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ABSTRACT
Synthesis of Diazonium (Perfluoroalkyl) Arylsulfonimide Monomers from Perfluoro (3-
Oxapent-4-ene) Sulfonyl Fluoride for Proton Exchange Membrane Fuel Cell

by
Faisal Ibrahim

Two diazonium perfluoroalkyl arylsulfonimide (PFSI) zwitterionic monomers, 4-diazonium
perfluoro(3-oxapent-4-ene)benzenesulfonimide (I) and 4-(trifluoromethyl)-2-diazonium
perfluoro(3-oxapent-4-ene)benzenesulfonimide (II) have been synthesized from perfluoro(3-
oxapent-4-ene) sulfonyl fluoride (POPF) for proton exchange membrane fuel cells. PFSI
polymers are proposed as new electrolytes due to their better thermal stability, inertness to
electrochemical conditions, and lower susceptibility to oxidative degradation and dehydration.
For a better integration between the electrode and the electrolyte, the PFSI polymers are

expected to be grafted onto the carbon electrode via the diazonium moiety.

All the reaction intermediates and the final product were characterized with 'H NMR, '°F NMR

and IR spectroscopies.
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CHAPTER 1
INTRODUCTION
Preface

This research aims at synthesizing two analogues of diazonium perfluroalkyl(aryl)
sulfonimide (PFSI) monomers from perfluoro(3-Oxapent-4-ene) sulfonyl fluoride (POPF)
monomer for proton exchange membrane fuel cells (PEMFCs). The first is prepared from 4-
nitrobenzene sulfonyl chloride and the POPF monomer and the other from 2-nitro-4-

(trifluoromethyl) benzene sulfonyl chloride and the POPF monomer.

The background and motivation for this research are discussed in the introduction. Short
overview of the fuel cells and their development are first elaborated. And then, the definition of
zwitterions and the comparison with recently reported diazonium PFSI zwitterionic monomers

are illustrated.
Fuel Cells

Fuel cells are electrochemical devices that convert chemical energy of the reactants
directly into electricity and heat with high efficiency.' The efficiency of the fuel cell may range
from 60% to 80% depending on the application, with more than 90% reduction in major
pollutants®* compared to fossil fuel powered by internal combustion engines. The fuel cell does
not need to be recharged as long as there is a constant supply of the appropriate fuel. Not only
hydrogen gas is used as fuel but also hydrocarbons like natural gas and alcohol (methanol) are
employed for different kinds of fuel cells.’

The development of different kind of fuel cells has received tremendous interest, in the

last few decades. In general, a fuel cell is comprised of two electrodes with the electrolyte
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situated between them.® The electrodes are generally permeable to hydrogen and oxygen. Metals
like platinum and palladium are often used as catalyst to haste the reaction.’
Fuel cells are designed for wide range of applications, such as transportation, stationary

combined power and heat supply of portable electronic equipment.™*

Fuel cells may be classified into two major categories based on operating temperatures as
shown in Table 1 below:

Table 1: Classifications of fuel cell

FUEL CELL CATEGORIES
LOW TEMPERATURE, °C HIGH TEMPERATURE, °C
Alkaline Fuel Cell (AFC) Carbonate Fuel Cell or Molten Carbonate
Fuel Cell (CFC or MCFC)
Phosphoric Acid Fuel Cell (PAFC) Solid Oxide Fuel Cell (SOFC)
Proton Exchange Membrane Fuel Cell
(PEMFC)

These five categories of fuel cells are also classified according to the electrolyte as listed in
Table 2. The electrolyte employed depends on the nature of the electrochemical reaction, the

operating temperature and the applications.

17



Table 2: Fuel cell types®

Operating
Fuel Cells Electrolytes Fuel Used Oxidant Used | Temperatures
Proton Exchange H
Membrane Fuel Cell | conducting H, Air, O, ~80 °C
(PEMFC) membrane
Direct Methanol Fuel H
Cell (DMFC) conducting CH;0OH Air, O, 80-130 °C
membrane
Alkaline Fuel Cell
(AFC) KOH H, 0)) ~100 °C
Phosphoric Acid Fuel | Concentrated
Cell (PAFC) H;POy4 Natural gas, H, Air, O, ~200 °C
Molten Carbonate Molten
Fuel Cell (MCFC) K,COs Natural gas, H, Air, O, ~650 °C
Solid Oxide Fuel Cell 7.0,
(SOFC) Natural gas, H, Air, O, 800-1000 °C

Polymer electrolyte membrane fuel cells (also referred to as proton exchange membrane

fuel cells, PEMFCs) is the focus of this research. The PEMFCs have several advantages, such as

excellent electrical efficiency, clean and silent operation. In contrast to the PEMFCs, another

kind of widely studied fuel cell, direct methanol fuel cells (DMFC) use pure liquid methanol
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instead of the hydrogen gas as fuel. The DMFCs produce CO; (a pollutant) and also suffers from
high rates of methanol-crossover’ which reduces cell performance and lowers fuel efficiency.®

Proton Exchange Membrane Fuel Cells

PEMFCs’ development began in the 1950s by General Electric Company (GE) although
the first one was invented in 1839 by Sir William Robert Grove.’ No practical applications for
PEMFCs were found until the 1960’s when they were used as the power source for the Gemini
space mission. PEMFC technology has attracted considerable attention from the early 1970s
when Nafion® membrane was adopted'” as a membrane material. As environment friendly
energy sources, PEMFCs are proposed to be used mainly for transportation although other
applications such as distributed/stationary and portable power generation have been explored.
PEMFCs also have advantages, such as relatively low operating temperature, excellent power
density, longer life span and quick start up.11

The reaction occurring in PEMFCs is a reversible oxidation-reduction reaction that
alternate when switching from charge to discharge.12 In PEMFCs, hydrogen and oxygen gas
from air are channeled through the anode and the cathode gas flow channels (GFCs)
respectively. And then, these gases are transported through the gas diffusion layers (GDLs) to
reach the catalyst layers (CLs). At the anode’s CL, the H; is oxidized into protons and electrons
with the protons migrating through the proton conducting polymer membrane to the CL at the
cathode. The electrons produced at the CL in the anode are transported to the cathode current
collector via an external circuit. At the cathode, the electrons combine with the protons and
reduced O, to form water. The membrane does not allow the passage of the electrons as it is
electrically non-conducting. The water is expelled out of the cathode CL through the GDL and

eventually out of the cathode GFC.
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For PEMFCs, there are many factors which affect performance. For example, high
temperature can boost the operation because it can enhance the membrane’s proton conductivity.
As the exothermic reactions occur in the PEMFCs, external heat is not required. On the contrary,
a water-cooling system is needed to remove the excess heat.' Another example is that, a
relatively pure hydrogen source is required for the fuel.'* Otherwise, the performance of the
PEMFC will be diminished by tainting the electrodes and membrane with contaminants like CO,
CO,.1516

The reaction is shown in scheme 1 below:

Anode: 2H, — 4H" + 4¢ .1
Cathode: 0, +4H"+ 4¢" — 2H,0 .2
Overall reaction: 2H, + O, — 2H,0O .3

Scheme 1: The reaction occurring in a PEM Fuel Cell

Fuel in ' ‘ ’— Oxidant in
+
H 0,
HaA e et
S [
H H,O
Depleted fuel and I — Depleted oxidant and
product gases out product gases out

Anode 4' t i— Cathode

Polymer
electrolyte

Figure 1: The Structure of PEMFC (modified from Thampan'’- used with permission)
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There are three key components in the typical PEMFCs and they are the membrane-
electrode assembly (MEA) and two bipolar (flow field or separator) plates. The MEA consists of
two dispersed CLs, two GDLs, and a membrane which allows protons to crossover between the
electrodes to complete the overall reaction.

As the ‘engine’ of the PEMFC, the MEA plays a foremost role in determining cell
performance. The basic MEA configuration includes the proton exchange membrane (PEM)
sandwiched between two GDLs. The membrane serves as the vehicle for transportation of
protons from the anode to the CL through the GDL.

Overall, the critical requirements of membrane include: (1) high protonic conductivity,
(2) low gas permeability, (3) low electronic conductivity, (4) good chemical stability and
mechanical properties'™ '°.

Figure 2 shows the cathode section of the MEA which comprise the electrolyte

membrane and the carbon electrodes. The electrochemical reaction in the cell takes place at the

triple-phase boundary (TPB), where the protons, the electrons and the reactant (product) gases

meet in the MEA.
Proton Carbon Support Electrically
Conducting Catalyst Conductive Fibers
Media
H ® -

PEMN Catalyst GDL
Layer

Figure 2: Expanded view of the cathode of the MEA structure.'® Used with permission
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The CLs, as other components of the MEA, are directly adjacent to the membrane on
each side. They are also referred as the active layers. The CL is the site for the half-cell reaction
in a PEMFC. The hydrophobic/hydrophilic properties of CL also can have an impact on the
efficiency of the PEMFC. The small amount of polymer electrolyte membrane is usually
required in the CLs since the hydrophobic nature of the carbon retards the transport of the
protons to the reaction sites. On the other hand, an excessively hydrophilic CL will shelter the
carbon surface area and preclude the reactant/product gases from diffusing onto the catalyst.20
The accumulation of water at the cathode can lead to the swelling of the CL, and finally cause
the cell to become inoperable. Therefore, for optimal performance of the PEMFC, a balance
between the hydrophobic carbon powder and hydrophilic fluorinated polymer resin is required
for the CL.

The CLs are usually fabricated by mixing the catalyst with the membrane and applying
the paste to the GDL. However, according to Thompson et al., up to 50% of the catalyst particles
in such electrodes may be inactive.*! The catalyst utilization in an MEA is controlled by two
important factors: (1) the catalyst activity, and (2) the proton transport resistance in the CLs.”
The catalyst activity depends on the surface area of the catalyst particles while the proton
transport resistance depends on the protons transport pathway in the CLs and the ratio of the
catalyst particles in contact with the sulfonic acid groups.?

Platinum or platinum alloys are the commonly used catalysts for both the hydrogen
oxidation reaction (HOR) and the oxygen reduction reaction (ORR) in PEMFCs. Figure 3 shows

the conventional MEA with the catalyst randomly deposited on the dense electrode.
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-{Zarbnﬂ
Figure 3: A Dense MEA in PEMFCs (modified from Creager®-used with permission)

The third component of MEA structure is the bipolar plates, which have four basic
functions: (1) to dispense the fuel and oxidant, (2) to expedite water management, (3) to separate
the individual cells, and (4) to transport current away.

The detailed configurations and modifications of the MEA components are discussed as

follows.

Polymer Electrolyte Membrane

It is generally known that, the perfluorosulfonic acid (PFSA) polymers are the most
commonly used membrane materials for PEMFCs.** With the characteristic
polytetrafluoroethylene (PTFE) backbone, PFSA polymers exhibit great stability in both
oxidative and reductive conditions.”” PFSA polymers also have high proton conductivity of 0.10
S/cm under fully hydrated conditions.* PESA polymers are generally made of two basic parts: (1)
a perfluorinated main chain and (2) ion clusters comprising sulfonic acid ions. The membrane
must be hydrated to enhance the proton conductivity by moving protons between the sulfonic

acid sites.

Nafion®, a perfluorosulfonic acid (PFSA) ionomer, is the most well studied and used
polymer membrane in PEMFCs due to its desirable characteristics including low gas and liquid

permeability, and good chemical and mechanical stability at low temperatures'®.
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Nafion® polymers permit the entry of water vapor which makes it a better ionic conductor
(greater than 0.1 Scm™ at 80 °C). *° It also has a low electric constant.”’
Nafion® polymers are fabricated via copolymerization of tetrafluoroethylene (TFE) with sulfonic
acid (-SO; H") containing perfluoroalkyl (-vinyl ether chains). 2% Nafion® polymers are
commercially available in the sulfonic acid form (-SO; H") as illustrated in Figure 4.

(CFZCFZ)H—(CszF L_
OCFQTZFOCFQCFQ—S(%H
CF;

Figure 4: Chemical Structure of the Sulfonic Form of Nafion® **

The perfluorinated alkyl backbones in Nafion® polymers are principally made of
polytetrafluoroethylene (PTFE) or Teflon® and are responsible for Nafion’s good chemical and
thermal stability, significant mechanical strength and hydrophobicity.

Nafion® polymers have desired proton conductivity as very strong solid acids. For
example, Nafion®” 117 has pKa of —6°** which is comparable to the “super” photoacid, N-
methyl-6-hydroxyquinolinium (MHQ) with an excited-state pKa* ~ -7.%" This acidity is not only
attributed to the strong electron withdrawing perfluoroalkyl group but also the weak conjugate
base as it has stabilized resonance structure.*”*°

The proton conductivity of Nafion® polymers is dependent on the dissociation of protons
from the ~SO3H pendant in the presence of water.”” At the anode, the protons form hydronium
complexes (H;0") and detach from the sulfonic acid pendant. This allows the protons to move
easily from the anode to the cathode. The transfer of protons in the membrane follows two

processes. The first is free solution diffusion (Figure 5(a)) and the other is proton hopping via the

Grotthuss mechanism (Figure 5(b)), where protons “hop” from one water molecule to another by
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the formation and breakage of hydrogen bonds as shown in Scheme 2 below.*? This successive
proton hopping step leads to an effective proton transport through the water. In the free solution
diffusion, the proton and associated water of hydration all diffuse through water phase.

The proton transport through a hydrated ion exchange membrane occurs via both of the

two processes mentioned above.
H3O+H20_> H502+_> HzO + H30+

Scheme 2: Proton hopping mechanism

| Distance

| Proton transport direction

@ =Hydrated

(a) Free solution diffusion

| Distance |

Proton transport direction

NG N N

(b) Proton hops mechanism (Grotthuss mechanism)

Figure 5: Proton transport via (a) Free solution diffusion and (b) Proton hops mechanism

(Grotthuss mechanism).”
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Other types of commercially available PFSA membranes include POPF, Flemion®

(AsahiGlass), Aciplex® (Asaki Kasei), Celtec-P (BASF), Gore-Select (Gore) and Aquivion®.

Notwithstanding the desirable features of Nafion® for PEM fuel cell, there are certain
disadvantages of such polymers that limit the performance of PEM fuel cell. First, Nafion®
polymers like to form large rod-shaped micelles which preclude their tight contact with the
microporous carbon electrode. Thus, the membrane will be washed out after a long time of
operation ' and subsequently leads to poor ion conductivity and diminished performance.
Moreover, when the temperature increases, the sulfonic acid group (-SO;H) degrades into
anhydride (-SO,0S0,-). Additionally, the integration between the electrolytes and carbon
electrode also deteriorates in the highly acidic and oxidizing conditions.* This compromises the
physical integrity between the fluoropolymer and the carbon support, resulting in a reduced life
span.

Furthermore, the greatest barrier to commercialization of PEMFCs is the cost which is
due to the expensive fabrication process of Nafion®™. ** Last but not least, Nafion™ polymers still
cause environmental concerns since they emit toxic fumes at high temperature and are not

36, 37

biodegradable.

According to the literature®®, the five other categories of polymers are designed as
alternatives to the conventional PFSA polymer membrane for PEMFCs. A short summary are

listed in Table 3.
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Table 3: Categories of membranes

24,38

Membrane Structure Example Physical properties
Category
Perfluorinated 1.Fluorinated backbone like PTFE | 1.PFCA Membranes are strong and stable in both
polymer 2 Fluorocarbon side chain 2 PFSA oxidative and reductive environments
3.Ionic clusters consisting of 3.PFSI
sulfonic acid ions attached to the
side chains
Partially 1.Fluorocarbon base 1. PTFE-g-TFS Membranes are relatively strong in
perfluorinated 2.Hydrocarbon or aromatic side 2. PVDF-g-PSSA comparison to pf, but degrade fast
polymer chain grafted onto the backbone,

which can be modified

Non-perfluorinated
hydrocarbon

polymer

Hydrocarbon base, typically

modified with polar groups

1. NPI

2. BAM3G

1. Membrane possess good mechanical

strength

2. Poor chemical and thermal stability
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Table 3 (continued)

Non-fluorinated Aromatic base, typically modified | 1. SPEEK 1.Good mechanical strength
aromatic with polar sulfonic groups 2. SPPBP 2.Chemically and thermally stable even
at elevated temperatures
Acid-base blend Incorporation of acid component, | 1. SPEEK/PBI 1.Stable in oxidizing, reducing and
(Others) into alkaline polymer base 2 SPEEK/PEI acidic environments
3. SPSU /PEI 2.High thermal stability
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POPF Polymer

To circumvent the limitations associated with Nafion®, another PFSA copolymer, POPF
(Figure 6), also caught the attention because of their better application efﬁciency.39 The POPF
polymers have the following advantages over the Nafion® polymers: (1) lower equivalent
weights (EWs), (2) high water affinity, (3) high proton conductivity, and (4) relative stability at
high temperatures (above 80°C).

With short side chains (i.e. -O(CF;)sSO3;H), POPF polymers contain more ionic groups
than Nafion® and thus, higher proton conductivity can be offered by POPF polymers if the same
equivalent weight (EW) polymers are prepared.

According to the literature, ionomers with low EWs are fully hydrated even at
temperatures above 100 °C.* Therefore, ionomers with low EWs (typically 625 and 850 g/eq),
such as POPF polymers, have high ionic conductivity (greater than 0.13 S/cm) and are well-
suited for low humidity or high temperature fuel cell applications.*' They are thus, preferred for

better application efficiency.

Despite the advantages of POPF polymer mentioned above, the high water affinity poses
a threat to its physical integrity. The high water affinity may result in the accumulation of too

much water at the cathode, leading to the swelling of the CL. This will render the cell unusable.

(CF2CF2)n_(CF2$F) —
OCFzCFz_SO3H

Figure 6: Chemical Structure of the Sulfonic Form of POPF Polymer
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Proposed MEA System

As the key components in a fuel cell, the design and fabrication of MEA directly
contribute to the overall performance and cost of the PEMFC. One of the principal contributors
to the high cost of PEMFC is the Pt catalyst. Thus, raising the efficiency and utilization of the Pt
catalyst is one of the central concerns for the cost reduction and the commercialization of the
PEMFCs.* For example, the reported catalyst utilization efficiency is as low as 10-20%.%

One of the proposed modifications is to place the catalyst within close proximity of the
membrane. Another one is to design thin electrolyte film. Yang et al.* reported improved fuel
cell performances of their modified MEAs than the conventional MEA. Instead of using Pt-black
(Pt content 100 wt. % Pt), they fabricated Pt-C-80 (Pt content 80 wt. %) thin layers at the
boundaries between the PtC-40 layer and the GDL, the PEM and the Pt-C- 40 layer and reducing
the Pt-C-40 loading. Also, a modified 7-layer and 9-layer MEAs with even a thinner CL has been

reported by Yu et al.”?

with better fuel cell performance. The modified 7-layer and 9-layer MEAs
was made with thin Pt black CLs located either at the edge between Pt-CL and GDL or/and at the
boundary between membrane and Pt-CL. However, the desired result is not obtained so far.

As the result, the investigation of MEA is focus on the first kind of modification. In our
lab, a new MEA system, chemically grafting the electrolyte onto the pores of the electrode, is
proposed to replace the traditional carbon electrode (Figure 7).> This is believed to raise the
catalyst utilization and catalysis activity by forming a better bonding between the electrode and

electrolyte; thus considerably improving the stability, conductivity, and catalyst usage of PEM

fuel cells.

30



_-l:.a_t-‘l-;pgﬂ _Ele ctrolyvte * Catals st
Figure 7: A Porous Carbon-Catalyst-Electrodes System in the PEMFCs (modified from

Creager™-used with permission)

Diazonium PFSI Zwitterion Monomers

For the new porous MEA system, in which the PFSI polymers are proposed to be
chemically grafted onto the electrode, the diazonium pendant will be established as a ‘dais’ to
impart covalent bonding between the PFSI polymer and the carbon support. Another critical
improvement is to develop various PFSI monomers for polymerization to use as the electrolytes,
which is expected to improve the membrane’s resistance to extreme conditions.

A series of novel functional diazonium PFSI zwitterions and monomers had been
prepared in Dr. Mei’s group.'' Figure 8 shows two diazonium PFSI monomers which have

recently been prepared from Nafion® monomer.

®
N, F3

®
Ny
S
SOZN SOZCF2CF20CF(CF3)CF20CF:CF2 SOzN802CF2CF20CF(CF3)CF20CF:CF2

111 10Y

Figure 8: Structure of First Diazoniun PFSI Monomers
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The proposed monomers are expected to involve at least three major fragments: an aryl
diazonium zwitterion, a perfluoroalkyl(aryl) sulfonamide pendant, and a perfluorovinyl ether or
other polymerizable units. The perfluorovinyl ether groups, provides the avenue for
copolymerization with tetrafluorovinly ether.

The perfluoroalkyl(aryl) sulfonamide pendants are expected to provide better ionic
conductivity (higher than 0.1 Scm™ at 80 °C), greater thermal stability in acidic form, lower
susceptibility to oxidative degradation and dehydration, and inertness to electrochemical
conditions'”, compared to Nafion. There are several factors which may be attributed to these
phenomena. For example the delocalization of charge over the O-S-N skeleton and its stabilized
conjugate base, (R{SO,),N" of the acid as shown in Scheme 3, increase the acidity of the PFSI
monomer.

The perfluoroalkyl backbone is not only responsible for the excellent chemical and
thermal stability of the polymer, but also increases the acidity of the polymer.

Q )
1 |
R— ﬁ—N— <> Ry ﬁ:\}j_
O O
Scheme 3: Delocalization of perfluoroalkyl sulfonyl group®

Bis[(perfluoroalkyl)-sulfonyl)]imide acids are referred to as superacid. The simplest

member, (CF3SO,),NH has a pKa of 7.8 in acetic acid compared to 10.2 for HNO;. Koppel et al.

H *¢*® which is

and later Zhang et al. measured the acidity, in the gas phase, of (C4F9SO),N
considered as the strongest acid among neutral acids. The acids (R{SO,),NH, (R¢# CF3)49’5 O were

found to be the very strong acids, based on earlier work done by Meussdoerffer and DesMarteau

et al.’'”? The gas phase acidity of (C4F9SO),NH is believed to be affected by key substituent

32



effects: (1) the substituent/n-electron-acceptor interaction (R effect), (2) correctly oriented
dipolar interaction (F effect), and (3) polarizable substituent/anion interaction (P effect) which
favorably stabilizes the strong electron-pair donor anion forms as against the corresponding
weaker m-donor conjugate acid forms.

The diazonium moiety is used to chemically attach the substituted aromatic compound to
carbon materials, and has been reported by Delamar et al.*’ The dediazotization is usually
catalyzed by metal salts and metals. The reaction is proposed to give an aryl radical that

covalently attaches to the carbon surface, as shown in Scheme 4.

" BF, R

2
+e — = TN, —
e
carbon surface
R

Scheme 4: Electrochemical reduction of an aryl diazonium salt.

R
49,51,53-55
The dediazotization procedure is either initiated by electrochemical reduction or thermal
decomposition as shown in Scheme 4. It is achieved by the facile loss of the diazonium group-
N,*. 3657

The stable covalent carbon-carbon bond can increase the integration between the carbon
electrode and the electrolyte. There have been successful examples of grafting of the simple
diazonium perfluoroalkylsofonimide (PFSI) compound, p-N, PhSO,N"SO,CFj; onto the glass
carbon electrode®® via thermo- or electrochemical reaction.

Since the diazonium moiety is necessary for such a design, the stability of the diazonium
compound is a major concern. Therefore, functional diazonium zwitterions (FDZs) and
monomers containing perfluoroalkyl sulfonimide group were prepared for this purpose. As both

anionic and cationic substituent groups are contained in the same molecule, the zwitterionic
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compounds possess an overall neutral charge.”® A typical example is the zwitterionic amino acid
which has both an amino and a carboxylic acid functional group at the iso-electric point.
RCH(NH,)COOH«+—RCH(NH;")COO
Scheme 5: Example of Amino Acid at the isoelectric point

With the experience of the previous works, two analogues of diazonium PFSI monomers
were designed from POPF monomer as the research targets. One is 4-diazonium perfluoro(3-
oxapent-4-ene) benzenesulfonimide (I) zwitterionic monomer and the other one is 4-
(trifluoromethyl)-2-diazonium perfluoro(3-oxapent-4-ene) benzenesulfonimide (IT) zwitterionic
monomer(Figure 1).

It is hypothesized that, the acidity of the monomer II will be higher compared to
monomer I due to the presence of CF; on the ring. The electron withdrawing CF; group is
believed to increase the acidity of II through inductive effect. Therefore the proton conductivity

of Il is expected to be relatively higher.

The synthesis methods will be compared first. Then, the reactivity and stability of the
monomers I and II will be compared with those of an already synthesized Nafion® based
diazonium PFSI monomers III and IV (Figure 8) 60-61 " for further polymerization as polymer

membranes in PEMFC.
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CHAPTER 2
RESULTS AND DISCUSSION

Basically, there are two routes to prepare the analogues of diazonium PFSI monomers.
The first kind employs the acetamide protected aromatic sulfonylchloride (such as 1a in Scheme
6) while another, uses nitro substituted aromatic sulfonyl chloride (such as 1b in Scheme 6) after
conversion to aromatic sulfonylamide to couple with brominated POPF monomer. Except for the
different ways to obtain the aromatic amine (Step (v)), the synthesis routes of these monomers
are quite similar (Scheme 6).
Scheme 6 summarizes the designed routes to the target diazonium PFSI arylsulfonimide

monomers-8a-b.

| X
R FSO,CF,CF,OCF=CI,
1 3
S0O,CI
Br,
Step (i) | NH3H0 0°C
CH;CN B
Reflux at 80-100°C Step (ii) 1.N,N-Diisopropylecthylaminc N
dry CH5CN, Reflux at 80 °C | —Rr
x . . 2
e 2. Column Chromatography
R+ FSO,CF,CF,0CFBICE,Br
4 Step (iii) SO,N(M)SO,CF,CF,OCFBrCE,Br
SO,NH, 5
2
Step (iv) Cs,CO3, Acetone,
N CH;OH, Conc. H,SO, Reflux,8h
— | —R Sonication, 6 hours
= \
N HCI, NaNO, Step (V) a Y,
| Pl 0°C SO,N(M)SO,CF,CF,0CF=CI', _
Step (vi) 7a - .
. . HCI, Fe, H, SO,N(M)SO,CF,CF,OCF=CI',
SO,N(M)SO,CF,CF,OCF=Cl’, Somtcation. 2 da 6
A ; ’
8 L | /_R'
Step (V) b R: a= 4-CH;CONH
R": a=4-N," o b=2-NO,-4-CF
SO,N(M)SO,CF,CF,OCE=CI- 2 3
b=2-N,*-4-CF5 2N(M)SO,CF,CF, 2
7b
R': a=4-NH,

b=2-NH,-4-CFj
Scheme 6: Overall synthetic scheme for diazonium PFSI arylsulfonimide monomers
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Compared with Nafion™ monomer, the shorter perfluoroalkyl chain of the POPF

monomer poses a great challenge in the synthesis procedure.

The reactions were monitored by TLC except bromination and diazotization. The
synthesized intermediates and products were characterized by 'H and '’F NMR and IR
spectroscopies.

Ammonolysis Reaction

The synthesis of the aromatic amides 2a-b was carried out by refluxing the substituted
aromatic sulfonyl chlorides 1a-b, in the presence of excess ammonium hydroxide and
acetonitrile. These Sn2 reactions as shown in Scheme 7, involve the replacement of the CI” with

the —NH, group.

[ i P
—R . LI
= - _— R
SOZCI SOzNHz

1 2
R: a= 4-CH;CONH
b=2-NO,-4-CF,

Scheme 7: Ammonolysis reaction (i: ammonia water 28-30%, reflux at 100 °C overnight)

The ammonolysis reaction overrides the hydrolysis side reaction because NHj is a better
nucleophile than H,O. The hydrolysis by-product usually may be easily removed by vacuum
filtration from water. However, for compound 1b, because of the hydrophobic —CF;5 group on the
benzene ring, the water solubility of the hydrolysis product 2b' is reduced. Hence the purification

of 2b (Scheme 8) instead, was accomplished via column chromatography.
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F;C SO,CI

1b
Insolublc in water
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O, Oz Oz
NH3 - +
[ —
F;C SOQN H2 F3C SOQOH F3C SO3N H3
2b’'

2b 2b"
Insoluble in water Slightly insoluble in water Slightly insoluble in water

Scheme 8: The hydrolysis reaction during Ammonolysis

Bromination Reaction

As in the designed synthesis route (Step ii, Scheme 6), the double bond needs to be
protected before the next coupling reaction. Because of the electron deficient perfluorovinyl
ether moiety, the perfluorovinyl group of the monomer 3 is susceptible to base catalyzed

nucleophilic attack in the presence of water at high temperature.

The protection of the double bond with bromine was achieved through a free radical
reaction at low temperature. The brominated product 4 was purified by vacuum distillation at 70
°C. A lower percent yield was obtained compared to the Nafion monomer’s bromination
procedure. The lower boiling point may account for this result.

ii

FSO2CF2CF2OCF:CF2 B FSOQCFQCFQOCFBTCFQBI’
3 4

Scheme 9: Bromination of perfluoro(3-oxapent-4-ene) sulfonylfluoride monomer (ii: Br,, 0 °C at
room temperature).
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Coupling Reaction

It is critical to carry out the coupling reactions under extremely dry condition. Otherwise,
the sulfonyl fluoride group (-SO,F) in 4, will be hydrolyzed to the sulfite ion (—SO3) under the
basic condition in step iii (Scheme 6), by reacting with weak base-catalyzed water. The
hydrolyzed product may be removed later after recrystallization of the Cs salt of the product.

The nucleophilicity of the aromatic sulfonyl amide is enhanced when catalyzed by the
organic base, diisopropyl ethylene amine (DIEA). To reduce the amount of hydrolysis product 5'
(Figure 9), extremely dry conditions and extra brominated POPF monomer 4 are necessary. The
extra brominated POPF monomer is needed to compensate for the amount of POPF monomer

consumed in the hydrolysis side reaction.

The preparation of Sa is considerably faster than that of Sb. Compared to the nitro
substituted aromatic sulfonylamide 2b, the acetamide substituted aromatic sulfonylamide 2a,
favors the typical Sy2 reaction. The inductive effect of the substituents on the aromatic ring

account for this phenomenon.

The preparation of coupling product Sa-b takes a longer reaction time compared to the
similar coupling product Sa'-b'. The major reason is that, the longer perfluoroalkyl chain of the
brominated Nafion® monomer 4', implying the electron-deficient sulfonyl group might be easier

to accept the nucleophilic attack (Scheme 10).
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FSO,CF,CF,OCFBrCF,Br | J R
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N SO,N(M) SO,CF,CF,OCFBrCF,Br
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* | R
=
FSO,CF,CF,0CF(CF3)CF,OCFBrCF,Br
n SO,N(M)SO,CF,CF,0CF(CF;)CF,OCFBrCF,Br
R; a, a' = CH;CONH 5a'-b’

b, b' = 2-NO,-4-CF;

(iii) N, N-Diisopropylethylamine, dry CH3CN, 80 °C for 5 days; Column Chromatography
(iii") N, N-Diisopropylethylamine, dry CH3CN, 80 °C for 3 days; Column Chromatography

Scheme 10: Comparison of Coupling Reactions

o Jo
NH SO;CF,CF,OCFBrCF,Br

5'
Figure 9: The hydrolysis by-product from coupling reaction

The crude coupling product is sticky due to its DIEAH" counter ion. The crude product
was then acidified to convert DIEAH" salt back to amine and DIEA, in which the hydrolysis by-

product was further removed by solvent extraction.

- TR
R+ wa ——m
©

SO,NSO,R; SO,NHSO,R;
M

M= DIEAH" R:a=CH;CONH

R¢= [CF,CF,OCF=CF, ] b=2-NO,-4-CF;

Scheme 11: Acidification of the Crude Coupling Products 5a-b

Debromination Reaction
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The debromination of the vic-dibromides of perfluorovinyl ether proceeded to provide
6a-b. A lot of methods have been developed to debrominate the vicinal dibromides in versatile
organic compounds. Among them, metals like magnesium, sodium, and zinc have been widely
used as debrominating agents.®® Other debrominating agents include chromium sulfate

)63

(CrS0O4.nH,0) in nitrogen atmosphere, sodium naphthalenide (Na+C10Hg' , and sodium

hydrogen selenide (NaHS).
65

Another known debromination reagent is iodide ion/acetone.®* According to Van Duin,

such reaction is a trans-stereospecific second order elimination (E2).

Br H
| E2
CeHs— 7:— —COOH + 31" —=  CgHsCH=CHCOOH + 2Br" + I5-
H Br Trans-cinnamic acid
Erythro Cinnamic acid
dibromide

Scheme 12: Debromination of Cinnamic Acid
The debromination method of cinnamic acid with inorganic base, such as potassium
iodide is shown in Scheme 12.
For Sb, the rate of reaction toward elimination is faster than Sa. The proposed reason is
that, the more electron deficient the double bond, the faster such reaction runs.
The reaction conditions were tested to obtain 6a-b and the conditions are summarized in

Table 4.
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Table 4: Results for debromination of the coupling products 5a-b.

Entry Base n (Base): n | Dibromide Solvent Time Condition % %
(Dibromides) | ( mmoles) (hrs) Debromination | Isolated
1’ Na,COs3 3.1:1 0.161 Acetone-water (1 : 2.7) 1 Sonication 7.4 71.4
2P Na,COs3 124 :1 0.161 Acetone-water (1 : 7.3) 1.5 Sonication 16 85.7
3P Na,COs 31.1: 1 0.161 Acetone-water (1 :18.2) 2.5 Sonication 17.1 85.7
4P Na,COs 62.1:1 0.161 Acetone-water (1 : 16.1) 3 Sonication 18.2 78.6
5P Na,COs3 62.1:1 0.161 Acetonitrile-water(1 :1.8) 3 Sonication 41.4 70.0
6" Na,COs3 1553:1 0.161 Acetonitrile-water(1:1.1) 5 Sonication 56.6 75.7
7P Na,COs 28.1:1 0.32 Acetone-water (1 :1.8) 48 Sonication 100 85.7
8" Na,COs 20.8: 1 1.73 Acetone-water (1 :1.8) 48 Sonication 100 87.8
9* NaOH 2.04:1 0.49 Acetone-water (1.3 : 1) | overnight Reflux 67.8% 66.7
10* NaOH 2.6:1 0.464 Acetonitrile-water 1.5 Sonication 28%* 73.3
23:1)
1* NaOH 1.3:1 2.35 Acetone-water (1 : 2.4) 7 Sonication 100" 90.8
12° NaOH 1.3:1 1.36 Acetone-water (1 : 2.4) 12 Sonication 100" 91.8
13° Cs,COs 20.8: 1 1.73 Acetone-water (1:1.8) 8 Reflux 100 86.3

*Contains unidentified impurity. * and ® denote 5a and 5b respectively
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0,N(M)SO,CF,CF,OCFBrCF,Br 0,N(M)SO,CF,CF,0CF=CF,

R: a= CH;CONH
b =2-NO,-4-CF;

Scheme 13: Debromination reaction (iv: Na,COj3 or Cs,COs3, acetone, sonication at room
temperature, or reflux at 80-100 °C).

In summary, the optimal reaction conditions for the debromination of the Sa-b were
established with NaOH, Na,COj3 and Cs,COs in acetone/water under sonication or refluxing
condition (entries 7, 8, 11-13 in Table 4). Among them, NaOH did promote the fast
debromination, but resulted in unwanted side product (entries 9, 10-12 in Table 4). The
mechanism is still under investigation. On the other hand, it is advantageous to use Cs,CO; and
Na,COs for practical reasons (entries 1-8 and 13 in Table 4). It is expected that the stronger base
Cs2COs can accelerate the rate of reaction. The results encourage further study in optimizing
reaction conditions. Owing to the low cost, the Na,CO; facilitated reaction is the investigation
focus. The initial trials involved either sonication or refluxation.

According to entries entries 1-8 in Table 4, the higher debromination percentage and
isolated yield resulted from the increase in the reaction time or the concentration of the base.

Furthermore, acetonitrile, having a higher polarity index (5.8 compared to 5.1 for
acetone) shows encouragingly high percentages of debromination, although there was no

improvement in the yield (entries 4 and 5 in Table 4).
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N-deacetylation Reaction

According to the literature, **" N-deacetylation, also called amide hydrolysis (a
nucleophilic acyl substitution reaction) is accomplished by using strong acids or strong bases at
high temperatures due to the lower reactivity of amides. The reaction occurs via an addition-

elimination mechanism.

R R'
-+ V(@) N S0N(MISO,CF,CF,OCE=CE
\ /) SONMSO,CF,CF0CF=CF,  —> /) 2N(M) A 2
6
R = 4-CH,CONH M = DIEAH"
R' = 4-NH,

Scheme 14: The N-deacetylation reaction of the coupled product. (v: methanol, conc. H;SOy,
Sonication)
In previous research conducted in Dr. Mei’s research group®, N-deacetylation was
reported to be effective in acidic media such as HCI (pKa = -6.0), H,SO4 (pKa =-9.0) and
CISO;H (pKa = -6.6) under sonication or refluxing. The weakening of the C-N bond after the

amide protonation, may be responsible for this phenomenon (Step 4, Scheme 15).
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— 3N 2 f
CH3CI_\{H4©7SO2N(M)Rfi. Proton trans %

R; = SO,CF,CF,OCFBCF,Br ii. Nucleophilic addition

OH

OH (H@ |
[ CH3—C—N_H—©7502N(M)R1«
CHy— C—N%@*SOQ\I(M)&- —_— I
lOH 6a’ iii. Proton transfer Hé))j Hf)
H,O:

iv. Proton transfer

OH,
®
C

CHy— _\IEH;(;_>7sozN(M)Rf _— Hz@sozN(M)Rf
I v. Nucleophilic
OH elimination

vi. Proton transfer

@
H7N©7807N(M)Rf - Ha@sozN(M)Rf
- - vii. Neutralization

Ta

Scheme 15: The mechanism for the acid catalyzed N—deacetylation.67

The carbonyl (C=0) of the amide 6a is first protonated to become more electrophilic,

making it more prone to a nucleophilic attack. Next, proton transfers follow in the subsequent

Steps iii and iv after the addition of the water (H,0O) to form the tetrahedral adduct 6a' (Scheme

15). The desired aromatic amine 7a is obtained after neutralization of the protonated amine in

To obtain the aromatic amine, the N-deacetylation of the PFSI aromatic acetamide (Step

v(a) in Scheme 6), is more efficient than the reduction of the regular nitro substituted aromatic

amide (Step v(b) in Scheme 6). The possible reason is that the PFSI aromatic acetamide is

destabilized by the electron-withdrawing effect of the perfluoroalkyl chain in the resonance

structure II (Scheme 16).
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aq - 1

C N
ara / N NHR
H3C &NHR H3C - o~ f

Rf = PhSOzN(M)SOZCF2CF20CFBTCFzBr

Scheme 16: The resonance structure of the PFSI monomer 8a

Reduction Reaction

Due to the high cost of 4-(trifluoromethyl)-2-sulfamonylacetanilide 1' (Figure 11), the
aromatic nitro compound 6b was converted to its corresponding aromatic amine 7b, by reduction
reaction. As the literature indicated®® variety of reducing agents are used to accomplish this task.
Examples of such reducing agents are: 1. Metal with acid, such as Fe/HCI or Fe/Acetic Acid,
Zn/NaOH, Sn/HCI, Fe/ArOH; 2. catalytic hydrogenation using Raney Ni, H,-Pd/C and H,-PtO;;

3. sodium polysulfide, NaBH./Pt-Ni, and so on.

Figure 10: 4-(trifluoromethyl)-2-sulfamonylacetanilide

R R
K v(b) = .
\ / 0,N(M)SO,CF,CF,0CF=CF, ——> \ / OzN(M)S702CF2CF20CFfCF2
6
R =2-NO,-4-CF;
R'=2-NH,-4-CF;

Scheme 17: Reduction of the coupling product (v(b): hydrogen gas, iron powder, sonication,
HCI, dry CH3;0H, room temperature).

45



Fe/HCI1/H; in ultra-sound sonicator at room temperature was employed based on a
previous work in the Dr. Mei’s research group®'. To prevent the addition of perfluorovinyl ether
by acid at high temperature, the reduction was performed at room temperature with sonication
assistance. Nuchter et al.*’ reported that, ultrasound sonication is an alternative energy source for
the initiation of organic reactions. Additionally, ultrasound also has the potential to accelerate
chemical transformations, affect product distributions, improve yields and increase the catalytic
activity of metal particles by factors as high as 10°.”

It’s been hypothesized that, the reduction of aryl nitro compounds proceed via the
hydroxylamine, azoxy and azo compound intermediates to their corresponding aryl amines
(Scheme 18).”" Therefore, the reaction time and the amount of partial reduced side product,
could possibly be reduced by ultrasonic irradiation to accelerate the heterogeneous chemical

reactions.

o)

T

Ar-N=N-Ar
Ar-NO, — [Ar-NO — Ar-NHOH] ——> Ar-N=N-Ar — Ar-NH;

Ar—lTl—lTl—Ar
HH

Scheme 18: The intermediates of the reduction of aryl nitro compounds.
Iron was chosen for this reaction because, in addition to being an inexpensive and readily
available reagent, iron is very mild and selective for the nitro group. The reaction mechanism is

shown in Scheme 19.7
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+/) Fe -/ : _
AN AT NG N~ N
le) (0]
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Ar—=N=0—> Ar—N—QO0 ——> Ar—N—OH —> Ar— N—OH ——>
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Ar—HN—OH T» Ar—NH, * H,0

Scheme 19: Mechanism for Reduction of Aromatic Nitro Compounds

The other byproducts in the reduction reaction are shown in Figure 11.

@ 0O
NHG;) NH; Cl
S)
F5C S0,NSO,CF,CF,0CFBrCF,Br ~ or  F5C SOZT;ISOZCF2CF20CFBrCFZBr
A H B

Figure 11: Byproducts Associated with the Reduction Reaction

Due to the acidic nature of the perfluorosulfonimide group, the aromatic amine 7b can be
protonated as the quaternary amine salts A and B (Figure 11). Both of them can be converted
back to aromatic amine by neutralization with NaOH.

In reference to the previous synthetic design. 61 a ratio of 5:1 iron powder to the coupling
product was used to convert the nitroaromatic compound 6b to its corresponding aminoaromatic
7b. Higher equivalents of iron powder resulted in the formation of a green-colored iron chloride
complex. On the other hand, lower equivalents of the iron powder only lead to incomplete
reduction.

Diazotization Reaction

Diazotization reactions are employed to convert primary/aromatic amines to diazonium
salts. The diazotization reactions are usually accomplished in aqueous media or organic

solvents.” To prepare the diazonium salts, primary amines are generally reacted with nitrous
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acid HNO, .” The HNO, is generated in situ by the reaction of sodium nitrite (NaNO,) with a
strong acid, such as HCI, H,SO4, or HBF,. In the dilute mineral acid, the amine exist as slightly
soluble betains.™

To prevent the partial diazotization and condensation of the diazonium salt with the
undiazotized amine, an excess amount of acid is used.

Although alkyl diazonium salts are extremely reactive (potentially explosive) because of
the excellent N, leaving group, aryl diazonium salts are more stable and synthetically versatile.”

The reaction mechanism is shown in Scheme 20.”*

e ® ® ®
Ar-NHz N-O — ArNH; == ArNH + § — ArNH =— Ar-NH
I _j I [
N-O N-O N-%H N-OH

Ar— N Ar-N

ArN=N =— ||

Scheme 20: Diazotization of 1° aromatic amines mechanism.

Diazotization of aromatic amines 7a-b with hydrochloric acid and NaNO, was completed

with the same condition as in Scheme 21.

| —R vi —R"
= =
SO,N(M)SO,CF,CF,OCI=Cl’5 SOz%SOzCFzCFzOCl’:Cl’z
5 8
R': a=4-NH, R": a=4-N,*
b=2-NH,-4-CF, b=2-N,"-4CF;

Scheme 21: Synthesis of the diazonium compound (vi: HCI, NaNO,, 0 °C)
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Contrary to the expected 'THNMR spectrum of 2b, Sb, 6b and 7b, the experimental data
obtained shows inconsistent chemical shift for the aryl protons. Ha (Figure 12) is anticipated to
have the highest chemical shift since it is between two electron withdrawing groups. It however
is between the two doublets (Hg and Hc, Figure 12).

After diazotization, all the protons’ chemical shifts in the "HNMR spectrum of 8b match
the calculated data obtained from Spartan '14 mechanics program (DFT/6-31G") (Spartan '14
(DFT/6-31G"): 84 8.26 (1H, s), 85 7.79 (1H, d), 8¢ 8.07 (1H, d),). It will be a subject of further
investigation why the differences of Ha’s chemical shift occurs between the calculated and the

observed chemical shifts.

F3
H R;
SO,NR

R = Ha, (M)SO,CF,CF,OCFBrCF,Br
or (M)SOZCF2CF20CF:CF2

Rl = N02 or NH2

Figure 12: Structure of 2-nitro-4-(trifluoromethyl) benzene sulfonylamide
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CHAPTER 3

EXPERIMENTAL

General Considerations

NMR Spectroscopy

The 'H and '°F NMR spectra were measured on a Joel INM-ECP 400 MHz FT NMR
spectrometer. The chemical shifts are reported in parts per million (ppm) using the high-
frequency position conversion, and the coupling constants are reported as a ‘J’ value in Hz.
Tetramethylsilane (TMS) was used as a reference material for the 'H NMR spectra while the Pp
NMR chemical shifts were referenced against a CFCl; external standard. The chemical shift of
residual H in CD3;CN is 1.97 ppm with respect to TMS.

The splitting patterns of resonance were designated as singlet (s), doublet (d), triplet (t),
quartet (q), and multiplet (m). The NMR spectra were measured using 1-2 mmol/L
concentrations of the solutions (unless indicated otherwise) and small amounts of CFCl; gas in
an appropriate deuterated solvent for '’F NMR only.

Infra-red Spectroscopy

The infrared spectra were collected on a Shimadzu IR Prestige-2I FTIR spectrometer.
The solid samples were prepared as fine powder and placed on the lens of the attenuated total
internal reflectance (ATR) accessory. The IR spectra were collected from 4000 cm™ to 450 cm™
and quoted in wavenumbers (cm™) with intensity abbreviations of vs (very strong), s (strong), m

(medium), w (weak), and vw (very weak).
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Gas Chromatography-Mass Spectrometer

Gas Chromatography-Mass-Spectroscopy (GC-MS) spectra were recorded on a
Shimadzu GCMS-QP2010 Plus GC system spectrometer. The samples were prepared by
dissolving 1 mg of the solid samples in 1 mL of acetone.

Thin Layer Chromatography

Thin Layer Chromatography (TLC) was carried out using UV active silica gel plates in
suitable solvents. The readout was carried out under UV lamp.

Glass Vacuum System

Volatile compounds were distilled, dried, purged, sublimed, and trapped using a glass
vacuum line as seen in Figure 13.
This dynamic high-vacuum line is equipped with Teflon®. It comprise two manifolds; one
manifold is for the vacuum and the other is for the nitrogen gas. A good vacuum of about 10 -

107 torr can be achieved.

Q-rng jolnts 101
connecuon w

O-ring IMAROMERTS , VAC 8 mmbare Teflan
joints gauges ex stopcocks O-ring
‘\ \ \ 1 1omu
End cap wi b \\
Teflon
swopcock
dl.lmmn
/ f pump
OOk up mnen
Or reactant -l co
gas herxe
Jal.nls
Apparats i3 connected
here wsing O-ring joints M

Figure 13: The line diagram of a dual-manifolds glass vacuum line. Used with permission.”
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Purification of Solvent and Experimental Practice

The starting materials: N-aceyl sulfanilyl chloride, p-nitro-o-trifluoromethyl benzene
sulfonyl chloride, and POPF monomer (FSO,CF,CF,0OCF=CF,) were bought from commercial
sources and used as received unless otherwise specified. All the reactions were performed in
glassware unless indicated otherwise. Air or moisture sensitive compounds were stored in a dry
box under nitrogen gas. Solvents were dried using activated molecular sieves.

Synthesis of Benzenesulfonyl amide (2a-b)

In a typical procedure, N-acetyl sulfanilyl chloride 1a (10.0 g, 0.0428 mol) was dissolved
in 60 mL of ammonia hydroxide (28-30%) and 40 mL of acetonitrile in a 100 mL round bottom
flask. The solution was refluxed for 24 hrs at 90 °C and the solvent was removed by the rotary
evaporator. The solid crude product was recrystallized from a water-methanol solution and then
vacuum filtered. The pure product 2a was obtained with a yield of 85.5 % after drying under

vacuum for 2 hours. Compound 2b was obtained by similar procedure with a 78.0 % yield.

_ HD —
C
H SO,NH,»
E
2a
H5C N HD
A I b

'"H NMR (400 MHz; CD;CN; ppm): 54 2.02 (3H, s), 85 8.58 (1H, s), 8¢ 7.72 (2H, d), 8p 7.66

(2H, d), Jcp = 8 Hz, and 85 5.53 (2H, s).
IR (vma/em-1): 3367.71 m (NH), 1656.85 m (C=0), 1593.20 m (NH) and 1317.38 s (S=0).

m/z: 43 (M", 100%), 214, 172, 156, 108, 92, and 65

52



B NO, ]
A
H SO,NH,
2b
FsC H
a C
H
L B _

F NMR (400 MHz; CD;CN; ppm): da -62.21 (3F, s).

'H NMR (400 MHz; CD3CN; ppm): 8, 8.22 (1H, s), 8 8.13 (1H, d), 8¢ 8.29 (2H, d), Jzc = 8 Hz,
Sp 6.24 (2H, s).

IR (vmax/cm-1): 3296.35 (NH), 1521.84s and 1328.95s (NO), 1153.43s and 1184.29s (S=O).
m/z: 254 (M", 100%), 206, 113, 75, 64, and 50

Synthesis of FSO,CF,CF,OCFBrCF,Br (4)

In a typical procedure, POPF monomer FSO,CF,CF,OCF=CF, 3 (3.0 g, 0.0107 mol) was
added to a 25 mL round bottom flask containing a stir bar. The flask was put in an ice bath at 0
°C. Bromine (1.5 mL, 0.0293 mol) was then added slowly using a pressure equalizing funnel for
about 2 hours. Persistence of a reddish color for 30 mins indicated that there was excess bromine.
The excess bromine remained in the funnel and as the reaction was allowed to continue
overnight in the presence of light, some bromine dissociated and was made available as Br,(g)
boosting the free radical reaction.

The excess bromine was removed by the addition of 5 % NaHSO; slowly until the
reddish color disappeared. The product was separated by extraction with 3x5 mL DI water in a
separatory funnel. The product was dried, using Na,SO, after which it was distilled under

dynamic vacuum. A percent yield of 70.5 % (3.32 g) of the product 4 was obtained.
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F802CF2CF20CFBTCF2BY
f a b ¢ d+te

'F NMR (400 MHz; CD3CN; ppm): 8, -111.38(2F, m), & -63.81(2F, m), 8. -72.15 (1F, m), 84 -
79.97 (1F, m), 8. -83.45 (3F, qm), and 8;46.32 (1F, s)

Synthesis of CHyCONHPhSO,N(M)SO,CF,CF,0CFBrCF,Br (5a-b)

In a typical procedure, brominated POPF monomer 4 (1.5 g, 0.00341 mol) and the 4-
sulfamonylacetanilide 2a (0.72 g, 0.00334 mol) were added to a 100 mL three-necked round
bottom flask equipped with a stir bar and two rubber septa in a dry box. Then 20 mL of dry
acetonitrile and 5 mL of dry diisopropyl ethylamine (DIEA) were injected into the closed flask in
the dry box. The solution was refluxed for 5 days at 90 °© C under nitrogen gas. The
disappearance of the —SO,F peak in the '’F NMR spectroscopy indicated the reaction was
complete. All of the remaining volatile compounds were then removed by rotary evaporator,
leaving the crude product, as the DIEAH " salt, and the inorganic impurities. The crude product
was then run through a chromatography column with a 1:1 ratio of acetone to tert-butyl methyl
ether to remove the extra starting material 2a-b. Next, the hydrolysis by-product was removed by
recrystallization with acetone/water. The purified product 5a (1.85 g, 87.5 %) was obtained after
removing the solvent and drying under vacuum for 24 hours. Compound Sb (84.8 %) was

obtained by similar procedure after purification using column chromatography.

_ 4D _
C
H SO,N(M)SO,CF,CF,0CFBrCF,Br
a b ¢ d+e
Sa jL
T
_ Hy e i

F NMR (400 MHz; CD;CN; ppm): 8, -116.81 (2F, m), &, -64.29 (2F, m), & -72.03 (1F, m), 8 -

80.06 (1F, gm), and 9o, -84.78
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'H NMR (400 MHz; CD;CN; ppm): 04 2.09 (3H, s), 6 8.71 (1H, s), ¢ 7.66 (2H, d), and op 7.79
(2H, d), JCD= 8 Hz

IR (vmax/cm-1): 3402.43 (NH), 1662.64 m (C=0), 1176.58 m and 1261.45 s (S=0), 1045.43 vs

(CF2).
[ NO,
A B
H SO,N(M)SO,CF,CF,OCFBrCF,Br
a b c d+e
5b
F5C H
g C
Hp |

F NMR (400 MHz; CD;CN; ppm): 8, -116.49 (2F, m), &, -84.04 (2F, m), 8 -71.70 (1F,

m), 84 -79.79 (1F, m), 3. -64.05 (2F, m), 3, -63.24 (3F, s),

'"H NMR (400 MHz; CD;CN; ppm): 84 8.35 (1H, s), 8 8.26 (2H, d), 3¢ 8.48 (2H, d), Jsc= 8 Hz
IR (vmax/cm-1): 1541.12s and 1402.25m (NO), 1150.36vs (CF;), 1049.28vs, 1095.92vs and
1319.31w (S=0).

Synthesis of 4-NH,PhSO,N(M)SO,CF,CF,0CFBrCF,Br (6a)

In a typical procedure, the coupled product 5a (0.20 g, 0.0032 mol) was added into a 25
mL round bottom flask equipped with a stir bar. Then 4 mL of methanol and 2 mL of
concentrated sulfuric acid (conc. H,SO4) were added to the flask. The pH of the resulting
solution was measured as acidic, using a pH meter. The solution was allowed to react under
sonication for 6 hours. Subsequently, the solution was neutralized with NaOH to pH 7and the
solvent was removed via rotary evaporator. Next the product was dried under vacuum overnight.
The dried sample was re-dissolved in 5 ml of ethyl acetate, and then transferred into a 60 mL
separatory funnel. The organic solution was washed with 3x5 mL of brine water. The solvent

was removed and then dried under vacuum to give the pure product 6a with 84.2 % yield.
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SO,N(M)SO,CF,CF,0CFBrCF,Br
a b ¢ d+e

lézN Hp
Ha

'°F NMR (400 MHz; CDsCN; ppm): 8, -117.05 (2F, m), &, -64.22 (2F, m), 8. -71.77 (1F, m), 8 -
80.08 (1F, m), &, -84.29 (1F, m)

'"H NMR (400 MHz; CD;CN; ppm): 84 7.56 (2H, s), 85 6.65 (2H, d), Jap = 8 Hz, ¢ 4.66 (2H, s)
IR (vmax/cm-1): 3369.64 (NH), 1300 m and 1315.45 s (S=0), 1143.79 vs (CF»)

Synthesis of 4-NH,PhSO,N(M)SO,CF,CF,0CF=CF, (7a)

In a typical procedure, the N-deacetylized product 6a (0.10 g, 0.00017 mol) was added to
a 25 mL round bottom flask equipped with a stir bar. Then 3 mL of acetone and 3 ml of 3.0 M
Na,CO; were added to it. The pH of the resulting solution was tested to be 8.83 using a pH
meter. The solution was allowed to react under sonication for 2 days. Next the solvent was
removed and dried under vacuum overnight. The dried sample was re-dissolved in 5 mL of ethyl
acetate, and then transferred to a 60 mL separatory funnel. The organic solution was washed with
3x5 mL of brine water. The final product 7a (0.063 g, 86.3 %) was isolated after removing the
remaining solvent and drying under vacuum for 24 hours.

uB
H SO,N(M)SO,CF,CF,OCF=CF,
a b c dte
IézN Hp
Ay
F NMR (400 MHz; CD;CN; ppm): 8, -116.90 (2F, m), &, -83.71 (2F, m), 8. -115.05 (1F, m),84
-123.19 (1F, m), 8. -135.30 (2F, m)
"H NMR (400 MHz; CD;CN; ppm): 85 7.48 (2H, s), 85 6.56 (2H, d), Jag= 8 Hz, 8¢ 4.55 (2H, s)
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IR (vmax/cm-1): 3360.00m (NH), 1600.92 (C=C), 1259.52 s (S=0), 1014.56 vs (CF2).

Synthesis of 4-CF3-2-NO,-PhSO,N(M)SO,CF,CF,0CF=CF (6b)

In a typical procedure, 0.5 g (0.00173 mol) of the coupled product 5b was added to in a
50 ml round bottom flask equipped with a rubber septum. Then 10 mL of acetone and 12 ml of
3.0 M Cs,CO; were added to the flask. The pH of the resulting solution was determined to be
10.76, using a pH meter. The solution was refluxed at 90 °C for 8 hours to complete the
debromination. The excess solvent was then removed using rotate evaporate and the product
dried under vacuum overnight. The dried product was re-dissolved in 5 ml ethyl acetate and then
transferred into a 60 ml separatory funnel. The organic portion was extracted and washed with 3
x 5 ml brine water. The solvent was removed by rotary evaporator and dried under high vacuum

overnight, to obtain the pure product 6b with 92.8 % yield.

A

H 0,
F5C SO,N(M)SO,CF,CF,0CF=CF,

a b c d+e
H

B C
F NMR (400 MHz; CD;CN; ppm): 8, -116.38 (2F, m), &, -83.30 (2F, m), & -114.25 (1F,
m), 84 -122.63 (1F, m), 8. -135.12 (2F, m), §, -63.17 (3F, s),
"H NMR (400 MHz; CDsCN; ppm): 84 7.93 (1H, s), 85 7.91 (2H, d), 8¢ 8.24 (2H, d), Jsc = 8 Hz.

IR (vmax/cm-1): 1550.77s and 1367.53m (NO), 1124.50vs (CF,), 1624.06 (C=C), 1076vs,

1280.73vs and 1321.24w (S=0).
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Svnthesis Of 4-CF3—2-NH2—PhSOzN(M)SOgCFgCFzOCF=CF2 (7b)

In a typical procedure, the debrominated product 7a (0.18 g, 0.0034 mol) and iron
powder (0.11 g, 0.00204 mol) were added to a 50 ml one-necked round bottom flask equipped
with a stir bar. And then, 10 mL of methanol and 1 mL of 6.0 M HCIl were subsequently added to
the round bottom flask. The flask was equipped with a septum, a needle, and a H, gas filled
balloon. The reaction was run at room temperature in an ultrasound sonicator for 2 days. TLC
was used to monitor the reaction in 1.5:1 acetone to hexane, which revealed one spot with an R¢
value of 0.07. The excess iron powder was removed out by vacuum filtration. The organic
portion was extracted with 3x 10 mL of ethyl acetate from water. The final product 7b (0.13 g,

76.5 %) was obtained after removing the remaining solvent and drying under vacuum for 24

hours.
A D
H NH,
F5C S0,N(M)SO,CF,CF,0CF=CF,
g a b ¢ d+e
H H
B C

F NMR (400 MHz; CD;CN; ppm) 8, -116.94 (2F, m), &, -83.72 (2F, m), 8. -114.60 (1F, m), 8¢
-123.14 (1F, m), 8. -135.57 (1F, m), and 3, -63.81 (3F, s)

'H NMR (400 MHz; CD;CN; ppm): 65 7.04 (1H, s), 65 6.88 (2H, d), 6¢ 7.79 (2H, d), Jsc = 8 Hz,
8p 5.56 (2H, s)

IR (vmax/cm-1):3346m and 1633.71s (NH), 1259.57m and 1095.57vw (S=0), 1253.73s and

1050vs (CF»).
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SVIlthGSiS Of 4-N2+PhSOgN_SOgCFgCFgOCF=CF2 (Sa-b)

In a typical procedure, 0.10 g (0.000233 mol) of debromination product, 0.155 g
(0.00223 mol) of NaNO,, and 3 ml of 6.0 M HCI were added to a 50 ml round bottom flask
equipped with a stir bar. The solution was stirred for 2 hours in an ice bath and then poured onto
ice before vacuum filtration. The final purified product 8a (0.075g, 72.8%) was obtained after
drying under dynamic vacuum for 12 hours. Compound 8b (74.4%) was obtained by a similar
procedure.

C)
SO,NSO,CF,CF,0CF=CF,
8a a b ¢ dte

z0 >

HB
H
L A -

F NMR (400 MHz; CD;CN; ppm): 8, -116.77 (2F, m), &, -83.66 (2F, m), & -114.91 (1F,
m), 84 -122.79 (1F, m), 8. -135.30 (1F, m)
'H NMR (400 MHz; CDsCN;; ppm): 84 8.51 (2H, d), 55 8.28 (2H, d), Jgc = 8 Hz

IR (vmax/cm-1): 2301.08w (N=N), 1319.31s, and 1282.68w vs (S=0), 1012.63vs (CF,)

_ @ .
N
2 o
H SOzNSOZCF2CF20CF:CF2
a b c d+e
8b
F;C H
g C
HB ]

F NMR (400 MHz; CD;CN; ppm): 8, -116.35 (2F, m), &, -83.27 (2F, m), & -113.60 (1F,
m), 84 -122.46 (1F, m), 8.-135.84 (1F, m), 3, -63.59 (3F, s)
'H NMR (400 MHz; CDsCN; ppm): 84 8.92 (1H, s), o5 8.53 (1H, d), 8¢ 8.63(1H, d), Jgc = 8 Hz.

IR (vmax/cm-1): 2301.08w (N=N), 1319.31s, 1280.73w and 1078vs (S=0), 1124.50vs (CF,)
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CHAPTER 4

CONCLUSION

Two new PFSI diazonium zwitterions monomers, N, PhSO,N"SO,CF,CF,OCF=CF, 8a,
and 4-CF5-2-N, -PhSO,NSO,CF,CF,OCF=CF, 8b, were prepared and characterized. Except for
the substituted aromatic amine (Step (v)), all the other steps, in the preparation of these two
monomers followed similar routes as in previous synthesis with diazonium PFSI monomers from
Nafion® monomer.

With respect to the preparation of compound 4-CF3-2-N2+-PhSOzN'SOzCF2CF20CF=CF2,
the ammonolysis reaction entails a cumbersome purification process due to the difficulty of
removng the hydrolysis products, 4-CF3-2-NO,-PhSO,OH by filtration from water. The
purification was achieved through column chromatography.

The coupling reactions, in both cases, needed extensive purification processes to get rid of
both the excess substituted benzene sulfonylamide and the hydrolysis impurity,
(CH3)2+NHCHCH3 "SO;CF,CF,0CFBrCF,Br of the coupled products.

Because of the electron-withdrawing substituents (trifluoromethyl and nitro groups) on the
benzene ring, the brominated perfluorovinyl ether moiety becomes more electron deficient than
the acetamide substituted aromatic compound, accounting for the faster debromination of the
first compound relative to the acetamide substituted aromatic compound.

In synthesizing the aromatic amine, the N-deacetylation procedure for the PFSI aromatic
acetamide is better than the reduction reaction of the aromatic nitro compound since it takes
relatively short time without any extensive purification process.

The diazotization process is much more facile for the trifluoromethyl substituted aromatic

amine than the non-substituted aromatic amine because, the nucleophilicity of the
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trifluoromethyl substituted compound is reduced by the partial withdrawal of electron pair into
the nucleus.

Overall, the synthesis of 4-diazonium perfluoro(3-oxapent-4-ene)benzenesulfonimide was
more efficient with a better total yield, [(27.9 % compared with 24.6 % for 2-diazonium-4-
(trifluoromethyl)perfluoro(3-oxapent-4-ene)benzenesulfonimide)], purity, and reduced reaction

time. It was less cumbersome and involved fewer extensive purification procedures.
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APPENDICES

APPENDIX Al: GC-MS Chromatogram of Compound 2a

Chromatogram marchl4 C:\GCMSsolution'Data\CHEM 4631 'march14-2016.gsd

14114

Line=:2 R Tume:141(Scan=:1589)

MassPeaks:263

RawMode:Averaged 14.1-14. 1(1588-1590) BazePeak:43(1051061)
BG Mode:Cale. from Peak Group 1-Eventl

O\\S//O
C)y /©/ \NH2
N
H3C |
H
z m/z=214
L TIC*1.00
g e
e : v 7 : e : i S T e
40 50 6.0 7.0 80 %90 100 11.0 20 13.0 140 149
min

100 T
904
804
701
604
50
404
30
20-
104

20 50

110 140 170 200 230 260 290 320

69




APPENDIX A2: GC-MS Chromatogram of Compound 2b
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APPENDIX B1: ""FNMR spectrum of compound 3, 400MHz, CD;CN
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APPENDIX B2: ""FNMR spectrum of compound 4, 400MHz, CD;CN
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APPENDIX B3: ""FNMR spectrum of compound 5a, 400MHz, Acetone-ds
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APPENDIX B4: Expanded ""FNMR spectrum of compound 5a, 400MHz, Acetone-ds
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APPENDIX B5: ""FNMR spectrum of compound 6a, 400MHz, Acetone-ds
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APPENDIX B6: Expanded "’"FNMR spectrum of compound 6a, 400MHz, Acetone-ds
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APPENDIX B7: ""FNMR spectrum of compound 7a, 400MHz, Acetone-ds
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APPENDIX BS8: Expanded ""FNMR spectrum of compound 7a, 400MHz, Acetone-ds
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APPENDIX B9: Expanded "FNMR spectrum of compound 8a, 400MHz, CD;CN
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APPENDIX B10: Expanded ""FNMR spectrum of compound 8a, 400MHz, CD;CN
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APPENDIX C1: "FNMR spectrum of compound 2b, 400MH, Acetone-ds
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APPENDIX C2:"”FNMR spectrum of compound 5b, 400MH, Acetone-ds
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APPENDIX C3: Expanded ""FNMR spectrum of compound 5b, 400MHz, Acetone-ds
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S#401666

Single Pulse Experiment

APPENDIX C4: "FNMR spectrum of compound 6b, 400MH, Acetone-ds
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APPENDIX C5: Expanded ""FNMR spectrum of compound 6b, 400MHz, Acetone-ds
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S#713651

APPENDIX C6: ""FNMR spectrum of compound 7b, 400MH, Acetone-ds

Single Pulse Experiment
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APPENDIX C7: Expanded ""FNMR spectrum of compound 7b, 400MHz, Acetone-ds

S#713651
o o = ~ A
. o bl g b s
| i ¥ I |
|
Fs
L =8
N Ha T T
SOLN (M)SOLCFaCFaOC=C
g a b l
F
e
a
b
C
d e
| |
e ° i I E T =
- e S 3 =1 =1
T T T T T T T T T T T T T T T T T T T T T
so 55 60 65 -70 -75 -80 -85 -90 -9  -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150

f1 (ppm)

87



APPENDIX C8: ""FNMR spectrum of compound 8b, 400MHz, CD;CN
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APPENDIX C9: Expanded "FNMR spectrum of compound 8b, 400MH, CD;CN
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APPENDIX D1: '"HNMR spectrum of compound 2a, 400MHz, CD;CN
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APPENDIX D2: Expanded "HNMR spectrum of compound 2a, 400MHz, CD;CN
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APPENDIX D3: '"HNMR spectrum of compound 5a, 400MHz, Acetone, dg
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APPENDIX D4: Expanded "HNMR spectrum of compound 5a, 400MHz, Acetone, d

g 3
T

[*)] ~
'T: r.i: ~11000000

-10000000

0 /C©/802N(m50201-‘201-‘20 CFBICFBr .
)\ [—

HsC

)M | '
E l

-
W —

-0

- 3 --1000000

R B N BN N B B BN R BN BEUEN B L B T T R
7.81 7.79 777 7.75 773 7271 7.69 7.67 7.65 7.63 7.61 7.59 7.57 7.55 7.53

f1 (ppm)

A N AN B A B R |
7.89 7.87 7.85 783

93



APPENDIX D5: 'THNMR spectrum of compound 6a, 400MHz, CD;CN
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APPENDIX D6: Expanded "HNMR spectrum of compound 6a, 400MHz, CD;CN
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APPENDIX D7: 'THNMR spectrum of compound 7a, 400MHz, CD;CN
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APPENDIX D8: Expanded "HNMR spectrum of compound 7a, 400MHz, CD;CN
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APPENDIX D9: 'THNMR spectrum of compound 8a, 400MHz, CD;CN
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APPENDIX D10: Expanded "HNMR spectrum of compound 8a, 400MHz, CDs;CN
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APPENDIX El: 'THNMR spectrum of compound 2b, 400MHz CDs;CN
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APPENDIX E2: Expanded '"HNMR spectrum of compound 2b, 400MHz, CDs;CN
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APPENDIX E3: "HNMR spectrum of compound 5b, 400MHz, CD;CN
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APPENDIX E4: Expanded "’"HNMR spectrum of compound 5b, 400MH, CD;CN
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APPENDIX E5: "THNMR spectrum of compound 6b, 400MHz CDs;CN
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APPENDIX E6: Expanded '"HNMR spectrum of compound 6b, 400MHz, CDs;CN
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APPENDIX E7: 'THNMR spectrum of compound 7b, 400MHz CDs;CN
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APPENDIX E8: Expanded "HNMR spectrum of compound 7b, 400MH, CD;CN
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APPENDIX E9: 'THNMR spectrum of compound 8b, 400MHz CDs;CN
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APPENDIX E10: Expanded "HNMR spectrum of compound 8b, 400MHz CDs;CN
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APPENDIX F1: FT-IR Spectrum of Compound 2a
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APPENDIX F3: FT-IR Spectrum of Compound 6a
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APPENDIX F4: FT-IR Spectrum of Compound 7a
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APPENDIX F5: FT-IR Spectrum of Compound 8a
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APPENDIX G1: FT-IR Spectrum of Compound 2b
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APPENDIX G2: FT-IR Spectrum of Compound Sb
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APPENDIX G3: FT-IR Spectrum of Compound 6b
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APPENDIX G4: FT-IR Spectrum of Compound 7b
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APPENDIX GS5: FT-IR Spectrum of Compound 8b
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