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Climate change is one of the biggest problems we are facing today, and
anthropogenic greenhouse gases contribute significantly to it. Among greenhouse gasses,
carbon dioxide emission is increased drastically and affecting majorly for increasing global
temperature, and anything we can do to mitigate carbon dioxide emission will be helpful.
A carbon dioxide hydrogenation reaction is a promising technique that can convert carbon
dioxide into value-added chemicals, but the reaction rate is slow, and for that, we can use
catalysts that will accelerate the reaction rate. Platinum-based nanoparticles have sparked
research related to energy and environmental catalysts. Catalytic properties are depending
on physical and chemical parameters. Engineering the shape and surface structure of
platinum nanocrystals effectively optimizes their catalytic activities toward various
reactions. These complex shapes are generally achieved using traditional ligands, which
cause crystals to grow preferentially in certain directions by binding to other facets and
limiting their growth. We can use the mixtures of functionalized ionic liquids to replicate
traditional solvents and ligands' nucleation and growth environments. In this way, platinum
nanoparticles can be synthesized using ionic liquids to facilitate the carbon dioxide

hydrogenation reaction.



Chapter 1: Introduction

1.1 Carbon dioxide (CO2) emission

Climate change is one of the biggest problems we are facing today, and anthropogenic
greenhouse gases contribute significantly to it. These greenhouse gas emissions occur
primarily by burning fossil fuels. Carbon dioxide is one of the major greenhouse gases, and
increases in carbon dioxide levels are causing the rise in global temperature, leading to
unexpected changes in the atmosphere, rain cycle, ecosystems, natural habitat, and
increased sea level.! We can see drastic growth in CO- emission to the date and projections

as shown in Figure 1.2
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Figure 1: Historical emission data and projections for CO. emission. Figure reproduced
from reference 2.
It was an emergency for nations to make policies and pledges to reduce CO> emissions to

control increasing global temperature. For example, for the world to meet the Paris target



of limiting global warming to 1.5°C, nations would have to cut their CO. emissions to zero
by 2050. Even staying below 2°C of warming would require massive cuts.? However,
based on current pledges and targets made by nations globally, we are well above targeted
temperatures. At current policies and pledge, the global temperature may rise by 4-5
degrees by 2030. Several strategies are used for reducing carbon dioxide concentration in
the atmosphere, including capture, separation, storage, and utilization.® Utilization focuses
on transforming carbon dioxide into value-added chemicals, and thus, carbon dioxide can
be treated as cheap, renewable, and nontoxic C1 feedstock.

1.2 CO2 hydrogenation reaction

CO: hydrogenation to produce various products via catalytic processes is a promising
strategy. As a result, the catalytic combination of CO. and hydrogen reduce anthropogenic
emissions into the Earth's atmosphere and produces carbon compounds used as fuel or
precursors to produce various chemicals like formaldehyde, methanol, ethanol, and
methane.*® But it is challenging due to the thermal stability of CO2, making reaction
conversions low. Catalysts can be used to make this conversion fast and effective.®

1.3 Catalysts for CO> hydrogenation

Catalysts are crucial in every part of life, from creating chemicals and polymers to cleaning
car emissions and wastewater treatment. Catalysts change the kinetics of a chemical
reaction without being consumed, accelerate the rate of reaction, and modify the selectivity
of a reaction, allowing for the increased production of desirable products by decreasing the
activation energy.” There are two types of catalysts, homogeneous and heterogeneous.
Homogeneous catalysts are in the same phase as the reactants, most commonly in the liquid

phase. Heterogeneous catalysts frequently contain a solid, active metal phase dispersed on



a support and are used with gas or liquid reactants.” These catalysts can be used for the
CO; hydrogenation reaction.® Carbonyl carbon on carbon dioxide is electron-deficient, and
CO:2 has a strong affinity toward nucleophiles and electron-donating reagents, so we can
hydrogenate CO; by two routes as shown below in Scheme 1.° In the first route, we can
hydrogenate CO: in sequence to HCO2H (Formic acid), formaldehyde, methanol and then
methane. In the second route, COz is converted to carbon monoxide (CO) via the reversed
water gas shift reaction (RWGS) and further reduced yielding formaldehyde, methanol,
and methane or eventually heavier hydrocarbons (HC)/oxygenates through the Fischer-

Tropsch process, as shown in Scheme 1.

H, +H
o, HooH M2 HC0—"2»> CHiOH —5~ CHs
+ Hp — Ty
O 2
&---X 5 g -Hp H
O---yst — | 077X Co, e
+ +H,
+Ho
-H:0 co T (‘) Hydrocarbons + oxygenates

Scheme 1: Reaction pathways for CO hydrogenation. Reproduced from
reference 9.
Therefore, depending on thermodynamic/kinetic balances and particularly on the fine-
tuning of catalysts' electronic and geometric properties, a series of chemicals and fuels can
be produced from CO2 hydrogenation either via the CO or formic acid pathways.® Qadir et
al synthesized ferromagnetic ruthenium-iron (RuFe) nanoparticles in ionic liquids (ILs)
and used them for selective hydrogenation of CO- into formic acid or hydrocarbons (HC).®
The distinct CO2 hydrogenation pathways (HCO2H or FT via RWGS) catalyzed by the
RuFe alloy are directly related to the nature of the IL anion, the support, and the metal

alloy. ILs form a cage around NPs, providing an ionic nano-container environment that



allows control of the diffusion of reactants, intermediates, and products (mainly via
hydrophobicity and contact ion pairs) to the active catalytic sites. In this way, Qadir et al
focused on synthesizing heterogeneous catalyst with hydrophobic anion that will favor
carbon monoxide pathway producing long-chain hydrocarbons® and showed how
nanoparticles and ionic liquids could be used in catalysts to speed up chemical reactions
and reduces the number of catalytic materials required to achieve the desired results, saving
money and reducing pollution.®

1.4 An overview of nanotechnologies and nanoparticles

Nanotechnology as a field of research was introduced in the last century, and the word
Nano is a prefix used to describe ‘one billionth of something.” It first came into
consideration after a presentation on nanotechnology by Nobel laureate Richard P.
Feynman in 1959 in his famous lecture "There's Plenty of Room at the Bottom: An
Invitation to Enter a New Field of Physics".!! Since then, many revolutionary advances in
chemistry, physics, and biology have demonstrated Feynman's ideas about manipulating
matter at the atomic scale. Norio Taniguchi coined the term "nanotechnology" in 1974 to
describe extra-high precision and ultra-fine dimensions.'? By predicting improvements and
miniaturization in integrated circuits, optoelectronic devices, mechanical devices, and
computer memory devices, he pioneered the “top-down approach.” K Eric Drexler
introduced the “bottom-up approach” ten years later when he discussed creating larger
objects from their atomic and molecular components.*® Every substance, regardless of its
composition, exhibits new properties when the size is reduced to the nanoscale. The factors
that govern larger systems do not necessarily apply at the nanoscale. Because

nanomaterials have larger surface areas, phenomena like friction were more critical than



larger systems.** Nanoparticles (NPs) can be classified into different groups based on
various criteria. NPs can be categorized according to their dimensionality, morphology,
chemical composition, and physical composition.'® Based on composition and electronic
properties, NPs are classified as metal NPs, ceramic NPs, semiconductor NPs, carbon-
based NPs, polymeric NPs, and lipid-based NPs. There is ample research on metal
nanoparticles like gold, silver, platinum, and palladium due to unusual chemical, optical,
and electrical properties compared to bulk materials. For example, gold NPs can be
synthesized and prepared using a combination of sonoelectrochemical and ultrasonic
vibration.'® The size, shape, and activated surface area of metal NPs are crucial for several
applications such as catalysis and adsorption processes.*°

1.5 General aspects of nanoparticle growth

The shape of nanoparticles can be tuned by suitably controlling the experimental
parameters like concentration of the metal precursor, reducing agents, stabilizer, and
reaction conditions such as temperature and time. Various methods are used to synthesize
nanoparticles, and thus they are broadly divided into two main classes, bottom-up and top-
down approaches.'* A top-down synthesis is a destructive approach in which larger objects
are used as starting material and converted into smaller units and eventually into suitable
NPs. On the other hand, the bottom-up approach or building-up approach is precisely
opposite of the top-down approach in which smaller units are combined and are converted
into suitable NPs.14

We can synthesize noble metal nanostructures, as shown in Figure 3, in which noble atoms
nucleate and form clusters (fluctuating structures).!” Once the nuclei attain a specific size,

they become seeds: either a single-crystal, singly twinned, or multiply twinned particle.



Depending on how crystals are formed, we get different atoms presented to surfaces called
facets. We can get different shapes based on the facets exposed, shown in Figure 2, where
the colors green, orange, and purple colors represent the (100), (111), and (110) facets,
respectively. The parameter R is the ratio between the growth rates and the (100) and (111)

directions. Most metal nuclei incorporate twin boundary defects that enable lower surface

energy.
Anisotropic
Seeds Polyhedrons nanocrystals
R=173 @
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Surface 2
R=087 @ activation
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Figure 2: Schematic illustrating various stages of the reaction leads to forming noble-
metal nanoparticles with different shapes. Reproduced from reference 17.
As the growth proceeds, changes in the defect structure of the nuclei become too costly
relative to the available thermal energy, and they become trapped in the given morphology.

This process results in various kinds of seeds such as multiply twinned, singly twinned,
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and single-crystal seeds, with fivefold symmetry and converted into polyhedrons and
eventually in anisotropic nanoparticles.!”® In this way, we can control the facet's growth
and get different anisotropic nanoparticles.

1.6 Morphologically controlled platinum NPs and alloys

Metal NPs received particular attention as catalysts due to their electronic, chemical, and
optical properties. Metal NPs showed high catalytic activities even under mild conditions
as they favor the interaction between the reactants and the surface of the catalysts compared
to other nanocatalysts.'® Among all metal NPs, platinum nanoparticles exhibited excellent
catalytic activity. It has an unfilled 5d shell electron orbital with a rich electronic structure
and shows catalytic activities in many fields, including automobile, exhaust gas treatment,
fuel cell, petroleum refining, organic synthesis, and hydrogen production. Controlling the
shape of platinum nanoparticles (PtNPs) can be used as a model system to get facet-
dependent activity known as geometric effects. It has been demonstrated that the catalytic
performance (both activity and selectivity) of platinum nanoparticles strongly depends on
the shape, which is demonstrated by computational and experimental studies.?® It is seen
that chemical activity and property depend on the atomic arrangement of the platinum
surface. Atomic arrangement successively will regulate sorption energies and geometries
of substrate molecules and intermediates throughout a molecular transformation.?! It is
noteworthy that geometric effects are vital in nanocatalysis and are favored by the presence
of steps, kinks, and atoms with low coordination numbers relative to atoms with high
coordination numbers.??> One can have prominent catalytic activity by controlling the

physicochemical properties of platinum nanoparticles. Platinum-based nanomaterials



showed a plethora of chemical transformations dependent on physicochemical properties,

as shown in Table 1.

Shape Size(nm) Molecular Transformation Ref
Spherical 3.7+07 Oxidation of hydrazine 23
Multioctahedra | 404 Reduction of oxygen 24
Cubic 123+ 1.4 Hydrogenation of benzene 23
Cuboctahedra | 13.5+1.5 Hydrogenation of benzene 2
Cubes 13 Hydrogenation of carbon dioxide 2
Octapods 8 Hydrogenation of carbon dioxide ®

Table 1. Summary of few platinum nanocatalysts towards chemical transformations.
In the above table, Khan et al synthesized platinum-cobalt alloy (Pt3Co) cubes and octapods
system with oleylamine and octanethiol ligands.?®> They found that catalytic performance
of Pt and PtsCo particles are highly shape-dependent due to charge accumulation at tips

and vertices, as shown in Figure 3.

composition

Figure 3: A) TEM images of the PtsCo octopods, B) Controlled nanoparticle shape
affects available facets and charge distribution at the particle surface. Figure adapted

from reference 25.



Platinum cobalt particles outperformed the pure platinum particles due to electronegativity
differences between platinum and cobalt, resulting in more charge separation. In the above
system (Figure 3), the hydrogenation of CO- relies on the accumulation of negative charge
on the nanoparticle surface, which will be strongly dependent on surface charges.

1.7 lonic liquids to control both nanoparticle shape and CO2 hydrogenation

products
Here, we seek to combine the benefits of nanoparticle shape control using ionic liquids to
favor CO» hydrogenation products. Our system is based on the work of Khan et al, who
used amines and thiols in an inert solvent to synthesize highly branched Pt and Pt3Co
nanoparticles.?® We, therefore, target the synthesis of ionic liquids with amine and thiol
functional groups to allow for shape-controlled nanoparticle synthesis (Scheme 2).
Imidazolium ionic liquids (amine and thiol) with hydrophobic Tf2N anions were chosen to
allow for selective hydrogenation of CO> into formic acid or hydrocarbons (HC).® Amine
and thiol functionalized ionic liquids are expected to facilitate the formation of high-index
facets and form a cage around NPs, providing an ionic nano-container environment that

allows improved catalytic activity and helps convert COz into valuable chemical products.®
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Scheme 2: A cartoon representation showing functionalized imidazolium ionic liquids

and platinum nanoparticles for hydrogenation of CO,.

The remaining chapters of this thesis cover the synthesis of amine-functionalized ionic

liquids (Chapter 2) and thiol-functionalized ionic liquids (Chapter 3), followed by a

conclusion and future directions (Chapter 4).
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Chapter 2 - Synthesis of amine-functionalized ionic liguids

The amine-functionalized imidazolium ionic liquid was synthesized in two steps based on
a previously reported method, as shown in Figure 4. In the first step, 1-methylimidazole
was quaternized by reacting with the hydrogen bromide salt of 3-bromopropylamine to
form the amine-functionalized ionic liquid with a bromide anion, compound 1. The
targeted ionic liquid, compound 2, was synthesized by reacting with lithium

bis(trifluoromethanesulfonyl)imide (LiTf2N).

S o  NH, TN NH
~ ® Br -~ Br . ~ 2
N Br™ ™" "NH, N LITf,N N
—_— e
l~, 24 hours @ ® @
1-methylimidazole [PMIM-NH,] [Br] [PMIM-NH,] [Tf,N]
Compound 1 Compound 2

Figure 4: Reaction scheme for synthesizing amine-functionalized imidazolium ionic
liquid [PMIM-NH:] [Tf2N], Compound 2.

2.1 Materials and Instrumentation

1-methylimidazole was purchased from Arcos Organics, 3-bromopropylamine
hydrobromide, sodium hydroxide (NaOH), lithium bis(trifluoromethanesulfonyl)imide
(LiTf2N) were purchased from Tokyo Chemical Industry. Tetrahydrofuran (THF),
dichloromethane (DCM), diethyl ether, ethyl acetate purchased from Sigma Aldrich.
Deuterated dimethyl sulfoxide (DMSO-d6) was purchased from Oakwood Chemical.
Deuterated water (D.O) was purchased from Aldrich Chemistry. All the chemicals were
used directly with no further purification. A JNM-ECZS 400 MHz nuclear magnetic
resonance instrument (JEOL) was used to characterize the synthesized products, and NMR

data were processed using MestReNova software.
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2.2 Small scale synthesis of compound 1 [PMIM-NH:] [Br]

A modified version of the reaction described by Bates et al was used to create the desired
ionic liquid at a small scale with an amine functional group.2® The first step of synthesis
was the quaternization reaction in which 1-methylimidazole reacted with 3-
bromopropylamine hydrobromide, as shown in Figure 5. In this quaternization reaction,
the lone pair on the nitrogen atom from 1-methylimidazole attacked the alpha carbon of 3-
bromopropylamine in a nucleophilic substitution reaction (Sn2) with bromide acting as
leaving group and gave compound 1 that is propyl methyl imidazolium bromide with
bromide anion abbreviated as [PMIM-NH2] [Br].

o NH,

S)
AN Br ~ Br
N\ ® Ethanol J_/
N BTN, ———— N
24 hours E/ @

1-methylimidazole  3-bromopropylamine [PMIM-NH,] [Br]
hydrobromide Compound 1

Figure 5: Reaction scheme for the small-scale synthesis of amine-functionalized
imidazolium ionic liquid with the solvent, Compound 1.
For the synthesis, 1-methylimidazole (3.99 mL, 50 mmol) and 3-bromopropylamine
hydrobromide (10.99 g, 50 mmol) were added to a 100 mL round bottom flask dissolved
in 25 mL ethanol with a stir bar, refluxed for 24 hours with an oil bath having a temperature
of 100 °C and stirred at 300 rpm. Ethanol was removed under reduced pressure by a rotary
evaporator to give a residue. This residue was dissolved in (40 mL) water and evaporated
under reduced pressure leaving a yellow-brown colored product. It was washed twice with
a 1:1 mixture of tetrahydrofuran and ethanol (40 mL each wash). The residue was dried

under a vacuum oven at 70 °C for 22 hours, leaving a viscous yellow oil. Proton nuclear

12



magnetic resonance spectroscopy (*H-NMR) was used for the characterization of
compound 1.

» 2.2.1. Results and Analysis
Firstly, we used deuterated dimethyl sulfoxide as an NMR solvent to ensure we get all the
expected eight signals from our compound 1. If we use deuterated water as an NMR solvent
and exchangeable protons in the compound, then exchangeable protons from the structure
will not show up on the spectrum. *H-NMR (DMSO-d6) spectroscopy of the crude product

provided evidence for the formation of compound 1 (Figure 6).
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Figure 6: *H-NMR (DMSO-d6) spectrum and the structure of compound 1 [PMIM-NH;]
[Br] before further purification
We found three signals assigned to aromatic protons in the range of 7 — 10 ppm in the NMR

spectrum in which proton B was found to be singlet, as shown in figure 6, along with insects
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for every proton. Protons C and D were found to be doublets with an integration value of
approximately one each. Adjacent to aromatic protons, we can see three other small signals
with a similar pattern and similar relative integration values attributed to residual 1-
methylimidazole not removed from the actual mixture. The aromatic signals from
compound 1 and aromatic signals from starting material (1-methylimidazole) in the
spectrum gave us the confidence that these two signals are from different molecules and
synthesized a new product. Then the next diagnostic proton for the product (compound 1)
would be proton A, and it is expected to be a singlet with a large integration value of
approximately three. On the spectrum, we got a singlet that integrates higher than three.
Furthermore, we attribute the higher integration value of proton A to an unknown broad
peak at 3.8 ppm contributing to the integration value which overlaps with peak A. We
found alkyl protons E, F, and G in the region 2-5 ppm, and protons E and G showed triplet
on the spectrum and proton F with proper multiplet (pentet) and all protons having
approximate integration of two. We were still missing proton H, and it may be buried in
the broad peak around 3.7 ppm. To ensure this, we need to perform some experiments to
purify the product and get the proper H signal. There were unexpected signals on the NMR
spectrum. The unknown signals may be from starting materials 1-methylimidazole and 3-
bromopropylamine hydrobromide. To find the unknown signals, we stack the NMR data
of starting materials and compound 1. Based on the stack plot (Figure 7), the three signals
in the range 6.5 - 7.5 ppm on the compound 1 spectrum are attributed to unreacted 1-

methylimidazole. So, to get a product with less or no impurities, it was purified.
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Compound 1 before
further purification

1-methylimidazole L3

L 4 LlA_A_A—
3-bromopropylamine
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s S0 85 S0 73 Jo ds @0 s 50T ds 4o 35 do 25 0 s do s
Figure 7: Stacked *H-NMR (DMSO-d6) spectra of starting materials and compound 1
before purification.

Compound 1 was purified to remove the unreacted starting materials. In the purification
process, we added 30 mL of water to the solution, and sodium hydroxide was added to
make pH 10. The organic-soluble species were extracted by dichloromethane (three
extractions, 20 mL each), and water was evaporated, and the residue was washed three
times with diethyl ether (50 mL each). The product was dried under a vacuum oven at 70

°C overnight for 25 hours, leaving the dark brown semi-translucent product. The *H-NMR

spectrum of compound 1 after purification is shown in below Figure 8.
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Figure 8: TH-NMR (D20) spectrum and the structure of compound 1-[PMIM-NH;] [Br],
after purification.
We were expecting eight signals based on the product structure as shown in Figure 8 and
insects for every proton. We found two aromatic protons C and D, in the region 7-8 ppm,
with doublet having an integration value of approximately one. There were no extra signals
present in the aromatic region, proving the purification of compound 1 had occurred.
Proton A was found as a singlet with an integration value of approximately three. The alkyl
protons E, F, and G were found in the range of 2-5 ppm. Furthermore, they had integration
values consistent with our expected values except for proton G, which was slightly low but
close to characteristic integration value 2. Protons E and F showed proper triplet and
multiplet (pentet) with an approximate integration of 2.10 and 2.18. Deuterated water as

an NMR solvent gave more clear peaks with almost no unknown signals. However, we
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were still missing two protons, B and H. We missed these proton signals because we were
using a deuterated NMR solvent. In compound 1, we had two exchangeable protons, B and
H, and as expected, they went under reaction with deuterated water and got converted into
deuterium, which made them disappear from the *H-NMR spectrum.

We also tried DMSO-d6 as an NMR solvent after purifying compound 1, but we still
observed several unidentified signals and the same unknown broad peak of approximately
3.8 ppm, as shown in Figure 6. We cannot identify these additional signals at this time.
However, they are tentatively attributed to the reaction of amines with DMSO-d6 in the
presence of oxygen.?” After small-scale synthesis, we tried large-scale synthesis.

= 2.3 Large-scale synthesis of compounds 1 and 2

After small-scale synthesis, one of our group members, Jeffery Palmer, performed a large-
scale synthesis of amine-functionalized ionic liquid. For large-scale synthesis, after many
experiments, we conclude that we can get rid of the ethanol as a solvent that we used for
small-scale synthesis as we found more yield without having solvent in the reaction. So,
for the large-scale synthesis of compound 1 (Figure 9), 1-methylimidazole (20.0 mL, 250
mmol) and 3-bromopropylamine hydrobromide (55.0 g, 250 mmol) were added to a 50 mL
round bottom flask having a stir bar in it and placed in an oil bath. The solution appeared
to be a semi-translucent yellow. The oil bath was heated to 100 °C with stirring at 300 rpm,
and the solution was allowed to react for 26 hours. After the reaction, the solution became
an opaque dark brown oil that quickly solidified at room temperature. In the purification
process, we added 300 mL of water to the solution, and sodium hydroxide was added to

make pH 10. The organic-soluble species were extracted by dichloromethane (three
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extractions, 20 mL each), the water was evaporated, and the residue was washed three

times with diethyl ether (50 mL each).

S NH
N ® B 2ahours ~ BF ?
Ny ¢ B ONH, S
g/ =,/ @
1-methylimidazole 3-bromopropylamine [PMIM-NH,] [Br]

hydrobromide
Compound 1

Figure 9: Reaction scheme for the large-scale synthesis of amine-functionalized
imidazolium ionic liquid (compound 1) without solvent.

The product was dried under a vacuum oven at 70 °C overnight for 25 hours, leaving the
dark brown semi-translucent product. The product, after purification, was then
immediately used for compound 2 synthesis.

Compound 1 was reacted with lithium bis(trifluoromethanesulfonyl)imide (LiTf2N) to
replace bromide anion with the desired bistriflimide anion to synthesize propyl methyl
imidazolium amine with bistriflimide (Tf2N) anion ([PMIM-NHz] [Tf2N], Compound 2),
as shown in Figure 10. For synthesis, the purified product obtained from the quaternization
reaction was mixed with lithium bis(trifluoromethanesulfonyl)imide (57.4 g, 200 mmol) in
150 mL of water and allowed to stir for 20.5 hours. Here, we estimated the yield of
compound 1 based on observations from previous experiments, and we used that estimate
to gauge the amount of LiTf>2N needed to synthesize compound 2. In the future, the yield
of compound 1 should be determined and used to calculate the exact amount of LiTf.N

needed to synthesize compound 2.
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[PMIM-NH,][Br]
Aqueous solution

Figure 10: a) Picture of the aqueous solution of compound 1 at the start of the anion
exchange reaction b) Picture of the two-phase mixture formed after the reaction.
The oily product, [PMIM-NH2][Tf.N], had separated from the water phase due to
becoming more hydrophobic, suggesting the reaction was successful (Figure 10, b). For
purification of compound 2, 200 mL of ethyl acetate was added to the solution. The water
phase was removed from the reaction with the help of a separatory funnel. The product was
then washed three more times with water (75 mL each) to remove any water-soluble
components. The resulting amber liquid was then dried using a rotary evaporator and left
overnight in a vacuum oven. The product was transferred to a tared bottle for long-term
storage. After purification (Figure 11), the oil was weighed 56.10 g, with a percent yield

of 74.3%.
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Figure 11: Amine functionalized product (compound 2) after large-scale synthesis.
Compound 2 was again purified before taking NMR. A 3 mL aliquot was taken from
compound 2 (Figure 11) and dissolved in 5 mL of ethyl acetate, purified further using two
4 mL washes with water, and dried using a rotary evaporator. The NMR was taken to
characterize compound 2 (Figure 12). We have seen a spectrum with almost no starting
material or impurities for the small-scale synthesis of compound 1 when using D20 as an
NMR solvent, as shown in Figure 3.

The eight groups of hydrogens were counted based on the structure of the amine-
functionalized ionic liquid as shown in figure 9, though only six signals are expected in the
spectrum of compound 2 with D20 solvent as protons B and H exchangeable protons. On
the NMR spectrum (Figure 12), we got two aromatic protons C and D, from 7-10 ppm, and
we got the expected doublet with the integration value of 1. The following signal was

proton A, and we got the expected singlet with an integration value of 3.17. Alkyl protons
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E and G were seen between 2-5 ppm with expected triplets with integration values of 2 and
2.12. Lastly, for proton F, we got a triplet with an integration value of 1.90. The extraneous
peak around 4.7 ppm was due to water, and contamination signals in the chemical shift
range of 1.0 - 3.6 ppm were found to be from unreacted 3-bromopropylamine
hydrobromide. For further characterization of compound 2, we are going to use Carbon

NMR spectrum and Mass spectrometry.
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Figure 12: *H-NMR (D20) spectrum and the structure for large-scale synthesized
compound 2-[PMIM-NH3] [Tf2N].

With the amine-functionalized ionic liquid in hand, we turned our attention to synthesizing

thiol-functionalized ionic liquids discussed in chapter 3.
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Chapter 3 - Synthesis of thiol-functionalized ionic liquids

The second functionalized ionic liquid that we want to synthesize for our project is a thiol-
functionalized ionic liquid. The synthesis was similar to amine-functionalized ionic liquid
synthesis, in which a quaternization reaction was followed by an ion-exchange reaction.
We can synthesize thiol-functionalized ionic liquid by three different routes depending on

the starting material used, as shown in Figure 13.
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Figure 13: Different routes for the synthesis of thiol-functionalized ionic liquid. Routes
1, 2, and 3 are discussed in sections 3.3, 3.4, and 3.5, respectively.

3.1 Materials and Instrumentation

1-methylimidazole was purchased from Arcos Organics. 1,3-dibromopropane and
potassium  thioacetate  were  purchased from  Alfa  Aesar, Lithium
bis(trifluoromethanesulfonyl)imide (LiTfoN) was purchased from Tokyo Chemical
Industry. Ethyl acetate and hexane were purchased from Sigma Aldrich. Deuterated
dimethyl sulfoxide (DMSO-d6) and 3-chloropropyl thioacetate were purchased from
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Oakwood Chemical. Deuterated water (D-O) and deuterated chloroform were purchased
from Aldrich Chemistry. Silica gel- grade 60 was purchased from Fisher Chemical. All
the chemicals were used directly with no further purification. A INM-ECZS 400 MHz
nuclear magnetic resonance instrument (JEOL) was used to characterize the synthesized
products, and NMR data were processed using MestReNova software.
3.2 Different routes for the synthesis of thiol-functionalized ionic liquid
We can make the thiol-functionalized ionic liquid in three distinct ways (Figure 13). All
three routes involve the quaternization of methylimidazole. The main difference between
the routes is where we performed the quaternization reaction. In route 1, the thioester
(compound 3) is synthesized, followed by a quaternization reaction to obtain compound 5.
In route 2, the quaternization reaction is first followed by a reaction with potassium
thioacetate to get compound 5. In route 3, we found commercially available thioester to try
for quaternization reaction, cutting down one reaction step.
3.3 Route 1 - Synthesis of thiol-functionalized ionic liquid
In route 1, the thiol-functionalized imidazolium ionic liquid synthesis was planned over
three steps based on a previously reported method (Figure 13, Route 1).2 We synthesized
thioester first and performed a quaternization reaction followed by an ion-exchange step
giving the desired product.

» 3.3.1 Synthesis of the compound 3 via route 1
For the synthesis of compound 1, 1,3-dibromopropane (9.08 mL, 89.45 mmol) was taken
in a round bottom flask, and potassium thioacetate (3.46 g, 30.29 mmol) was dissolved in

ethanol (63 mL) by sonication for 25 minutes (Figure 14). The dissolved potassium
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thioacetate was added dropwise to 1,3-dibromopropane; this addition took approximately

2.5 hours with no external heat.

0 @ 0]
AN K EtOH

1,3-dibromopropane  Potassium thioacetate Compound 3

Figure 14: Reaction scheme for the synthesis of compound 3 via route 1.

After dropwise addition, the thin-layer chromatography (TLC) technique was used to
identify the eluent for column chromatography. There was no separation when we used
100% hexane as eluent for the TLC plate, whereas when we used 97% hexane and 3%
ethyl acetate as eluent, there was separation on the TLC plate. Therefore, based on TLC
observations, we decided to use 97% hexane and 3% ethyl acetate as eluent.

The mixture formed after dropwise addition was immediately filtered on cotton and rinsed
with a small volume of ethyl acetate, and it took approximately 30 minutes. The solvent
was evaporated at 65°C, stirring at 200 rpm for 1 hour, and after that, it was allowed to
cool down at room temperature. Next, compound 3 was filtered through a dry-packed silica
column. The column was washed with hexanes (90 — 100 mL), EtOAc/Hexanes (3:97, 100
mL), and TLC showed no product was obtained from these washes. Methanol (60 — 70 mL)
was then used to collect the product from the column.

Methanol wash evaporated by a rotatory evaporator for 20 minutes giving the desired
product based on NMR data (Figure 15). The practical yield of compound 3 was 0.57

grams, and the percent yield was 9.5 %.
» 3.3.2 Result and analysis of compound 3 synthesized via route 1

For the characterization of compound 3, proton nuclear magnetic resonance spectroscopy

was used. The NMR data was first collected by deuterated water followed by deuterated

24



dimethyl sulfoxide as NMR solvent. Based on the structure of compound 3 (Figure 15), we
were expecting four signals. We found four expected signals, A, B, C, and D, with some
unknown signals. We found two signals for protons B and D from 2-4 ppm with an
expected triplet with the integration value of approximately two. The integration values
were below expected for protons B and D, and the signals were with some impurities from

starting materials.
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Figure 15: 'H-NMR (D20) spectrum compound 3.
Protons A and C were expected and found to be multiplet (pentet) and singlet with
integration values of 2 and 3. The integration value of proton A was close to expected, but
proton C had a lower integration value on NMR data. All signals were found to be broad,
and it was likely because of poor solubility in water. So, we decided to try deuterated
dimethyl sulfoxide as an NMR solvent as it was previously used for amine-functionalized

ionic liquid synthesis and gave good spectrum signals.
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Deuterated dimethyl sulfoxide used as an NMR solvent for compound 3; as shown in
Figure 16, all four expected protons D, B, A, and C found triplet, triplet, singlet, and
multiplet (pentet) signals. Adjacent to proton B, we had small triplet signals in the range
of 2.8 — 2.9 ppm from starting material, indicating that the product signals were shifted
from the starting materials. For proton A, the integration value was high by 0.48 as there
was a shoulder on the peak along with the expected signal, and it must be from starting
material. There were still a few impurities in the spectrum, and they are primarily from

starting materials.
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Figure 16: *H-NMR (DMSO-d6) spectrum compound 3.
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Overall, based on both NMR data (Figure 15 and Figure 16), we concluded that we got the
expected compound 3 with few impurities and low practical yield, but we can try the

synthesis of compound 5.
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= 3.3.3 Synthesis of the compound 5 [PMIM-SAc] [Br] via route 1
The next step in route 1 was the quaternization reaction step, in which 1-methylimidazole
was quaternized by compound 3. In this quaternization reaction, lone pair on nitrogen atom
from 1-methyllmidazole attacked the alpha carbon of compound 3 in a nucleophilic
substitution reaction (Sn2) with bromide acting as leaving group and gave compound 5 that

is propyl methyl imidazolium thioacetate with bromide anion abbreviated as [PMIM-SAc]

[Br].
©
Br
N
0 N @
N 80°C N

N <~/ ‘\_\
AN )J\ N —_— 0
Br 5 i ., 5 Days SJ<
Compound 3 1-methylimidazole [PMIM-SAc] [Br]

Compound 5

Figure 17: Reaction scheme for the synthesis of compound 5 via route 1.
For the synthesis of compound 5 (Figure 17), compound 3 (0.29 g, 1.038 mmol) and 1-
methylimidazole (0.11 mL, 1.37 mmol) were added in a round-bottom flask, heated to
80°C, and agitated for five days. Next, 10 mL hexane was used to wash the product, and
hexane was evaporated under reduced pressure at 50°C with stirring at 200 rpm for 22
minutes, leaving a greenish solid. Compound 5 was characterized by using proton nuclear
magnetic resonance spectroscopy and DMSO as solvent. We were expecting eight signals
based on the structure of compound 5 (Figure 18). The NMR was a little messy with
unexpected signals. We found three expected aromatic signals B, C, and D in the aromatic
region 7-9 ppm with expected integration values. However, we can also see three other

signals from our starting material, 1-methylimidazole, as it should give the three similar
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aromatic signals. Alkyl protons E, G, and F were found on the spectrum from 1.5-5 ppm
with an expected triplet, triplet, and multiplet (pentet) and the approximately expected
integration. Another essential indication was for proton H, and we were missing this signal

from the spectrum. Purification of compound 5 may help us observe proton H.
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Figure 18: *H-NMR (DMSO-d6) spectrum of compound 5.
We can also see a broad peak at 3.8 ppm having A proton signal from methylimidazole.
We are still unsure about the broad peak at 3.8 ppm, though we have seen the same broad
peak whenever we have quaternized product and DMSO-d6 as NMR solvent. For the
source of impurities in compound 5, we took the NMR of starting materials in the same
NMR solvent as compound 5 and stacked their NMR plots on MestReNova software, as

shown in Figure 19.
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Figure 19: Stacked *H-NMR (DMSO-d6) spectrums of reactants and compound 5.
After stacking the NMR spectra of the starting materials and compound 5, we found that
three extra aromatic signals in the 7-8 ppm and peak at 3.6 ppm were likely from the 1-
methylimidazole. These additional signals in the aromatic region provide evidence for
forming the new bond for the quaternization reaction. The small set of unexpected signals
from 1.5 — 2 ppm looks like from compound 3. Based on the NMR data (Figures 18 and
19), it was found that there was some starting material available as impurities, so compound
5 needs to be purified.

For the purification process, it was essential to find the proper solvent. To find out about
three extra aromatic signals in the 7-8 ppm and peak at 3.6 ppm, we planned a new
experiment in which we will add 1-methylimidazole to the NMR sample of compound 5.

If we have 1-methylimidazole as impurities, a new NMR will give us stronger aromatic
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signals and indicate impurities from 1-methylimidazole. Overall, based on three extra
signals in the aromatic region (Figures 18 and 19), provide evidence for forming the new
bond for the quaternization reaction; however, we were missing H proton from thioacetate
on the spectrum of compound 5 is still unclear. We are working on this approach and trying

to purify compound 5, and if we get purified and desire product, we will try further steps.
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3.4 Route 2 - Synthesis of thiol-functionalized ionic liquids

In route 2, the 1-methylimidazole was quaternized by reacting with the 1,3-
dibromopropane, and the remaining primary bromide was converted to the corresponding
thiol using potassium thioacetate, then treated with a highly alkaline solution. Finally, by
metathesis, the resulting imidazolium bromide with LiTf2N, a thiol-functionalized ionic

liquid with the desired anion, will be obtained (Figure 20).
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Figure 20: Synthesis of thiol-functionalized imidazolium ionic liquid via route 2.

= 3.4.1 Synthesis of compound 4 [PMIM-Br] [Br] via route 2

In this synthesis route for ionic liquid with a thiol functional group, a modified version of
the reaction mechanism outlined by Richard et al was used, as shown in Figure 21.%° For
synthesis, 1-methylimidazole (2.09 mL, 6.02 mmol), 1,3-dibromopropane (20.5 g, 98.50
mmol) and 10 mL of dichloromethane were added to a 50 mL round bottom flask with a
stir bar and placed in an oil bath. The oil bath was heated to 40°C, and the reaction mixture
was stirred at 300 rpm for 12 hours. Then, the solvent was removed under reduced pressure,

and the residue was washed thoroughly with hexane to remove excess dibromopropane.
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Figure 21: Reaction scheme for the synthesis of compound 4 [PMIM-Br] [Br], route 2.
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» 3.4.2. Result and analysis of compound 4 [PMIM-Br] [Br]

For characterization of compound 4, *H-NMR was used, and deuterated chloroform was
used as an NMR solvent. Based on the structure of compound 4 (Figure 22), we were
expecting seven signals. Aromatic protons B, C, and D, were seen in the range of 7-10 ppm
with integration values of approximately one, two, and two, respectively. The next proton
for compound 4 was proton A, which should be a singlet with a relative integration value
of roughly three; here, we saw a singlet that integrates for 3.22 on the spectrum. The alkyl
protons E, F, and G were seen in the range of 2 - 5 ppm. Moreover, the protons E and G
found triplets and proton F with multiplet (pentet) with approximate integration of two,

and these integration values consistent with expected values.

0.36
A
A
0.34
B Br E
0.32
A\ F G loao
0.30
N/\\@ P
I\/N G 0.05 0.06 | g8
~ E
C @ 0.04 |0.26
D 0.00
Br
46 44 42 40 38 36 34 0.02
f1 m
(ppm) J L
0.00
S 7V AT O SR WU SR
260 255 250 245 [0.20
& 0.10 f1 (ppm)
B c D lo.18
0.05 0.05 [0-16
lo.14
e 0.0 0.00
1040 10.36 R e E G [o-12
f1 (ppm) 7.50 7.45
f1 (ppm) +0.10
lo.08
B C&D CHCl F
l-0.06
Impurity
0.04
0.02
0.00
) ) 34 & %)
o ) = o O S 002
o — o~ ™M o o~
T T T T T r T T r T T T T T r T T T
105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0

f1 (ppm)

Figure 22: 'H-NMR (CDCls) spectrum of compound 4 [PMIM-Br] [Br].
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The unknown signals may be from starting materials methylimidazole and 1,3-
dibromopropane. However, after stacking the reactants and compound 4, it made clear that
the additional signals were from unreactive starting materials. For the subsequent trial of
this reaction, along with *H-NMR we will use C-NMR and mass spectrometry for further
characterization.

» 3.4.3 Synthesis of compound 5 [PMIM-SAc] [Br] via route 2

In this, compound 4 was reacted with potassium thioacetate, and bromide on the alkyl chain
is replaced by thioacetate (Compound 5), as shown in figure 25. We synthesized compound
5 many times, but it always gave NMR data with unknown signals. We are still working to
synthesize compound 5 by route 2. We tried different potassium thioacetate concentrations
to synthesize compound 5, longer and monitored reactions, different temperature
conditions. NMR data after all these trials have desired product on small scale or
approximately half of compound 4 converted into compound 5 and have more impurities
and all these hurdles lead us to find new chemicals that cut down reaction steps for thiol

synthesis.

[PMIM-Br][Br] [PMIM-SAC][Br] [PMIM-SH][Br] [PMIM-SH][Tf,N]
Compound 4 Compound 5 Compound 6 Compound 8

Figure 23: Future synthesis steps for thiol-functionalized imidazolium ionic liquid via
route 2.
Once we replace the bromide with thioacetate for compound 5, we will replace thioacetate
with thiol, and lastly, the bromide anion will be replaced by bistriflimide (Tf.N), as shown

in Figure 23.
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3.5. Route 3 - Synthesis of thiol-functionalized ionic liquid

After using two different starting materials for route one and route two, compounds 3 and
4 were synthesized with impurities with a low yield, and it was difficult to purify them.
So, instead of repeatedly synthesizing compounds 3 and 4, we can use commercially
available new chemicals to save time, chemical cost and eliminate impurities. We decided
to use commercially available 3-chloropropyl thioacetate as a starting material that cut
down one synthesis step. Route 3 works similar to the amine-functionalized ionic liquid
synthesis. In the first step, 1-methylimidazole will be quaternized by reacting with the 3-
chloropropyl thioacetate following metathesis of the resulting imidazolium chloride by
reacting with lithium bis(trifluoromethanesulfonyl)imide (LiTf2N) and will yield thiol-

functionalized ionic liquids with the desired anion as shown in the below figure 24.

\ \
> ‘\_\ k/N
° < SH SH
3-chloropropyl thioacetate [PMIM-SACc] [Cl] [PMIM-SHI] [C]] [PMIM-SH] [Tf,N]

Compound 7 Compound 8

Figure 24: Proposed synthesis for thiol-functionalized imidazolium ionic liquid with new
chemical, route 3.
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Chapter 4 — Conclusion and future directions

So far, we synthesized and identified amine-functionalized ionic liquid [PMIM-
NH:][Tf.N]. The method (Figure 4) used and has given a significant yield of 74.3%. It is
one of the targeted ionic liquids from desire amine, and thiol functionalized ionic liquids.

The nanoparticle synthesis using traditional ligands has been optimized for
efficiency by our group, allowing for shape control of the nanoparticles on a small scale.
Finally, these methods will be replicated for shape control by using synthesized ionic
liquids.

We ordered a new chemical and have preliminary results for some steps of the
thiol-functionalized ionic liquid synthesis, though the targeted ionic liquid (Compound 8)
has not yet been obtained. From here, future steps are first to confirm whether shape control
of platinum nanoparticles can be achieved with the amine-functionalized ionic liquid.
Then, the synthesis method can be optimized for the new materials while the thiol-
functionalized ionic liquid is developed.

Once both ionic liquids are synthesized, and a nanoparticle synthesis method is
identified, they will be used to synthesize platinum cobalt nanoparticles, and then
transmission electron microscopy (TEM) will be used to confirm whether shape control is
achieved or not. Finally, once the ideal shape is achieved, they will be tested for
hydrogenation reaction to compare their rates of catalytic conversion to platinum

nanoparticles made using traditional ligands.
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