes to elute, and was double humped,

again the peak was consistent (Figure 2.64).
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Figure 2.64 Peak obtained from 9% hydrazine passing through Tenax TA
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These results were not reproducible, however. When the system was run under
the exact same conditions for a second time, the 1.6% hydrazine gas stream gave a signal
of only 10,600 + 280 and the 9% gas stream gave a signal of only 15,400 + 400.
Furthermore, a second unidentified peak appeared down field at a retention time of 8.3

minutes (Figure 2.65).
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Figure 2.65 Repeat of 9% hydrazine passing through Tenax TA showing a smaller hydrazine peak and new
peak

In literature, there are cases where before hydrazine is analyzed, the GC columns
are first pre-saturated by a direct injection of liquid hydrazine into the system.®” That
was attempted with the Tenax column by a direct injection of 10uL of liquid hydrazine
into the system. After the baseline stabilized, the 1.6% gas stream was again injected
from the system. Unfortunately, the saturation did not appear to improve the quality of
the resulting hydrazine peak.

The Carbowax 1500 column was installed in the GC. These columns are stable at

much lower temperatures than the Chromosorb 102 or the Tenax TA and in literature are
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often used at temperature ranges from 100°C-130°C but with high flow rates.”**" §

o,
initially the GC was set at 100°C and a flow rate of 40mL/min. Several injections of a
1.6% hydrazine stream produced no peaks. The column temperature was increased to
130°C, and again no peaks were visible. The column saturation was attempted with these
columns as well, by direct injection of 30uL of liquid hydrazine per literature method.*”
However, this appeared to have no affect as, after allowing the baseline to stabilize,
injections of a 1.6% gas stream from the reactor did not show a signal.

The 2% calibrating gas was passed through this system, and while hydrogen and
nitrogen showed the expected peaks, no ammonia signal was visible. The Carbowax
1500 columns were removed and replaced by the Tenax TA columns. 2% calibrating gas
was passed through this system with the GC set at 170°C and a flow rate of 20mL/min.
Once again, an ammonia signal was not present. This indicated that the problem was not
related to the column packing material, as it was seen with two different columns.

By segmenting the GC system, it was found that when calibrating gas was passed
only through the injector valve and Tenax column straight into the detector, the ammonia
peak was present with the expected area. However, once the calibrating gas was passed
through the second six-port valve, that peak disappeared. The valve was removed and
opened up for inspection and cleaning. Inside, it was found to contain a black oily liquid.
It is likely that this liquid was caused by a reaction between hydrazine the valve material
of construction, hastelloy. The six-port injector valve was also opened up and found to
contain a similar black liquid. To overcome this problem, the injector valve was replaced
by an identical valve constructed of Nitronic 60 stainless steel. The analysis system was

also redesigned to only require the use of a single valve, minimizing potential
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interaction/decomposition, and the second generation analysis was developed (See

section 2.3.5).
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CHAPTER THREE
SWITCHABLE ROOM TEMPERATURE IONIC LIQUIDS

3.1. Introduction

Solvents as we traditionally know them have very fixed properties. For example,
a polar solvent is always polar, while a non-polar solvent is always non-polar. Some
properties, such as viscosity can be modified slightly by altering temperature and
pressure of a system, but in general the chemical and physical properties of a given
solvent are known and constant. While this can have advantages, there are many cases in
which this becomes a disadvantage. In large multi-step syntheses, the solvent may have
to be removed and changed between each step, and on an industrial scale, this has a major
economic and environmental impact. Having a single solvent whose properties could be
easily changed would be a major benefit.

In the past few years, switchable materials have frequently been reported in
literature. ['*? The first switchable solvent system was published in 2005, by the Eckert-
Liotta and Jessop groups. Specifically, bubbling CO, through a one-to-one mixture of
1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU) and hexanol led to the formation of a room
temperature ionic liquid.”) Sparging N through the system or heating at only 50 or 60°C

reversed it back to the molecular liquid. (Figure 3.1)

Figure 3.1 Switchable room temperature ionic liquid (RTIL) system based on DBU and an alcohol,
controlled by the addition or removal of CO,
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Using the dye Nile Red as a polarity probe, it was measured that with this system,
the switch from molecular liquid to ionic liquid is the equivalent of going from the
polarity of chloroform to that of dimethylformamide (DMF), a rather substantial switch.
In this chapter, other switchable ionic liquid systems are presented, a two component
guanidine based system and a one component silylated amine based system, both of
which have been studied for their benefits in reactions and separations, as well as other

applications such as extraction of pure hydrocarbons from crude oil and bitumen."*”"!

3.2. Background

3.2.1 Room Temperature lonic Liquids

In recent years, room temperature ionic liquids, also known as molten salts or
RTIL’s, have been very popular in literature. They have been touted as the next wave of
solvents to fix all the current problems inherent with using standard volatile organic
solvents. It is true that RTIL’s have many unique and often desirable properties; they
generally are conductive, have high solvating properties, and low vapor pressure. It is
because of their low vapor pressure that many recognize them as “green” solvents.
However, recent studies have shown that, low vapor pressure not withstanding, many
RTIL’s can be highly toxic to humans and animals and can bioaccumulate easily due to
low biodegradability, low volatility, and ease of water solubility.®'” This is, however,
very structure dependent and often varies according to the chosen anion in the ionic

liquid molecule.
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3.2.2 Reversible lonic Liquids

The first known reversible ionic liquid system was published in 2005 by the
Eckert-Liotta and Jessop groups.”! This original work was very basic and focused on a
single system, DBU mixed in a 1 to I ratio with 1-hexanol. The ionic liquid was formed
by bubbling CO, through the system, and reversed by sparging with nitrogen. The
formation and reversal were confirmed by 'H NMR. Polarity and miscibility of this
single system were also tested. Polarity measurements with Nile Red as the indicator
molecule showed that in switching from a molecular liquid to an ionic liquid the solvent
switched from a system with the polarity of chloroform to one with the polarity of
propanoic acid or the solvent DMF. This polarity change had a major affect on the
miscibility of the system as, in the molecular form it was completely miscible with
decane, while in the ionic liquid form the two liquids were immiscible. While this
publication only gave preliminary information on a single system, and DBU is highly
water reactive so the applications of this specific system are very limited, it was a major
breakthrough as it opened up the possibilities and potentials available with this type of
unique switchable solvent system.

All further ionic liquid work focused on this same type of system using alcohols
until, in 2007, Yamada ef al found that N,N-dimethyl-N’-hexyl ethanimidamide formed a
reversible RTIL with n-butylamine and CO,.!""! (Figure 3.2) With this type of system,
when the ionic liquid was exposed to water, there did not appear to be any formation of
amidinium carbonates."'! Unlike the DBU system this was an example of a reversible

ionic liquid system which was also water stable, a property which now greatly opened up
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Figure 3.2 Reaction of N,N-dimethyl-N’-hexyl ethanimidamide, n-butylamine, and CO2 to form RTIL

the number and variety of potential applications for this type of system. However, like
the DBU system, this one was still a two component system meaning it relied on two
molecular starting components (an amide an amine) that must be kept in an exact 1:1
ratio for the system to be successful. This poses numerous problems from a processing
standpoint, and for large scale application, a system with the same beneficial properties,

but made from a single starting component, would be much more beneficial.

3.2.3 Two Component lonic Liquids

Guanidines were chosen for development in a two component ionic liquid system
because they are strong bases and are much less reactive to water than amidines. In
addition, guanidinium structures have been frequently used as traditional non-reversible

ionic liquids.

3.2.3.1 Guanidine Based lonic Liquids

The first ionic liquids using a non-reversible guanidinium based cation appeared
in literature in 2003, when Mateus ef al synthesized a variety of tetra-alkyl-

) [12]

dimethylguanidinium salts, (Figure 3.3)."~ Of the seventeen different guanidinium salts

synthesized, ten were found to be liquids at room temperature. Those that were ionic
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X = PFg, BF,, TH,N, CI

Figure 3.3 First series of guanidinium based ionic liquids synthesized

liquids showed very good thermal stability (25-150°C for 24-48h), as well as stability
under acidic (HCl), basic (KOH), nucleophilic (NH;) and oxidative (NalO4 and O,)
conditions. They also showed low glass transition temperatures. In general, when
compared to the common RTIL n-butylimidazolium chloride ([bmim][Cl]), the hexa-
alkyl guanidinium salts showed comparable stability.!'*!

This study provided the first valuable insight into the affect that the alkyl
substitutions on the guanidine have on its physical properties, such as melting point (or
glass transition temperature) and miscibility with various solvents, as well as what an
important role the anion plays in the system. Ultimately it showed how easy this type of
system would be to tailor for specific applications, simply by switching out either the
alkyl substitutions on the guanidine (R' and R% Figure 3.3) or the anion of the ionic
liquid (X in Figure 3.3). It provided the first discussion into what a wide range of
possibilities there could be for use of these systems due to these unique properties. Soon
after this initial publication, three other papers based on hexa-alkyl guanidinium RTILs
were published,!”! presenting the possibility of using these novel RTILs for dye-

sensitized solar cells! and oxidations."™ Since that time, guanidine based ionic liquids

have been successfully used as catalysts for Henry reactions (Figure 3.4)!' and aldol
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[17-18] [19

condensations , as solvents for Heck reactions!'”), and as immobilized on supports to
act as heterogeneous catalysts for olefin hydrogenation'*”, just to give a few examples,

showing that they are highly versatile.

O,N OH
o)

Catalyst R?
/\NOZ N 2 >

R? R

Figure 3.4 Example of guanidinium catalyzed Henry reaction. R' and R” can be H, aromatic,
alkyl

The Liotta-Eckert group recently discovered that guanidines, when mixed in a 1:1
molar ratio with alcohols can reversibly react with CO,. Specifically, it was found that
when an equimolar mixture of methanol and 2-butyl-1,1,3,3-tetramethylguanidine was
exposed to gaseous CO, at one atmosphere the RTIL 2-butyl-1,1,3,3-
tetramethylguanidinium methylcarbonate (TMBG MC IL) was formed."! (Figure 3.5) In
contrast with other guanidine ionic liquid systems found in literature, TMBG MC IL is
easily reversible by bubbling Na(g), or by heating at 80°C as confirmed by 'H and C

NMR.

@OZCOMe
R R H
N /|k e MeOH —‘$ N ’%\\ e
T T + N N

Figure 3.5 Reversible formation of 2-butyl-1,1,3,3-tetramethylguanidinium methylcarbonate ionic liquid
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3.2.4 One Component lonic Liquids

The two component ionic liquids systems have many beneficial characteristics,
and maintain an important place as the first reversible ionic liquid systems developed.
However, as mentioned previously, to be useful in large scale industrial applications, a
reversible ionic liquid system is needed that is based on a single molecular starting
component. Primary amines were chosen to study this as they should react with CO, in
much the same way that guanidine and alcohol mixtures do to form reversible ionic

liquids.”! (Figure 3.6)

Figure 3.6 Basic scheme of an amine based one component reversible ionic liquid.

It is important to note that this is a unique system unlike anything previously published in
literature. It is true that quite a bit of work has been done on the use of amines and amine
based ionic liquids to trap CO,, but that is not what is being presented here. In literature,
these so-called task specific ionic liquids are designed specifically for CO, capture via

mainly chemisorption (Figure 3.7).2"

@
2 \/\/N//\:\N \/\/ NH, BC|;>4 + CO,

o £

OYO
®

\/\///_\ NH HaN I\ 285,
N\/N\/\/ \/\/N\/N\/\/

Figure 3.7 Example of task specific amine based ionic liquid for CO, capture.
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3.3 Results and Discussion
3.3.1 Two Component lonic Liquids

3.3.1.1 Synthesis of 2-butyl-1,1.3.3-tetramethylguanidine (TMBG)

Tetra-alkylsubstituted ureas are reacted with oxalyl chloride, phosgene, or
phosphorus oxychloride producing the intermediate N-(chloro(dimethylamino)methylen)-
N-methylmethanaminium chloride (Compound 2, Figure 3.8) which can be reacted with
an aliphatic or aromatic primary amine to obtain a penta-substituted guanidine (Figure
3.8).l1322231 While there are variations in solvents used, reaction time and reaction
temperature, the same basic procedure is always consistent. While this process is
successful in producing product, the yields are generally low to moderate, the process is
time consuming and involves many solvent changes and highly toxic chemicals

(phosgene for example).

(Y ) @)

Figure 3.8 Example of the guanidine synthesis method

Basically, no simple straightforward procedure exists in literature for the
synthesis of 2-butyl-1,1,3,3-tetramethylguanidine (TMBG) (Figure 3.9). Originally, the
method reported by Costa, et al for the synthesis of 2-cyclohexyl-1,1,3,3-

tetramethylguanidine was modified for our purposes.'*’!
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Figure 3.9 2-butyl-1,1,3,3-tetramethylguanidine (TMBG)

In this method, S0mL of dry 1,2-dichloroethane were added to a round bottom flask
along 5SmL tetramethyl urea. To this, 8mL of oxalyl chloride were added at room
temperature. This was allowed to reflux at 60°C for 12 hours, at which point the solvent
was removed and the resulting solid dissolved in dry acetonitrile. 8mL of butylamine
dissolved in 20mL of dry acetonitrile were slowly added dropwise at 0°C. This was
allowed to warm to room temperature, then refluxed at 92°C for 24 hours. Solvent was
removed under vacuum, and the resulting oil was treated with 30% NaOH solution,
extracted with diethyl ether, dried with magnesium sulphate, filtered, and ether solvent
removed under reduced pressure. This resulted in a pale yellow oil. Distillation of this
oil led to a clear, colorless product whose structure (Figure 3.9) was confirmed by NMR
and elemental analysis.

Results using this method were inconsistent, however, with yields often in the
30% range with large quantities of degradation product in the mixture. To address this, a
switch was made to the method published by U. Schuchardt ef al. for the synthesis of
1,1,2,3,3-pentamethylguanidine.[22] While similar in many respects, this method differed
on several key points; these include reaction time and temperature. Specifically, the first
step was allowed to react for 2 hours at 70°C instead of 12 hours at 60°C, and in the

second stirring was conducted at room temperature overnight then refluxed for only 1
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hour as opposed to 24 hours. This method gave better results, improving isolated yields
to ~70%. However there was still a substantial amount of unreacted starting material,
approximately 15% of the total as seen in 'H NMR (Figure 3.10) and it was believed that
2 hours was not a long enough reaction time for all tetramethylurea to be consumed.
Ultimately the chosen reaction method was a combination of the two previously
described methods with the first step reacting for 5 hours at 70°C and the second step
refluxing for 1 hour at 92°C (Figure 3.11). When fresh reagents were used this method

consistently gives yields of 70-75%.

LAY

3 —&. M1

1.284

Unreacted
Tetramethylurea

Figure 3.10 "H NMR of TMBG product from the Schuchardt method, showing the large amount of
unreacted tetramethylguanidine remaining in the system

The entire reaction including the product is highly water sensitive, so in all cases all

procedures were conducted under strictly anhydrous conditions. Starting materials were
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stored in the glove box, all reactions were run under nitrogen or argon, and the final

product was also stored in the glove box as soon as it was purified.

O

O Cl)ﬂ/
A o 4& _

Dry Dichloroethane
RTto70°C

5 hours /\/\
N

\ /(l)\ ~ HN/\/\ \N)\N/

‘ Cﬁa ‘ Dry Acetonltrlle ‘ ‘
0°CtoRTt092°C

Figure 3.11 Optimized synthesis of 2-butyl-1,1,3,3-tetramethyl guanidine (TMBG)

3.3.1.2 Alternative Approach for the Synthesis of 2-butyl-1.1.3.3-tetramethylguanidine

A simple one pot, one step synthesis method, for penta-substituted guanidines that
could be easily scaled up was also investigated. This involved the simple reaction of
tetramethylguanidine with n-butylbromide. The first step in this process is the reaction of
butylbromide with tetramethyl guanidine to form 2-butyl-1,1,3,3-tetramethyl

guanidinium bromide (Figure 3.12).

©
NH /\/\(,J{?/H Br

\NJ\N/ + PN - \NJ\N/
|

Figure 3.12 Basic reaction scheme for one step TMBG synthesis
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As the bromide group is a good leaving group, this salt should form easily.
Depending on the reaction conditions, either this salt will crash out of solution, which
helps drive the reaction, and it can then be neutralized, or base in the system will perform
the neutralization in situ. Either excess TMG in the system (Figure 3.13 A) or the added

base NaOH (Figure 3.13 B) has been used for this neutralization.

o BrO
/\/\(,‘\?/H Br N/H /\/\N H\%)/H
| + | S | +
NN \N)\N/ \N)\N/ \N)l\N/
A b o o
H <) N
/\/\%/ Br N
NaBr + H
Ao+ moH —— \NJ\N/ + NaBr+ H0
N7 N
B. | |

Figure 3.13 A. Neutralization by excess TMG. B. Neutralization by NaOH

First attempts at this reaction were done with a 3:1 excess of tetramethylguanidine
(TMG) to butylbromide. 25mL of TMG were placed in a three neck flask, and 7.13mL
of butylbromide were slowly added dropwise with stirring. This solution was refluxed at
100°C overnight. After reacting overnight a pale yellow solid formed in the bottom of
the flask. This was removed by filtration, washed with pentane and treated with 30%
NaOH solution. At this point the product existed in an aqueous mixture. All organics
were extracted with diethyl ether (3 times, 25mL), dried with magnesium sulphate,
filtered, and the ether solvent removed under reduced pressure. The NMR showed a
mixture of approximately 4:1 starting material (tetramethylguanidine) and desired TMBG

product. This mixture was purified using Kugelrohr distillation, and a large improvement
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was seen, as the amount of TMG decreased from 80% of the total solution to 8%.
However, that 8% was still too great of an amount for TMBG to be used as a pure
product.

In an effort to increase the purity of the product both different separation
techniques and different reaction methods were attempted. The different reaction
conditions tested are summarized in Table 3.1. For the first five sets of conditions tested
(Runs 1-5, Table 3.1) the starting materials were mixed together at room temperature,
along with a base if used, then brought to the desired reaction temperature. Of these, the
best results were obtained in Run 5, where a 2:1 ratio of TMG to n-BuBr was reacted at

120°C. This method gave 100% yields, as shown by a 1:1 ratio of TMG to TMBG in the

NMR.
Table 3.1 Reaction conditions studied for the one pot synthesis of TMBG
Starting Ratio Base Reaction Temp. Reaction Time
Run 1 3:1 TMG:BuBr None 100°C Overnight
Run 2 1:1 TMG:BuBr Solid NaOH 100°C 1 hour
Room Temp. Overnight
Run 3 2:1 BuBr:TMG 50mL DCM 70°C 1 hour
Room Temp. Overnight
Run 4 2:1 TMG:BuBr None 100°C Overnight
Run 5 2:1 TMG:BuBr None 120°C 1 hour
Room Temp. Overnight
Run 6 2:1 BuBr:TMG Solid NaOH TMG at 120°C 1 hour
Room Temp. Overnight
Run 7 1:1 BuBr:TMG None TMG at 120°C 1 hour
Room Temp. Overnight
Run 8 1:1 BuBr:TMG None BuBr at 120°C- Allowed to cool
145°C once peak temp.
reached

In an attempt to separate the desired product from TMG, three different separation
methods were studied. Distillation was the first method attempted; however, it could not

get below the 8% TMG impurity level achieved by using the Kugelrohr, and often the
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entire sample thermally decomposed. Crystallization was the second method tried;
however, it is believed the two substances have freezing points that are too close to
together as no clear separation was achieved, even though solid was formed in the
solution. The final method attempted was the use of CO; and methanol in the system. It
is known that CO, and a 1:1 mix of TMG and methanol form a solid salt, rather than an
ionic liquid (Figure 3.14), and that this would crash out of solution. However, no solid
was seen when CO, was bubbled through the mixture, which most likely occurred

because that solid is soluble in the TMBG MC IL

O
RIS
\NN/

Figure 3.14 Tetramethylguanidinium methylcarbonate salt.

For Runs 6-7 (Table 3.1) the TMG was preheated to 120°C, at which point n-
BuBr was added dropwise with vigorous stirring. In Run 8 (Table 3.1) these conditions
were reversed; the n-BuBr was preheated to 120°C and TMG was added dropwise. The
best results were obtained when the n-BuBr was first heated to 120°C and the TMG was
slowly added dropwise with stirring in a 1:1 ratio (Run 8, Table 3.1). The reaction
exotherm was allowed to spike to a maximum at approximately 145°C, at which point all
heating was stopped and the solution allowed to cool to room temperature. Standard
work up procedure, using NaOH solution was performed, and NMR analysis showed

formation of TMBG in good yields, with the product mixture containing ~90% of the
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desired TMBG product. However 8-9% unreacted TMG starting material remained in the
system as seen by 'H NMR.

Based on these promising results, several further attempts were made to improve
the reaction yield and decrease the impurity amount. These attempts included running
the entire reaction at higher temperatures (145-160°C) and bubbling argon gas through
the solution rather than simply having it flowing over the mixture as the reaction was

occurring. However, in no case was the amount of TMG present decreased below 8%.

3.3.1.3 Svynthesis and Characterization of the Ionic Liquid 2-butyl-1.1.3.3-

tetramethylguanidinium methylcarbonate

The ionic liquid 2-butyl-1,1,3,3-tetramethylguanidinium methylcarbonate (TMBG
MC IL) was formed by reacting an equimolar amount of methanol and 2-butyl-1,1,3,3-
tetramethylguanidine with CO,. Operationally, CO, gas was bubbled through the
equimolar solution of methanol and guanidine until the exotherm from the reaction
ceased. The salt formed was a viscous oily liquid. It was characterized by NMR ('H, °C
& DEPT-135), IR, elemental analysis, and melting point. The NMR data was run neat,
and showed all expected peaks for this structure, including the appearance of a carbonate
peak in the "CNMR at 158.15ppm. The elemental analysis data exactly matched that for
2-butyl-1,1,3,3-tetramethylguanidinium methyl carbonate, and the IR clearly showed the
appearance of a methyl carbonate peak at 1780cm™. The melting point was found to be -
24 + 1°C.

The solvatochromic properties of 2-butyl-1,1,3,3-tetramethylguanidinium

methylcarbonate were thoroughly investigated. Initially standard Kamlet-Taft
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measurements as well as dielectric constant measurements were attempted. However,
these were unsuccessful as Reichardt’s dye reacted with the solvent, leading to a
disappearance of its typical color, and other standard Kamlet-Taft probes absorb at the
same wavelength as TMBG. However, it is known that dielectric constants are often
difficult to measure for room temperature ionic liquids due to overlapping of signals or
reactivity of the ionic liquid with probe molecules.* To address these limitations, the
solvatochromic probe Nile Red is often used for the polarity determinations of ionic
liquids (Figure 3.15).”7 With this probe, the wavelength of maximum absorption is a

direct comparative indicator of polarity of a solvent.

Figure 3.15 Structure of solvatochromic probe Nile Red.

In Table 3.2 the Ap., or wavelength of maximum absorption, obtained for 2-
butyl-1,1,3,3-tetramethylguanidinium methylcarbonate (TMBG MC), as well as those for
other common solvents and ionic liquids are compared.”™®*" It can be clearly seen that
when exposed to CO,, the system is significantly more polar than the molecular liquid
mixture of TMBG and methanol, as evidenced by the change in Ay, from 538nm to
554nm. This jump is substantial enough that it is equivalent to going from a solvent with
the properties of chloroform (537.6nm) to one with the properties of acetic acid

[28-29]

(557.2nm). Upon comparison with Anax values reported in the literature, it can also
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be seen that the solvent 2-butyl-1,1,3,3-tetramethylguanidinium methyl carbonate has
properties comparable to other known room temperature ionic liquids
(hexylmethylimidazole tetrafluoroborate ionic liquid, [Cemim][BF4], Amax (Nile Red)=

551.9).

Table 3.2 Comparison of common A,y values****! with TMBG and TMBG MC IL.

Solvent Amax, NM, Nile Red
Ether 504 .4
CH,Cl, 535.2
CHCl; 537.6
TMBG + MeOH 538.0
DMF 541.2
Propanoic acid 542.4
[bmim][PF]' 547.5
DMSO 549.2
[bmim][BF,]’ 550.8
TMBGH" + MeOCO," 554.0
Acetic Acid 557.2

[. bmim = I-butyl-3-methylimidazonium

3.3.1.4 Relative  Polarities of Various Solvents with  2-butyl-1.1.3.3-

tetramethylguanidinium alkylcarbonates

Along with methanol, 1-butanol, 1-hexanol, 1-octanol, and I1-dodecanol in
combination with TMBG and reaction with CO, were all tested for their abilities to form
reversible room temperature ionic liquids (Figure 3.16). In each case, an equimolar
amount of alcohol was added to 2-butyl-1,1,3,3-tetramethylguanidine. Operationally,
CO; was bubbled through the solution until the reaction exotherm ceased. Each ionic
product was characterized with "H and *C NMR melting point, and elemental analysis.

The polarity switch was also examined. The NMR samples were run neat and showed
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Figure 3.16 Reversible formation of a variety of alkyl carbonate ionic liquids

the expected peaks for these structures. Figure 3.17 shows a few representative examples
of these 'H NMR spectra. In these the most important aspect to note is the single large
peak at 3.1, which are the four methyls on the TMBG. This will only exist as a single
peak if the mixture is in the ionic form due to the charge resonance within the molecule.

The melting points of these ionic liquids as a function of alcohol chain length
were also determined (Figure 3.18). As might be expected, the longer chain length
alcohols have a higher melting point, following the trend of the alcohols themselves.
However, in all cases, the ionic species formed is well within the range of ionic liquid as,
even for the longest alcohol, dodecanol, the melting point is still at -10.5°C + 1°C, well
below room temperature.

Nile Red was used as a solvatochromic probe to measure polarity. The polarity of
the systems was found to depend on alcohol chain length, with longer chain alcohols
leading to both lower polarity (536.6 for dodecanol ionic liquid, versus 554.0 for
methanol ionic liquid), indicated by a shorter Ay., and a smaller polarity difference
between the molecular and ionic forms. However, even this smaller difference was still a
substantial jump, such as changing from the properties of benzene to those of chloroform
for the neutral to ionic liquid switch using dodecanol. Table 3.3 shows the relative

polarities of these liquids with respect to each other, as well as other common solvents
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Figure 3.17 A. "H NMR of 2-butyl-1,1,3,3-tetramethylguanidinium butylcarbonate B. '"H NMR of
2-butyl-1,1,3,3-tetramethylguanidinum octylcarbonate
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Figure 3.18 Melting points of various alkyl carbonate ionic liquids as a function of chain length.

Table 3.3 Polarity comparison of alkyl carbonate molecular liquids and ionic liquids with standard solvents
and ionic liquids?®**”

Solvent Amax (Nile Red), nm
Ether 504.4
TMBG (neat) 524.8
Benzene 525.4
TMBG + DodecOH 528.0
TMBG + OctOH 530.1
TMBG + HexOH 531.1
TMBG + BuOH 532.0
CH,Cl, 535.2
TMBGH" + DodecOCO," 536.5
CHCl; 537.6
TMBG + MeOH 538.0
TMBGH" + OctOCO," 541.1
DMF 541.2
Propanoic acid 542.4
1-Octanol 544.0
TMBGH' + BUOCO," 544 .4
TMBGH" + HexOCO," 545.0
1-Propanol 545.6
[bmim]PF' 547.5
Methanol 549.6
TMBGH® + MeOCO,~ 554.0
[eim]BF, 562.9

1. bmim = T-butyl-3-methylimidazonium 2. eim = ethylimidazonium
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2291 As this table indicates, by changing the alcohol

and room temperature ionic liquids.|
used to make the ionic liquid, the properties of this solvent system can be tuned over a
wide range, basically from something with the properties of methanol for the methanol

ionic liquid system, all the way down to something with the properties of benzene for

neat TMBG, making this type of system highly tunable.

3.3.1.5 Structure Property Relationships in all Synthesized 2-butyl-1.1.3.3-

tetramethylguanidinium alkylcarbonates

By studying a series of alcohols ranging from one to twelve carbons in length,
several trends can be seen in how changing the chain length alters the properties of ionic
liquid formed. The lowest boiling point alcohol (methanol, bp 64.7°C) gives the lowest
melting point room temperature ionic liquid, the methylcarbonate salt with a melting
point of -24°C + 1°C, while the highest boiling point alcohol (dodecanol, bpt 260-262°C)
gives an ionic liquid with a melting point of -10°C + 1°C.

As mentioned above, the chain length also greatly affects the polarity of the
molecular and ionic liquids. This effect is most clearly seen by comparing the polarity of
each mixture in its neutral and ionic forms (Figure 3.19). Increasing chain length leads to
a sharp decrease in polarity in both forms. There is also a very noticeable difference in
the viscosity of the various ionic liquids as the alcohol chain length is increased. While
in all cases, the ionic liquid form is more viscous than its neutral counterpart, the long
chain alkylcarbonate ionic liquids were noticeably more viscous than, for example, the 2-

butyl-1,1,3,3-tetramethylguanidinium methylcarbonate ionic liquid.
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Figure 3.19 Polarities of TMBG based ionic liquids in their neutral and ionic forms

3.3.1.6 Reversibility of 2-butyl-1.1.3.3-tetramethylguanidinium methylcarbonate

The formation and reversal of the 2-butyl-1,1,3,3-tetramethylguanidinium
methylcarbonate ionic liquid were studied by 'H and *C NMR as well as conductivity
measurements. For the NMR studies, 2-butyl-1,1,3,3-tetramethylguanidine was mixed in
a 1:1 ratio with methanol, and CO, was bubbled through the system until the exotherm
subsided. The solution was then heated at 80°C for 2 hours with stirring to drive off the
CO,. An NMR sample was taken for comparison in each of these stages, starting
mixture, IL formation, and after heating (Figure 3.20).

In the starting mixture (Figure 3.20-A) the expected peaks for TMBG and
methanol can be clearly seen. As CO, is added to the system, the guanidine is protonated
and the methyl carbonate anion is formed. This is indicated by the upfield shift in the
aliphatic proton peaks and the collapse of the two N-Me peaks into one single peak in the

'HNMR, (Figure 3.20-B). In the BC NMR, after CO, addition (Figure 3.21) the
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appearance of a characteristic carbonate peak is seen at 161ppm. No unreacted CO;
remains in the system, as no peak is seen at 120ppm in the *C NMR. After being
reversed by heating, the "H NMR spectrum is identical to the original molecular liquid,
indicating complete reversal (Figure 3.20-C). In this specific example the reversal was
brought about by heat, but the same results are obtained by stirring under vacuum for 1
hour, or bubbling with nitrogen gas for 16 hours. When reversal is performed by heating
or nitrogen bubbling, no or only partial methanol loss is observed. However, when

reversal is performed by vacuum, complete methanol loss occurs.
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Figure 3.20 NMR spectra of A. Neutral mixture of TMBG and methanol B. After CO, has been bubbled
through the system to form the ionic liquid. C. Reversal to a neutral mixture
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Figure 3.21 *C NMR of TMBG MC IL, showing formation of the characteristic carbonate peak

Conductivity measurements on the ionic liquid were run in the glovebox to
prevent any moisture contamination during the experiment. To carry out these
experiments, solvent chloroform was used as the pure ionic liquid was too viscous for
neat conductivity measurements. A 1:1 mixture of TMBG and methanol (5.56mmol
each) was dissolved in 4mL of deuterated chloroform. The deuterated form was used so
that NMR could be run on these samples as well. The molecular liquid does not conduct
electricity, reading 0 microSiemens (uS) (Figure 3.22). However, as CO, is bubbled
through the system, that conductivity jumps to 246uS, with the formation of an ionic
species. After reversal conductivity falls back to just above 0 (actually 19uS), again
consistent with a return to the molecular liquid. This cycle was repeated three times, with
similar results in each case (Figure 3.22).9

Thermogravimetric analysis (TGA) as well as differential scanning calorimetry
(DSC) were also used to document the reversal of the ionic liquid based solely on

heating, (Figure 3.23). Loss of CO; from the TMBG MC IL system would be an 18%
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Figure 3.22 Conductivity of 2-butyl-1,1,3,3-tetramethylguanidinium methylcarbonate in chloroform.
Reprinted from Tetrahedron, 66(5), Hart, R.; et al. Benign Coupling of Reactions and Separations with
Reversible Tonic Liquids, 1082-1090, 2010, with permission from Elsevier!®

mass loss, while loss of methanol would be a 13% mass loss. The TGA showed mass loss
beginning at 50°C which corresponded to 24% by 65°C. This is consistent with the ionic
liquid reversal upon loss of CO, and methanol. The remainder of the mass loss is
speculated to be from evaporation of TMBG prior to decomposition. The DSC is
consistent with this interpretation, as it also shows a dip at ~65°C consistent with the
boiling point of methanol. A smaller exotherm at approximately 150°C is attributed to
the decomposition of any remaining guanidine.

It can be concluded that all experiments run confirm that the 2-butyl-1,1,3,3-
tetramethylguanidinium ionic liquid can be reversibly formed by bubbling CO, through
an equimolar mixture of 2-butyl-1,1,3,3-tetramethylguanidine and methanol. Reversal
can take place by three methods including sparging with an inert gas (nitrogen or argon),
heating above 50°C with stirring, or application of vacuum on the solution, again with
stirring. In all of these methods, some or all, of the methanol is removed along with the

CO,. However, in principle, both the CO, and methanol can be collected and recycled.
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Figure 3.23 Overlayed DSC and TGA spectra of 2-butyl-1,1,3,3-tetramethylguanidinium ionic liquid
reversal

3.3.1.7 Reversibility of 2-butyl-1.1.3.3-tetramethylguanidinium alkylcarbonates

The reversibility of other 2-butyl-1,1,3,3-tetramethylguanidinium alkylcarbonates
was studied by the same procedure as with the methylcarbonate ionic liquid. All
mixtures (butyl, hexyl, octyl, and dodecyl) were examined by "HNMR and *CNMR in
both ionic and neutral forms. As with the methylcarbonate ionic liquid, changes in 'H
NMR spectra best illustrate the formation and subsequent reversal of the ionic liquids
(Figure 3.24-3.27).

Ionic liquid formation of the various alkylcarbonate mixtures were indicated in
the '"H NMR spectra by an upfield shift in the aliphatic protons, and the collapse of the
two N-Me peaks into one. Also in each case in the ?C NMR spectrum a characteristic

carbonate peak appeared between 157 and 161ppm. These ionic liquids were also
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Figure 3.24 "H NMR spectra of A. the starting molecular mixture, B. the ionic liquid formation, and C. the
reversal product of 2-butyl-1,1,3,3-tetramethylguanidinium butylcarbonate ionic liquid.
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Figure 3.25 "H NMR spectra of A. the starting molecular mixture, B. the ionic liquid formation, and C. the
reversal product of 2-butyl-1,1,3,3-tetramethylguanidinium hexylcarbonate ionic liquid.
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Figure 3.26 "H NMR spectra of A. the starting molecular mixture, B. the ionic liquid formation, and C. the
reversal product of 2-butyl-1,1,3,3-tetramethylguanidinium octylcarbonate ionic liquid.
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Figure 3.27 "H NMR spectra of A. the starting molecular mixture, B. the ionic liquid formation, and C. the
reversal product of 2-butyl-1,1,3,3-tetramethylguanidinium dodecylcarbonate ionic liquid.
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examined by elemental analysis as well as by IR. The ionic liquids were all reversed by
heating at or above 80°C with stirring for various amounts of time. All experiments
indicate that like the methylcarbonate ionic liquid, they could also be reversed by purging

with an inert gas or applying a vacuum on the system.

3.3.1.8 Comparison of 2-butyl-1,1.3.3-tetramethylguanidinium alkylcarbonates

All alcohols tested (methanol, buatnol, hexanol, octanol and dodecanol) when
mixed in an equimolar mixture with 2-butyl-1,1,3,3-guanidine and treated with CO,
easily formed alkylcarbonate ionic liquids, and in each case, heat was found to be the
most efficient method of reversal. However, the increase in melting point and viscosity
that accompany the increase in alcohol chain length were found to have a noticeable
affect on the length of time necessary to cause complete reversal from ionic liquid back
to the guanidine/alcohol molecular liquid.

As the alcohol chain increased, the length of time needed for complete reversal at
80°C also increased (Figure 3.28). Reversal time was studied using 'H and °C NMR.
Both types of NMR were run on the starting molecular liquid. CO, was bubbled through
the system to form the ionic liquid. Simultaneously the process was followed by NMR.
The ionic liquid was then heated at 80°C with stirring. After each hour of this heat
treatment, a sample was taken and examined by 'H and °C NMR. When the resulting
NMR spectra were identical to the NMR of the initial molecular liquid, reversal was
considered complete.

While the 2-butyl-1,1,3,3-tetramethylguanidinium methylcarbonate ionic liquid

takes only 3 hours to reverse at 80°C, when the chain length is increased up to twelve
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carbons for the 2-butyl-1,1,3,3-tetramethylguanidinium dodecylcarbonate ionic liquid,
that time is increased to 7 hours. This difference gives a lot of flexibility in designing

and choosing the best ionic liquid solvent based on the specific requirements of a desired

application.
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Figure 3.28 Comparison of the reversal time of the various alkyl carbonate ionic liquids at 80°C, as a
function of number of carbons in the alkyl chain.

3.3.1.9 Miscibility studies of the 2-butyl-1.1.3.3-tetramethylguanidinium alkylcarbonate

ionic liquids.

The miscibility of the various 2-butyl-1,1,3,3-tetramethylguanidinium
alkylcarbonate ionic liquids with a variety of solvents was investigated. The solvents
employed with 2-butyl-1,1,3,3-tetramethylguanidinium methylcarbonate were pentane,
hexane, heptane, octane, DMSO, chloroform, THF, toluene, and ethyl acetate. The other

2-butyl-1,1,3,3-tetramethylguanidinium alkylcarbonates (butyl, hexyl, octyl, and dodecyl)
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were tested with hexane, toluene, and ethyl acetate. The results of these experiments are
tabulated in Table 3.4.

These miscibility studies were carried out by first forming an equimolar mixture
of 2-butyl-1,1,3,3-tetramethylguanidine and the chosen alcohol (0.88-1.23mmol of each).
To this mixture, 1.1-1.5mmol of the desired solvent were added. In all cases the solvent
was miscible with the neutral guanidine and alcohol mixture. CO, was bubbled through

the system and 'H NMR were used to confirm formation of the ionic liquid.

Table 3.4 A comparison of the miscibility of all alkylcarbonate ionic liquids with pentane or hexane,
toluene and ethyl acetate

R of
guanidinium | Pentane or

alkyl carbonate| Hexane Toluene EtOAC
Me 2 phases 1 phase 1 phase
Bu 1 phase 1 phase 1 phase
Hex 1 phase 1 phase 1 phase
Oct 1 phase 1 phase 1 phase
Dodec 1 phase 1 phase 1 phase

When 2-butyl-1,1,3,3-tetramethylguanidinium methylcarbonate ionic liquid was
formed, the solvents octane, heptane, and pentane formed distinct phases, while DMSO,
chloroform, THF, and ethyl acetate remained homogeneous, only one phase was visible.
In the cases where two phases were formed, 'H NMR and GC-MS were used to
investigate the composition of each of the phases. In all cases, no cross contamination
was seen between the ionic liquid and the alkane phase, within the error limits of the

analysis  techniques  (95%  purity). When the other 2-butyl-1,1,3,3-
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tetramethylguanidinium alkyl carbonate ionic liquids were formed, all solvents tested

were miscible and only one phase was observed.

3.3.1.10 2-butyl-1,1.3.3-tetramethylguanidinium bicarbonate

2-butyl-1,1,3,3-tetramethylguanidine reacts with water to form 2-butyl-1,1,3,3-
tetramethylguanidinium bicarbonate, which is also an ionic liquid. Preliminary studies
indicate that its reversal takes place at higher temperature; therefore its formation and
reversal was investigated. The reaction of 2-butyl-1,1,3,3-tetramethylguanidine with

water and carbon dioxide was carried out (Figure 3.29).

@OZCOH

\N/H

I
~ - + H,O T \T* \T/

Figure 3.29 Formation of 2-butyl-1,1,3,3-tetramethylguanidinium bicarbonate ionic species

Bu\ Bu

CO, was bubbled through an equimolar mixture of 2-butyl-1,1,3,3-
tetramethylguanidine and water. As with the alcohol mixtures a noticeable exotherm
developed. Formation of the bicarbonate salt was confirmed by '"HNMR and *CNMR.
Unlike the alkylcarbonate ionic liquids, reversal took place by heating at 80°C overnight
instead of just a few hours. It was also observed that reversal was not permanent. When

left open to the atmosphere, the bicarbonate salt reformed.

3.3.1.11 Modification of the Structure of the Guanidine and its Affect on Physical and

Chemical Properties
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3.3.1.11.1 Alcohol Attached to Guanidine — 1 Component IL System

In the previously discussed guanidinium alkylcarbonate ionic liquid systems,
heating to reverse the ionic liquid often led to loss of alcohol as well as CO; from the
system; this was especially true in the cases of the shorter chain alcohols. In order to
address the problem, an attempt was made to synthesize a guanidine with the alcohol

moiety directly attached (Figure 3.30).

OH H\ﬁ/\/OC%z
\ )k _ lCI(CO)CI /k |
- / —l \N)\N/

| N/\/OH N Heat or N2 | |
H,

Figure 3.30 Synthesis of 2-[1-hydroxyethyl]-1,1,3,3-tetramethyl guanidine, and potential ionic species
formation from this guanidine

2-[1-hydroxyethyl]-1,1,3,3-tetramethyl guanidine was synthesized following the same
procedure as 2-butyl-1,1,3,3-tetramethyl guanidine, simply using ethanolamine in place
of butylamine in the second synthesis step. Recrystallization in dichloromethane was
necessary to isolate solid product 78% yield. Unfortunately, when CO, was added to this
hygroscopic compound (decomposition point 171°C) an RTIL did not form. Upon
examination with '"HNMR and CNMR only characteristic peaks for unreacted 2-[1-

hydroxyethyl]-1,1,3,3-tetramethyl guanidine were seen.
3.3.1.11.2 Attaching Silicon groups to the Guanidine Core

A silyl group was attached to the guanidine in an attempt to decrease the viscosity

that is normally seen with room temperature ionic liquids. High viscosities can limit the

136



usefulness of a solvent system by making it more difficult to carry out the standard
procedures of filtering, and decanting a solution, as well greatly slowing down the rate of
reaction in a diffusion controlled reaction. Recent literature has shown that silyl groups
may help to decrease the inherent viscosity of the ionic liquid system, and we were
attempting to take advantage of that observation.”>"!

The first attempt was based upon the 2-[1-hydroxyethyl]-1,1,3,3-tetramethyl
guanidine synthesized whose synthesis was described above. Attempts to silylate this
compound employing standard conditions were unsuccessful (Figure 3.31). Under argon,
2-[1-hydroxyethyl]-1,1,3,3-tetramethyl guanidine was placed in an ice bath, and
chlorotrimethylsilane was slowly added. This mixture was then allowed to warm to room

temperature, followed by stirring at room temperature for 24 hours.

OH ;
N/\/ N/\/OS|Me3

| )|\
N )\ ~ Cl
T T 0-ART Y N
4hr | |

Figure 3.31 Reaction of 2-[1-hydroxyethyl]-1,1,3,3-tetramethyl guanidine with chlorotrimethylsilane to
form 2-[trimethylsiloxyethyl]-1,1,3,3-tetramethyl guanidine

"HNMR and “CNMR were used to examine the isolated products. The desired silylated
product was not formed; the isolated product could not be identified.

A second attempted to synthesize the silylated alcohol was then initiated.
Trimethylsiloxyethylamine was first synthesized and then used in the standard optimized
guanidine reaction method to form the desired guanidine product (Figure 3.32). To carry
out this reaction a slight modification was made to the standard

tetramethylbutylguanidine synthesis method. During the step involving the addition of
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Figure 3.32 Synthesis of 2-[trimethylsiloxyethyl]-1,1,3,3-tetramethyl guanidine from
trimethoxysiloxyethylamine

the amine, triethylamine was also added to the reaction system in order to scavenge the
HCI formed during the reaction and prevent the decomposition of the silylated oxygen.
After a standard workup, the product was isolated as a pale yellow oil in an 83% yield,
which was characterized by 'H and "“C NMR. Under argon, the 2-[1-
trimethylsiloxyethyl]-1,1,3,3-tetramethyl guanidine was mixed with methanol. Then CO,
was bubbled through the system. However, NMR analysis did not indicate any formation

of the desired salt product. (Figure 3.33)

Q
OCO,CH,

N/\/OS|M93 H\(,-\F:I)/\/OSIMG:;

|
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Figure 3.33 Attempts at ionic liquid formation with this guanidine were unsuccessful based on NMR
results

The third attempt at silylating the guanidine was done using the commercially
available trimethylsilylmethylamine. This molecule was introduced into step two of the
standard guanidine formation reaction (Figure 3.34). Though yields were relatively low,
only 38%, pure product was isolated as a pale yellow oil. CO, was bubbled through an

equimolar mixture of 2-[trimethylsilanylmethyl]-1,1,3,3- tetramethylguanidine and
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Figure 3.34 Standard synthesis of a penta-substituted guanidine using silylated amine in the second step

methanol, and the ionic species 2-[trimethylsilanylmethyl]-1,1,3,3-
tetramethylguanidinium methylcarbonate was successfully formed, (Figure 3.35)
however it was found to be not an ionic liquid, but rather a solid at room temperature,
with a melting point of 35-40°C. It was difficult to pinpoint an exact melting point as it
was also found that reversal from the ionic species back to neutral components occurred
simultaneously with melting, making this species unsuitable for running reactions at

temperatures above the melting point.

C%COZCH3
/\ . H
N| o R s,
MeOH |
N N Co, Ny N

Figure 3.35 Formation of the ionic species 2-[trimethylsilanylmethyl]-1,1,3,3- tetramethylguanidinium
methylcarbonate

In an attempt to obtain a liquid rather than a solid ionic species from 2-
[trimethylsilanylmethyl]-1,1,3,3- tetramethylguanidine, it was mixed in a 1:1 molar ratio
with octanol. It was hoped that the long flexible alcohol chain would prevent

crystallization. To some extent this was successful as a liquid ionic species was formed
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and confirmed by NMR, but conversion was not complete. At most approximately 50%
conversion took place. This could possibly be due to steric affects from that long

hydrocarbon chain (Figure 3.36).

| Octanol | o o
~ )\N/ e ~ )\ ~

Figure 3.36 Formation of the ionic species species 2-[trimethylsilanylmethyl]-1,1,3,3-
tetramethylguanidinium octylcarbonate

The fourth and final attempt to attach a silicon was synthesis of the molecule 2-
(propylpentamethyldisiloxane)-1,1,3,3-tetramethylguanidine. In order to carry out this
synthesis, pentamethyldisiloxanepropylamine had to first be synthesized. The synthesis

was carried out by a literature method found in U. S. Patent 5,654,374 (Figure 3.37).°2

o , o
N Hsl” g —Heptane N "
2

| Pt catalyst | |

Figure 3.37 Synthesis of pentamethylisiloxanepropylamine

Allylamine and the platinum catalyst platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane were dissolved in heptane. Pentamethyldisiloxane, also dissolved
in heptane, was slowly added. The reaction was heated to 70°C and held at that
temperature for three hours. After the reaction was complete, heptane was removed.

Kugelrohor distillation was subsequently used to isolate and purify the product. GC-MS
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analysis confirmed formation of a product with the desired molecular weight, however,
NMR analysis actually showed formation of two different isomers, both the desired
product and that formed from siloxane attachment to the other end of the allylamine

double bond (Figure 3.38).

|_o ]
HZN/\/\Si/ \S|i/ |

Figure 3.38 Two isomers formed during siloxylamine synthesis

These isomers were formed in an approximately 60:40 ratio of linear to branched amine,
and the total overall isolated yield of all products was found to be 40%. Vacuum
distillation was attempted to separate the two isomers, however, it was unsuccessful. The
isomer mixture was used as is to continue with the standard penta-substituted guanidine
synthesis. However, upon completion it was found that while the linear amine does react
readily to form 2-(propylpentamethyldisiloxane)-1,1,3,3-tetramethylguanidine,the
branched does not. The reaction mixture was a mix of desired product, unreacted
branched amine, and unreacted tetramethyl urea. With such a complicated mixture, it

was decided not to move on to attempt formation of an ionic species.

3.3.1.11.3 Pentamethyl Guanidine
The next attempted modification was the synthesis of pentamethyl guanidine.

We were very curious as to how the properties of pentamethylguanidinium
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butylcarbonate ionic species would compare to those of 2-butyl-1,1,3,3-
tetramethylbutylguanidinium methylcarbonate ionic species, as they contain an identical
number of carbon atoms, just distributed differently between the cation and anion.

It was decided to synthesize this molecule using the same two step synthesis
optimized for synthesis of all the penta-substituted guanidines, simply substituting
methylamine into the second step of the reaction. A commercially available 2.0M

solution of methylamine in tetrahydrofuran (THF) was chosen. (Figure 3.39)

C' N
)@\ THF, onitrile /k
RN O i

Figure 3.39 Unsuccessful pentamethylguanidine synthesis, using methylamine solution in THF

The previously discussed optimized guanidine synthesis reaction was carried out;
however, the desired pentamethylguanidine was not formed. The addition of THF into
the system appeared to lead to a variety of unexpected and unknown side reactions, as
some sort of white crystals were seen in solution during the second step, and the
formation of many unidentified side products was seen in the NMR spectra. In order to
address this, it was decided to start with the pure methylamine gas, and dissolve it
straight into an acetonitrile solution which could then be used in the second step of the

guanidine reaction.*”!
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Methylamine gas was condensed on a dry ice condenser and dripped into a
graduated collection flask of acetonitrile waiting below. This solution was then used to

carry out the second step of the standard guanidine synthesis reaction. (Figure 3.40)

Cl N/
A )@\ e - Acetonitrile )‘\
V& ) TN 92°C \T T/

Figure 3.40 Successful synthesis of pentamethylguanidine

Using this acetonitrile solution, the reaction was successful. After the standard work up
procedure, pure pentamethylguanidine product, as confirmed by NMR, both 'H and "*C
NMR, was isolated in 70-75% yield.

An equimolar mixture of pentamethylguanidine and butanol was prepared and
CO, was bubbled through the system. (Figure 3.41) A very wet looking white solid
formed. NMR analysis showed the formation of the desired ionic species with
approximately 70% conversion, with the remaining 30% being unreacted starting
materials. A variety of different methods were attempted to increase the conversion

during formation of the ionic species. CO, bubbling was tried with stirring, without

@)
- NN
~ )'\ e N €9 J\N/
o oo}

Figure 3.41 Attempted formation of pentamethylguanidinium butylcarbonate ionic liquid
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stirring, at room temperature and at temperatures up to 60°C, however, in all cases both
'"HNMR and “CNMR looked the same, indicating approximately 70% conversion.
These samples were then washed with pentane and dried in the vacuum oven at room
temperature to remove any excess starting material. The melting point of this salt was
found to be between 92-96°C, however, as soon as melting began, bubbles of CO; could
be seen coming off the sample. As was observed with species containing a silicon group,
melting occurred simultaneously with reversal to neutral components, making this
material unsuitable for higher temperature reactions and processes. It is believed that
ultimately, the symmetry of the guanidine molecule allowed for tight packing, hence the

formation of a solid salt, rather than the desired ionic liquid.

3.3.1.11.4 2-allyl-1,1,3,3-tetramethylguanidine

An attempt was made to synthesize 2-allyl-1,1,3,3-tetramethylguanidine. This
molecule was chosen in order to study how the addition of a double bond would affect
the formation of and properties of the ionic species. Once again, it was decided to follow
the previously optimized reaction procedure, simply using commercially available

allylamine in the second step of the reaction. (Figure 3.42)
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Figure 3.42 Synthesis of tetramethylallylguanidine
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The reaction procedure was successful, and after standard work up, the product
was isolated in approximately 70% yield as a pale yellow oil. The structure was
confirmed by 'HNMR and "“CNMR as well as GC-MS.  2-allyl-1,1,3,3-
tetramethylguanidine was mixed in an equimolar mixture with methanol and CO, was
bubbled through the solution. There was a noticeable viscosity increase, as is typical for
ionic liquid formation, and both '"HNMR and *CNMR showed changes consistent with
the formation of an ionic species with 100% conversion to the ionic liquid within the
error of the NMR instrument.

The ionic liquid sample was heated at 80°C for 4 hours in an attempt to reverse it
back to its neutral components. Though gas could immediately be seen bubbling out of
solution, the NMR spectra was not consistent with a clean reversal. Many degradation
products could be seen. The sample was left to bubble with nitrogen gas overnight. This
did not change the NMR spectrum in any noticeable way, though it did cause a black
solid material to settle out of the solution. A sample of the ionic species was diluted in
chloroform and bubbled with nitrogen gas to get a closer look at the reversal. Again, by
NMR, some reversal was seen, but mostly various degradation products were formed and
some type of black solid settled out of solution.

It was speculated that the ionic species is reacting with itself to form
allylmethylcarbonate (Figure 3.43). '°C NMR shows peaks consistent with the formation
of this compound. Once this occurs, there are a variety of other reactions that could take
place with these molecules, leading to the degradation products visible in the NMR.
Ultimately, this ionic species can be formed initially, but it is not stable and cannot be

reversed to the molecular liquid and recycled.
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Figure 3.43 One possible degradation pathway of the 2-allyl-1,1,3,3-tetramethylguanidine ionic liquid

3.3.1.12 Applications of TMBG/TMBG MC IL system

3.3.1.12.1 Reaction/Recycle of TMBG-methanol IL systems

Thus far the formation, reversal, and recycle of a variety of
tetramethylguanidinium alkylcarbonate ionic liquids has been demonstrated. However,
this is just the first step. Their scope as solvents both for reactions and separations, as
well as other applications, such as CO, capture and oil extraction still remains to be
explored. Organic transformations, product separation, and solvent recycle for a variety
of base catalyzed organic reactions were studied using the 2-butyl-1,1,3,3-
tetramethylguanidine/methanol reversible ionic liquid system.

The following processes were studied: 1) Claisen-Schmidt condensation of 2-
butanone and benzaldehyde, 2) cyanosilylation of cyclohexanone, 3) Michael addition
between 2-cyclohexenone and dimethyl malonate, 4) addition of aniline to chalcone, 5)
Diels Alder reaction between anthrone and N-phenylmaleimide, 6) Suzuki reaction
between phenylboronic acid and bromobenzene, and 7) oxidation of benzyl alcohol with
hypochlorite.*!

The goal of each of these studies was to demonstrate the use of TMBG and its

ionic liquid in a complete chemical process including reaction, separation of products,
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and the reformation and recycle of solvent (Figure 3.44). For the Claisen-Schmidt
reaction, for instance, the reaction, A+B, could take place in the neutral guanidine form to
produce product C. Pentane or another long chain hydrocarbon can then be added along
with methanol to the reaction mixture containing product C followed by the addition of
CO, to form the ionic liquid which results in a subsequent phase split. The products
would most likely be soluble in the alkane phase, which could be removed from the
system leaving behind the ionic liquid phase which could be reversed by heat or by
sparging with an inert gas, recycled and reformed as the system is used again. In some
cases, adding an alkane might not be necessary if the products are insoluble in the ionic

liquid. It is also possible to envision this system working, basically in reverse, with A+B

1- Pentane

g > | ProductC | —
2-MeOH/CO, | oo1¢

A+B Product C

4 REACTION SEPARATION

Heat or N,

F 3

RECYCLE REFORMATION

0/ TMBG 1 lonicLigquid [ Pentane

Figure 3.44 A complete chemical process using the TMBG/methanol ionic liquid system
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forming C in the ionic liquid phase, and the system being reversed for product

separation, and then being reformed and recycled to continue the system in that way.

3.3.1.12.2 Base Catalyzed Reactions in TMBG
The Claisen-Schmidt condensation of butanone and benzaldehyde yields three
products: the internal enone (3-methyl-4-phenyl-but-3-en-2-one), the terminal enone (1-

phenyl-pent-1-en-3-one) and water (Figure 3.45).3%

OH O (@]
- = AN
+ H,0
(@]

0 Terminal enone

oA —= +

OH O e}
—_— \
+ Hzo
Internal enone

Figure 3.45 Claisen-Schmidt condensation of 2-butanone and benzaldehyde

The reaction of butanone and benzaldehyde was carried out in TMBG. For this
reaction, the TMBG acted as both base catalyst and solvent.***! After the reaction was
completed, octane and methanol were added to the mixture, followed by the addition of
CO,. This caused ionic liquid formation, an ionic liquid/hydrocarbon phase split, and
subsequent product isolation into the hydrocarbon phase. The enone products were
predominantly in the octane phase and were easily separated by decantation. Reaction of

either 24 hours at room temperature or 3 hours at 80°C, yielded enone products in 48%
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and 44% yield, respectively (Table 3.5). The reaction temperature of 80°C was chosen
for further tests. At this temperature, the total enone product formation was studied as a
function of time. Initially, as the reaction time increased, the yields increased from 13%
at 1 hour to 44% at 3 hours. However, a maximum was reached at approximately 4
hours, after which time product yields then decreased (Table 3.5). It is believed that this
decrease was caused by competing condensation reactions between the enone products
and the benzaldehyde starting material. To maximize formation of the desired products,
short reaction times to partial conversions were necessary. This allowed the development
(]

of a process in which isolated yields were maximized and solvent recycle was possible

(Figure 3.44).

Table 3.5 Effect of reaction conditions on the condensation of 2-butanone and benzaldehyde in the

presence of TMBG.
Temp. (C) | Time (h) | Yield (%)
RT 24 48
80 1 13
80 2 24
80 3 44

Initially ionic liquid reversal and TMBG recycle attempts were unsuccessful.
This was due to the formation of water, a product of the condensation reaction. As
previously discussed, water reacts with TMBG and CO; to form the 2-butyl-1,1,3,3-
tetramethylguanidinium bicarbonate. With the formation of the carbonate salt, a dramatic
increase in ionic liquid viscosity was noted. This visocosity increase, combined with the
difficulties inherent in reversing the carbonate salt prevented TMBG MC IL recycling.
However, the reversal of the ionic liquid and recycle of TMBG were successful when the

water was removed from the reaction mixture via drying with magnesium sulfate prior to
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ionic liquid formation. Once the system was dried, the TMBG was successfully recycled
three times. Over these three cycles, the isolated yields of enone products were 34%,
32% and 34%. The enones also consistently showed a product distribution of 95%
terminal enone and 5% internal enone product.®!

The cyanosilylation of cyclohexanone with trimethylsilyl cyanide (TMSCN) was
carried out in TMBG at room temperature (Figure 3.46). After the reaction was
completed, heptane and methanol were added to the reaction mixture, followed by CO,
addition. This caused ionic liquid formation and a subsequent phase split into ionic
liquid and heptane phases. The product 1-trimethylsilyloxy-1-cyclohexanecarbonitrile

was found to selectively partition into the heptane phase, where it could be easily

removed by decantation.

o) OTMS
CN
TMBG
+ TMSCN W

Figure 3.46 Cyanosilylation of cyclohexanone in TMBG

Though reaction times (from 1.5 to 16 hours) as well as molar ratios of TMBG to
cyclohexanone (0.02:1 to 1:1) were varied, these changes did not appear to have any
effect on reaction yields. In all cases, yields were essentially quantitative. When 'H and
3C NMR were used to analyze the ionic liquid phase, however, there was evidence of the
formation of the ionic by-product 2-butyl-2-trimethylsilyy-1,1,3,3-

tetramethylguanidinium cyanide (Figure 3.47).5¢
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Figure 3.47 Formation of the by-product 2-butyl-2-trimethylsilyl-1,1,3,3-
tetramethylguanidinium cyanide

Formation of this by-product was detrimental to the ionic liquid reversal process as this
salt was found to be irreversible and its presence dramtically increased the viscosity of
the ionic liquid phase, hindering reversal of the TMBG MC IL for recycle. In an effort to
minimize formation of this silyl salt, heptane was added prior to the reaction. This did
not have any noticeable affect on yields as they remained quantitative (96% and 98%),
and the formation of the silyl salt was minimized, but not eliminated. Under these
conditions, two different molar ratios of TMBG to cyclohexanone to TMSCN were

investigated for ionic liquid formation and reversal; 0,4:1:1.2 and 1:1:2 (Table 3.6).

Table 3.6 Cyanosilylation of cyclohexanone coupled with the recycling of the ionic

liquid phase.
Entry Mole Ratio Time (hours) | Yield (%0)
TMBG/Cyclohexanone/TMSCN
1-1 0.4:1:1.2 17 96
1-2 0.4:1:1.2 16 54
2-1 1:1:1.2 16 86
2-2 1:1:1.2 16 56

In the first cycle, the 1-trimethylsilyloxy-1-cyclohexanecarbonitrile product was
isolated with 86% and 96 % yields (Table 3.6, entries 1-1 & 2-1 respectively). To reverse

the ionic liquid phase, it was then heated at 80°C for 4 hours. The resulting TMBG was
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used for a second cycle, yielding the desired product in 54% and 56% yields (Table 3.6,
entry 1-2 & 2-2 respectively). It is believed that contamination of the guanidine precursor
by the 2-butyl-2-trimethylsilyy-1,1,3,3-tetramethylguanidinium cyanide by-product leads
to the decreased yields.!®!

To carry out the base-catalyzed Michael addition of dimethyl malonate to 2-
cyclohexenone the reactants were mixed in TMBG in a 1:1:1 ratio of TMBG to malonate
to 2-cyclohexanone. Once mixed, they were allowed to react at 80°C for 16 hours
(Figure 3.48). Upon completion of the reaction, methanol, hexane and CO, were added
to form the ionic liquid. As expected, upon ionic liquid formation, two phases, an ionic

liquid phase and a hexane phase were obtained. GC-MS was used to analyze the hexane

phase, which showed complete disappearance of all starting materials.

/COZMe
CH

CO,Me

Figure 3.48 Michael addition of dimethyl malonate to 2-cyclohexenone

Both phases were then examined by '"H NMR analysis. This showed that while the
desired product was formed, the a-carbon was deprotonated due to the basic surrounding
environment (Figure 3.49). This deprotonation formed an ionic product that existed only
in the ionic liquid phase. After an acidic work up with 10% aqueous HCI, the neutral

product was recovered and partitioned into the hexane phase. From this phase, it was
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subsequently isolated in 86% to 100% yields. While both the product, and the TMBG
could eventually be recovered and recycled, the necessity of an acidic work-up defeated
the purpose of the overall reaction and separation process. Little advantage was offered

over current synthesis methods.!®!

o O
/COZMe Acid Work-
. HZC|Z TMBG Y
CO,Me
COZMB C/COZMG CH/ 2
]

Co,Me CO,Me

Figure 3.49 Necessary quenching of the B-diester

To react aniline with 1,3-diphenyl-propenone, both reactants were first dissolved
in a 1:4 methanol:heptane mixture. TMBG was subsequently added to this in a 1:1

equimolar ratio with the methanol. (Figure 3.50).

o NHPh O

/\)k r o PINA, —E- M
PR XX Ph Ph Ph

Figure 3.50 Base catalyzed addition of aniline to chalcone, using TMBG as the catalyst

The reaction was run at 80°C for 18 hours. After completion, CO, was added to the
mixture to form the ionic liquid, and cause the subsequent ionic liquid/heptane phase
split. The 1,3-diphenyl-3-phenylamino-propan-1-one product selectively remained in the
heptane phase, from which it was isolated in 86% yield and the ionic liquid was reversed

by heating at 60°C for 4 hours. A second reaction was carried out, but in this case
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isolated yield decreased to 45% and a great deal of both desired product and unreacted
starting material remained dissolved in the ionic liquid phase. It was believed that the
accumulation of these organic materials in the ionic liquid altered the product partitioning
and subsequent ionic liquid reversal.l®!

The base catalyzed Diels Alder reaction between anthrone and N-
phenylmaleimide (Figure 3.51) was carried out by first dissolving anthrone in TMBG (a
1:1 mixture), followed by the addition of solid N-phenylmaleimide (also in a 1:1 ratio).
After reacting at room temperature from 1 to 48 hours, an equimolar amount of methanol
and decane were added to the solution, followed by the addition of CO2 to the reaction

mixture. While the desired phase split was seen, the decane layer contained at most 5%

TMBG

OH

Figure 3.51 Diels Alder reaction between anthrone and N-phenylmaleimide catalyzed by our TMBG
system

product when analyzed by GC-MS and 'H and C NMR, even after reacting for 48
hours. It is conjectured that the TMBG, being linear was simply not basic enough to
catalyze this type of reaction, a finding that is supported by literature.””

In order to investigate how a metal catalyzed reaction would behave in the TMBG

system, the Suzuki coupling between phenyl boronic acid and bromobenze using Pd(Ac);
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as the catalyst was examined (Figure 3.52). To carry out this reaction, boronic acid,

palladium precatalyst and phosphine ligands were mixed and degassed. TMBG was

Br

B(OH),
Pd(AC)Z/PPhg
TMBG

Figure 3.52 Suzuki reaction between phenyl boronic acid and bromobenzene using TMBG as the base
catalyst

added with stirring. Finally, bromobenze was added to the reaction mixture. This
mixture was heated at 80°C with stirring for sixteen hours. Upon completion, an
equimolar amount of methanol and heptane were added, and CO, bubbled through the
solution to isolate the product. The heptane layer was examined by GC-MS as well as 'H
and °C NMR, and at most was found to contain 25% desired product. Analysis of the
ionic liquid layer showed an equal distribution of products between the heptane and the
ionic liquid layers. Analysis by '"H NMR showed that the ionic liquid layer contained a
mixture of product, unreacted starting material, as well as a variety of byproducts.

Attempts at reversing the ionic liquid layer were unsuccessful.

3.3.1.12.3 Base Catalyzed Reactions in TMBG MC IL -Oxidation of benzyl alcohol

We were curious about examining reactions that could take place in the TMBG
MC IL, not just in the guanidine phase. It is known in literature that the oxidation of
benzyl alcohol in the presence of a room temperature guanidinium based ionic liquid,

using sodium hypochlorite and water can be carried out successfully (Figure 3.53).°* In
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this reaction, high yields were obtained by extracting the product out of the ionic liquid
into diethyl ether, after which the ionic liquid could easily be dried, recovered and reused.

We decided to examine this reaction in the TMBG MC IL using the standard alkane

OH ag. NaOCl \o

lonic Liquid }
C4Hq
N

Yd: 83-94%
DN / SPFe
N
)

Figure 3.53 Oxidation of benzyl alcohol using sodium hypochlorite in the presence of an RTIL

extraction method to isolate our product. For our reaction, calcium hypochlorite was

chosen, instead of sodium. (Figure 3.54)

OH  ca(ocl), o

TMBG

Figure 3.54 Oxidation of benzyl alcohol using calcium hypochlorite in the presence of our TMBG MC IL

To carry out this reaction, a mixture of TMBG MC IL (5.26mmol) and benzyl alcohol
(0.526mmol) was employed. Once this was thoroughly mixed, calcium hypochlorite was
added to the system (0.789mmol). This mixture was allowed to react at room
temperature for 16 hours. A heptane extraction was then used to remove benzaldehyde

product. As per usual, GC-MS and NMR were used to analyze the heptane and product
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layer and it was found that only benzyl alcohol was recovered from the system. The lack
of reaction is believed to be caused by the insolubility of calcium hypochlorite in the

TMBC MC IL.

3.3.1.12.4 Summary of Reactions run in TMBG-methanol IL systems

We were able to successfully perform and carry out two reactions with separation
and recycle using the TMBG-methanol ionic liquid systems; the Claisen-Schmidt
condensation of 2-butanone and benzaldehyde and the cyanosilylation of cyclohexanone.
The Claisen-Schmidt reaction was successfully recycled three times with consistent
yields (32-35%). Though these numbers may seem low, they are the maximum
obtainable to avoid side product formation. The cyanosilation was successfully recycled
twice, affording good yields in the first cycle (98% and 85%) but only moderate yields on
the second cycle (54% and 56%). This decrease in yield is due to the formation of the
TMBG/TMS-CN salt. This salt formation is also the reason why this solvent cannot be
recycled further.!®)

Other reactions were successfully run once in the system and afforded high yields
(Michael addition between 2-cyclohexenone and dimethyl malonate up to 90% and
addition of aniline to chalcone 85%).[6] However, these reactions could only be run once,
no recycle was possible, and ultimately they afforded no obvious advantage over systems

currently in place.

3.3.1.12.5 Separation of alkanes from tar sands/shale
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As demand for oil increases throughout the world, traditional sources, crude oil
reservoirs are becoming depleted. This is forcing society to turn to less traditional
sources, such as tar sands and shale. However, it is currently very difficult to isolate oil

from these sources.>**"

Materials such as tar sands and shale are mainly made of
bitumen, which is composed primarily of clay, inorganic salts such as Mg*" and Ca®" and
alkanes.

The ideal process for extracting hydrocarbons from these sources using a
reversible ionic liquid system is outlined in Figure 3.55. Bitumen would first be mixed
with the tetramethylbutyl guanidine. This would extract the hydrocarbons from the solid
components. Filtration would occur at this point to remove those solids from the system.
Upon addition of methanol and CO; to the system, the TMBC MC IL would be formed,

causing the alkanes to phase separate, at which point they can be removed for further

purification and refining. It is possible that some purification will also take place during
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Figure 3.55 Complete process for separation of alkanes from tar sands and shale using formation of the
TMBG MC IL

extraction as some ionic impurities should preferentially stay in the ionic liquid phase.

The ionic liquid could then be reversed, purified in its neutral form, and recycled.
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Miscibility tests with octane and the TMBG MC IL discussed in section 3.3.1.9
showed that octane is miscible with the molecular liquid, but immiscible with the ionic
liquid form. This concept was tested on a crude oil sample. The crude oil was first
mixed with TMBG, with which it is completely miscible (Table 3.7). At this point an
equimolar amount of methanol, relative to the TMBG in the system, was added to the

solution, and CO, was bubbled through the entire system.

Table 3.7 Composition of TMBG/methanol/crude oil systems used for separation studies

Mol TMBG Crude Oil (g) % Crude Qil in Mixture
0.00206 0.1 19.3
0.00199 0.1 19.7

It is important to note that the percentage of oil in the mixture is a volume % based on all
liquids in the solution, TMBG, methanol and crude oil. As expected, after CO, addition,
the crude oil phase separated (Figure 3.56). The experiments began with TMBG and
methanol (Figure 3.56-A), to this crude oil was added to form a dark brown
homogeneous mixture (Figure 3.56-B) As CO, was bubbled through the mixture, a phase
separation could be seen as the ionic liquid formed (Figure 3.56-C). Ultimately, after the

reaction was completed, two phases existed, a very dark upper layer, which contains the

Figure 3.56 Separation of crude oil from TMBG MC IL. A. Pure TMBG B. TMBG with crude oil —
homogeneous mixture C. Bubbling CO, to form ionic liquid D. After IL formation, clear phase split can be
seen
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hydrocarbons, and a lighter brown lower ionic liquid layer (Figure 3.56-D). Both phases
of this mixture were analyzed by GC-MS. This analysis showed only trace amounts of
TMBG in the upper crude oil phase, and no evidence at all of hydrocarbon in the ionic
liquid phase.

A bitumen sample obtained from Conoco Phillips was also tested. The bitumen
sample is known to be a mixture of clays, inorganic alkali metal salts, 1-3 wt% hydrogen
sulfide, <2 wt% ethyl benzene, <1 wt% benzene, and crude 0il.*"" An NMR run on this
sample showed only the expected alkane peaks, though it is known that trace aromatics
are present, they are in quantities below the limit of detection for the NMR equipment.

As with the previous test, the bitumen was added to the TMBG. This was
vigorously stirred to ensure complete mixing of the bitumen and TMBG. An equimolar
amount of methanol was added to the system, and CO, was bubbled to form an ionic
liquid. As a result, two immiscible liquid phases formed. Both phases were sampled and
analyzed using '"H and "CNMR. This system was tested with a variety of different
amounts of bitumen in the solution. The exact compositions in weight percent of all
solutions tested can be seen in Table 3.8.

It was found that there is an upper limit to the amount of bitumen that can be used
and still have a successful phase separation occur. In the first two samples tested (Runs 1
and 2, Table 3.8), the amount used was above that limit 14.6 and 10.2% bitumen
respectively, and phase separation was not seen. However, when lower amounts of
bitumen were used, from 1.07-8.56% (Runs 3-7, Table 3.8) a phase separation was
visible (Figure 3.57), so this limit appears to be at or just below 10%. From a visual

examination, it could be seen that the ionic liquid phase darkened after separation (Figure
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Table 3.8 Separation of bitumen with TMBG MC IL

Mol TMBG g bitumen % bitumen in
mixture
1 0.00409 0.142 14.6
2 0.00409 0.103 10.2
3 0.00409 0.009 1.07
4 0.000567 0.003 2.54
5 0.00067 0.006 4.25
6 0.000544 0.007 5.96
7 0.000421 0.008 8.56
8-1 0.00725 0.016 1.07
8-2 0.00772 0.017 1.07
8-3 0.00316 0.007 1.07

3.57-D). However, when examined with NMR analysis, no peaks aside from those
expected for the TMBG MC IL were seen. Most likely ionic contaminant species
remained in the ionic liquid phase, which could not be detected via NMR or GC-MS.
After separation from the TMBG MC IL, the isolated alkane phase was noticeably less
viscous. NMR analysis (‘"H and *CNMR) was run on the isolated hydrocarbons, and
now both the expected alkanes and trace aromatic impurities (benzene, ethyl benzene)

could be seen.

Figure 3.57 Separation of alkanes from bitumen using TMBG MC IL. A. Pure TMBG, B. TMBG with
added bitumen sample, C. Bubbling CO, to form TMBG MC IL, D. Bitumen phase separated from TMBG
MCIL
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After the alkane layer was removed, the TMBG MC IL was successfully reversed
to the molecular liquid, and the entire process was repeated two more times (Runs 8-1 to
8-3, Table 3.8). It is important to note, however, that after the second separation, the
TMBG had become almost black. To remedy this situation, the TMBG was run over a
pad of silica gel with ethyl acetate. After this cleaning, TMBG MC IL was formed, any
impurities that phase separated out at this point were removed, the ionic liquid was

reversed, and fresh bitumen was added to successfully carry out the third recycle.

3.3.1.12.6 Summary of other TMBG IL Applications

Aside from being a means of carrying out reactions and separations, due to its
unique properties and abilities, the TMBG IL system has proven to be useful in a variety
of other capacities which are currently industrially important. Due to its immiscibility
with common alkanes, the TMBG MC IL can be used to extract the alkanes in oil from
impurities which was successfully shown both in a proof of concept study with crude oil
and on a sample of bitumen provided by Conoco Phillips. Not only could the ionic liquid

be used for this once, it could also be successfully recycled up to three times.

3.3.2 One Component lonic Liquids

3.3.2.1 Amine Precursor Molecules

(3-Aminopropyl)trimethoxysilane and (3-aminopropyl)tricthoxysilane were
chosen as the first precursors to examine for one-component ionic liquid formation

(Figure 3.58).
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Figure 3.58 One component ionic liquid precursors. A. (3-Aminopropyl)trimethoxysilane and B. (3-
aminopropyl)triethoxysilane

3.3.2.2 Synthesis and Characterization of One Component lonic Liquids

The neat precursor was placed in round-bottom flask under nitrogen. To form the
ionic liquid, carbon dioxide was bubbled through the precursor. (Figure 3.59) An

exotherm was observed to take place, and bubbling was stopped only after the solution
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Figure 3.59 One component ionic liquid formation from alkoxy precursor

had cooled to room temperature, at which point, in both cases, a clear viscous oily liquid
had formed.

When (3-aminopropyl)triethoxysilane was used as precursor, analysis of the
product by 'H NMR, °C NMR, IR and elemental analysis all confirmed formation of the
desired 3-(triethoxysilyl)-propylammonium 3-(triethoxysilyl)-propyl carbamate (TESAC)
ionic liquid. This was evidenced in the ?C NMR, with a characteristic carbamate peak
that appeared at 162.6ppm. The 'H NMR also showed appearance of the third proton

attached to the nitrogen, the IR displayed characteristic NH;+ stretches at l)mx/cm'1 3400-
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2400 and CO,- stretches at Vya/cm™ 1570 and 1481 and the elemental analysis matched
the expected element ratios for the desired ionic liquid product.

Using (3-Aminopropyl)trimethoxysilane as the precursor molecule, the same tests
were run on the resulting ionic liquid and similar results were found, confirming the
formation of 3-(trimethoxysilyl)-propylammonium 3-(trimethoxysilyl)-propyl carbamate
(TMSAC) ionic liquid. This was particularly evident by the carbamate peak appearing at
162.5ppm in the *C NMR. Viscosity tests were run on both ionic liquids using a cup and
bob viscometer, temperature controlled at a constant 25°C. The viscosity was found to
vary greatly with structure, as TMSAC showed a viscosity of 2,160 cP, and TESAC
showed a viscosity of 930 cP. (Figure 3.60) This difference is consistent with what was
observed physically and is not unexpected as the larger ethoxy groups can more readily
disrupt ionic packing. However, both ionic liquids proved to be Newtonian fluids with

no shear thinning observed.
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Figure 3.60 Viscosity measurements of TMSAC and TESAC ionic liquids

After basic physical characterization was completed, the solvatochromic

properties of TMSAC and TESAC were investigated using the solvatochromic probe Nile
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Red and following the same procedure described previously with the two component
ionic liquids. As with the two component ionic liquids, a substantial shift in polarity was
found when going from neutral precursor molecule to ionic liquid. TMSA showed a 9.0
nm Ay« increase (from 528.1 nm to 537.1 nm) when converted to the ionic TMSAC
form, while TESA showed a 11.4 nm increase (from 522.6 nm to 534.0 nm) when
converted to TESAC. The TMSA is more polar then TESA, however it undergoes less of
a polarity switch. In general, these solvents change from a polarity value similar to
benzene (525.4 nm) to one similar to chloroform (537.6 nm).”” In both cases, the
polarity change is smaller than for the two component guanidine systems. Figure 3.61
shows the wavelength of maximum absorption found for TMSAC and TESAC, their

neutral precursor molecules as well as other common solvents.
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Figure 3.61 Wavelengths of maximum absorption of one component ionic liquids, their precursors and
other common solvents

3.3.2.3 Reversibility of One Component lonic Liquids

The reversibility and reformation of the TMSAC and TESAC ionic liquids were

examined using '"H NMR and ">C NMR, as well as DSC and TGA studies. DSC and
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TGA were run first to gain an understanding of where reversal may occur. The TGA
showed that for the TMSAC ionic liquid, a 13% mass loss was seen by 88°C and for the
TESAC ionic liquid, a 9% mass loss was seen by 125°C. In both cases, this corresponds
to the loss of CO, from the system. These results indicated that complete reversal should
be possible at relatively moderate temperatures. These results were confirmed by DSC
testing which showed two endotherms present for each ionic liquid, one corresponding to
loss of CO, from the system, (beginning at 50°C and continuing to 150°C for TESAC
and beginning at 75°C and continuing tol75°C for TMSAC) and one for the
decomposition of the amine precursor, which in both cases took place well over 200°C.

The results seen for both ionic liquids can be illustrated by the thermogram obtained for

TESAC (Figure 3.62).
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Figure 3.62 DSC thermogram of TESAC ionic liquid, indicating IL reversal between 50°C and 150°C and
decomposition of amine precursor over 200°C

After it was determined that reversal was possible at moderate temperatures,
NMR studies were performed. For the °C NMR studies (Figure 3.63)", an NMR was

taken of the neat starting material (TESA in Figure 3.63-A) which showed peaks at
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58ppm and 18ppm from the carbons in the ethoxy groups and peaks at 8ppm, 27ppm, and
45ppm for the carbons on the propyl amine chain. CO, was then bubbled through the
solution for 20 minutes, and another neat NMR was taken (TESAC in Figure 3.63-B). In
this NMR, a peak appeared at 162.6ppm consistent with formation of a carbamate group.
In addition, two sets of 5 peaks (for the ethoxy and the propyl chain) are observed in the
NMR, one set corresponding to the triethylsilylpropyl carbamate and one set to the
triethylsilylypropyl ammonium. Finally, the ionic liquid was heated at 120°C with
stirring for 2 hours to reverse (TESA in Figure 3.63-C). After reversal, the carbamate

peak disappeared and the peak doubling disappeared, and the five peaks attributed to

Figure 3.63 "CNMR taken of A. the neat TESA starting material, B. newly formed TESAC ionic liquid,
and C. TESAC ionic liquid after it has been heated at 120°C for 2 hours and reversed to starting material
Blasucci, V. et al, One Component, Switchable lonic Liquids Derived from Siloxylated Amines. Chem.
Commun. 2009, 1: p. 116-118. Reproduced by permission of The Royal Society of Chemistry"™
http://dx.doi.org/10.1039/b816267k
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TESA were observed at 8ppm, 18ppm, 27ppm, 45ppm, and 58ppm. CNMR was the
most beneficial tool for tracking the formation and subsequent reversal of the ionic liquid,

as appearance and disappearance of the carbamate can clearly be seen.!

3.3.2.4 Miscibility Studies of the One Component Amine Based Ionic Liquids

The miscibility of the one component ionic liquids with the hydrocarbons
pentane, hexane, and octane was studied. These miscibility studies were carried out by
first forming an equimolar mixture of the amine precursor (either TESA or TMSA) and
the hydrocarbon. In all cases, the amine precursor and hydrocarbon were completely
miscible. CO, was bubbled through the mixture for 20 minutes, until the exotherm
subsided. At this point two distinct phases were seen, a hydrocarbon phase and an ionic
liquid phase. Each phase was analyzed by 'H NMR and GC-MS. This analysis

confirmed less than 1 mol % contamination of ionic liquid in the hydrocarbon phase.

3.3.2.5 Applications of One Component Amine Based lonic Liquids

3.3.2.5.1 Separation of Alkanes from tar sands/shale

The one component ionic liquids may provide easier and more cost effective
methods for accessing the oil from non traditional sources such as tar sands than current
methods, which frequently involve the energy intensive process of distillation.”) The
TESAC ionic liquid was chosen due to its lower viscosity, lower reversal temperature,
and larger polarity switch. Therefore, proof of principle testing with crude oil was done

solely with this ionic liquid.
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The method followed to carry out these tests is illustrated in Figure 3.64. Crude
oil was added in a 50 wt.% amount to the TESA precursor to form a homogeneous
mixture. With unconventional oil sources such as bitumen or tar sands filtration can take
place at this point to remove solids from the system. However for this test with crude oil
no solids were present so filtration was not necessary. CO, was bubbled through the
mixture for 20 minutes. This produced a single liquid phase with high viscosity.
Allowing this mixture to sit overnight, two distinct phases could then be seen. However,
centrifuging this mixture for twenty minutes also induced the expected and desired phase
split. The need to centrifuge is attributed to the high viscosity of the system and to
similar densities between the crude oil and the ionic liquid. The ionic liquid has a density
of 1.06 g/mL compared to the crude oil which has a density of 1.03 g/mL. Once the two
phases were separated, the top phase was decanted and the bottom phase was heated at
120°C for 2 hours to reverse the ionic liquid back to the molecular liquid. A new oil
sample was then introduced in a 50 wt.% amount and the entire process was repeated for

three total recycles, and the entire system was run 3 times.!”’
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Figure 3.64 Scheme for the use of one component ionic liquid to separate alkanes from crude oil
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For each cycle, samples of the top and bottom phases were removed and
analyzed using 'H and C NMR. This was done by comparing the integrations of the
peak from the O-CH; protons of the IL or IL precursor to the peak for the terminal CHj
from the hydrocarbon chains found in the crude oil. The results of ionic liquid
contamination in the crude oil phase are shown in Table 3.9.") As can be seen here, the
product hydrocarbon phase contains less than 4 mol% ionic liquid contamination. The
separation efficiency is not altered over each cycle, and is expected to improve with
larger scale experiments. The TESAC phase is also expected to contain other impurities

such as sulfur, water, and heavy metals like arsenic which are common to crude oil.

Table 3.9 Post cycle amount of TESAC seen in the hydrocarbon product phase

Cycle Number mol% TESAC
1 3.6
2 3.3
3 2.6

After initial experiments with crude oil, bitumen extractions were also studied.
The bitumen sample used for these experiments was of the same type and source as
described in section 3.3.1.12.5. To carry out these tests, the exact same procedure was
followed as for the crude oil, however, a smaller amount (18wt.% relative to precursor)
was used. The mixture contained a liquid phase and a solid particulate. To remove the
solid, the mixture was filtered before CO, addition. Once the process was carried out,
two clear phases were again seen, however there was no further characterization of the

phases.

3.3.2.5.2 Summary of One Component lonic Liquid Applications
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Due to the polarity switch seen when converted from a neutral to an ionic liquid,
one component amine based ionic liquids are successful at phase separating from alkanes
both in crude oil samples, and from a bitumen sample provided by Conoco Phillips. This
indicates that this system should be successful in extracting and separating alkanes from
tar sands and oil shale. As these ionic liquids are based on only one component, and loss
of a second component is not an issue, this system would ultimately be more practical,
from a processing stand point, than that presented previously for two component ionic

liquids.

3.4 Conclusions

3.4.1 Two Component lonic Liquids

A new class of room temperature ionic liquids has been designed and developed.
These 2-butyl-1,1,3,3-tetramethylguanidinium alkylcarbonate ionic liquids are unique in
that they are part of the first class of ionic liquids that can be formed easily with the
addition of CO, gas, and readily reversed with either inert gas, mild heating, or

vacuum. 4]

The properties of the ionic/molecular liquid system can be altered by
changing the alkyl substituents on the guanidine as well as by using different alcohols.
Many reactions were studied in order to show a complete chemical process that includes
reaction, separation, reformation, and recycle. In two of these reactions, the Claisen-
Schmidt condensation of butanone and benzaldehyde and the cyanosilylation of

cyclohexanone, this was successfully achieved. The TMBG MC IL was reversed and

recycled three times and two times, respectively.[) It has been shown to be successful in
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extracting hydrocarbons from bitumen samples, a method that, with optimization, could

be used to purify high cost fuel samples for use in oil and gasoline production.

3.4.2 One Component lonic Liquids

Developed in conjunction with the two component ionic liquids, one component
reversible systems are also part of the new class of reversible ionic liquids.”! These are
based on commercially available (3-aminopropyl)-trialkoxysilane precursors, and like
two component ionic liquids, the ionic liquid is formed by addition of CO; to the system,
and reversed by removal of the CO, with either inert gas, heating over 100°C or vacuum.
The systems properties can be tuned and changed by altering the alkoxy substitution, and
they have been found useful for separating hydrocarbons from bitumen samples.!”
Though these ionic liquids have not yet been as extensively studied as the two component
variety, they show a great deal of promise, especially as, from a processing stand point,

they are more practical to work with and use than the two component ionic liquids.

3.5 Experimental
All chemicals were ordered from Aldrich and used a received, unless noted. The
crude oil was analyzed by Chevron for sulphur (combustion followed by infrared
detection) and hydrocarbon fractions (gas chromatography and simulated distillation
software). The sample contained 1.17 wt% sulphur. The largest hydrocarbon cut was
detected between 302°C and 316°C. Bitumen was provided by ConocoPhillips and used
as received. NMR spectra were obtained from a Bruker DRX 500 and Varian-Mercury

VX400 MHz spectrometer. NMRs of neat samples were calibrated to external CDCl; at
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7.24ppm ('H) and 77 ppm (°C). GC-MS analysis was done on a HP GC 6890/ HP MS
5973. Thermal analyses studies were performed on TA instruments Differential
Scanning Calorimeter (DSC) Model Q20 and Thermogravimetric Analyzer (TGA) Model
Q50. Samples were heated at 5°C/ min for both DSC and TGA analyses. DSC

experiments were performed in hermetically sealed pans with a pin-sized hole in the top.

Synthesis of TMBG

2-Butyl-1,1,3,3-tetramethylguanidine was synthesized by a modification of the literature
procedure.””* Tetramethylurea (0.08mol) was stirred in dry dichloroethane (80mL) for
~ 5min. Oxalyl chloride (0.18mol) was slowly added. The mixture was then heated at
60°C for 5h. Dichloroethane solvent was removed via vacuum after the mixture cooled
to RT. Dry acetonitrile (75mL) was used to dissolve the dichloride intermediate. The
reaction vessel was then cooled to 0°C. Butylamine (0.16mol) was dissolved in 15mL of
dry acetonitrile and the mixture was added dropwise to the dissolved dichloride
intermediate. After the reaction warmed to RT, it was refluxed at 92°C for 1h. Solvent
was then removed via the rotary evaporator, and the residue was treated with 30% aq
NaOH (30mL). The product was then extracted with diethyl ether (3x20mL), dried with
MgSO,, and concentrated to give the desired product as a clear oil in 80 % yield.

2-Butyl-1,1,3,3-tetramethylguanidine: "H NMR (CDCls): 0.784 (t, 3H), 1.22 (m, 2H),
1.39 (m, 2H), 2.53 (s, 6H), 2.62 (s, 6H), 2.99 (t, 2H). °C NMR (CDCl5):13.69, 20.32,
34.26, 38.39, 39.36, 48.69, 161.45. DEPT-135 (neat): up-13, 40, 42, 49; down-23, 36, 50.
EA: calculated C, 59.37%; H, 11.96%; N, 20.77% N. Found: C, 59.21%; H, 12.3%; N,

21.5%
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Synthesis of TMBG for Easy Scale Up

Synthesis of 2-butyl-1,1,3,3-tetramethylguanidine was carried out in a one pot synthesis.
Butyl bromide (0.084mol) was placed in a round bottom flask and heated with stirring to
120C. Once at temperature, slightly less than one molar equivalent of
tetramethylguanidines (0.080mol) was dripped in slowly. An exotherm occurred, which
was not controlled, but allowed to peak at ~145C and decrease naturally. All heating was
stopped and the solution was cooled back to room temperature. The resulting liquid was
treated with 30% aq NaOH (30mL). The product was then extracted with diethyl ether
(3x20mL), dried with MgSO4, and concentrated on the rotovap to give the desired
product as a clear oil, with approximately 8% unreacted tetramethylguanidine remaining
in the system as an impurity.

2-Butyl-1,1,3,3-tetramethylguanidine: '"H NMR (CDCls): 0.67 (t, 3H), 1.11 (m, 2H), 1.27
(m, 2H), 2.42 (s, 6H), 2.52 (s, 6H), 2.88 (t, 2H). *C NMR (CDCl):13.63, 20.17, 34.64,
38.38,39.19, 48.88, 159.44.

1,1,3,3-tetramethylguanidine: 'H NMR (CDCl3): 2.52 (s, 6H). "“C NMR (CDCl5):

38.835

Formation of TMBG ILs

The 2-butyl-1,1,3,3-tetramethylguanidinium  alkylcarbonate ionic liquids were
synthesized by bubbling CO, through equimolar solutions of 2-butyl-1,1,3,3-
tetramethylguanidine and the alcohol. The mixture was bubbled with CO, an additional
10-15 minutes after the exotherm subsided, indicating full conversion of the neutral

mixture to the ionic liquid.

174



2-butyl-1,1,3,3-tetramethylguanidinium methylcarbonate: "H NMR (neat): 1.12 (t, 3H),
1.51 (m, 2H), 1.78 (m, 2H), 3.1 (s, 12H), 3.38(t, 2H), 3.45 (s, 3H). *C NMR (neat):
14.35, 21.05, 33.48, 40, 46.59, 49.12, 51.79, 158.15, 161.16. DEPT-135 (neat): up-13,
39, 49, 51; down-20, 33, 46. EA: Theory 53.42 % C, 10.19% H, 16.99% N. Found
54.64% C, 11.1% H, 17.53% N.

IR (neat) Figure 3.65

B 8 8 B

2 B 8 B 3 &

Figure 3.65 IR of 2-butyl-1,1,3,3-tetramethylguanidinium methylcarbonate

2-butyl-1,1,3,3-tetramethylguanidinium butylcarbonate: '"H NMR (neat): 1.11 (br s, 7H),
1.54 (m, 5H), 1.66 (m, 2H),1.8 (m, 2H), 3.1 (s, 12H), 3.39(t, 1H), 3.66 (m, 1H), 3.96 (s,
1H). "C NMR (neat): 13.6, 13.85, 19.16, 19.93, 32.39, 35.38, 39.27, 45.15, 60.65,
63.35, 157.22, 161.22. EA: Theory: 58.10% C, 10.80% H, 14.52% N. Found: 58.13% C,
11.46% H, 14.31% N.

2-butyl-1,1,3,3-tetramethylguanidinium hexylcarbonate: '"H NMR (neat): 1.03 (br s,
11H), 1.44 (br s, 14H), 1.62 (m, 4H), 1.77 (m, 2H), 3.15 (s, 12H), 3.33(t, 2H), 3.62 (m,

3H), 3.92 (s, 1H). '*C NMR (neat): 13.83, 14.10, 20.16, 22.93, 26.07, 32.16, 33.36,
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39.63, 61.38, 157.91, 161.81. EA: Theory: 60.53% C, 11.11% H, 13.24% N. Found:
60.79% C, 11.90% H, 12.69% N.

2-butyl-1,1,3,3-tetramethylguanidinium octylcarbonate: '"H NMR (neat): 1.1 (t, 6H), 1.46
(brs, 12H), 1.65 (m, 2H), 1.75 (m, 2H), 3.08 (s, 12H), 3.33(t, 2H), 3.62 (m, 1H), 3.92 (s,
1H). "C NMR (neat): 13.9, 14.09, 20.3, 22.84, 26.45, 29.65, 29.72, 30.54, 32.13, 32.97,
39.46, 46.04, 61.27, 63.95, 157, 160.9. EA: Theory: 62.57% C, 11.38% H, 12.16% N.
Found: 62.55% C, 11.96% H, 11.98% N.

2-butyl-1,1,3,3-tetramethylguanidinium dodecylcarbonate: '"H NMR (neat): 1.1 (t, 7H),
1.49 (br s, 20H), 1.68 (m, 2H), 1.77 (m, 2H), 3.1 (s, 12H), 3.35(t, 2H), 3.65 (m, 1H), 3.95
(s, 1H). °C NMR (neat): 14.32, 14.49, 20.7, 23.25, 27.11, 30.03, 30.35, 32.55, 33.42,
39.85,46.5, 61.69, 64.30, 157.74, 161.15. EA: Theory: 65.79% C, 11.80% H, 10.46% N.
Found: 66.52% C, 12.66% H, 11.66% N.

2-butyl-1,1,3,3-tetramethylguanidinium bicarbonate: '"H NMR (neat): 0.84 (t, 3H), 1.26
(m, 2H), 1.4 (m, 2H), 2.67 (s, 12H), 3.02 (t, 2H), 3.38 ( br s, 2H). *C NMR (neat): 13.67,

19.50, 31.46, 39.28, 44.26, 158, 160.62.

Nile Red Measurements

Polarity was measured using Nile Red dye on a Hewlet Packard 8453 UV-Vis
system. Samples were measured at three different concentrations of dye, three times
each, for a total of nine measurements per sample. For each sample the dye was added
the system was allowed to stir for 20 minutes before measurements were taken to ensure

complete dissolution
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Reversal of IL using inert gas

TMBG MC IL (1g) was placed in a small vial. N, gas was sparged through the
solution overnight (12 hours). NMR indicated reversal to TMBG as well as some

methanol loss

Reversal of IL using heat

TMBG MC IL (1g) was placed in a small vial or NMR tube. A small stir bar was
placed in the bottom. This whole set up was placed in an oil bath set at 80°C. This was
allowed to heat with stirring at 80°C for 3 hours. Bubbles could be seen leaving the
system. After three hours, NMR indicated reversal to TMBG and some small amount of

methanol loss

Reversal of IL using vacuum

TMBG MC IL (1g) was dissolved in chloroform (10mL) and rotovapped for 1

hour. NMR indicated reversal to TMBG (methanol had evaporated).

Melting Points

A round bottomed flask was filled with isopropanol. A thermometer and an NMR
tube were placed in the flask. Freshly formed ionic liquids was placed in the ionic liquid,
which was sealed with an NMR septum and covered with parafilm. The flask was then
cooled with a dry ice/acetone bath, and then allowed to warm up until the ionic liquid

melted. The cool-heat cycle was performed three times for each sample.
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Conductivity study

Conductivity was measured using a ThermoOrion Model 115 Meter. An equimolar
solution of 2-butyl-1,1,3,3-tetramethylguanidine and methanol (5.56 mmol) was
dissolved in 4mL of deuterated chloroform. CO, was then slowly bubbled into the
solution and measurements were taken until equilibrium was reached. After formation of
the ionic species, the solution was heated and conductivity measurements were again
taken until equilibrium was reached, indicating the reversal of the ionic species and

reformation of the neutral species. This procedure was repeated for three cycles.

Water content

Water content was measured by injecting 1mL of solution into a Mettler Toledo

DL31 Karl Fischer titrator.

Miscibility studies

Mixtures of solvent (3.5-5.84 mol) and TMBG (1.75-2.92 mol) were stirred
together for ~15min. They were observed for miscibility. Methanol and CO, were then
added to the samples to form TMBG MC IL. These samples were left overnight. If the

solvent phase separated, both phases were analyzed with GC-MS and NMR ('H).

Modifications to structure

2-[1-hydroxyethyl]-1,1,3,3-tetramethyl guanidine: The same reaction conditions were
used as for the synthesis of TMBG, with a few exceptions: 1) 0.12mol of

monoethanolamine was dissolved in Et;N (23mL) and acetonitrile and added dropwise to
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the dichloride. 2) In the work-up, an acid-base procedure was used: 5% HCIl (20mL) was
added to the mixture, and extracted with CH,Cl, (3x15mL). Residue from the organic
extraction was then dissolved in water and basified using 30%NaOH (30mL). The
organics were extracted with CH,Cl, (3x15mL) to yield a yellow solid.
Recrystallization gave the desired solid product in 78% yield; decomposition point
171°C; 'H (CDCLy): 1.09 (t, 2H), 2.27 (1H), 2.73-2.78 (m, 14H). *C (CDCl;): 35.98,
44.51,45.59, 59, 159.

2-[trimethylsiloxyethyl]-1,1,3,3-tetramethyl guanidine: The same reaction conditions
were used as for the synthesis of TMBG, with one exception: 1) 0.12mol of 1-
trimethylsiloxyethyl-2-amine was dissolved in Et;N (23mL) and acetonitrile and added
dropwise to the dichloride. Product was obtained as light yellow oil in 83% yield. 'H
NMR(ds-DMSO): 0.03 (s, 9H), 2.75 (s, 4H), 2.78 (s, 8H), 3.58 (t, 2H), 4.18 (t, 2H) . °C
NMR (de-DMSO): 1.5,38, 39, 52, 67, 161.

I-trimethylsiloxyethyl-2-amine:*  To  0.5mol  ethanolamine,  0.28mol  of
hexamethyldisilizane was slowly added dropwise. One drop of Me;SiCl was added and
the mixture was heated to 130°C for 2hours. Distillation under vacuum gave the liquid
product in 78% yield. "H NMR(dg-DMSO): 0.06 (s, 9H), 2,59 (t, 2H), 3.46 (t, 2H). °C
NMR (ds-DMSO): -0.66, 43.89, 64.63.

2-[Itrimethylsilylmethyl]-1,1,3,3-tetramethyl guanidine: The same reaction conditions
were used as for the synthesis of TMBG, except that 1-trimethylsilylmethyl amine was
added to the dichloride intermediate. 38% yield as a light yellow oil. '"H NMR(CDCl;): -
0.07 (s, 9H), 2.57 (s, 6H), 2.65 (s, 6H), 2.69 (s, 2H). *C NMR (CDCls): -2.48, 38.78,

39.63 40.81, 159.23.
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2-[trimethylsilanylmethyl]-1,1,3,3- tetramethylguanidinium methylcarbonate: CO, was
bubbled through an equimolar mixture of 2-[ltrimethylsilylmethyl]-1,1,3,3-tetramethyl
guanidine and methanol to yield solid at room temperature (mp= 36°C) 'H NMR(d¢-
DMSO): -0.02 (s, 9H), 2.69 (s, 12H), 3.15 (s, 2H).
2-[trimethylsilanylmethyl]-1,1,3,3-tetramethylguanidinium octylcarbonate: CO, was
bubbled through an equimolar mixture of 2-[1-trimethylsilylmethyl]-1,1,3,3-tetramethyl
guanidine and octanol to yield ionic liquid, but with very low conversions.
Pentamethyldisiloxanepropylamine: The amine was synthesized following a procedure
from U. S. Patent 5,654,374. Allylamine (0.047mol) was dissolved in heptane (20mL).
This solution was heated to 75C with stirring and refluxing. Once temperature stabilized,
platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane catalyst was added in the amount
of 1% by weight (1.34mL of 2% in xylene catalyst solution). Pentamethyldisiloxane
(0.047mol) was also dissolved in heptane (20mL) and this mixture was placed in an
addition funnel. Heat on the allylamine solution was raised to 85C and the
pentamethyldisiloxane solution was dripped in slowly, maintaining the temperature at a
constant 85C. Heat was then decreased to 70C and reacted for 3 hours. 2 scoops of
Celite were added and the solution was left to stir overnight at room temperature. Celite
was removed by filter, and heptane was removed from the solution by rotovap and
vacuum oven. The resulting dark brown solution was purified to a clear liquid in 40%
yield using Kugelrohr distillation, however, NMR analysis showed this product to
actually be a mixture of the linear and branched products. 'HNMR (CDCls): -0.007 (m,

15H), 0.431 (¢, 2H), 1.377 (m, 2H), 2.594 (t, 2H). *CNMR (CDCly): 1.861, 15.242,
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27.570, 45.313. EA: Theory: 46.77% C, 11.28% H, 6.82% N. Found: 46.72% C,
11.38% H, 6,76%N.

2-(propylpentamethyldisiloxane)-1, 1,3,3-tetramethylguanidine: The same reaction
conditions were used as for the synthesis of TMBG, except that
pentamethyldisiloxanepropylamine was added to the dichloride intermediate. 'HNMR
indicates that some reactions has occurred to form the desired product, however,
unreacted tetramethylurea and silylamine can be seen in the mixture, indicating that the
linear silylamine reacts to form the guanidine, while the branched does not. Most peaks
overlap with unreacted materials, however those that indicate product formation are:
'HNMR (CDCls): 2.525 (s, 6G), 2.562 (s, 6H), 2.93 (t, 2H). CNMR (CDCl;) 37.985,
38.243, 159.27.

Pentamethylguanidine: Liquid methylamine was collected by flowing gas through a dry
ice condenser and dripped into a flask of acetonitrile. At least 6mL collected, enough to
have excess in reaction of at least 8:1 methylamine:chloride intermediate. The same
procedure was then followed as in TMBG synthesis, only methylamine in acetonitrile
was added for the second step. After reaction completion, normal work up was followed
and product was collected as a yellow oil in 70-75% yields. '"HNMR (CDCls): 2.473 (s,
6H), 2.586 (s, 6H), 2.739 (S, 3H). "CNMR (CDCl): 38.350, 39.033, 161.279.
Pentamethylguanidinium butylcarbonate: CO, was bubbled through an equimolar
mixture of pentamethylguanidine and butanol to form a wet looking white solid (mp 92-
96C) with 70% conversion. Heating, increasing stirring during formation, and washing

with pentane were all unsuccessful in increasing conversion.
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2-allyl-1,1,3,3-tetramethylguanidine: The same reaction conditions were used as for the
synthesis of TMBG, except that allylamine was added to the dichloride intermediate.
Product was isolated as a pale yellow oil in 70-75% yield. '"HNMR (CDCls): 2.583 (s,
6H), 2.650 (s, 6H), 3.697 (s, 2H), 4.894 (d, 1H), 5.131 (d, 1H), 5.897 (m, 1H). *CNMR
(CDCl3): 38.698, 39.517, 112.708, 139.631, 160.394.

2-allyl-1,1,3,3-tetramethylguanidinium methylcarbonate: CO, was bubbled through an
equimolar mixture of 2-allyl-1,1,3,3-tetramethylguanidine and methanol. NMR indicated
formation of an ionic species (appearance of peak at 158.179 in *CNMR), however other
species are present as well, and no reversal is possible upon heating at 80C or bubbling of

CO,

Base-catalyzed reactions

Reagents were first mixed in TMBG. After reaction completion, hexane (or
another non-polar alkane) and methanol were added. CO, was bubbled through the
mixture to cause the formation of two separate phases: hexane/product and TMBG MC
IL. Each phase was analyzed by GC-MS to quantify the concentrations of reactants and
products. Standard calibration curves of all starting materials and most of the products
were prepared. If the reaction was recycled, the desired products were isolated,
characterized by NMR and compared to literature values. The TMBG MC IL was then
reversed, more reagent was added, and the reaction started again.
[-phenyl-pent-1-en-3-one'™" "H NMR: (CDCL): 1.16 (3H, t), 2.7 (2H, q), 6.7 (1H, d),
7.37-7.4 (3H, m), 7.5-7.6 (3H, m)
4-phenyl-3-methyl-3-buten-2-one!***’: 66.5mL acetic acid was added to a round-

bottomed flask over ice. 13.5mL 37wt% HCI was then added. Next, 7.88mL
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benzaldehyde was added. Finally, 13.95mL 2-butanone was added to the mixture and it
was stirred until it returned to room temperature, and then for 36 more hours. The
solution was neutralized with 125mL 10M NaOH after the addition of 50mL H,O. The
organics were separated with diethyl ether, washed again with 10 wt% NaHCOs;, and
dried over MgSO, to give the desired product in 95% yield. 'H(ds-DMSO): 1.87 (d, 3H),
2.37 (s, 3H), 7.3-7.45 (m, 4H), 7.59 (s, 1H).
[-trimethylsilyloxy-1-cyclohexanecarbonitrile. "H (dg-DMSO): 0.2 (s, 9H), 1.48-1.7 (m,
8H), 1.9 (m, 2H). "°C (d-DMSO): 1.4, 22.4, 23.8, 38.6, 70.5, 121.

TMBG/TMS-CN salt: 'H (dg-DMSO): 0.1 (s, 9H), 0.82 (t, 3H), 0.98 (m, 2H), 1.25 (m,
2H), 2.8 (s, 12H). °C (de-DMSO): 1.1, 13.9, 18.8, 19.7, 31.7, 39.1, 123.4, 161.3.
3[bis(methoxycarbonyl)methyl]cyclohexanone. "H (CDCls): 1.4-1.55 (m, 1H), 1.65-1.8
(m, 2H), 1.9-2.0 (m, 1H), 2-2.15 (m, 1H), 2.3-2.55 (m, 5H), 3.3 (d, 1H), 3.75 (s, 6H).
3-(N-phenylamino)-1,3-diphenyl-1-acetone. 'H (CDCls): 3.46 (d, 1H), 3.49 (d, 1H), 5.02
(m, 1H), 6.57 (d, 2H), 6.67 (m, 1H), 7.05 (m, 2H), 7.25 (d, 1H), 7.3-7.34 (m, 2H), 7.78-

7.59 (m, 5H), 7.92 (d, 2H).

Separation of alkanes from tar sands/shale

Mixtures of TMBG and either crude oil or bitumen were stirred together.
Addition of CO; into the mixture caused the formation of two separate phases: crude oil
and TMBG MC IL. Each phase was analyzed by GC-MS or NMR for purity.

Bitumen before treatment with TMBG MC IL: "H NMR (CDCls): 0.87 (m), 1.26 (m). "*C

NMR (CDCl3): 14.29, 22.83, 29.82
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Bitumem after treatment with TMBG MC IL (TMBG peaks withheld for clarity): 'H
NMR (CDCl): 0.1 (s), 1.17 (s), 4.15 (p), 7.45 (m), 7.65 (m). 13C NMR (CDCl;): 12.56,
23.47,24.32,29.51, 30.83, 30.97, 67.88, 129.43, 132.34, 132.83, 158.15, 165.43, 167.71,

206.

Formation of Amine Based One Component IL’s

Carbon dioxide was bubbled through the pure precursor molecule. Though the
necessary time varied slightly based on the amount of precursor being used, it was always
bubbled until the exotherm was felt, recorded and cooled back down to room
temperature. On average, this was twenty minute for most samples. To confirm ionic
liquid formation, neat NMR’s were run using a capillary tube containing CDCI; placed
inside the sample in the NMR tube.
3-(trimethoxysilyl)-propylammonium 3-(trimethoxysilyl)-propyl carbamate (TMSAC): 'H
NMR (neat): 6.0 (3H, br, NH3"), 4.5 (1H, br, NH), 3.5 (18H, br, OCH3), 3.0 (2H, br,
CH,N), 2.6 (2H, br, CH,N), 1.6 (2H, br, CH,), 1.5 (2H, br, CH,), 0.6 (4H, br, CH,Si), °C
NMR (neat): 50.0 (OCHs), 43.9 (CHxN), 42.8 (CHyN), 23.8(CH), 23.2 (CH,), 5.8
(CH,Si1); Elemental Analysis Theory: C, 38.78%; H, 8.51%; N, 6.96 %; Found: C,
38.34%; H, 8.57%; N, 6.95%.

IR (neat)(Figure 3.66).

3-(triethoxysilyl)-propylammonium  3-(triethoxysilyl)-propyl carbamate (TESAC): 'H
NMR (neat): : 9.6 (3H, br, NH3"), 6.0 (1H, br, NH), 4.0 (12H, br, OCH,), 3.2 (2H, br,
CH,NH), 3.0 (2H, br, CH,NH), 1.9 (2H, br, CH»), 1.7 (2H, br, CH»),1.4 (18H, br, CH3),

0.8 (4H, br, CH,Si), >C NMR (neat): 57.7 (OCH,), 44.1 (CH,NH), 41.5 (CH,NH), 23.7
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(CH,), 21.3 (CHy), 17.9 (CHs), 7.6 (CH,Si), 7.4 (CH,Si); Elemental Analysis Theory: C,
46.88%; H, 9.53%; N, 5.76%; Found: C, 46.66%; H, 9.49%; N, 5.77%.

IR (neat)(Figure 3.67)

Figure 3.66 IR of 3-(trimethoxysilyl)-propylammonium 3-(trimethoxysilyl)-propyl carbamate

Figure 3.67 IR of 3-(triethoxysilyl)-propylammonium 3-(triethoxysilyl)-propyl carbamate
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Viscosity Measurements

Viscosity measurements were made on a Anton Paar MCR 300 rheometer using a
0.97mL coquette geometry sample holder with Peltier temperature control. Shear rates
were increased from 0-100 sec”' and then decreased from 100-0 sec”. The reported

values are the average of all data points from 10-100 sec™.

Differential Scanning Calorimetry (DSC) Measurements

DSC was run from 20°C to 300°C or 400°C (for higher boiling point precursors) at
20°C/min or 30°C/min on a Q20 TA Instruments machine. The nitrogen flow for these
tests was set at 50 mL/min. The reversal temperature was taken as the average of three

repeats.

Thermalgravimetric Analysis (TGA)

TGA on the ionic liquids was run from 20°C to 500°C at 20°C/min on a Q50 TA
Instruments machine. The nitrogen flow was set at 40mL/min. Residual mass left at the

end of the run (~10wt%) is due to decomposition products.

Nile Red Measurements

UV-Vis spectra were collected using a HP 8453 UV-Vis Spectrophotometer using
a quartz cuvette. The indicator dye Nile red was added to the liquids at a concentration
that kept the UV absorbance lower than a value of 1.5 to ensure there was no saturation
of the detector. The wavelength of maximum absorption was then determined. Tests

were repeated three times and averaged to determine the Nile red Amax. For the ionic
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liquid samples, Nile red was not added directly to the ionic liquid. Instead it was first
added to the molecular liquids, which were then converted to the ionic liquids by

bubbling CO, through the cuvette.

Reversal of IL Using Heat

TMSAC or TESAC IL (1g) was placed in a small vial or NMR tube. A small stir
bar was placed in the bottom. This whole set up was placed in an oil bath set at 120C.
This was allowed to heat with stirring at 120C for 2 hours. Bubbles could be seen
leaving the system. After two hours, NMR indicated complete reversal to known amine

starting material.

Separation of Alkanes from Crude Oil/Bitumen

Mixtures of TESA precursor and either crude oil or bitumen were stirred together
to form a homogeneous mixture. In the case of bitumen, this mixture was then filtered to
remove any solid particulates. CO, was bubbled through the mixture for 20 minutes.
The mixture was then centrifuged on high for 20 minutes to form two separate phases, an
alkane phase and TESAC IL. Each phase was analyzed by 'H NMR for purity.

Top alkane layer: 'H NMR (CDCls): 3.85 (m, ethoxy), 1.26 (m, CH,), 0.88 (m, CHs).
Bottom IL later: '"H NMR (CDCls): All peaks as standard TESAC IL plus 1.17 (m, CH»),

0.82 (m, CH).
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CHAPTER FOUR
A STUDY OF SILANE GRAFTING TO MODEL POLYETHYLENE
COMPOUNDS
4.1 Introduction
Low density polyethylene (LDPE) possesses very good electrical and mechanical
properties, which have long made it useful for the wire and cable industry, where it is
used to insulate and sheath telecommunications cables.!'?! However, LDPE also has

relatively low thermal and chemical stability.”!

Over the years, those limitations have
been overcome by inducing cross-linking in the material, which enhances the impact
strength, increases both thermal performance and chemical resistance, and gives the
material superior wear behavior."*!

The most common cross-linking strategy for LDPE polymers involves 1) the
radical-promoted grafting of a cross-linker precursor such as vinyl trimethoxysilane
(VIMS) and 2) exposure to moisture which induces cross linking via the reactive VITMS
sites. (Figure 4.1 & 4.2). ) While VTMS is the most common grafting material, other
compounds such as maleic anhydride and various acrylates have been studied for their
grafting and cross-linking abilities, however, they tend to exhibit unwanted side reactions
such as self polymerization.['?!

Some studies have investigated the radical initiated grafting reaction between
VTMS and polyethylene or its model compounds such as long chain hydrocarbons or

(13414211 yhile these studies have examined how different factors such as

squalane.
reactant concentration, peroxide initiator concentration, reaction temperature, and

additives to the reaction affect the mechanical properties of the grafted
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Figure 4.1 Grafting of VTMS onto a hydrocarbon backbone
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Figure 4.2 Moisture cross-linking of grafted hydrocarbon chains.

Step 1

Step 2

and cross-linked final polymer, very little work has been done with regard to the reaction

mechanism and the resulting selectivity of the grafts (grafting on primary, secondary, or

tertiary carbons) and grafting distribution (the number of grafts per chain). The scope of

this project has been to investigate the fundamental aspects of this reaction; specifically

the selectivity, graft distribution, effect of small molecules, such as CO,, on the reaction,

and the mechanism or mechanisms by which this grafting takes place.
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4.2 Background
4.2.1 LDPE Cross-linking and Grafting
Currently, there are three methods that are commonly used to prepare cross-linked
LDPE. The first is the peroxide initiated radical method in which cross-linkers such as
VTMS are grafted onto the hydrocarbon chains. Cross-linking then occurs by a moisture
induced reaction of these grafted molecules (Figures 4.1 and 4.2). The second method

(3]

involves irradiation of solid LDPE with ultraviolet (UV) radiation.”” This high energy

bombardment of the polymer chains excites the LDPE polymer molecules, which then
leads to radical formation. These radicals come together to form branches and cross-

linking in the solid material (Figure 4.3).1%

*
i CH,CH,CH,CH, W ( i CH,CH,CH,CH, > Molecule Excitation
*
< v CHaCH CH,CH > = ~CH,CHCH,CH, Radical Formation
[ )
v CH,CHCH,CHy
. . CH,CHCH,CHy
N
Cross-linking
~CH,CH,CH,CH,™ CH,CHCH,CH;

Figure 4.3 UV induced polyethylene cross-linking.

I In this method, a peroxide

The third method is thermochemical cross-linking."®
initiator is added to the hydrocarbon, either in solution or in the melt. Heating to 160°C
or higher induces peroxide initiation and propagation of the resulting radicals, yielding

cross-linking (Figure 4.4).1*
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Figure 4.4 Thermochemical polyethylene cross-linking.

Of these three methods, the peroxide initiated radical grafting of small reactive
molecules followed by moisture cross-linking of these molecules is of the most industrial
importance and interest, due to low investment cost as cross-linking can be performed at

5
room temperature and pressure.[ ]

However, this method is currently not well controlled
and the products are not uniform as the crude product contains a mixture that is mono-
grafted, di-grafted, tri-grafted etc. For example, in work done by Forsyth, et a/ VITMS
grafting to dodecane produces an average of 2.37 grafts per chain, but this manifested
itself as a mix of grafted products containing anywhere from one to six grafts per
chain."*! A better understanding of this reaction leading to better control of the grafted
products could make this method more efficient for industrial use.

The reaction initiation occurs when an alkoxy radical formed from the
decomposition of the peroxide initiator (Figure 4.5, Step 1) abstracts a hydrogen from the
hydrocarbon chain (Figure 4.5, Step 2). This hydrocarbon radical reacts with VITMS to
form a single grafted radical intermediate. (Figure 4.5, Step 3). Radical propagation can

then occur by one of three methods: 1) intermolecular abstraction in which a hydrogen

atom is abstracted from a second hydrocarbon chain, 2) intramolecular abstraction, in
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which a hydrogen atom is abstracted from another location on the same hydrocarbon
chain, or 3) oligomeric grafting in which the first VTMS continues to reacts with more

vinyl rather than a hydrocarbon chain (Figure 4.5, Step 4).

Step 1 %o—o% — 2%0.

Step 2 }00 T CHCHCH,CHy = »~CH,CHCH,CH,™
/ﬁSi(OMe)3
~CH)CHCH,CHyp - 72 ~nrCH,CHCH,CH,™
Step 3 ‘e T Atk

CH,CHSi(OMe)s

~wCH,CHCH,CHp™
+ CHCH™  Intermolecular Abstraction
WCHZCy' CH,CH,Si(OMe);
A CH,CHCH,CH .
Step 4 \ "wrCH,CHCH,CH _
CH,CHSi(OMe); Intramolecular Abstraction

CH,CH,Si(OMe);

/ﬁs'(o'\"ek 22 CH,CHCH,CH,™

CHoCHSI(OMe); Oligomeric Grafting
CH,GHSI(OMe);

Figure 4.5 Vinyl trimethoxysilane grafting onto a hydrocarbon chain by the peroxide initiated radical
method!"®!

In literature, two common assumptions are made about the vinyltrimethoxy
grafting reaction as it proceeds by this mechanistic scheme: 1) an intramolecular
abstraction process is preferred and 2) this process occurs via a 1,5 hydrogen shift

mechanism.[!>1%24

Intramolecular propagation can proceed by either a 1,3-hydrogen
shift, a 1,4-hydrogen shift, or a 1,5-hydrogen shift (Figure 4.6). However, by the 1,5-

mechanism, grafts can only be placed on every other carbon, so for example, on a

dodecane chain, the maximum number of grafts possible would be six, assuming only
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Figure 4.6 1,3-, 1,4-, and 1,5- hydrogen shift mechanisms possible in VTMS graft propagation

one graft per carbon atom. In previous work where grafting number was studied, no

15,18]

more than six grafts were reported.! The goal of this current research is to study this

grafting mechanism.

4.3 Results and Discussion
4.3.1 VTMS Grafting to Dodecane
Dodecane was chosen to serve as a model compound for LDPE. Before being

used it was treated with strong acid to remove any potential alkene impurities. Removal

197



of impurities was confirmed by 'H NMR analysis. This was then stored under a N,
atmosphere in the glove box.

To carry out the grafting reaction (Figure 4.7), dodecane (50mL, 37.5g) was
placed in a round bottom flask with 5% by weight VITMS. These additions were done in
the glove box. After removal from the glove box, but under an argon atmosphere,
750ppm tert-butylperoxide initiator was added, and the mixture was heated at 150°C for
90 minutes. The crude product was then sampled and analyzed by 'H NMR. A
comparison was made between the integration of the vinyl peaks at 6ppm in the spectra
obtained at the start of the reaction and at the end of the reaction (Figure 4.8). In each
spectrum the area of the vinyl integration was set at a value of 1 and all other integration
values were scaled accordingly. This value of 1 was compared to the integration value of
the CH3 peak from dodecane to determine the change in the vinyl to dodecane ratio as the

reaction progressed. The results indicated that a 15% conversion was achieved.
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Figure 4.7 Reaction of VTMS with dodecane model compound using terz-butylperoxide as initiator.
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Figure 4.8 "H NMR spectra of starting material (left) and product mixture (right) from the first VTMS
dodecane graft reaction

This is the maximum amount of conversion that may have occurred. Actual conversion
may have been less than that as the boiling point of VIMS is 123°C, which is less than
the reaction temperature of 150°C, and some vinyl may have been lost during the
reaction.

The low percent conversion was attributed to a lack of activity of the radical
initiator, zert-butyl peroxide. At 150° its half life is 90 minutes so in this initial reaction it
only had time to complete a single half life. To increase conversion for this reaction, the
reaction was repeated with the same amounts of dodecane, VITMS, and initiator and at the
same temperature, 150°C, but allowed to run for 12 hours. In this time the completion of
8 peroxide half lives can occur. This modification increased the conversion to 45%,
based on '"H NMR integration.

In an effort to obtain a more concentrated sample of grafted material for analysis,

SmL of the product solution was distilled using a Kugelrohr distillation apparatus under
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vacuum at ~IlmmHg. Two fractions were collected and analyzed by 'H and °C NMR.
The first fraction, a clear liquid which was collected at 60°C was identified as unreacted
dodecane. The second liquid fraction was the bottoms solution remaining after
distillation, and it was also a clear liquid. However, analysis showed it contained grafted
product, as a methoxy peak was present in the 'H NMR at 3.5. This fraction appeared to
contain a mixture of grafted product and unreacted dodecane. Integration showed 1 graft
per 6.5 dodecane chains. During distillation, a third sample, a white solid crashed out of
the bottoms solution. It was theorized that this material was cross-linked polymer. This
may have formed from moisture being introduced into the reaction when it was removed
from the argon atmosphere. Cross-linking occurs readily at room temperature and
pressure with only small amounts of water present. However, no analysis of this sample
was performed.

The grafting reaction was repeated, this time at 200°C for 7 hours. The
temperature was increased so that the same amount of peroxide half lives could occur in a
shorter time period. After reaction, SmL of sample were distilled via Kugelrohr at a
pressure of ~ImmHg. Similar results were obtained, as confirmed by 'H and C NMR
analysis. A clear liquid fraction was obtained at 60°C, which was pure dodecane. A
bottoms fraction remained, which contained a mix of grafted material and unreacted
dodecane (1 graft per 15 dodecane chains). A white solid also formed in the bottoms
fraction, which was collected by filtration. This solid was partially soluble in CDCl; and
examined by "H NMR. Multiple peaks were observed in the methoxy region between 3
and 4 ppm, consistent with cross-linked material (Figure 4.9). In order to allow for a

wide range of analyses to be carried out, such as liquid chromatography with ultraviolet
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Figure 4.9 "H NMR of the solid product methoxy region.

and mass spec detection (LC-UV-MS), MS [electron impact (EI), chemical ionization
(CI), matrix assisted laser desportion/ionization (MALDI)], NMR, and gel permeation
chromatography (GPC), the reaction mixture was treated with phenyl lithium in order to

replace the reactive mehoxy groups with unreactive phenyl groups.

4.3.2 Stabilization of VTMS Grafts

4.3.2.1 Phenyllitihium as Stabilization Agent

For preliminary experiments, the method reported by Spencer and co-workers was
used (Figure 4.10)." After the VTMS grafting onto dodecane was carried out at 200°C
for 7 hours, the solution was cooled to room temperature. Phenyllithium (PhLi, 1.5M
solution in 70:30 cyclohexane:ether) was added in a 4:1 ratio with the amount of VTMS
present in the system. Addition caused the solution to change from clear and colorless to

a milky orange color. This mixture stirred at room temperature for 24 hours. After 24
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Figure 4.10 Phenyllithium stabilization reaction.

hours, saturated ammonium chloride solution was added. Hexane extraction was used to
remove all product from the aqueous layer. After extraction the hexane phase was dried
with magnesium sulfate and filtered.

The resulting solution was concentrated on the rotovap which removed all of the
light weight, volatile organic solvents as well as any unreacted VIMS, leaving behind a
mixture of grafted material and dodecane. Unlike in the previous reactions, no solid
formation was observed, even after sitting for several days at room temperature. To
remove excess dodecane from the system Kugelrohr distillation at ~ImmHg was used on
SmL of sample producing an unreacted dodecane fraction (60°C) and a bottoms fraction.
The resulting bottoms fraction was examined by 'H NMR, *C NMR, GPC and MALDI-
MS. Using "H NMR, an average of 2.2 grafts per chain was obtained by comparing the
integrations of the aromatic peaks, between 7 and 8 ppm, and the aliphatic CH; peak of
the dodecane at 0.79ppm (Figure 4.11).

To obtain graft distribution information, the bottoms material was examined by
GPC and MALDI-MS. The GPC analysis showed peaks consistent with one, two, and
three grafts per chain as well as dodecane and vinyltriphenylsilane (VTPS, Figure 4.12).
While the masses seen in the GPC were not exact, they are within the 20% error expected

from the polystyrene calibration curve that was used. Higher grafting fractions were not
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Figure 4.11 "THNMR spectrum of kugelrohor bottoms after stabilization.

' Mass:
1) 891 (3 graft 1030)
; 2) 730 (2 graft 743)
l 3) 519 (1 graft 457)
, 4) 310 (VTPS 286)
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Figure 4.12 GPC chromatogram of PhLi stabilization products showing starting material and up to three
grafted product molecules
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seen, however, this may be due to peak overlap or they simply exist in such small
quantities that they were below the detection limit of the instrument.

The MALDI-MS analysis was performed using a dithranol matrix in combination
with silver trifluoroacetate (AgTFA) to aid in ionization. The spectrum showed between
1 and 6 grafts per dodecane molecule (Figure 4.13). As MALDI-MS intensities give a
semi-quantitative picture of the sample, this also indicated that the major functionalized

product has two VTPS grafts per dodecane molecule (Figure 4.13).
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Figure 4.13 MALDI-MS of PhLi stabilized product showing molecules with up to six grafts per chain.

The reaction was repeated with similar results, as the MALDI-MS consistently
showed molecules with up to 6 grafts per chain. Several grafts on one chain is consistent
with literature, and supports radical propagation proceeding by an intramolecular chain

transfer mechanism (Figure 4.5). In some reactions, a sticky, yellowish solid formed in
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the bottoms flask. This solid did not physically resemble the white solid cross linked
material that was formed before the phenyllithium reaction was employed. Analysis by
'"H NMR and MALDI-MS confirmed its identity as the desired product, vinyl

triphenylsilane (VTPS) grafted dodecane containing up to six grafts per chain.

4.3.2.2 Optimization of Phenyllithium Stabilization Reaction

'H NMR of crude products (after quenching with phenyllithium for 24 hours)
showed a small peak still present in the methoxy proton region (3.5ppm, Figure 4.14).
This was consistent with not all methoxy groups being successfully substituted in that

time period, possibly due to the steric bulk of the phenyl groups.

{\ Methoxy Peak | -;I |

Figure 4.14 "H NMR of 24 hour PhLi stabilization reaction, with a visible methoxy peak

Reactions were then run in which the phenyllithium was reacted for 48 hours. Other
than the increase in reaction time, all of the other parameters of the reaction were

unchanged.
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A 5SmL sample of the product mixture underwent a distillation by Kugelrohr at
~ImmHg. As was seen previously, along with the unreacted dodecane fraction (60°C),
both a liquid and a sticky solid bottoms fraction were obtained. Both samples were
analyzed by '"H NMR as well as MALDI-MS. In the '"H NMR of the liquid sample
(Figure 4.15) a larger average number of grafts per chain was observed, 2.9 grafts per
chain for the 48 hour capping reaction versus the 2.2 grafts per chain for the 24 hour

capping reaction.

Phenyl
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Figure 4.15 "H NMR spectrum of liquid product from 48 hour stabilization reaction with PhLi

By MALDI-MS, the liquid fraction appeared as expected containing up to 6 grafts per
chain with 2 grafts being the most abundant. The sticky yellow solid fraction, however,

was different. In this spectrum molecules with 2 to 8 grafts per chain were present with 5
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grafts per chain being the most abundant (Figure 4.16). It appeared that a longer

phenyllitihium reaction increased the number of grafts that were successfully substituted.

- 3 grafts
ll " " B grafts

Figure 4.16 MALDI-MS of solids formed in 48 hour PhLi stabilization reaction

This is not consistent with only a 1,5-hydrogen shift mechanism occurring, as that would
allow at most 6 grafts per chain assuming one graft per carbon. Instead, it is more
consistent with a competing 1,4-hydrogen shift mechanism which allows the placement
of grafts on adjacent carbons along the hydrocarbon chain, or, what is more likely, some
combination of these two mechanisms as well as possibly the 1,3-hydrogen shift
mechanism occurring simultaneously.

Even after 48 hours of the phenyllithium stabilization reaction, a small methoxy
peak was present in the 'H NMR. In an effort to achieve total substitution of the methoxy
groups by phenyl groups, the stabilization reaction was allowed to react for one week

(168 hours). All other parameters of the experiment remained the same. The products
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from this experiment were analyzed by '"H NMR and MALDI — MS. No methoxy peak
was observed in the 'H NMR and up to 8 grafts per chain were observed in the MALDI-
MS (Figure 4.17) consistent with a combination of the 1,3- 1,4- and 1,5- hydrogen shift

mechanisms.
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Figure 4.17 MALDI-MS of solids formed in 1 week PhLi stabilization reaction

To determine exactly where in the time period between 48 and 168 hours
complete phenyl substitution occurred an experiment was carried out in a Radley’s
Carousel 12 Reaction Station. The carousel allows up to twelve reactions to be run
simultaneously under identical conditions. It removes the need for sampling as each day
a separate individual reaction can be stopped and quenched. For this experiment, six

PhLi stabilization reactions were begun using standard reaction conditions. The first was
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stopped after two days, another after three days, and so on for a week. Both physical
observation and 'H NMR were used to track the extent of reaction. From physical
observation, solid cross-linked material precipitated out in experiments that were carried
out for less than 72 hours of reaction. By 'H NMR tracking of the methoxy peak,
complete substitution occurred between 96 and 120 hours (4 and 5 days) of reaction time

(Figure 4.18).

Day 2
Day 3
Day 4
Day 5
Day 6

Figure 4.18 Loss of methoxy peak over time of PhLi stabilization reaction

4.3.2.3 Methyllithium as Stabilization Agent

The less bulky organo-lithium, methyllithium (MeLi), was investigated for its
capping ability (Figure 4.19). As with phenyllithium, after the VTMS grafting procedure
was complete, methyllithium (1.6M solution in diethyl ether) was added in a 4:1 ratio
with the amount of VIMS present in the system. This mixture stirred at room
temperature for 24 hours. After 24 hours, saturated ammonium chloride solution was
added. After extraction, the hexane layer was dried over magnesium sulfate and filtered.

The resulting solution was concentrated on the rotovap which removed all of the light
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Figure 4.19 Product from VTMS grafting stabilized with MeLi.

weight, volatile organic solvents as well as any unreacted VIMS. A sample of crude
product (SmL) was then distilled via Kugelrohr at ~ImmHg. A clear liquid fraction
(80°C) and a highly viscous liquid bottoms fraction were obtained. Each was analyzed
by "H NMR, and the 80°C fraction was found to be unreacted dodecane.

The 'H NMR spectra of the bottoms fraction showed grafted product. This
included peaks for dodecane at 1.13 and 0.84ppm, the CH, groups adjacent to silicon at
0.39ppm, and the methyl groups adjacent to silicon at 0.05 (Figure 4.20). By comparing
the area of the peak for methyl adjacent to the silica to the CH,-Si peak, a nine to two
proton ratio was obtained, which is what would be expected for complete substitution.
However, by comparing the ratio of the graft methyls to the CH; of the dodecane
molecule, a grafting ratio of only 1.15 grafts per chain is obtained, much lower than the
2.2-2.9 grafts per chain expected from previous reactions.

Further analysis was needed to determine the specific number of grafts per chain,
rather than the average, and how these grafts were distributed. However, this was
complicated by the fact that the molecular weight of the grafted products was too low for
MALDI-MS and complete fragmentation was seen when analyzed by Fast Atom

Bombardment (FAB-MS) and GC-MS. The loss of aromatic groups prevented analysis
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using UV-detection. The complications encountered in the analysis stopped the use of

methyllithium as a capping molecule despite its size advantages over phenyllithium.
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Figure 4.20 "H NMR spectrum of VTMS reaction with dodecane stabilized with MeLi

4.3.3 Effect of CO, Pressure on the Grafting Reaction

The effect of CO, pressure on the radical grafting of VIMS onto hydrocarbons
was investigated. This reaction was of interest as CO, may have both a chemical and
physical affect on the reaction, which may change and/or control the grafted product
distribution (the number of grafts per chain). From a chemical standpoint, CO, can react
with the radicals present in the system, which could alter the grafting mechanism. If the
mechanism is altered, this may change the amount of grafting which occurs, and the graft

distribution along the hydrocarbon chain.
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From a physical standpoint, when grafting is performed on the LDPE polymer,
CO, addition should increase the mass transport of VIMS throughout the polymer by
lowering its viscosity. CO; is a known polymer swelling agent which has been shown to

[25-29]

aid molecule transport through a polymer matrix. Further, silanes have a high

affinity for CO, which should increase their polymer solubility upon CO, addition.!*"!
The efficiency of silane grafting as a function of CO, pressure has not been
examined previously. By tuning CO, pressure it was hoped that one would be able to
change and possibly control the grafting mechanism along the hydrocarbon chain. CO;is
soluble in dodecane and heptane as well as in LDPE. The solubility of CO, at 200°C
(temperature for our reaction) in LDPE is 5 wt%.*") The solubility of CO, in dodecane
has not been determined at 200°C, however, at 45°C it is 0.3 wt%.*% The phase equilbria

for dodecane/CO; shows that the dodecane phase is 38 wt% CO, and the vapor phase is

99% CO, at 70°C and 100 bar.l**

4.3.3.1 Dodecane as Model Compound

To carry out these reactions, a 316 stainless steel 100 mL Parr autoclave was
used. The same reactant concentrations and reaction conditions as the glassware
experiments were used. The Parr was placed under vacuum, and dodecane (25mL) and
5% by weight of VTMS were introduced to the Parr reactor. 750ppm of tert-butyl
peroxide were added. The desired gas pressure was added. The reactor was heated to
200°C with stirring for 7 hours. The reactor was then cooled to room temperature. PhLi

was added in a 4:1 ratio with respect to the amount of VIMS. After PhLi stabilization,
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the solution was quenched with saturated ammonium chloride solution, and products
were extracted with hexane.

For the initial reactions, the Parr was not pressurized; only one atmosphere of
nitrogen (1 bar) was introduced. This was done to confirm that the Parr’s materials of
construction had no affect on the reaction of products obtained. Both MALDI-MS and
GPC analysis were run on the resulting product. The MALDI-MS showed product
containing from 1-6 grafts per chain, with two grafts being the most prevalent. By GPC,
unreacted dodecane, vinyltriphenylsilane (VTPS) and product containing up to three
grafts per chain were visible (Figure 4.21). As these results were consistent with those
obtained in the glassware reactions, this showed that the Parr’s material of construction,

316 stainless steel, did not affect the reaction.

Mass:

1) 925 (3 grafts 1030)
2) 739 (2 grafts 743)
3) 519 (1 graft 519)
4) 352

5) 236 (VTPS 286)
6)132 (dodecane 170)
7) 86

500 10,00 12.00

Figure 4.21 GPC chromatogram of dodecane Parr control reaction, 1 bar N,
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For the next reactions, carbon dioxide was added to the reactor. CO; pressures of
100 bar and 150 bar were tested. After the grafting reaction was carried out as described
above, the reactor was cooled to room temperature. The reactor was then placed under
vacuum to remove all CO, gas from the system. While under vacuum, PhLi was added in
a 4:1 ratio with respect to the amount of VIMS in the system. After PhLi reaction,
saturated ammonium chloride solution was added to quench excess PhLi. After
quenching, the reaction was opened to the atmosphere, and products were extracted into
hexane and analyzed by MALDI-MS. Using this analysis, both the 100 bar and 150 bar
reactions showed a decrease in the number of grafts per chain. At 150 bar, a maximum
of only 5 grafts per chain were seen (Figure 4.22), and at 100 bar, the maximum of grafts

per chain was 4 (Figure 4.23).
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Figure 4.22 MALDI spectrum of VTPS grafted dodecane reaction in Parr autoclave at 150 bar of
CO,
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Figure 4.23 MALDI spectrum of VTPS grafted dodecane reaction in Parr autoclave at 100 bar of
CO,

The GPC analysis of these samples detected molecules containing 1, 2, and 3
grafts per chain, as well as dodecane and VTPS. As with previous experiments, higher
grafting fractions were not visible by GPC analysis, so by GPC, no change was detected
between the CO, reactions (Figure 4.24) and the Parr control (Figure 4.21) or the
glassware experiments (Figure 4.12).

The change in the polarity of dodecane as a function of CO, pressure was
explored using Nile Red as a polarity probe (Figure 4.25). With this probe, the
wavelength of maximum absorption is a direct comparative indicator of polarity of a
solvent. No substantial polarity change was expected with the addition of CO,, as both
are non-polar molecules. When Nile Red has been used in the past to examine the
polarity of supercritical CO, and hexane, CO, was found to be only slightly less polar
than hexane as there was only a 4nm difference in wavelength of maximum absorption.

Dodecane should show an even smaller change as its longer chain length makes it even
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Figure 4.24 GPC chromatogram of dodecane reaction in Parr autoclave with 150 bar CO,

N\

Figure 4.25 Structure of the solvatochromic probe Nile Red

less polar than hexane.”” However, this was an important factor to examine and rule out
in the current research.

Dodecane and Nile Red were mixed and charged into a high pressure UV-Vis cell
equipped with quartz windows. While the concentration of Nile Red clearly decreased
with increasing pressure, due to the expansion of the dodecane/Nile Red phase and
subsequent dilution of the dye, no shift in the wavelength of maximum absorption (492

nm) was observed (Figure 4.26). If the polarity shift at the temperatures and pressures
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tested (25°C-40°C, 60-110bar) is too small to be detected by the probe, it is unlikely that
it is causing the observed changes in grafting distribution. Other possible causes of the

product’s change are still under investigation.
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Figure 4.26 Nile Red absorbance in CO, expanded dodecane

4.3.4 Heptane as Model Compound

Heptane was used as a model for polyethylene in order to simplify the analysis of
the grafted products. These reactions were run in the Parr reactor due to the boiling point
of the reagents (heptane 98°C, VITMS 123°C) being lower than the reaction temperature
(200°C). The same procedure was followed as for the dodecane reactions. The Parr was
evacuated. Using an air tight syringe heptane (25mL), 5 wt.% of VTMS and 750ppm of
di-tertbutyl peroxide initiator were introduced. One atmosphere (1 bar) of N, gas was
introduced and the system was heated to 200°C. After reacting for seven hours with
stirring, the reactor was cooled, placed under vacuum and PhLi solution was introduced.

The work up was the same as with the glassware reactions. The crude product mixture
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was analyzed by MALDI-MS. This analysis showed grafted products containing up to 5
grafts per heptane molecule (Figure 4.27). As with the results of 48 hour phenyllithium
stabilization of the dodecane product, which showed up to 8 grafts per dodecane chain,
this is not consistent with only the 1,5-hydrogen shift mechanism, but instead suggests a

competing 1,4 hydrogen shift mechanism is also occurring.
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Figure 4.27 MALDI MS spectrum of VTPS grafted heptane showing up to five grafts per chain.

4.3.5 Regio-Chemical Analysis
In the work of Spencer et al, tetradecane was used as a model compound to study
the VTMS grafting reaction."® The grafting reaction was carried out by heating a 5wt.%

VTMS mixture with dicumyl peroxide as initiator at 170°C for 45 minutes, with
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agitation. After grafting, the product was stabilized by a 24 hour reaction with PhLi. By
"H NMR analysis, their product was found to contain an average of 4.2 grafts per chain.
However, they took their analysis a step further. Using semi-preparative high
performance liquid chromatography (HPLC) with a Supelcosil PLC-Si column, and 10%
ethyl acetate:90% hexanes as the solvent, their mixture of grafted products was
successfully separated into fractions containing 1, 2, 3,4, 5, and 6 grafted products. Any
products containing more than 6 grafts per chain that may have existed could not be
separated by this method. That each fraction contained only a single graft content was
confirmed by CI-MS analysis, and '"H NMR. From this the amounts of each grafted
product, 1-6, was determined, and similar to our results with 24 hour PhLi stabilization,

the two graft was found to be the most abundant (Figure 4.28).[18]
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Figure 4.28 Relative distribution of grafted products found by Spencer and co-workers.!"® Reprinted from
Polymer, 44, Spencer, M.; Parent, J.; Whitney, R Composition distribution in poly(ethylene-graft-
vinyltrimethoxysilane), 2015-2023, 2003, with permission from Elsevier

Use of HPLC was an excellent method to separate grafted fractions and
quantitatively determine proportions of grafting distribution. However, by simply using

CI-MS and 'H NMR analysis, structural isomers cannot be differentiated. There is no
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way of knowing for example, in the single grafted fractions where the graft is located on
the carbon chain. This situation is even more complicated for a two grafted fraction.

For the current research, Distortionless Enhancement by Polarization Transfer
(DEPT) NMR has been selected as a possible method for determining graft location. In
standard *C NMR the system is broadband decoupled and all carbons present in the
sample molecule show up as positive peaks in the NMR spectra. Using DEPT NMR,
variations are made in the selection angle parameter (the tip angle of the final 'H pulse),
which allows differentiation between primary, secondary, tertiary, and quaternary
carbons. When the angle is set at 45°, primary, secondary, and tertiary carbons appear as
positive signals, but signals for quaternary carbons are absent. With the pulse angle set at
90° only tertiary carbons are present and give a positive signal. And finally, with the
pulse angle set at 135°, primary and tertiary carbons give a positive signal, secondary

carbons give a negative signal, and quaternary carbons are absent (Figure 4.29).

DEPT experiment
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Figure 4.29 Comparison of the spectra seen during a regular *C NMR and the DEPT experiments as the
pulse angle is changed
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The starting unreacted hydrocarbon chain contains only primary and secondary
carbons, however, after grafting takes place, tertiary carbons are formed. The SPARTAN
program was used to predict the expected NMR shifts for these CH carbons in heptane
using Hartree-Fock 6.31G* calculations. The NMR shift estimated with Spartan will be
used as a guide during the DEPT spectra elucidation (Figure 4.30).

As discussed previously, heptane was chosen as the model compound for the
regio-selective analysis experiments due to its simple structure. The reaction was run in
the Parr reactor using S5wt.% VTMS with 750ppm di-tert butyl peroxide initiator. The
reactants were introduced to the reactor under vacuum, 1 atmosphere of N, gas was
introduced and the reactor was heated to 200°C. After 7 hours, the reactor was cooled to
room temperature, and PhLi stabilization was carried out. The crude product mixture
was examined both by >C NMR as well as by DEPT 135. While unreacted heptane is
present in this product mixture (Figure 4.31 A), new peaks indicating the formation of
new CH and CHj3 groups during the reaction are also clearly visible (Figure 4.31 B).

With a mixture of grafted products, the spectrum was still too complex to carry
out a regio chemical analysis. The grafting products must first be separated. A
Chromatotron was used for chromatographic separation. A Chromatotron is essentially
preparative thin layer chromatography that spins (Figure 4.32). Pure hexane was used as
the eluent to remove lighter compounds. This was switched to a 95:5 hexane:ethyl
acetate mix to elute heavier compounds (compounds larger than the di-grafted heptane).
Using this method, from 500 mg of crude product mixture, seven individual compound
bands were separated and collected. 'H NMR, DEPT NMR, and MALDI-MS were used

to identify these compounds.
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Figure 4.30 Calculated chemical shifts for the tertiary carbons in molecules with one, two, and three grafts per chain
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Figure 4.31 A. DEPT NMR of crude heptane product mixture B. Zoom in showing product formation

The first band, of which 29.7mg were isolated, contained a single pure compound,
the di-heptane monograft (Figure 4.33). This was confirmed by comparison of the
integration of the aromatic peaks in the 7.3-7.5ppm range of the 'H NMR to the aliphatic
peak for the CHs group of heptane, as well as by MALDI-MS, which showed a clear peak
at 591 (molecule mass plus Ag+ ion). The second band was isolated in 20.3mg
quantities, and appeared to be a mixture of three different compounds, the di-heptane

monograft, a single grafted heptane chain, and VTPS.

223



Figure 4.32 Chromatotron separation system

N

Figure 4.33 Di-heptane monografted material
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This was determined by a combination of: '"H NMR, which clearly showed the vinyl
peaks from vinyltriphenysilane in the 5.8-6.5ppm range, DEPT NMR, which showed
peaks consistent with monograft formation, and MALDI-MS, which showed a peak with
mass of 495, representing the singly grafted heptane chain.

The analysis of the third band isolated (26.3mg isolated) is consistent with the
side product, triphenyl(2-phenylethyl)silane (Figure 4.34). The MALDI-MS showed
only a compound with the corresponding mass (473 for molecule plus Ag+, Figure 4.35),

and both 'H and DEPT NMR confirmed this structure.

Si

Figure 4.34 Triphenyl(2-phenylethyl)silane

The fourth and fifth bands isolated proved to be the same compound, the di-
grafted heptane. Combining these two fractions, 46.0mg were isolated. The formation of
the di-grafted heptane was evidenced in the '"H NMR (Figure 4.36), which showed a 2:1
ratio between the aromatic protons and the aliphatic CHj3 protons of heptane. This
formation was then confirmed by MALDI-MS which showed only a peak at 779

(molecule plus Ag+).
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Figure 4.36 "H NMR of pure di-grafted heptane
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The sixth band obtained was found to be the tri-grafted heptane (22.7mg isolated).

Comparison of the aliphatic to aromatic protons in the '"H NMR indicated this, and it was

confirmed by MALDI-MS, which showed as the largest mass, 1068 (molecule plus Ag+)

and no mass peaks corresponding to the double or singly grafted product (Figure 4.37).
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Figure 4.37 MALDI-MS of sixth band, tri-grafted heptane

As in literature!"®! the higher grafted fractions could not yet be successfully separated by

this method. The seventh and final band obtained (44.7mg isolated) contained a mixture

of tri, tetra, and penta grafted heptane, as confirmed by MALDI-MS (Figure 4.38).

By this separation method, pure grafted fractions can be obtained in measurable

quantities. Most importantly for determination of the grafting reaction mechanism, pure
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Figure 4.38 MALDI-MS of seventh band, showing a mixture of tri, tetra, and penta grafted heptane

di-grafted heptane has been isolated consistently and repeatedly. Work is in progress to
analyze this di-grafted heptane using the DEPT NMR method described previously, in
combination with 2-dimensional correlation spectroscopy (COSY) NMR and
heteronuclear single quantu m coherence (HSQC) to determine the location of these two
grafts along the heptane chain and in relation to each other. A combination of electron
impact (EI) and CI MS are presently being used to study the fragmentation patterns, as
different stereo-isomers should fragment in different ways. By using these analysis
methods, we should be able to definitively answer the question of what hydrogen shift

mechanism, or combination of mechanisms the grafting reaction follows.
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4.3.6 Reaction Mechanism

As discussed previously, literature makes two basic assumptions about the
grafting of VIMS to polyethylene other hydrocarbon chains: 1) grafting occurs by an
intramolecular abstraction method in which a hydrogen is abstracted from within the
same hydrocarbon chain and 2) the propagation of the grafting reaction proceeds by a 1,5
hydrogen shift mechanism.  While all results obtained on this study support
intramolecular abstraction (in all cases, multiple grafts per hydrocarbon chain are
observed), the idea of a 1,5 hydrogen shift mechanism is called into question by the
dodecane results in which between 1 and 8 grafts per chain were observed, and the
heptane results where between 1 and 5 grafts per chain were observed.

There are two possible explanations for these results; 1) either the hydrogen shift
mechanism is not exclusively a 1,5 mechanism ,or 2) oligomeric grafting is occurring, in
which the VIMS is self polymerizing after it grafts onto the hydrocarbon backbone. In
order to differentiate between the two possibilities, a reaction was run in glassware using
dodecane as the model compound with 10% VTMS by weight, which is twice as much as
had been previously used. With an elevated level of VITMS in the system, if the reaction
was taking place by intramolecular abstraction, the same results would be seen with1-6
and possibly up to 8 grafts per chain, there would simply be more chains containing this
number of grafts. However, if the mechanism was oligomeric grafting, with more VITMS
available in the system, a markedly higher amount of VITMS per carbon chain would be
seen. There would be the same number of grafting sites per hydrocarbon molecule,

however, each graft would contain multiple VTMS molecules self polymerized.
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The reaction was performed as before except that the amount of VIMS in the
reaction was doubled. Dodecane (25mL) and VIMS (10wt.%) were mixed. To this,
750ppm of di-tert butyl peroxide were added. This mixture reacted at 200°C for 7 hours.
After grafting was completed, PhLi was added and allowed to react at room temperature
for 3 days. This solution was quenched with aqueous ammonium hydroxide, and
products were extracted into hexane, dried, and concentrated on the roto-vap. A sticky
solid layer formed in this flask, along with the liquid. 'H NMR and MALDI-MS analysis
were run on the solid, as that could be directly compared to the solid formed in previous
reactions. The 'H NMR showed an average grafting of 3.37 grafts per chain by
comparing the integration of the aromatic peaks (7-8ppm) to the aliphatic CHs peak

(0.79ppm) (Figure 4.39).

Dodecane
CHs;

Figure 4.39 "H NMR spectrum of 10wt% VTMS reactions showing 3.37 grafts per chain
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The MALDI-MS spectrum was the convincing piece of evidence that oligomeric grafting
was not taking place. The solid material showed compounds containing between 1 and 6
grafts per chain, which is the same as previously seen, and is much lower than would be
expected of oligomers of the VIMS were forming (Figure 4.40). These results indicated
that the possibility VIMS self-polymerization as a major means of reaction propagation

was unlikely.
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Figure 4.40 MALDI-MS of solid formed in 10wt% VTMS reaction

The lowest energy configuration of the monograft radical in the two position on
the dodecane chain was determined by SPARTAN modeling (Figure 4.41). The radical
had pre-geometry minimization with a multiscale modeling framework, and calculations

were performed using an HF-3.21G*
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Figure 4.41 VTMS-g-dodecane radical in 2-position. The orbitals shown correspond to the single occupied
molecular orbital (SOMO)

basis set. The energy associated with this molecule is -739778 kcal. As discussed
previously, from this position, the radical can propagate through a 1,3-hydrogen shift, a
1,4-hydrogen shift, or a 1,5-hydrogen shift. The energy associated with each of these
possible configurations was also determined, and it was found that while a 1,3-hydrogen
shift is unfavorable as it involves an energy increase of 0.05kcal, both the 1,4-hydrogen
shift, and 1,5-hydrogen shift are possible as they require 4kcal and 3kcal less energy
respectively (Table 4.1) While the 1,4-hydrogen shift radical is more stable, making this
pathway more likely, both propagation pathways may occur. This is consistent with our

experimental findings thus far.

Table 4.1 Energy change with radical propagation

Intermediate Energy Change (kcal)
1,3-shift radical -0.05
1,4-shift radical 4
1,5-shift radical 3
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4.4 Conclusions

Over the course of this project, the successful grafting of vinyl silanes onto
polyethylene model compounds has been carried out. It was shown that a one day
reaction with phenyllithium is not sufficient for complete stabilization of the grafted
model compound, most likely due to steric hindrance. It was also shown that more than
one intramolecular hydrogen shift mechanism is taking place, possibly a combination of
the 1,3-, 1,4- and 1,5-hydrogen shift mechanisms. By Chromatotron chromatography, the
heptane grafted material has been successfully separated. From this, what appears to be
pure di-grafted material has been isolated. Full analysis of this material by DEPT NMR
in combination with 2-dimensional NMR and EI and CI MS will provide information as
to the reaction mechanism that is being followed and what stereo and region-isomers are
being formed. Having a clear understanding of how this grafting reaction occurs will
allow industry to design a more efficient process.

It was also found the presence of CO, appears to affect the reaction. At moderate
pressures of CO, a shift to less VIMS grafting per single hydrocarbon chain occurs. We

have discovered that this change does not arise from a polarity effect.

4.5 Experimental
The following chemicals were used as received and stored in a nitrogen filled
glovebox until use: VTMS (Sigma Aldrich, 98%) and dodecane (Acros, 99%).
Dodecane was further purified by washing with a concentrated mixture of sulfuric and
nitric acids followed by postassium permanganate in sulfuric acid and copious water.

The dodecane was then dried with magnesium sulfate and distilled. Tert-butyl
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peroxide (Aldrich, 98%), phenyllithium (Alfa Aesar, 1.5-1.7M in cyclohexane/ether),
methyllithium (Sigma Aldrich, 1.6 M in diethyl ether), anhydrous heptane (Sigma
Aldrich, 99%), tetrahydrofuran CHROMASOLYV Plus for HPLC inhibitor free (Sigma
Aldrich, >99.9%), ethyl acetate (VWR), hexane (VWR), silica gel (Merck, 60PF;s4)
and magnesium sulfate anhydrous (EMP Chemicals, >98%) were used as supplied.
Carbon dioxide was SFC grade (Airgas, 99.999%) and further purified to remove
trace water and other impurities via a Matheson gas purifier and filter cartridge
(Model 450B, Type 451 filter). Nitrogen (Airgas, Ultra high purity > 99.999% ) was
used as supplied.

NMR spectra were obtained from a Bruker DRX 500 and Varian-Mercury
VX400 MHz spectrometer. NMRs of neat samples were calibrated to external CDCls
at 7.24 ppm ('H) and 77 ppm (">C). Polarity testing using Nile Red was done using a
Hewlett Packard 8453 UV-Vis system. All mass spectroscopy analyses were
performed by the Georgia Institute of Technology Mass Spectroscopy facilities.
MALDI-MS was performed on an Applied Biosystems 4700 Proteomics Analyzer
with a 200Hz laser, while both FAB and GC-MS were run on a VG Instruments 70SE
instrument. Finally the GPC tests were run on a Waters 2690 with two Varian Inc.
columns PLgel 5um and PLgel 3um using a UV detector (Waters 996) with

tetrahydrofuran (THF) as the mobile phase (calibrated using polystyrene).

Glassware Dodecane Reactions

Optimized Experimental Conditions: Dry distilled dodecane (25mL, 18.75g) and 5% by
weight of VITMS (0.94g, 6.3mmol) were charged into a round bottom flask inside the

glove box. The flask was sealed and removed from the glove box. The flask was topped
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with a dry ice condenser and an argon inlet. 750ppm of di-tert butyl peroxide were
added. Argon was flowed through the system for 5 minutes to ensure an inert
atmosphere, after which time it was stopped and the system was left under static argon
pressure. The mixture was then heated at 200°C for 7 hours with stirring. After 7 hours,
all heating was stopped.

Mixture of grafted dodecane products: '"H NMR (CDCls): 3.84 (S, O-CH3), 1.68 (S,

CHy), 1.25 (M, CHs); '°C NMR (CDCls): 49.58, 32.09, 29.76, 22.74, 13.82

Phenyllithium Stabilization Reaction

After reaction cooled from 200°C to room temperature, PhLi was added in a 4:1
ratio with respect to the amount of VIMS (17 mL of a 1.5M solution of PhLi in 70:30
cyclohexane: ether, 25mmol PhLi). The mixture stirred at room temperature for the
desired length of time (24 hours to 1 week, depending on the reaction). The system was
then quenched with saturated ammonium chloride solution (20mL). Hexane (25 mL) was
added, and the organic layer was isolated. The organic layer was then dried with
magnesium sulfate and filtered. The mixture was then rotovapped to remove all light
weight volatile organics and the product collected as a clear oil mixture of grafted
products and unreacted dodecane.
Mixture of grafted dodecane products: "H NMR (CDCls): 7.26 (M, Phenyl rings), 1.27
(S, CH,), 0.79 (M, CH3); >C NMR (CDCls): 135.39, 129.01, 127.52, 31.75, 29.55, 22.49,
13.816; MALDI-MS (108 from AgTFA): 563 (1 graft), 851 (2 grafts), 1137 (3 grafts),
1423 (4 grafts), 1710 (5 grafts), 1995 (6 grafts), 2283 (7 grafts), 2570 (8 grafts); GPC:

891 (3 grafts), 730 (2 grafts), 519 (1 grafts), 310 (VTPS), 154 (dodecane)
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Methyllithium Quenching Reaction

Grafting reaction was run by the procedure described above. After the reaction
cooled from 200°C to room temperature, MeLi was added in a 4:1 ratio with the amount
of VIMS present in the system (25mmol MeLi). This mixture stirred at room
temperature for 24 hours. After 24 hours, the system was quenched with saturated
ammonium chloride (20 mL). Hexane (25 mL) was added. The organic layer was
extracted and dried with magnesium sulfate. This mixture was rotovapped to remove all
light weight volatile organics.

Mixture of grafted dodecane products: "H NMR (CDCls): 1.13 (M, dodecane CH,), 0.84
(M, dodecane CH3), 0.39 (M, CH,Si), 0.05 (M, CH3); °C NMR (CDCls): 39.89, 36.50,
35.59, 33.10, 31.95, 30.89, 30.19, 29.86, 29.72, 29.68, 27.05, 25.32, 23.2, 22.71, 19.27,

14.59, 14.13, 13.44, 12.53

Reactions in Parr

To carry out these reactions, a 316 stainless steel 100 mL Parr autoclave was
used. The same reactant concentrations and reaction conditions as the glassware
experiments were used. The Parr was placed under vacuum prior to reagent addition.
Reactants were then added using an air tight syringe. The reactor was heated to the
desired reaction temperature. If necessary, pressure was added to reach the desired
reaction pressure. After the reaction was completed, the reactor was cooled to room
temperature. Pressure was vented, and the vapor was bubbled through THF to coolect
any possible vabor-soluble reaction products. The reactor was then placed under vacuum

to ensure removal of all possible gases. Experiments were twice repeated.
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Dodecane: Dry distilled dodecane (25mL, 18.75g) and 5% by weight of VITMS (0.94g,
6.3mmol) were introduced to the Parr reactor. 750ppm of di-tert butyl peroxide were
added. The desired gas pressure was added. The reactor was heated to 200°C with
stirring for 7 hours. The reactor was then cooled to room temperature. PhLi was added
in a 4:1 ratio with respect to the amount of VIMS (17 mL of a 1.5M solution of PhLi in
70:30 cyclohexane: ether, 25mmol PhLi). The mixture stirred at room temperature for 3
days. The system was then quenched with saturated ammonium chloride solution
(20mL). Hexane (25 mL) was added, and the organic layer was isolated. The organic
layer was then dried with magnesium sulfate and filtered. The mixture was then
rotovapped to remove all light weight volatile organics and the product collected as a
mixture of grafted products and unreacted dodecane.

Dodecane reaction products: Without CO,, all analyses the same as glassware
experiments. With CO; at 150 bar, MALDI-MS: 563 (1 grafts), 851 (2 grafts), 1137 (3
grafts), 1424 (4 grafts); GPC: 882 (3 grafts), 713 (2 grafts), 503 (1 graft), 313 (VTPS),
183 (dodecane). With CO, at 100 bar, MALDI-MS: 563 (1 graft), 851 (2 grafts), 1137 (3
grafts), 1424 (4 grafts).

Heptane: Heptane (25 mL) and VTMS (5 wt%, 0.93 mL) were introduced to the Parr
reactor. 750ppm of di-tert butyl peroxide were added. One atmosphere of N, gas was
added. The reactor was heated to 200°C with stirring for 7 hours. The reactor was then
cooled to room temperature. PhLi was added in a 4:1 ratio with respect to the amount of
VTMS (17 mL of a 1.5M solution of PhLi in 70:30 cyclohexane: ether, 25mmol PhLi).
The mixture stirred at room temperature for 3 days. The system was then quenched with

saturated ammonium chloride solution (20mL). Hexane (25 mL) was added, and the
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organic layer was isolated. The organic layer was then dried with magnesium sulfate and
filtered. The mixture was then rotovapped to remove all light weight volatile organics.

Heptane reaction products: "H NMR (CDCls): 7.5 (M, Phenyl rings), 1.27 (S, CH,), 0.8
(M, CH3); °C NMR (CDCls): 136, 129, 127, 42, 36, 35, 31, 32, 29, 27, 25, 22.5, 22, 20,
19, 14.2, 14, 11, 10, 9; MALDI — MS: 491 (1 graft), 781 (2 grafts), 1067 (3 grafts), 1353

(4 grafts), 1639 (5 grafts)

Chromatotron Separation

The chromatotron plate was prepared using a slurry of silica gel (61.6812 g) in distilled
water (130mL). After drying, the plate was scraped to a height of 2mm. Crude grafted
heptane product (0.5283 g) was introduced to the plate. Pure hexane solvent was used to
elute and collect 82 test tubes of sample. The solvent was switched to a 95:5 mix of
hexane:ethyl acetate by volume. Five hundred milliliters of this solvent were run and
collected. Thin layer chromatography testing was used to confirm different bands

eluting. Like test tubes were combined and concentrated by roto-vap.
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CHAPTER FIVE
SYNTHESIS OF THE NOVEL HYDRAZINE REPLACEMENT FUEL
MOLECULES 1,1-DIMETHYL-2-[2-AZIDOETHYL]JHYDRAZINE AND 1,1-
DIMETHYL-2-[2-AZIDOETHYL]HYDRAZONE
5.1. Introduction
For many years, an ongoing search has been underway for a liquid fuel molecule
to replace hydrazine and its derivatives (Figure 5.1), due to the inherent human and
environmental hazards associated with working with these chemicals. They are

carcinogens with high vapor pressures.!"

However, they are very attractive as fuels due
to their high specific impulse (impulse obtained per mass unit of propellant), the large
quantity of hot expanding gases produced from a very small amount of liquid hydrazine,

and low cost manufacturing. Though extensive work has been done!*'"!

, it has proved
difficult to find a liquid fuel that is less toxic but can still compete with hydrazine’s high

specific impulse and low cost.

A. H,N—NH, B. H,N—NH C. H,N—N
CHs

Figure 5.1 A. Hydrazine and its derivatives, B. monomethylhydrazine and C. 1,1-dimethylhydrazine.

The molecule 2-dimethylaminoethylazide (DMAZ) (Figure 5.2 A) is a suitable
hydrazine replacement because it is simple to prepare and less toxic to handle than

hydrazine.™”

However, it does not ignite as a monopropellant, and when igniting it with
red fuming nitric acid, there is a time lapse or ignition delay of 26 milliseconds between

the mixing of the liquids and the actual onset of fuel combustion.!""! While this does not
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seem substantial, any delay longer the 25 milliseconds can cause damage to a rocket
engine.""! This delay is believed to be caused by an intramolecular interaction between
N2 and N4 within the DMAZ molecule (Figure 5.2 A).H Ignition takes place when
DMAZ acquires an acidic proton from nitric acid at the N4 nitrogen. This intramolecular
interaction decreases the basicity as well as the nucleophilicity of the N4 nitrogen,
thereby hindering its ability to pick up this proton. To overcome this, the molecule 1,1-

dimethyl-2-[2-azidoethyl|hydrazine (DMAEH) was proposed (Figure 5.2 B).

1
S, :.
N\EZ o 1
AN g’
N3 Y
”,’ H\ \,N®2
/" CH, HiCy, N .7 N\
HCr [/ " N—RN” \N:3
S NCH, He” 5 4\
A. H3C 4 B H2C_CH2

Figure 5.2 A. Structure of DMAZ, a dotted line indicates unfavorable interaction. B. Structure of DMAEH,
a dotted line indicates the interaction we believe will occur.

DMAEH is anticipated to have lower vapor pressure than hydrazine. Another
advantage compared to DMAZ is that lowest energy confirmation calculations have
shown that DMAEH will have a “free” terminal nitrogen (N5) that can interact with an
acidic proton for improved ignition characteristics. Furthermore, using the NASA Lewis
Research Center’s Chemical Equilibrium with Applications computer program, the
specific impulse of this molecule has been calculated and found to be as good as, or

better than that of DMAZ (282s vs. 280s at the optimum oxygen to fuel ratio). !**!

Previous attempts at synthesizing this molecule have been pursued with limited

success, as at most only traces of product were seen.!’>' The process used involved
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reacting either 2-chloroethylazide or 2-azidoethyl-p-toluenesulfonate with 1,1-
dimethylhydrazine neat at 25°C in the presence of the base 1,4-diazabicyclo-[2-2-2]-
octane (DABCO). Unfortunately, the desired product could not be successfully
isolated."”! In the current work a synthetic strategy starting from chloroacetaldehyde,

1,1-dimethlyhydrazine and sodium azide was investigated (Figure 5.3).

o H,N—N |
2 \ N/N\
cl )l\/u + H,0
H H
ByHs
N3 Ill
— NaN HN™ ™
NaCl + \_, -3 H
N—NH cl
/
H
DMAEH

Figure 5.3 DMAEH synthesis from chloroacetaldehyde, 1,1-dimethlyhydrazine, and sodium azide

It should be pointed out that the intermediate 1,1-dimethyl-2-[2-azidoethyl]hydrazone or
De-DMAEH (Figure 5.4) is also attractive from a propulsion standpoint. Its synthesis,
structure, and possibilities as a fuel molecule were explored since it was anticipated to

have comparable ignition and fuel characteristics and benefits as DMAEH.

Figure 5.4 Structure of 1,1-dimethyl-2-[2-azidoethyl]hydrazone, De-DMAEH
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5.2. Background
5.2.1 Hydrazine
Hydrazine (Figure 5.1 A) has a variety of industrial uses, from acting as a chain
extender in the production of spandex fiber!"™ to being used as a reducing agent in
chemical reactions such as the reduction of metal chloride salts to form metallic
nanoparticles. It is produced commercially using the two step Olin Raschig process

(Figure 5.5).1'¢

0

5°C 30°C
NaClO + 2NH; ——>

1
NH,Cl | —— N,H, + H,0 + NaCl

Figure 5.5 Synthesis of hydrazine by the Olin Raschig process

Since World War II one of its most common uses has been as rocket fuel for vehicles
such as the German Messerschmitt and NASA’s space shuttle maneuvering thrusters. Its
rapid ignition (3-10 millisecond time frame),!"” and highly exothermic decomposition to

[18

large volumes of hydrogen, nitrogen and ammonia'® make it an efficient liquid

1 However, it is toxic and a known

propellant with a specific impulse of 245 seconds.!
carcinogen. Due to these problems, the Occupational Safety and Health Administration
(OSHA) has set safe exposure limits at 1 ppm over 8 hours, while the recommended limit
for the National Institute for Occupational Safety and Health (NIOSH) is lower, at 0.3

ppm for 120 minutes. Replacements for hydrazine as a fuel that can alleviate the

problems with both the toxicity and reactivity have been investigated.
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5.2.2 2-Dimethylaminoethylazide (DMAZ)

One of the compounds which has been studied as a hydrazine replacement is the
molecule 2-dimethylaminoethylazide (DMAZ)12379-10 (Figure 5.2 A). When compared
to hydrazine it is simple to prepare as it can be formed in a one step process from

commercially available starting materials (Figure 5.6)"

Figure 5.6 Synthesis of DMAZ

The properties of DMAZ are often compared to those of monomethylhydrazine (MMH),
and while it has a lower specific impulse (281s) than MMH does (285s), it has a higher
density. This gives it, ultimately a density impulse of 13.77Ibfsec/in.” that is on the same
level as that of MMH (13.36 Ibfsec/in’).)  With all of these benefits, however, the
implementation of DMAZ has been limited mainly due to the longer ignition response.
There are currently no adequate catalysts available to ignite DMAZ as a monopropellant
and while it is hypergolic with inhibited red fuming nitric acid the delay of 26
milliseconds before ignition remains a limitation for some applications.!"!

Testing has shown that the key step in ignition is the transfer of an acidic proton
from the acid to the amine nitrogen N4 of DMAZ (Figure 5.7)."" Density functional
theory calculations show that the most stable conformation of DMAZ has a shape like

that of a scorpion’s tail (Figure 5.8).l"'*!4
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Figure 5.7 Ignition mechanism of DMAZ by fuming nitric acid

The linear azide nitrogens fold up and over the amine nitrogen. This confirmation
potentially presents a twofold problem for protonation of the amine nitrogen. First, as it
is located directly over the amine group, the azide group could be sterically blocking
protonation of amine nitrogen (N4) due to its size. Second, this confirmation allows an
intramolecular interaction between N2 and N4 (Figure 5.8). This interaction makes the
amine nitrogen, N4, both less basic and less nucleophilic which in turn decreases the

ability of N4 to attack the acidic hydrogen of fuming nitric acid, delaying ignition.!''*!*

H,c¥ 4

Figure 5.8 Calculated most stable conformation of DMAZ structure showing suspected intramolecular
interaction!"”

From this information it has been determined that an adequate replacement

molecule will require either an altered electron distribution which does not decrease the
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nucleophilicity of the amine nitrogen, an altered physical conformation that prevents the

azide group from sterically blocking the active site, or both.!" '*!4

5.2.3 DMAEH and its Synthesis

In order to address both the steric and electron distribution problems found in
DMAZ, the moleculel,1-dimethyl-2-[2-azidoethyl]hydrazine (DMAEH) was proposed.
Density functional theory calculations were performed on this molecule using a Hybrid
Density Functional Model (B3YLP) with a polarized split valence basis set (6-31G*) to
determine the most stable conformer. From these calculations it was determined that in
its lowest energy conformation, the steric affects found with DMAZ are no longer an

issue as the azide group is no longer located directly over the terminal amine nitrogen

(NS5, Figure 5.9) [13-14]

N—NH’ N 3
He” 5 4\ /
H2C_CH2

Figure 5.9 Calculated most stable confirmation of DMAEH structure, showing the new intramolecular
interactions taking place!'”

Also, while there is still an intramolecular chemical interaction, it is now between the
azide group and the N4 nitrogen, leaving the terminal nitrogen (N5) free for protonation

during the ignition process (Figure 5.9).["
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A simple two step synthesis method that involved the reaction of 2-chloroethyl-p-
toluenesulfonate with 1,1-dimethyl hydrazine, followed by reaction of that intermediate

with sodium azide to produce DMAEH was proposed (Figure 5.10).

O H,>N-N HsC
CI_\_O g CH 2 \ CI—\: \N—CH
- 3 —> 3

I f

NH

O
NaN3
H3C\

Figure 5.10 Two step synthesis of DMAEH

Unfortunately, the first step of this reaction produced a beige solid. Routine analyses ('H
and °C NMR) performed on this solid indicated two possible isomers (Figure 5.11)

which could not be separated and did not react with sodium azide to form DMAEH.!"!

ICI Cl ;%)
TsO \ S /N_NH2
N—NH, = N—NH, ¢
Ts8
Cl

Figure 5.11 Isomers formed during DMAEH synthesis

To address this problem, 2-chloroethylazide and 2-azidoethyl-p-toluenesulfonate were

synthesized. These were each then reacted with 1,1-dimethylhydrazine at different
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temperatures (0°C and 25°C), different reaction times (1.5-72 hours), in different solvents
(neat, in toluene, in ether, and in THF) and in the presence of different bases
(triethylamine, sodium hydride, butyllithium, and DABCO). Although the desired
product was detected by 'H NMR, it was formed as one of two isomeric quaternary salts,
which was confirmed by X-ray crystallography (Figure 5.12).!"*! Isolation of the desired

product was not successful.

H
|
N N N—H
©
\; \ % WNs

Figure 5.12 Quaternary salts obtained from DMAEH synthesis. X=CI, OTs

A second synthesis method was developed starting from the molecule 2-mesyl-1-
ethyl-N,N-dimethylhydrazine. Ethylene oxide and 1,1-dimethylhydrazine were reacted
in glacial acetic acid and water for 18-24 hours at room temperature to form 1,1-
dimethyl-2-[2-ethylalcohol]hydrazine (Figure 5.13). This would then be reacted with
mesyl chloride to form the desired 2-mesyl-1-ethyl-N,N-dimethylhydrazine. The ethylene
oxide reaction was quenched into a bicarbonate solution at room temperature and
extracted with ethyl acetate. Along with the desired product, NMR analysis showed that
oligomers of ethylene oxide, as well as other unidentified side products were formed, so a
full synthesis to DMAEH through this intermediate was not pursued.!'*!

A final synthesis beginning with two commercially available starting materials:

250



OH

H3C H,C
Q . Acetic acid 3 \
/ \ N—N > —
/ NHz ™ g2an, RT /N NH
H,C H,C

Figure 5.13 Synthesis of 1,1-dimethyl-2-[2-ethylalcohol]hydrazine from ethylene oxide and 1,1-
dimethlyhydrazine

1,1-dimethylhydrazine and chloroacetyl chloride was investigated.'*! This was chosen as
the reaction of acylchlorides with derivatives of hydrazine has been reported with high

yields (up to 87%).2”) A three step reaction sequence was developed (Figure 5.14),
beginning with the reaction of 1,1-dimethylhydrazine and chloroacetyl chloride. The first
step was carried out in chloroform reacting at room temperature for 2 hours. The desired
product, chloroacetic acid-N,N-dimethylhydrazide, was seen in 11% yield by NMR
analysis. Regardless of the conditions (temperatures of 0°C, -15°C, and -25°C, reaction
times of 2-12 hours, and varying reactant concentrations) yields were consistently low

(18% maximum).!"*!

(0] | O

\ NaCO;
/N—NH2 + m)J\/CI S /N\N)J\/CI

,\|, N NaN, r\|1 cl
e \N/\/ 3 -— pd \N/\/
H

H

Figure 5.14 Third proposed reaction for DMAEH synthesis

A small amount of work was done on reactions of unsubstituted (symmetrical)

hydrazine, as opposed to 1,1-dimethylhydrazine, as it will not have the regioseletivity
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issues inherent in 1,1-dimethylhydrazine. Hydrazine was reacted with 2-tosyl-1-
ethylazide or 2-chlorol-ethylazide (Figure 5.15). In both cases, reaction appeared to
proceed well to desired product, as shown by both NMR and LC-MS testing. Quaternary
salt formation did not appear to be a problem, as was seen with the 1,1-
dimethylhydrazine reaction. However, the disubstituted hydrazine (1,2-(2-
ethylazide)hydrazine) was a major impurity, and it proved difficult to prepare the desired
product compound, (2-azidoethyl)hydrazine, on a gram scale with a consistent purity of

95% or better for ignition and combustibility testing.!'*

H Nj
H\N—H \NI
3 /

H H

Figure 5.15 Reaction of hydrazine with ethylazide containing various good leaving groups. X=ClI or OTs

5.3. Result and Discussion
5.3.1 New Synthetic Strategy to the DMAEH Molecule
Finding a suitable replacement for hydrazine continues to be an area of much
interest both to the private and government aerospace industries. A large commercial
market exists for any new, cost competitive liquid rocket fuel that could maintain the
same favorable characteristics as hydrazine and MMH but that has fewer hazards to
humans and the environment.
A three step reaction sequence was proposed, starting with the reaction of 1,1-

dimethylhydrazine ~ with  chloroacetaldehyde to  form 1,1-dimethyl-2-[2-
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chloroethyl]hydrazone (Figure 5.16). This hydrazone would then be reduced, using
borane to form 1,1-dimethyl-2-[2-chloroethyllhydrazine. In the final step, this

intermediate would be reacted with sodium azide to displace the chloride and form the

desired DMAEH product.
H;N—N |
O 2 \ N,N\
)K/CI > )l\/CI * O
H H
BoHs
N3 IL
\ NaN, SIN
NaCl + N - H
) Cl
H
DMAEH

Figure 5.16 New proposed three step synthesis for the formation of 1,1-dimethyl-2-[2-
azidoethyl]hydrazine (DMAEH)

Perdicchia and co-workers reported the synthesis of 1,1-dimethyl-2-benzylidene-
hydrazone from the reaction of 1,1-dimethylhydrazine with benzaldehyde in toluene.!"!
Collection of the water formed drove the reaction to completion and 1,1-dimethyl-2-
benzylidene-hydrazone was isolated with a 99% yield. This hydrazone was then reduced
to 1,1-dimethyl-2-benzylidene-hydrazine hydrochloride by reaction with NMes;*BHj3
followed by HCI. This formed the desired hydrazine hydrochloride in 97% yield.?" In

our research, the initial reaction of 1,1-dimethylhydrazine with benzaldehyde was

therefore run in toluene at 130°C taking advantage of the toluene/water azeotrope to
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collect the water formed and drive the reaction toward completion. For the second step, it
was decided to then use NMes;*BH; and HCIl followed by neutralization with

dimethylaminopyridine (DMAP) in toluene to form DMAEH (Figure 5.17).

/ N
Toluene | + H,O
+ H,N—N >

N’N\ H T lll lll
| Toluene N > DMAP  HN™
)\/CI 1)BHsNMejg Scl g )\/CI
H 2) HCI H
Cl

Figure 5.17 Reaction conditions chosen for the new DMAEH synthetic strategy

Chloroacetaldehyde is commercially available as a ~50% solution by weight in
water. The chloroacetaldehyde was not isolated prior to beginning this reaction. Instead
the chloroacetaldehyde/water solution and 1,1-dimethylhydrazine were mixed together in
toluene. A standard Dean-Stark trap and set up were used to remove water from the
starting material as well as from the reaction.

After running the reaction for 12 hours at 130°C, a dark brown oil was formed in
the reaction flask, which was analyzed by 'H and >C NMR. Unfortunately, neither peaks
indicative of the starting material nor desired product could be seen in the NMR spectra.

At this point, issues with the reaction were identified: 1) the chloroacetaldehyde/water
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mixture was unstable at the reaction temperature of 130°C and 2) the chloroacetaldehyde
should be isolated from the water solution ex situ.

To isolate the chloroacetaldehyde for this reaction, extraction was attempted with
chloroform and ether. With each solvent, 3 extractions of 25mL were performed. After
extraction, both the organic and the aqueous layers were analyzed by 'H and >C NMR.
Using chloroform as a solvent, after extraction the chloroacetaldehyde was seen in both
the organic and the aqueous layers by NMR analysis. However, using ether as the
solvent, chloroacetaldehyde was only seen in the organic layer. Within the limits of the
NMR, no aldehyde remained in the water, suggesting that chloroacetaldehyde was almost
quantitatively extracted in the ether layer. Based on these results, ether was chosen as the
favorable solvent for extraction.

In parallel, the isolation of chloroacetaldehyde from water was investigated using
an azeotropic distillation. Pentane exhibits an azeotrope with water at 34.6°C. The
azeotrope was carried out at reflux conditions using a Dean-Stark set up. Twelve
milliliters of ~50% chloroacetaldehyde solution were added to 100mL of pentane. This
mixture refluxed for 24 hours. Calculations predicted that 7.85 mL of water should be
removed during the drying process. Experimentally 8 mL were removed, a 1.3%
difference. The difference was attributed to the commercial mixture that is supplied as
approximately 50% by weight, not an exact amount. 'H NMR analysis showed no traces
of chloroacetaldehyde. Chloroacetaldehyde remained in the round bottom flask with the
pentane, as confirmed by 'H and >C NMR analysis.

As the reaction of chloroacetaldehyde with 1,1-dimethylhydrazine requires an

azeotrope to remove water and drive the reaction to completion, it made the most sense to
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use the azeotropic method of chloroacetaldehyde isolation as well.  Once the
chloroacetaldehyde was isolated, 1,1-dimethylhydrazine was simply added to the same
reaction flask. This addition was done with vigorous stirring at 0°C. The reaction
mixture was allowed to reflux overnight, still set up with a Dean-Stark trap to collect the
water produced in the condensation reaction. After 12 hours, approximately 2 mL of
water (a 7% excess from the 1.8mL expected) had been collected and a dark brown oil
had been formed.

'H NMR, C NMR, and electrospray ionization mass spectrometry (ESI MS)
analysis were run on this brown oil. Both 'H and >C NMR results showed loss of the
aldehyde (at 9.5ppm and 198.3ppm respectively) and formation of a new peak (at 6.3ppm
and 117ppm respectively) which is in the expected range for a proton attached to the
carbon of a dimethylhydrazone.[22'23] They also both showed peaks consistent with the
methyl groups from 1,1-dimethylhydrazine at 2.5 in the '"H NMR and 54.5 in the "°C
NMR. However, extra peaks that could not be accounted for with the expected structure
were also present. The ESI MS results showed the highest peak with a mass of 145 and
nothing at 120, the mass of the expected product (Figure 5.18).

From this, it was hypothesized that rather than the desired reaction taking place
(Figure 5.17), a double substitution may have occurred to form both hydrazone and a
quaternary salt, 1-[2-[2,2-dimethylhydrazono]ethyl]-1,1-dimethylhydrazinium chloride
(Figure 5.19). This molecule has the mass of 145, consistent with MS+ analysis. While
this result was encouraging because the desired hydrazone was formed, the simultaneous
formation of the quaternary ammonium salt via displacement of the Cl was an

unexpected result.
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Figure 5.18 ESI MS results showing double substitution product with a mass of 145

i / - N\N
Pentane ‘
JK/CI ’ H2N N © g | /
H \ 60~ C ~
H ) N
Cl

Figure 5.19 Product formed from reaction of chloroacetaldehyde and 1,1-dimethylhydrazine, as
determined by NMR and mass spec.

5.3.2 Synthesis of De-DMAEH
The synthesis of 1,1-dimethyl-2-[2-azidoethyl]hydrazone or De-DMAEH (Figure

5.4) was investigated. It was speculated that this molecule should have similar ignition
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and combustion characteristics as DMAEH with the added benefit of a simpler synthesis
method. Because this molecule contains a C=N double bond, it can actually exist in two
different geometric isomers: the syn form in which both substituents are on the same side
of the double bond (Figure 5.20 A) and the anti form in which the substituents are on
opposite sides of the double bond (Figure 5.20 B). Density functional theory calculations
were performed using a density functional wavefunction with a 6-31G* basis set to
determine the lowest energy confirmation of each form and whether any intramolecular
interactions could take place. In the syn form (Figure 5.20A) the azide group is pointed
away from the rest of the molecule, causing both no steric interference and no
intramolecular interaction and the energy was found to be
-1132829.15kJ/mol. In the anti form (Figure 5.20 B), a similar conformation to DMAEH
is observed, with an intramolecular interaction occurring, but not with the terminal amine

nitrogen and the energy was found to be -1125825.89kJ/mol.

HyC
N—N'*
H3C/ \>—H
e %

’ \ . H,C ”_,N®
N\\ \N—N"-' - \\N:

N / >\7 /

\ . HaC CH,

A. S B. H

Figure 5.20 1,1-dimethyl-2-[2-azidoethyl]hydrazone in A. Syn and B. Anti configuration

The proposed reaction was a three step process, beginning with the reaction of
chloroacetaldehyde with sodium azide (Figure 5.21). Sodium azide (0.165g, 2.5mmol)

was dissolved in 5SmL of water. Chloroacetaldehyde solution (0.34mL, 2.3mmol

258



chloroacetaldehyde) was added, and this mixture was allowed to stir at room temperature
for 24 hours. After 24 hours, the reaction mixture was analyzed by '"H NMR and C

NMR both of which showed no indication of reaction occurring. Only starting material

was seen.
0 o 0
LANCE F Nan, 22— AN+ N
N,
\
NH,

H,0

Figure 5.21 New proposed synthesis method for De-DMAEH molecule

The same procedure was repeated with five different sets of conditions, which are
summarized in Table 5.1. In these five runs, the reaction time was varied from 4 to 24
hours, and the reaction temperature was varied from 50°C to 90°C. Under these
conditions, no product formation was observed by 'H and *C NMR at the lower
temperatures (50°C for 7 hours, and 60°C for 5 hours), while at the higher temperatures
and at the longer time complete decomposition was observed. The chloroacetaldehyde
appeared to decompose when heated over 60°C for an extended amount of time. It
should be pointed out that chloroacetaldehyde can exist as a hydrate and this may be the

reason for the low reactivity toward nucleophilic displacement (Figure 5.22).
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Table 5.1 Reaction of sodium azide and chloroacetaldehyde in water under various conditions

Run

Number Reaction Time | Reaction Temperature Yield

1 7 hours 50°C 0

2 4 hours 90°C Decomposition

3 5 hours 70°C 2hrs, 60°C 3hrs Decomposition

4 5 hours 60°C 0

5 24 hours 60°C Decomposition
o) OH

OH
c * HO > Cl
H H

Figure 5.22 Formation of hydrate from chloroacetaldehyde in the presence of water.

In order to address this problem, this reaction was attempted under anhydrous
conditions. Three different solvents: ether, toluene and methyl-ters-butyl ether were
investigated. Chloroacetaldehyde removal by extraction was re-visited at this point and
toluene and methyl-fert-butyl ether were found upon testing to also be effective
extraction solvents. Brine saturation was used when necessary to induce a clear phase
split for extraction. After extraction, 'H NMR was used to quantify the concentration of
the chloroacetaldehyde in solvent solutions. This was done by comparison of the
integrations for known solvent peaks and the aldehyde proton peak at 9.5. These
concentrations were found to be 0.93M for ether, 0.43M and 0.72M respectively for two
different toluene extractions and 2.4M for methyl-tert-butyl ether. Sodium azide was
added in a 1:1 molar ratio with the chloroacetaldehyde and each reaction was run using
3.1mmol of both chloroacetaldehyde and NaNs. Due to the limited solubility of sodium

azide in these solvents, in some cases a 5 wt.% amount of the phase transfer catalyst
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tetrabutylammonium chloride (TBACI) was added. The reactions were run at either
room temperature or 40°C and at time lengths ranging from 2 to 12 hours (Table 5.2). 'H
NMR analysis was used to check for product formation as the CH, peak for 2-azido-
acetaldehyde should shift up field from the peak seen at 4.5 for the corresponding protons

of chloroacetaldehyde.**!

Table 5.2 Reaction of sodium azide and chloroacetaldehyde under a variety of anhydrous conditions

Phase
Run Transfer Reaction
Number Solvent Catalyst Time (hrs) | Reaction Temp. Yield

1 Ether none 2 40°C 0

2 Ether none 6 40°C 0

3 Ether none 12 room temperature | decomposition

4 Toluene TBACI 4 40°C decomposition

5 Toluene TBACI 4 40°C decomposition
Methyl fert-butyl none

6 Ether 4 40°C 0
Methyl tert-butyl none

7 Ether 2.5 40°C 0

Using ether as the solvent, reaction at 40°C for two hours showed neither reaction
nor decomposition when analyzed by "H NMR and '?C NMR (Table 5.2, Run 1). After
reacting for another 4 hours (six hours total) "H NMR results were inconclusive (Table
5.2, Run 2). The reaction was then run for an additional six hours, bringing the total
reaction time to 12 hours to see if a longer time would help drive the reaction to
completion. However, under these conditions complete decomposition was seen by
NMR analysis (Table 5.2, Run 3).

The next solvent tested was toluene. The same procedure was followed as with
ether, however 5% TBACI by weight was also added to the reaction mixture to act as a

phase transfer catalyst. After heating for 4 hours at 40°C, the reaction was stopped and
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"H NMR analysis was performed. Chloroacetaldehyde was present, but only 77% of the
original amount remained. As no product peaks were visible, and several small
unidentified peaks appeared in the 3 to 5 ppm range it was determined that amount was
lost to decomposition (Table 5.2, Run 4). This experiment was repeated with similar
results (Table 5.2, Run 5)

Finally, the solvent methyl-fert-butyl ether was investigated. Chloroacetaldehyde
and sodium azide were reacted at 40°C for 4 hours and for 2.5 hours. In both cases,
starting material was seen by NMR analysis, with no concentration change, indicating
neither decomposition nor trace product formation (Table 5.2, Runs 6-7).

The chloroacetaldehyde comes in a ~50% solution with water. Water and
chloroacetaldehyde can form a hydrate, (Figure 5.22) as well as other aggregates, such as
its trimeric form 2,4,6-tris(chloromethyl)-1,3,5-trioxane (Figure 5.23). This
chloroacetaldehyde trimer was identified by '"H NMR in the chloroacetaldehyde starting
material by characteristic peaks at 3.55ppm and 5.05ppm which represent the CH, and
CH protons in this molecule, respectively.*> Several other small peaks were also present
in the 3-5ppm range, that while not identified, indicated the presence of other impurities
in the starting material. Though the chloroacetaldehyde was extracted into organic
solvents prior to any reaction taking place, '"H NMR analysis indicated that these
impurities were being extracted as well (Figure 5.24). At this juncture it was decided to

pursue an alternate synthetic route.
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Figure 5.23 2,4,6-tris(chloromethyl)-1,3,5-trioxane

Tert-butyl methyl
ether solvent

[Chloroacetaldehyde|
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Figure 5.24 "H NMR, 3-5ppm region, showing impurities extracted with chloroacetaldehyde
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5.3.3 De-DMAEH Synthesis from Bromoacetaldehyde Diethyl Acetal

A three step synthetic pathway was developed starting from bromoacetaldehyde
diethyl acetal (BADA) (Figure 5.25). This synthesis involves first deprotecting the
BADA to form bromoacetaldehyde (BAA) under acidic conditions. BAA is then reacted
with sodium azide to form the 2-azido-acetaldehyde, which is subsequently reacted with
1,1-dimethylhydrazine to form the De-DMAEH product. The first two steps of this
reaction are known in literature.***® The third step, hydrazone formation, was
demonstrated previously in our lab with the chloroacetaldehyde, so it is anticipated that

2-azido-acetaldehyde will react in a similar manner (Figure 5.19).
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Figure 5.25 Proposed synthesis of DMAEH starting with BADA

To carry out the first step, BADA (5mL) and sulfuric acid (H,SO4, SmL of 0.1N
solution) in water were combined and allowed to react for 1 hour at 100°C. The resulting
crude product was analyzed by 'H and >C NMR and both spectra showed the presence of
both the desired bromoacetaldehyde (BAA) as well as BADA starting material. NMR

was chosen to analyze this reaction as aldehyde formation produces a distinct peak, at
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9.5ppm in "HNMR and in the 190ppm to 195ppm range in *C NMR, which can be easily
identified.***% Using the integration of this peak in the 'H NMR in comparison with
BADA peaks also provides a measurement of how much BAA has been formed.

The reaction was repeated with the time increased to 2 hours. In this case, the
crude product mixture showed a ratio of 1:3.8 BAA:BADA (21% yield) as determined by
integration of "H NMR. Twenty different sets of conditions were tested to maximize the
formation of BAA. Solvent, reaction time, temperature, the amount of water used, and
the amount of acid were all examined. The results of these different reactions can be seen
in Table 5.3. The use of azeotrope to remove ethanol as it is formed in order to shift the
equilibrium towards the formation of BAA was also examined.

When either no solvent or THF solvent were used with no means of removing the
ethanol, BADA was always the major component of the product mixture when analyzed
by 'H and *C NMR. With no solvent present, the best ratio achieved was a 1:3
BAA:BADA ratio (25% yield), when heating for 2 hours at 100°C (Table 5.3, Run 4).
Using THF as a solvent improved that ratio to 1:1.74 BAA:BADA (36% yield) when
heated for 1 hour at 40°C.

One synthesis attempt was made with toluene as the solvent (Table 5.3, Run 14).
However, complete decomposition of BADA occurred when heated for 1 hour at 85°C,
so it was not pursued further. Ultimately, switching the solvent to acetonitrile and using
it in combination with an azeotrope to remove ethanol gave the best results (1 hr., 92°C,
2:1 BAA:BADA, 67% yield, Figure 5.26). In this reaction, water was introduced with

the sulfuric acid as it was a 0.IN aqueous solution. Halfway through the reaction, an
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Table 5.3 Reaction conditions tested to optimize bromoacetaldehyde synthesis

Run Number Solvent Reaction Time Reaction Temp. Amt. of Water Amt. of Acid Ethanol Removal Ratio BAA/BADA
1 none 1 hour 100°C SmL 0.1N H2SO4 SmL 0.1N H2SO4
2 none 2 hours 100°C SmL 0.1N H2S04 5mL 0.1N H2S04 1/3.8
3 none overnight 100°C SmL 0.1N H2SO4 SmL 0.1N H2SO4 Decomposition
4 none 2 hours 100°C SmL 0.IN H2S04 SmL 0.1N H2S04 1/3
5 tetrahydrofuran 1 hour 65°C SmL 0.1N H2S04 SmL 0.1N H2S504 1/2.6
6 tetrahydrofuran 1 hour each temp. 65°C, 70°C SmL 0.1N H2SO4 SmL 0.1N H2SO4 1/4.2
1 hour 65°C, 2
7 tetrahydrofuran hours 70°C 65°C, 70°C SmL 0.1N H2S04 SmL 0.1N H2S504 1/5.9
8 tetrahydrofuran 1 hour 40°C none 0.5mL pure H2SO4 1/1.74
9 tetrahydrofuran 2 hours 40°C none 0.5mL pure H2SO4 1/1.75
10 tetrahydrofuran 3 hours 40°C none 0.5mL pure H2SO4 1/2.43
11 tetrahydrofuran overnight 40°C none 0.5mL pure H2SO4 1/2.3
12 tetrahydrofuran overnight 60°C none 0.5mL pure H2S04 1/6.76
13 none overnight 60°C SmL 0.1N H2SO4 SmL 0.1N H2SO4 1/3.9
14 toluene 1 hour 85°C none 0.5mL pure H2SO4 azeotrope Decomposition
15 acetonitrile 1.5 hours 92°C none 0.5mL pure H2SO4 azeotrope 1/0.84
16 acetonitrile 1.5 hours 96°C none 0.5mL pure H2S04 azeotrope 1:2 and Decomposition
17 acetonitrile 1 hour 96°C none 0.5mL pure H2S04 azeotrope Decomposition
18 acetonitrile 1 hour 90°C none 0.5mL pure H2SO4 azeotrope 1:1 and Decomposition
19 acetonitrile 1 hour 80°C none 0.5mL pure H2SO4 azeotrope 1:2 and Decomposition
20 acetonitrile 2 hours 92°C 0.5mL 0.5mL pure H2SO4 azeotrope 1/1.0
21 acetonitrile 1 hour 92°C 1.2mL 0.5mL pure H2S04 azeotrope 1/1.7
22 acetonitrile 1 hour 92°C SmL 0.1N H2SO4 SmL 0.1N H2SO4 azeotrope 1/0.56
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Figure 5.26 Optimized deprotection of BADA to BAA

additional 20mL of acetonitrile were added to the reaction pot to replenish that which was
lost in azeotrope collection. The BAA was not purified, instead the entire mixture
containing at 2:1 ratio of BAA:BADA in acetonitrile was used in the next step of the
synthesis.

Prior to the next step, the H,SO, in the system was neutralized using solid
potassium carbonate. An excess amount was added to the reaction mixture, and stirred
overnight. It was removed by filtration through a fritted funnel. Sodium azide was added
in excess (1.4:1 molar ratio) to SmL of the BAA solution (0.0025mol BAA). This
mixture was reacted overnight at 50°C with stirring (Figure 5.27). This solution turned a
very dark brown color after reaction overnight. Prior to NMR analysis, a sample was
removed, and concentrated by blowing N, gas over the surface to remove solvent. °C

NMR showed disappearance of the aldehyde peak at 191ppm indicating either reaction or

Acetonitrile
50°C, Overnight |,

BI" + NaN3 N3 + NaBI’

Figure 5.27 Second step in De-DMAEH synthesis.
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decomposition of the starting material. A new peak did appear, however, at 178ppm, an
upfield shift which is consistent with expected signal for the carbonyl carbon of the
desired product. The presence of other peaks indicates that other compounds are present,
possibly from the decomposition of the desired product or of the BADA remaining in the
system, as both 'H and C NMR no longer show the presence of BADA. However,
these compounds were not identified. GC-MS analysis of the reaction mixture showed a
peak with mass corresponding to the desired intermediate (Figure 5.28). Several other
peaks were present as well, all of which appeared to contain one to two bromine atoms.
This could correspond to decomposition products from either BADA or unreacted BAA,
as was seen by NMR analysis.

This crude reaction mixture was then reacted with dimethyl hydrazine (Figure
5.29). Both '"H NMR and ">C NMR spectra showed the disappearance of the aldehyde
peak, and the appearance of a peak upfield at 7.12ppm and 134ppm respectively, which is
in the predicted region for the hydrogen attached to the carbon of a
dimethylhydrazone.”*") The appearance of a peak consistent with methyls attached to a
hydrazone group was observed at 2.4ppm in the "H NMR and 42.4ppm in the °C NMR.
LC-MS and GC-MS were run on the crude product mixture. Both showed two major
peaks with masses of 127.9mu and 142.9mu (Figure 5.30). The mass of 127.9mu
corresponds to the desired product, while the mass of 142.9mu indicates an undesired
side product, which will later be identified. As no internal standard was used, a

quantitative amount of the two products could not be determined.
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Figure 5.28 A. GC-MS chromatogram of crude product with B. Mass spectrum of desired product peak.
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Figure 5.29 Third step of De-DMAEH reaction
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Figure 5.30 Mass spectrum showing the formation of the desired De-DMAEH product, as well as a side
product

Though initial results were encouraging, reproducing these results proved
difficult. In fifteen repeats of the entire multi-step De-DMAEH synthesis reaction, only
four showed signals in the "H NMR consistent with the formation of the desired product.
In order to identify where problems in the reaction method were occurring each step was
carried out separately followed by 'H and '*C NMR analysis as well as ESI-MS. These
steps included formation of BAA from BADA, neutralization of BAA product solution

with potassium carbonate, reaction of BAA solution with NaNj; to form 2-azido-

270



acetaldehyde, and reaction of that product solution with 1,1-dimethylhydrazine to form
De-DMAEH. From this study it was determined that a problem lay in the neutralization
of the BAA product solution. This step was run three separate times, and a comparison
of "H NMR spectra taken before and after the neutralization showed substantial loss of
BAA product formed in each instance. Over the three attempts, that loss ranged from
35%-100% of BAA formed.

In order to address this problem, the reaction was modified by using the solid acid
resin Dowex™ M-31 instead of liquid H,SO4 to form BAA. This resin is sulfonic acid
embedded on a styrene matrix and can be removed by filtration, eliminating the need for
a neutralization step in the reaction procedure. In the modified reaction sequence, 1 g
Dowex resin and 2mL of water were added to the mixture as a substitute for H,SO4
solution in water and the reaction was run under the same conditions as before. After the
reaction was completed the 'H NMR of this initial reaction showed a ratio of 1.6:1
BAA:BADA (62% yield), slightly lower than the 2:1 seen with H,SO4. However, when
the reaction time was increased to 90 minutes from the initial 60 minutes, this ratio
improved to 2.8:1 BAA:BADA (74% yield). As the Dowex resin showed the same or
better catalytic ability as HSO4 with the benefit of no neutralization step needed, its use
was incorporated into the reaction procedure, and consistent product formation was now

observed.

5.3.4 Identification of De-DMAEH Side Product
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Before attempts were made to purify the De-DMAEH the identity of the side
product was determined. A mass of 143 is in agreement with the structure shown in

Figure 5.31.

Figure 5.31 Side product formed in De-DMAEH synthesis reaction, glyoxal, bis(dimethylhydrazone)

This compound is the known molecule glyoxal bis(dimethylhydrazone), which can be
isolated as a clear yellow oil. It was speculated that along with the desired reaction
outlined above, a parallel competing reaction path was also occurring (Figure 5.32). In
this mechanism, after the hydrazone (compound 3, Figure 5.32) is formed by reaction
with 1,1-dimethylhydrazine, a beta hydrogen abstraction can occur. This intermediate
molecule (compound 4, Figure 5.32) can then lose nitrogen to form compound 5 (Figure
5.32). This compound is attacked by a second molecule of 1,1-dimethylhydrazine
leading to the loss of ammonia and formation of this side product. — This was an
important discovery as now that the side product has been identified as glyoxal,
bis(dimethylhydrazone) and its mechanism proposed, attempts could be made to prevent

its formation.*!
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5.3.5 Purification of De-DMAEH Product

In order to determine if separation by of De-DMAEH from the glyoxal,
bis(dimethylhydrazone) side product by column chromatography would be possible thin
layer chromatography was run on the reaction product mixture. Ethyl acetate, hexane,
and combinations of the two were tested as separation solvents. Pure ethyl acetate was
found to be the most effective. Using this eluent, two spots could be visualized after
treatment of the plate with tungstophosphoric acid, one with a retention value close to 1
and one with a value of 0. It was anticipated that these two spots corresponded to the two
products seen by LC-MS and GC-MS.

A silica column was prepared and run using ethyl acetate. As the materials have a
bright yellow color it was very easy to see when all of the first product had moved
through the column. This was also confirmed by TLC. After the first component had
eluted, methanol was used to elute the other compound. Again, being highly colored it
was easy to see as it moved through the column. Both samples were concentrated and
examined by '"H NMR, "°C NMR, and ESI-MS.

The compound eluted by ethyl acetate was pure glyoxal bis(dimethylhydrazone)
(Figure 5.31), which was confirmed by both mass spectroscopy (Figure 5.33) and
comparison with "H NMR and "*C NMR found in literature."*) The methanol fraction
was also analyzed by '"H NMR, C NMR and ESI-MS. By NMR, no desired product
was seen, though the "H NMR showed small unidentified peaks at 1.1ppm and 1.9ppm.
The mass spec showed a mixture of peaks and fragments, one of which did have the
desired mass, however, the mass spec was not clean and no conclusion can be drawn

from this. This same procedure was repeated with a second reaction, and the same results
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Figure 5.33 Pure glyoxal, bis(dimethylhydrazone) side product after column separation

were obtained. From these results, it was theorized that De-DMAEH breaks down on the
column due to the acidic nature of the silica, as an acidic proton could be abstracted by
and react with any of the nitrogen atoms present in the molecule.

The silica and TLC plates were pretreated with a 5% triethylamine solution in
ethyl acetate, to neutralize acidic sites. As with the original tests, two spots were seen,
one that moved with the ethyl acetate solvent front, and one that remained at the baseline.
The pre-treated silica was then loaded into a column and the separation was run as

previously, using pure ethyl acetate followed by pure methanol as the mobile phase. As
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before, one bright yellow product compound eluted off the column using ethyl acetate as
the mobile phase and a second was removed when methanol was used. Both were
concentrated by evaporation of the solvent, and analyzed by 'H and *C NMR and ESI
MS. The sample collected in ethyl acetate was glyoxal bis(dimethylhydrazone). The
product collected in methanol was a single compound, which ESI MS showed to have a
mass of 101.9. Identification of this compound has not been determined at this time.

This separation was repeated with identical results.

5.3.6 De-DMAEH Synthesis Modification

After the separation difficulties that were encountered, a few modifications were
made to the reaction in an effort to both increase the yields of De-DMAEH being formed
and simultaneously suppress formation of the glyoxal, bis(dimethylhydrazone) side
product. In the first reaction step, formation of BAA from BADA, an azeotrope was used
to collect ethanol formed in the reaction, however, the water present in the reaction can
also be lost as it too forms an azeotrope with the acetonitrile solvent. Without water
present the deprotection reaction to form BAA cannot occur (Figure 5.26). To
compensate for this, an additional 2mL of water were added to the reaction, halfway
through. Water addition appeared to have the desired affect as the crude product mixture
now showed a 3.6:1 BAA:BADA (78% yield) ratio compared to the 2:1 ratio previously
observed, however this has not been repeated at this time.

The other modification made was in the third step, addition of 1,1-dimethyl

hydrazine to 2-azido-acetaldehyde (Figure 5.34).
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Figure 5.34 Addition of 1,1-dimethyl hydrazine to 2-azido-acetaldehyde

As discussed previously, it is believed that for glyoxal, bis(dimethylhydrazone), the De-
DMAEH must react with a second 1,1-dimethyl hydrazine molecule after it has already
formed. In an effort to prevent that from happening, the 1,1-dimethylhydrazine was
diluted in ImL of acetonitrile prior to addition. It was hoped this would decrease the
amount of De-DMAEH that reacted further to form glyoxal bis(dimethylhydrazone).
However, when ESI MS was run on the product mixture, the side product still appeared

as the major peak (Figure 5.35).
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Figure 5.35 ESI spectrum of final product mixture after modifications.
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5.4. Conclusions

DMAEH and its hydrazone derivative De-DMAEH were proposed as potential
propellants and their syntheses were investigated. If successful, these can be alternatives
to hydrazine, alleviating some of hydrazine’s limitations (high vapor pressure and
toxicity). A new three step reaction method was proposed starting from
bromoacetaldehyde diethyl acetal. = Following this method, it is believed that De-
DMAEH was successfully formed, as analysis of the crude product mixture showed a
compound with the desired mass, and 'H and ’NMR analyses showed peaks consistent
with its formation. However, De-DMAEH was formed with the side product glyoxal
bis(dimethylhydrazone). Attempts were made to separate the product by column
chromatography, however they were unsuccessful. Once isolated, a one step reduction

with borane could, in principle, be used to transform this molecule into DMAEH.

5.5. Experimental

All chemicals were ordered from Aldrich and used as received, unless noted.
NMR spectra were obtained from a Bruker DRX 500 and Varian-Mercury VX400 MHz
spectrometer. All mass spec analysis was performed by the The Georgia Institute of
Technology Bioanalytical Mass Spectrometry Facility. The electrospray ionization mass
spectrometry was performed using an Applied Biosystems 4000 QTrap hybrid
quadrupole / linear ion trap tandem mass spectrometer. A VG Instruments 70SE was
used for the GC mas spectrometry, and the LC mass spectrometry was done by a
Micromass Quattro LC interfaced with an Agilent 1100 binary HPLC system. Lowest

energy configuration calculations were performed using the Spartan software.
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Synthesis of DMAEH from chloroacetaldehyde solution

Initial Reaction Conditions: Under an argon atmosphere, 1,1-dimethylhydrazine (3.2 mL,
42 mmol) was placed in a 150mL round bottom flask. A 50% solution of
chloroacetaldehyde in water (6 mL, 42 mmol chloroacetaldehyde) was added drop wise
with vigorous stirring at 0°C. The mixture turned a dark red color. Toluene (50 mL) was
added to the mixture. The solution was warmed to 115°C and refluxed for 12 hours. No
work up procedure was performed. Crude product was analyzed by 'H and '*C NMR; no

traces of desired product seen.

Chloroacetaldehyde Extraction

Chloroacetaldehyde is available from SigmaAldrich as an approximately 50 weight %
solution in water. The chloroacetaldehyde was extracted into ether (3 extractions of 25
mL each). After extraction, 'H NMR analysis was performed on both the organic and
aqueous layers. As no traces of chloroacetaldehyde were seen in the aqueous layer, the
assumption was made that all had been successfully transferred into the organic layer.

Chloroacetaldehyde: "H NMR (CDCls): 9.6 (s, 1H), 4.0 (s, 2H).

Chloroacetaldehyde Purification by Pentane Azeotrope

The pentane/water azeotrope occurs at 34.6°C with a composition of 1.4% water, and
98.6% pentane. Under an argon atmosphere, a 50% solution of chloroacetaldehyde in
water (12 mL, 84 mmol) and pentane (100 mL) were mixed in 250 mL round bottom
flask. The mixture was heated to 60°C with vigorous stirring and refluxed overnight. A

Dean-Stark trap was used to collect the azeotrope. Theoretical water collected: 7.85mL.
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Actual water collected: 8mL (1.3% difference). The chloroacetaldehyde remained as a
clear yellowish oil layer underneath the pentane layer in the round bottom flask. 'H
NMR analysis showed both the water layer to be free of chloroacetaldehyde, and the
chloroacetaldehyde layer to be pure compound. Chloroacetaldehyde: "H NMR (CDCls):

9.6 (s, 1H), 4.0 (s, 2H).

Synthesis of DMAEH from pure chloroacetaldehyde

Chloroacetaldehyde (84mmol) in pentane was cooled to 0°C under an argon atmosphere.
To this, 1,1-dimethylhydrazine (6.5 mL, 85 mmol) was added dropwise with stirring.
The solution was warmed to 60°C and stirred overnight. A Dean Stark trap was used to
collect water (~2mL) formed during the reaction. After 12 hours, a dark brown oil
formed. The crude product was analyzed by 'H NMR, *C NMR and ESI MS, which
confirmed  formation of the double substitution  product, 1-[2-[2,2-
dimethylhydrazono]ethyl]-1,1-dimethylhydrazinium chloride. 'H NMR (CDCls): 6.3,
42,259, 2.56, 1.8. *C NMR (CDCls): 117.4, 69,9, 54.5, 48.9m 42.4 ESI-MS m/z
(relative intensity): 145 ES+

ESI spectra shown in body of chapter, Figure 4.20.

Synthesis of De-DMAEH from chloroacetaldehyde solution

NaN3; (0.165 g, 2.5 mmol) was dissolved in water (SmL) in a 50 mL round bottom flask.
A 50% solution of chloroacetaldehyde in water (0.335 mL, 2.3 mmol) was added with
stirring. The solution was heated to 50°C for seven hours with vigorous stirring. After

cooling to room temperature, the crude product was examined by 'H and >C NMR in
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D,0 solvent. This was reacted under a variety of different reaction conditions as detailed
in Table 4.1. In all cases either no change in the starting material or complete

decomposition to small molecules was observed.

Synthesis of De-DMAEH from pure chloroacetaldehyde

Chloroacetaldehyde solution (0.335 mL, 2.3mmol chloroacetaldehyde) was extracted into
tert-butyl methyl ether. NaNj (0.165 g, 2.5 mmol) was added to this solution. Only
partial solubility was observed, so in all cases this was a heterogeneous reaction. Under
an argon atmosphere, the mixture was warmed to 40°C with vigorous stirring. After four
hours, heating was stopped, and all solid was removed by filtration. All reaction products
were analyzed by 'H and >’C NMR. The same procedure was followed using anhydrous
ether, tetrahydrofuran and toluene. Reaction condition modifications are described in

Table 4.2

Optimized Synthesis of BAA using sulfuric acid

Under an argon atmosphere, bromoacetaldehyde diethyl acetal (5 mL, 33 mmol) and
0.1IN aqueous H,SOy solution (5 mL, 1 mmol) were dissolved in acetonitrile (45mL) in a
50 mL round bottom flask. This solution stirred for 1 hour at 90°C.  Ethanol and
acetonitrile form an azeotrope (72.9°C, 43% acetonitrile, 57% ethanol) which was
collected to drive BAA product formation. After 30 minutes, additional acetonitrile
(20mL) was added to the mixture to replace what was collected. After cooling to room
temperature an excess of potassium carbonate (0.25g, 1.8mmol) was added. The mixture

was stirred at room temperature for 12 hours. All solid was removed by filtration. The
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crude product in acetonitrile was analyzed by 'H and °C NMR. By these methods, a
mixture was seen of BAA and the BADA starting material. Bromoacetaldehyde
diethylacetal: "H NMR (CDCls): 4.534 (t, 1H), 3.585 (m, 2H), 3.483 (m, 2H), 1.107 (t,
6H); °C NMR (CDCls): 100.668, 61.858, 31.325, 14.416: Bromoacetaldehyde: "H NMR

(CDCls): 9.309 (t, 1H); °C NMR (CDCly): 192.296, 35.448

Synthesis of BAA using Dowex Resin

Bromoacetaldehyde diethyl acetal (5 mL, 33 mmol), deionized water (2 mL, 111 mmol),
acetonitrile (45 mL) and Dowex' ™ M-31 resin (1 g) were mixed in a round bottom flask.
This mixture was heated for 90 minutes at 90°C. Ethanol and acetonitrile form an
azeotrope (72.9°C, 43% acetonitrile, 57% ethanol) which was collected to drive BAA
product formation. After 30 minutes and again after 60 minutes, 20 mL of additional
acetonitrile were added to replace what was lost in the azeotrope collection. After
cooling to room temperature, the solution was filtered to remove Dowex resin. 'H and
C NMR analysis were run on the crude product mixture in acetonitrile.
Bromoacetaldehyde diethylacetal: 'H NMR (CDCLs): 4.534 (t, 1H), 3.585 (m, 2H), 3.483
(m, 2H), 1.107 (t, 6H); C NMR (CDCl): 100.668, 61.858, 31.325, 14.416:
Bromoacetaldehyde: 'H NMR (CDCls): 9.309 (t, 1H); *C NMR (CDCls): 192.296,

35.448

BAA reaction with NaNj; to form azidoacetaldehyde
An amount of solution mixture equivalent to 2.5mmol BAA in acetonitrile was placed in

a flask with 230mg of NaNj3; (230mg, 3.5mmol) and acetonitrile (2 mL) for dilution. The
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solution was heated at 50°C for 12 hours. Argon was flowed through flask for 5 minutes.
After 5 minutes, flow was stopped and the system was left under static argon pressure.
The solution was cooled to room temperature and filtration was used to remove all solid
(unreacted NaN3 and NaBr formed during reaction) from the solution. The crude product
was analyzed by 'H and >C NMR as well as GC MS, showing both product peaks and
unidentified peaks. 'H NMR (CDCls): 9.64, 7.0, 5.4, 4.7, 4.6, 4.1, 3.7, 3.6, 3.5, 3.4, 2.1,
1.2. >CNMR (CDCls): 178.2, 116.4, 101.2, 95.3, 63.2, 62.4, 60.3, 58.2, 54.9, 53.6, 31.7,

18.0, 15.0, 1.7. GC MS m/z (relative intensity): 85 M+ (Figure 4.31)

Reaction of 2-azido-acetaldehyde with 1.1-dimethylhydrazine

Without purification, the 2-azido-acetaldehyde solution in acetonitrile was placed in a
small round bottom flask. To this, 1,1-dimethylhydrazine (0.19mL, 2.5mmol) was added
slowly with vigorous stirring. The solution was heated at 60°C for 12 hours under static
argon. The solution was cooled to room temperature. A sample of crude product was
analyzed by 'H and °C NMR as well as LC and GC MS. Analysis showed a mixture of
De-DMAEH and glyoxal, bis(dimethylhydrazone). 'H NMR (CDCl»): 6.9, 3.7, 3.5, 3.2,
2.8,2.6,2.4,2.1,1.9,1.8,1.0 >C NMR (CDCl3): 134.3, 116.3, 62.1, 57.7, 42.4, 15.0, 1.6

LC MS m/z (relative intensity): 128, 143 ES+ (Figure 4.33)

Separation by silica column

A solution was made of 5% triethylamine in ethyl acetate. Several hundred grams of
silica were stirred in this solution for 3 days. This silica was loaded onto a column. Pure

ethyl acetate (300mL) was flushed through the column to remove any excess
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triethylamine. Product mixture was loaded onto silica as is, in acetonitrile. Ethyl acetate
was used to run the column until it was clear by both visual color change and TLC testing
that the first product was removed from the column. The solvent was switched to
methanol. This was run through the column until it was clear both visually and by TLC
plate testing that the second product was completely removed from the system. Both the
ethyl acetate and the methanol fractions were concentrated to ~20 mL by reduced

pressure.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 2: Development of New Chemistry for a Dual Use Hydrazine Thruster

The goal of this project was to develop a catalyst that could decompose hydrazine
at low temperatures (25°C-75°C) in a controlled manner to selectively produce the
highest amount of ammonia possible so that this product stream could then be ionized for
electric propulsion. Toward this goal, a synthesis method was developed for making
supported metal nanoparticle catalysts of nickel, copper, cobalt, iridium, ruthenium, and
rhodium. Supported metal catalysts were analyzed by UV-vis, chlorine and metals
analysis, electron microscopy imaging and XRD. The method for making commercial
catalyst Shell 405" was also modified to make supported catalysts of nickel, copper and
cobalt. A reactor, including a first and second generation, was designed and built in our
lab with which these catalysts were safely tested for the decomposition of hydrazine to its
product gases of nitrogen, hydrogen and ammonia. The analysis of the product stream
was obtained with a GC-TCD.

Supported nanoparticle catalysts of nickel, copper, cobalt, ruthenium, rhodium,
and iridium were tested for their activity towards the decomposition of hydrazine, and
selectivity for the formation of ammonia. For these tests, the hydrazine was kept at room
temperature with a flow rate of 29.4mL/min, and the catalyst bed was heated to 75°C.
Under these conditions, nickel was found to be the most successful as it showed 100%
conversion of hydrazine and produced ammonia in 94% =+ 3% yields. Rhodium,
ruthenium and iridium also showed 100% conversion, however, ammonia yields were

lower. Ruthenium and iridium produced ammonia in 67% + 6% and 62% + 6% yields
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respectively and rhodium only produced a yield of 57% + 4%. Cobalt and copper both
showed no product under these conditions.

As a 3% supported nickel sample has been found to produce the highest amount
of ammonia with complete conversion of hydrazine it should be studied further and
ultimately optimized for commercial use. In a working thruster system, the chosen
catalyst will have to maintain its activity for months or years, so it is also crucial to study
how this catalyst will behave over long periods of time. A lifetime study will be
necessary to see if this catalyst can continue to run with high selectivity and conversion
for many days. Whether the catalyst can physically withstand the conditions it would be
subjected to inside a rocket engine is also a question that needs to be answered. To
investigate this, the chosen and optimized catalyst will need to undergo vibration testing
and crush testing to ensure robustness and stability.

Also in a working thruster system, the hydrazine will be passed over the catalyst
bed in a liquid form, not as a gas stream, so once an ideal catalyst is developed, it will
have to be tested for its decomposition behavior with a liquid hydrazine stream.
However, these tests will be performed at the facilities of our industrial partner American
Pacific (AMPAC), as they have the equipment and safety precautions in place necessary
for dealing with the decomposition of liquid hydrazine.

By SEM imaging, the supported nanoparticle and Shell catalysts have been shown
to have different surface characteristics. In the case of cobalt the metal has a different
crystal structure, meaning the hydrazine will interact with a different metallic face during
reaction. Due to these differences, one type of catalyst may prove more beneficial for the

production of ammonia than the other. The Shell method should be used to make
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catalysts of the same six metals as supported nanoparticle catalysts, and these catalysts
should then be tested in the reactor under the same conditions to determine their activity
and selectivity.

Along with optimizing catalyst metal and synthesis method, pretreatment of the
catalysts should be studied. While drying the catalyst overnight at 90°C with flowing
argon appears to remove most of the activation period previously seen, there is still a
significant time period required for the system to reach equilibrium, ranging from 0.8
hours for iridium catalyst to 5 hours for ruthenium catalyst. It is possible that a
pretreatment with hydrogen gas, or hydrazine itself could reduce this time period.

Finally a complete engine must be assembled in which our hydrazine production
system is coupled with the electric propulsion thruster currently being developed.
Having a way to feed the ammonia gas stream into the thruster with high enough amounts
and rates for successful electric propulsion will be crucial for the overall success of this
entire project. This must be done as a joint project between our group, and the research
group of Dr. Mitchell Walker, a professor of aerospace engineering at the Georgia
Institute of Technology, who is currently working on the design and manufacture of the

electric propulsion thruster.

6.2 3: Switchable Room Temperature lonic Liquids
A new class of reversible room temperature ionic liquids has been designed,
synthesized and tested for use as a recyclable reaction solvent and for the separation of
impurities from bitumen and crude oil. Both a two component system based on a mixture

of 2-butyl-1,1,3,3-tetramethylguanidine (TMBG) and an alcohol (methanol, butanol,
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hexanol, octanol, and dodecanol have been studied) and a one component system based
on commercially available (3-aminopropyl)-trialkoxysilane precursors have been
developed (Figure 6.1).*?! While all initial work was performed on the two component
system, focus shifted to the one component system as it will be more practical in large
scale industrial applications since it does not require two components to be kept in an
exact 1:1 ratio. For both systems, ionic liquid formation occurs with the addition of CO,

to the system, and is reversed with the removal of CO, via heating or sparging with an

inert gas.
0,COMe
R\N R\N/H
N )\ " + MeOH €Oy N )J@\N/

| o |

A.
OR
OR oR B N 4oF
RO\Sl./\/\NH +C02RO\S|i/\/\ﬁH T \/\/ \OR
i 3
2 | 2=-C0o, | g
B. OR OR

Figure 6.1 A. Formation of switchable ionic liquid 2-butyl-1,1,3,3-tetramethylguanidium methylcarbonate
(TMBG MC IL) from 2-butyl-1,1,3,3-tetramethylguanidine (TMBG) and methanol B. Formation of
switchable 3-(trialkoxysilyl)-propylammonium 3-(trialkoxysilyl)-propyl carbamate from (3-
aminopropyl)trialkoxysilane

This switch was found to drastically change the polarity of the solvent system. For the

two component system with methanol as the alcohol, switching from the ionic to the

]

neutral liquid form was like switching from acetic acid to chloroform.” The one

component system was also found to have a large polarity shift consistent to switching

(3]

from chloroform to benzene between ionic and neutral forms.”' Along with being

reversible, these systems were also found to be highly tunable. By changing either the
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alkyl substitution in the 2-position of the guanidine, or simply using a different length
alcohol chain, the properties of the two component system could be modified. For the
one component system, substituting the alkoxy groups also caused modifications to the
solvent properties of the system. For example, switching from the methoxy substituents
to the ethoxy substituents decreased the viscosity of the corresponding ionic liquids from
2,160 cP to 930 cP.™!

The polarity change between ionic and neutral forms in the TMBG IL system has
been taken advantage to develop a recyclable solvent system to carry out reaction and
separation in a single pot. The Claisen-Schmidt condensation of butanone and
benzaldehyde carried out in TMBG was achieved successfully three times with consistent
yields (32%-34%) upon complete ionic liquid reversal and recycle.! Unfortunately, the
reaction attempted in the TMBG MC IL (as opposed to in TMBG) oxidation of benzyl
alcohol was not successful. As another possible proof of concept reaction I recommend
the carbon bond forming Henry reaction between nitroalkanes and carbonyl compounds
(Figure 6.2). Recent work has shown that this reaction can be successfully carried out in
traditional non-reversible guanidinum ionic liquids in 6 to 20 hours at 20°C with low to
good yields (14%-73%) depending on the choice of reactants.”) As literature has shown

no evidence of side product formation, and products could be isolated by ionic liquid

O,N OH

0]
TMGIL .—,z
/\NOZ +

. ,  20°C, 6-20hrs. / \ h
R R 1

Figure 6.2 Henry reaction between nitromethane and a carbonyl compound using a standard TMG
IL as solvent and catalyst. R' and R? are H or an alkyl chain
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reversal to molecular liquid followed by vacuum distillation, I believe this would be a
good reaction to test in our system.

The polarity change also causes these ionic liquids to be immiscible with
hydrocarbons in the ionic form, but miscible in the neutral form. This property was taken
advantage of to develop a reversible system for the treatment of crude oil and bitumen for
the isolation of pure alkanes. The TMBG MC IL two component system successfully
separated from crude oil with only trace TMBG contamination in the alkane phase, and
the 3-(trialkoxysilyl)-propylammonium 3-(trialkoxysilyl)-propyl carbamate (TESAC) one

(6] Based on these

component IL showed 4% or less contamination of the alkane phase.
results, both ionic liquids were tested for their ability to extract pure alkanes from
bitumen for potential application in the oil industry. With both ionic liquids, after the
phase split, a hydrocarbon layer was successfully separated and isolated.

For these ionic liquids, specifically the one component ionic liquids to be
successful in oil extraction on a commercial scale, however, two issues must be
addressed. The first is the water reactivity of the precursor molecules. This issue can be
overcome by substituting the alkoxy groups with alkyl chains (Figure 6.3), research that
is currently being pursued in our group. However, this does not help with, and in fact

may be detrimental to the second issue, which is the cross contamination between the oil

layer and the ionic liquid layer.

/\Si/\/\NH2

2

\S:i/\/\NH

Figure 6.3 Alkylsilylpropylamines to test for the formation of reversible one component ionic liquids
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In order to decrease the miscibility of the ionic liquid with the alkane layer, a
system must be developed that has a greater polarity switch between the ionic and neutral
forms. The ionic liquid formed must be more polar. To achieve this, I recommend the
use of silylmethylamine precursors (Figure 6.4, A). While these molecules are not
commercially available, they can be readily synthesized from the corresponding

chlorosilane compounds.!”!

R\ PN Si NH,

Si NH, K

A. R B. NH;

R
|
|

Figure 6.4 Potential silylmethylamine precursor molecules. R=alkyl group, aromatic, ether

By decreasing the length of the carbon chain, the total volume of the system is
decreased, which will increase the ionic character of the ionic liquid and should therefore
increase the polarity. Modification of the other three substituents on the silicon atom can
be done to tune the system properties and ensure that the molecular liquid remains
miscible with the crude oil and that the ionic species formed after CO, bubbling is a
liquid and not a solid. I also recommend studying precursor molecules in which multiple
substituents contain a terminal amine group (Figure 6.4 B). This will allow multiple ion
pairs on each molecule which will further increase the ionic character of the ionic liquid.

To gain a better understanding of the structure property relationships in these
ionic liquid systems, I believe it will also be beneficial to study precursors containing

groups other than just linear alkanes for the one component ionic liquid system. Some
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examples of these are the dimethylethyl derivative to examine a branched chain
substitutent, as well as an asymmetric aromatic fluorinated derivative to study how the
electron withdrawing properties of the aromatic group as well as the altered packing due

to asymmetry affect the ionic liquid’s properties (Figure 6.5).

- F F
>[\Si/\/\NH2 F—Q;Si/\/\NHz
< F F

~

Figure 6.5 Potential one component ionic liquid precursors

6.3 4: A Study of Silane Grafting to Model Polyethylene Compounds

The grafting of vinyltrimethoxysilane onto the polyethylene model compounds
dodecane and heptane has been carried out as confirmed by NMR, GPC and mass spec
analysis. Substitution of the methoxy groups with phenyl using phenyllithium (PhL1i) has
been performed to prevent chain crosslinking.™ This allows study of the grafting reaction
itself in order to answer questions such as how many grafts per chain are there and where
are they located in relation to each other. From this work it was found that PhLi
quenching of 24 hours is not sufficient to fully substitute all methoxy groups, instead
between three and four days is required. Also, it is questionable that the grafting
proceeds solely by a 1,5- hydrogen shift mechanism, more realistically, there is a
competition between the 1,4- and 1,5- hydrogen shift mechanisms and possibly some

contribution from the 1,3-hydrogen shift mechanism (Figure 6.6).
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Figure 6.6 Possible hydrogen shift mechanisms for graft propagation along a hydrocarbon backbone

By the 1,5 mechanism that is assumed in literature at most three grafts could be
placed on a heptane chain and six on a dodecane chain, assuming only one graft per
carbon, yet we have evidence of up to five and eight grafts per chain respectively.*"%
Separation using Chromatotron chromatography has allowed us to separate fractions from
the grafted heptane product mixture, and from this isolate what appears to be a pure di-
grafted fraction as confirmed by 'H NMR and MALDI-MS. In future work, HPLC

analysis should be used to confirm the presence of only one compound in this fraction,

and if necessary preparative HPLC be used to purify and isolate the di-grafted fraction.
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Once purity is affirmed, full analysis of this material by DEPT NMR in combination with
2-dimensional NMR and EI and CI MS will determine the regiochemistry of the isomers
and from this exactly which hydrogen shift mechanism or mechanisms are being
followed. If even some of the grafts are found to be on adjacent carbons, the literature
held belief of only a 1,5 hydrogen shift mechanism will be disproved.

Currently, this work is fundamental research. Ultimately, having a more accurate
understanding of the reaction mechanism will allow a more efficient industrial process to
be developed leading to less waste and lower cost. However, until a clearer picture of the
reaction mechanism or mechanisms is obtained, specific process modifications cannot be
proposed.

As further means of studying this reaction mechanism, however, both different
grafting molecules, aside from VIMS and different model compounds can be used. One

such example is the molecule 1-(trimethoxysilyl)ethenyl-benzene (Figure 6.7).

Figure 6.7 1-(trimethoxysilyl)ethenyl-benzene

With this molecule, the phenyl in the vinylic position should prevent any hydrogen shift
from occurring, allowing formation of only the singly grafted product if all radical

propagation occurs solely by intramolecular abstraction. Current research appears to
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support this method, however, if multiple grafts arise with this grafting molecule then it
will show that intermolecular chain transfer also plays a contributing role in this reaction
mechanism.

Branched hydrocarbons should also be studied as model compounds as they will
allow us to look at the selectivity between a 1,4 and 1,5 hydrogen shift mechanism.
Specifically, with the model compound 3,3,4,4-tetramethyl hexane, only a 1,4-hydrogen
shift can occur while the model 2,2,4,4,6,6-hexamethyl heptane would allow only a 1,5-
hydrogen shift. Finally, the symmetrical model, 4,4-dimethyl heptane will allow us to
look at the competition between 1,4, and 1,5 propagation in a situation where only a
limited and controlled number of grafts can occur. Separating the individual grafted
products formed on each of these models and determining the isomers formed through
the methods we have developed will give insight into both the selectivity and mechanism
of this reaction.

Towards the goal of understanding the grafting reaction, work was also done on
the use of CO, pressure and its affect on the grafting mechanism. From this work it was
found that the addition of only moderate pressures of CO, (100 — 150 bars) leads to fewer
grafts per individual hydrocarbon chain (5 grafts at 150 bar and 4 grafts at 100 bar versus
6 grafts with no CO,). UV-vis studies have shown that this change is not due to a change
in solvent polarity from CO, dissolution. However, beyond this, the exact cause has not
yet been determined. It is my recommendation that the path forward for this needs to
focus on determining exactly what affect the CO; is having on the reaction.

CO; can have a physical affect, a chemical affect, or a combination of both on the

reaction. So, the next step should be to carry out these studies using a small gas molecule
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with no chemical interactions, for example N,. If other small molecules cause the same
reaction changes as CO», then this indicates a physical effect such as a dilution effect of
the gas expanding the hydrocarbon phase and causing the concentration of the VITMS and
peroxide in the liquid phase to decrease, a decrease in solvent viscosity that is affecting
the mass transfer, or simply the affect of that high a hydrostatic pressure pushing down

on the liquid phase.

6.4 5: Synthesis of the Novel Hydrazine Replacement Fuel Molecules 1,1-Dimethyl-
2-[2-azidoethyl] Hydrazine and 1,1-Dimethyl-2-[2-azidoethyl]Hydrazone
The molecule 1,1-dimethyl-2-[2-azidoethyl] Hydrazine (DMAEH) and its
hydrazone analog 1,1-dimethyl-2-[2-azidoethyl]hydrazone (De-DMAEH) were proposed

as potential liquid propellant molecules (Figure 6.8).

Figure 6.8 A. 1,1-Dimethyl-2-[2-azidoethyl] hydrazine (DMAEH) and B. 1,1-dimethyl-2-[2-
azidoethyl]hydrazone (De-DMAEH)

While initial work focused on the formation of DMAEH, work shifted to the synthesis of
De-DMAEH from the starting molecule bromoacetaldehyde diethyl acetal (BADA). A
three step synthesis was developed involving deprotection of the BADA, reaction of the
resulting acetal with sodium aizde to form 2-azido-acetaldehyde and finally reaction with

1,1-dimethylhydrazine to form De-DMAEH. Based on 'H and ’C NMR, as well as MS
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analysis, it appeared that with this reaction, De-DMAEH was successfully formed in
conjunction with the by-product glyoxal, bis(dimethylhydrazone) (Figure 6.9). Attempts
at separation were made using silica column chromatography with both acidic and
neutralized silica. However, in both cases, while pure side product was collected using

ethyl acetate as eluent, the pure De-DMAEH was not successfully isolated.

Figure 6.9 Reaction side product glyoxal bis(dimethylhydrazone)

Based on these results, it is my recommendation that another separation method
be attempted for the purification of De-DMAEH. The side product glyoxal,
bis(dimethylhydrazone) has a boiling point of 188.1°C."""  As De-DMAEH is a new
molecule, its boiling point is not known, however, by comparison with molecules of
similar structure such as 2-dimethylaminoethylazide (DMAZ, Figure 6.10A) and 2-(2,2-
dimethylhydrazinylidene)-acetonitrile (Figure 6.10B), which have boiling points of
135°C and 113°C respectively!">"], its boiling point is expected to be lower. Based on
this, it is my recommendation that distillation be attempted for separation of pure De-
DMAEH. NMR analysis, mass spec, and elemental analysis can be used to provide

positive identification of the molecule obtained.

299



. PN

N
H J\
NS _— N
cZ

A H B. H

Figure 6.10 A. 2-dimethylaminoethylazide (DMAZ) and B. 2-(2,2-dimethylhydrazinylidene)-
acetonitrile

Once De-DMAEH is obtained as a pure molecule, a one step reduction with

borane could be used to form the initial molecule of interest, DMAEH (Figure 6.11).

N -7 NH
1) BHgsTHF H +  B(O,CCHy);
J\/ N 2) CH3CO,H N3
3 H
H

Figure 6.11 Reduction of De-DMAEH to form DMAEH

With this molecule as well, NMR analysis, mass spec, and elemental analysis can be used
for positive identification. Once both molecules are formed I recommend that the next
goal be to scale up the synthesis. On the current scale, at best a few milligrams can be
produced. However, with a few grams of material, testing can then be done on these
molecules to study their potential as fuel molecules, including ignition ability and

combustion characteristics including thrust and specific impulse.
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