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ABSTRACT

Due to the intermittent nature of renewable energy sources like wind and solar, efficient energy
storage and distribution is essential when these sources are dormant. Among potential candidates
for chemical energy storagemmoniais gaining more attention, owing to iterecarbon
footprint, relatively efficient synthesis on a global scatend well-establishedtransportation
infrastructure If ammonia is synthesized via renewable energy sources, the efficient conversion
of NHs to N2 and H would complete an energy cycle where stored as NEl can fuel
hydrogen/hybrid vehicles that are being commercialized. The efficiency of ammonia electrolysis
to No and H can be improved by catalysts designed to lower the high overpotentialsdation
and reduction at conventional electrodes.

This work first describesthe synthesis of tris and ma@mnming iron complexes with
tridentate phosphine ligandadtheir role in increasing current densities forJ\tidation relative
to current densities generated using standard an&tistrocatalyticammonia oxidation by a
mononuclear rutheniuramminecomplex supported by an isoindddasedtridentateligand has
been investigated nextnd itsoxidation potential has been compared to previously reported
mononuclear ruthenium ammine catalyséd the end, a dinucleapolypyridine ruthenium
bis(amming complex was reported in which rutheniw®nters are held in cloggoximity by a
bridging ligandin a waytwo NHs ligands have a syn relationship, allowitige possibility of

intramolecular oxidativéi N coupling



Copyright by
REZA GHAZFAR
2023



NULLIUS IN VERBA



ACKNOWLEDGMENTS

First, | would like to thank Prof. Milton R. Smith for accepting me into his research group and
supporting me during the Ph.D. program. | need to acknowledge Prof. Thomas W. Hamann for his
valuable suggestions on the electrochemical aspects of my pAdgtl would like to thank Dr.
AmrendraK. Singh for his contributions to the synthesis of some iron complexes. | am thankful
to Dr. Danel Holmes for his assistance in NMR experiments, Dr. RicllaBtaples for XRay
crystallography, anérof. John McCacken for EPR spectroscopy.

| owe a lot of gratitude to my lab matésMona Maleka Ashtiani, Rden Hsia, Alex
O €onnédl, Pauline Mansour, Tim Shaani and ammonia project membé&rBanLittle, Sutsanne

Miller, Geletu Quing, Chenjia Mi, Ariama Savinii for being always happy to help.



TABLE OF CONTENTS

LIST OF ABBREVIATIONS ......ooovviereoeseeeseeeessseesssesesessesessssssseeesssssssessssssne s enees vii
Chapter 1. AMMONIA AS A CARBON-NEUTRAL FUEL..........cooo.orveemeeeseeemeereeereenneons 1
Chapter 2. GENERAL EXPERIMENTAL PROCEDURES..........c...vvvurereemeemseseeesssesnenons 9
Chapter 3.IRON AMMINE COMPLEXES CONTAINING A TRIPODAL PHOSPHINE
LIGAND FOR ELECTROCATALYTIC AMMONIA OXIDATION ........coooorvrereereeriereennns 22
Chapter 4. CATALYTIC AMMONIA OXIDATION BY A MONONUCLEAR RUTHENIUM
COMPLEX SUPPORTED BY AN ISOINDOLEBASED LIGAND ........cooovvereeererererernens 69
Chapter 5. DINUCLEAR RUTHENIUM BIS(AMMINE) COMPLEXES FOR
INTRAMOLECULAR Ni N COUPLING.........ooeoeveereeeseeeeesseeseeseeeeeeeeseseeseeeesiseeesenenns 89
Chapter 6. SUMMARY AND FUTURE DIRECTIONS..........cco..orverrrreeoemeieseeessseeneeene 102
REFERENCES.........cvuorveeeeseeeseieeesseesessesesesessese s aneesssassssesessssess s sseemssssssesasseassen 110
SUPPORTING INFORMATION (A) FOR CHAPTER 3.......ooomvveeeeeceeemeeeseeseseenseen. 119
SUPPORTING INFORMATION (B) FOR CHAPTER 4..........ovvveereeereemeemseseeenneenn. 189
SUPPORTING INFORMATION (C) FOR CHAPTER 5.........oorvreeeeeeneeemeemseesesesenrenn. 200

Vi



AO
BDD

BE

CE
cm

CVv

DCM
DFT
dmpe

DMSO

Fc
Fc'
Fc*
Fc**

GC

LIST OF ABBREVIATIONS
Ammonia Oxidation
Boron-doped diamond
Bulk electrolysis
Columb
Counter electrode
Centimeters (k 102 meters)
Cyclic Voltammogram, or Cyclic Voltammetry
Diffusion coefficient (cris?)
Dichloromethane
Density Functional Theory
1,2-Bis(dimethylphosphino)ethane
Dimethyl sulfoxide
Electron
Half-wave potential
Peak potential
Faraday constarf96485.3321233100184 C m9l
Ferrocene
Ferrocenium
Decamethylferrocene
Decamethylferrocenm
Glassy carbon

Joule

vii



mA

mL

NHE

NMR

MeCN
mM

mV
NBO
OTf

pH

ppm

RE

s

-
TBAOTT
TBAPKs
THF

Triflate

Kelvin

Kilogram (1x 10° grams)

Liters

Milliamps (1 x 103 amps)

Milliliters (1 x 1073 Liters)

Integer number of electrons

Normal Hydrogen Electrode

Nuclearmagnetic resonance

Molar (moles solute divided by liters solvent)
Acetonitrile

Millimolar (millimoles of solute divided by liters of solvent)
Millivolts (1 x 102 volts)

Natural Bond Orbital
Trifluoromethanesulfonatgriflate) anion
Negative base ten logarithm of the molar concentration of protons
Part Per Million

Reference Electrode

Seconds

Temperature
Tetrabutylammoniuntriffluoromethanesulfonate
Tetrabutylammonium hexafluorophosphate
Tetrahydrofuran

Trifluoromethanesulfonate

viii



Trpy 2, 2 0itedpyridideo

uv Ultraviolet

\Y Volts

Vis Visible

VS. Versus

WE Working Electrode

XPS X-ray Photoelectron Speoscopy

°C Degrees Celsius

29815 DGy Change in Gibbs free energy for a chemical reacti@9@t15 K



Abbreviation

bid

bpp

bpy

bpy'

dmpe

trpy

'SiPs

Chemical Structure

\ /

Busi._ \/

/\



Chapter 1. AMMONIA AS A CARBON-NEUTRAL FUEL



1.1.Consumption of Fossil Fuels and Global Warming

Global warming due to anthropogenic greenhouse gasses released into the atmosphere remains
one of the chall enges !®ndheothepsitle § @ragressiverincreasetino o v
the planetdéds human popul ation results in high
a major part of the worl dbdés energy consumpti o
world energy, éssil fuels provided 83.2% of the global energy supply in 2020 whereas for

renewable energies this number reaches 5Hgtre 1.1).2
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Figure1.1Wor | d6s energy consumption by fuel i n 202

The emission of C@is an inevitable consequence of fossil fuel combustion that is still rising
worldwide, mainly due to the high energy demand in tranaport sectors and increases in the
standard of living Figure 1.2).2 Although oil, natural gas, and coal resources are limited, new
technology continues to make unexploited deposits accessible ssamdeby adding up the

discoveries of new reservoirs, fossil fuels will sustain for centuries.
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Figure 1.2 Increase in C@emission due to the consumption of fossil fuels

Extraction and employment of new carblossed fuel deposits regardless of considering the
consequences of G@mission into the atosphere will eventuate in a 1.5°C temperature increase
for the northern hemisphere by 2050 based on the current trend of energy consuhgion.
accelerated rise of sea level, changes in precipitation patterns, droamghtseat waves are the

most signifcant outcomes of global warmifig.

1.2.Hydrogen Economy: Removing Carbon Out of Fuel Cycle

An alternative for decreasing the emission fibiacombustion of fossil fuels can be achieved
by utilizing norcarbonbased energy carriers. Hydrogen, asstainable and green energy carrier,
has gained extensive consideration around the world due to its high energy density per mass and
taking carbon out of the fuel cycle. Natural gas reforming and coal gasification are the most

common industrial processés massive hydrogen production that generate @@issior. So,



H> can be regarded as a renewable fuel only if produced directly from renewable energy sources
such as wind, solaand hydropowet.

H> has higher energy density per mass but lower energy density per volume among the
common fuelsvhich makes its transportatn costly. Liquefaction of Hincreases its volumetric
energy density from 4.5 MJ/L (at 700 bar) to
content’ Eventhe volumetric energy density of liquefied hydrogen is 1/4 of gasoline, and this is
not a salition due to the higlenergyconsuming process of hydrogen liquefaction. Moreover, even
a cryogenic liquid hydrogen tank with good thermal insulation has a continuowsffatila rate
of up to 1% per day which makes letegm storage challengirfgAll of these difficulties and

safety concerns regarding hydrogen storage suggest an alternative hydrogen carrier.

1.3. Ammonia as Hydrogen Carrier

Among the compounds that store hydrogen chemically, ammonia has ataaigedicant
amount of consideration due tts ilow-cost, largescale productionand carboffree emission
when being used as a fuel. In 2016, 175 million metric tons of ammonia were produced worldwide
andmore than half of it @sused in agriculturg.Unlike hydrogenwhich requires carbon fiber
reinforced composite tanks for storage at 700 bar, ammonia liquefies at 10 bar and thus can be
stored in stainless steel tanks. Moreover, there is a safe storage and transportation infrastructure
due to the largscale industrial production of ammonia, whishoine of the prerequisites for a
chemical to be considered as a worldwide fuel.

Vehicles can be powered by ammonia in three different ways: internal combustion engines
(ICEs), ammonia fuel cellandonboard conversion of NdHo N2 and B, by thermal craakg or
NH3 electrolysis and then feeditige produced Hinto a hydrogen fuel cell. Sindbe activity of

ammonia toward combustion is 1/6 of gasdifne internal combustion enginesnmonia must



be mixed with some portion of a combustion enhancer ldsoline, dieselor Hz to burn and

release enough energy to propel the'tdt There are some challenges to be solved regarding

ammonia ICEs such asrelatively high NH:gasolineratio (3:7) in 1400 rpm engine speeds,

ammoni a6 s-ignitiong@b1°@ aormpared to 44C for gasoline), low flame temperature,

corrosion of the engine parts and potential NOx emissions.

The prototype oinammonia fuel cell wafirst examined in th late 1960s based on alkaline

fuel cells (AFCs) using a KOH electrolyte wittm operating temperature range of-%00 °C.14

The net reaction in an alkaline fuel cell is showtheSchemel.1:

Schemel.1 Overall reactions in an ammonia alkaline fuel cell

Cathode: 30,+6H,0+12e™ ——— > 12 OH~
Anode: 4NH;+120H" ——— 2N, +12H,0+12e”

Net: 4NH;+30, — > 2N, +6H,0

Based on todayb6s technol otgnyeraturediaasimadmiafuet

cell with high power density. They are not suitable for transport applisatianto the slow start

up and brittleness of their ceramic componéntow-temperature proton exchange membrane
fuel cells (PEMFCp using hydrogen as fuel have been developed for various applications

including electric vehicles. Toyota Miravhich is commercially available to purchase uses

PEMFC asanenergy source. The car stoe&g ofhydrogen at 700 bar in two tankdich can

provide enough energy to drid&5 miles.

t

0

d



Utilizing ammonia in PEMFCs poisons the Pt/C anode catalyst and reacts with the acidic
Nafion membrane; therefore, it is not a suitable fuel for PEMFCs by itself. However, ammonia
can be used aa source for hydroge production and the produced hydrogen can be fed in

PEMFC for power generatiofi.

1.4.Splitting NH 3 to Hz and N2

Two methods can be considered for Nsplitting to H and N: thermal cracking and
electrolysis. Thermal cracking of ammonia occurs at tempesattb00°C in the presence of a
heterogeneous catalyst. Ru is the hused catalyst for this process due to its high activity toward
NH3z decompositionThe @talytic activity of Ru is suppodependentwhich meansthe support
facilitates the electrondnsfer and helps the recombination desorption of N atoms from the Ru
surface,the ratedetermining step in the heterogeneous catalytic cycle. It also enhances the
dispersion and increases the effective area of the active cafdlsizing carbon matesls such
as activated carborrarbon nanotubes (CNT,sand CNTsMgO as support shows the highest
catalytic activity in ammonia decomposition. Howeug reactionto produce H with a carbon
support at high temperatures eventuates in the production lodneeand decreesthe efficiency
of the catalyst over tim& Investigating the new supports for Rased catalysts the subject of
ongoing research. Ru/graphene nanocomposites and Ru catalysts-@arbuwbased supports
(MgO, SIQ, Al20s, TiO2, ZrO and CpOs) have demonstrated high activity for ammonia
dehydrogenatiof? In addition to Rebased heterogeneous catalysigcatalytic activity of main
group compoundsncluding LiNHz and NaNH, also have been investigatethd it was shown
that hey could be effective ammonia decomposition cataf{sts.

Electrolysis or electr@xidation is another method for splitting ammomt H, and N.. The

scalability and ability to operate in @emand mode and at moderate temperature are the



advantages oflectrolysis over thermal cracking methddsThe thermodynamic potential for
ammonia electrolysis imqueousalkaline media i50.06 V compared withi 1.223 V for the
electrolysis of water. The theoretical thermodynamic energy consumption is 1.55 Wh/fgarhH
the electrolysis of NH compared to 33 Wh/g of Hrom the electrolysis of HO assuming that
there are no kinetic limitationg his means thatheoretically, ammonia electrolysis consumes
95% less energy to produtiee sameguantity of hydrogen thawater electrolysig! Electrolysis
of ammonia is favorable thermodynamiig; however, kinetics limits the rate of reacti@yuiring
higher voltageso be applied.

1.5. Catalysis for Reducing the Overpotential of NH Oxidation

In the search for electrodes that redtlmoverpotentiabf NHz oxidationin aqueous media,
Pt alloys show effective catalytic properties. Pt/Ir, Pt/&d Pt/Rh alloys are the most efficient
catalysts forthe dehydrogenation of N&in lower potentialsThe dectrocatalytic activity of Pt
alloys decreasewith the trend Pt/Ir > Pt/Rh > Pt/RAA significant amount of effort has been
devoted to the development of electrocatalysts for the anode since ammonia oxidation has been
identified as the limitingaaction?® The efficiency of Pt/Ir electrodes for ammonia oxidation range
from 80% at 10 mA/crAto 60% at 400 mA/cAin alkaline medi&* There are still some challenges
with ammonidalkaline electrolytic cells. The commercialization of the technology ddmthe
development of more efficient electrodes with l@ast metals for future largscale production.
Moreover, the hydrogen capacity is limited to 6.1 mass%, because the ammonia concentration in
saturated ammonia aqueous solution is 34.2 mass%°&.2nlike the electrolysis of Nkin
agueous media, electrolysis of liquid BlHas attracted less attention. In 2010 Haneidal,
reported the current density of 7.2 mAfcfrom the electrolysis of liquid ammonia with 2.0 V

applied potential between twRrt electrodes usingNl KNH: asthesupporting electrolyté® They



proposed that oxidation of amidethéanode and reduction of ammoniatlat cathode generates
nitrogen and hydrogen respectively. Because offipécation ofa potential between the working

and counteelectrodesand not using a reference electrode for measuring the exact potential of
each electroddahe overpotential of the adic and cathodic reactismwvas not reported. In 2015 a
revised mechanism was proposétt.was suggested thtite cathodic reaction proceeds via initial
onéd electron reduction of Ni to NH¢ rather than Nhf dissociation to Nkland H followed by

H* redwction. Also, by using a threelectrode systenoverpotentials athe anode and cathode
weredetermined to be 1000 mV and 600 nn&spectively. Finally, it was shown that Pt electrodes
get poisoned in Nk{l) due to nitride formation.

Even after resolvingthe problem ofelectrode poisoning, employing a suitable catalyst that
lowers the overpotential of ammonia oxidation for efficient géneration is necessary. One
possible solution is the use of a homogeneous catalyst. A catalyst should be designed to be
oxidized, and then, in turn, oxidize Nhh the bulk solution. In this project, we focus on the

synthesis of Fand Rucomplexes to reduce the anodic overpotential of ammonia oxidation.



Chapter 2. GENERAL EXPERIMENIAL PROCEDURES



2.1.Electrochemistry

2.1.1.Instrument

All electrochemical experiments were performed with a Metrohm Autolab PGSTA128N
potentiostat using the Nova 2.1 software package.

2.1.2.Reference Electrode

For accurate and precise control of the potential of a working electroddotamciing reliable
electrochemical data, an ideally npaolarized electrode, i.e., reference electrosi®ould be
utilized. The potentialof the reference electrodould remain practically constant upon current
flow through the electrochemical cell. Ineprously reported papers, silveased noragueous
reference electrodg®g/AgNOs, Ag/AgOTTf, Ag/AgCIQs) have beenusedfor electrochemical
measurement in the presence ofNH will be shown here that the potential of these reference
electrodes shistdueto the reaction of NEwith silver to yield[Ag(NHz)2]*. This potential shift
can result in serious experimental err@specially during controlled potential electrolysis.

Figure 2.1 showsthe CV of 1 mMdecamethylferroceneF¢*) in THF containing 2 M of
NH4OTf asa supporting electrolyte. lassy carbon (GCyas used athe working electrode, Pt
disk asthe counter electrode and for preparing the reference electrode a 1/4 inch diameter glass
tube with a Pt fused tip was filled with THF containing 5 mM of AgOTf. AlthothgdCV of Fc*
in the absence of NHvas stable and no potential drift was observed afi@is2ans, upon bubbling
NHs to make a saturated solution (3.24 M Nideasured by titration and NMR spectrosgopy
reference electrode potential started to drift. After ~150 spansntial ofthereference electrode
became stable, however, ~100 mV drieisnobserved.

Due to the assumption théie formation of [Ag(NH3)2]* in the reference electrode after

introducing NH to the solution results in drifting its potential, it was devised that instead of

10



Ag(OTf)2 in the reference electrod¢Ag(NH3z)2]*to be ued. For this purposg¢Ag(NH3)2]'was
easily prepared by bubbling Nkhto AgOTf solution in THF. Upon removing the solvent, white

solids of[Ag(NH3)2][OTf] were collected.

DE = ~100 mv —— 2/200 Scans
— 50/200 Scans
‘ ‘ —— 100/200 Scans

—— 150/200 Scans

10p 10p

Current (A)
Current (A)

101 4 101 4

-20p -20p 4
T T T T T T T T T T T T

0.5 0.4 0.3 0.2 0.1 0.0 0.1 0.5 0.4 0.3 0.2 0.1 0.0 0.1
Potential (V vs ref electrode) Potential (V vs ref electrode)

Figure 2.1 Left: CV of 1 mM of Fc* in THFwith 200 scans containing 2 M NBTf as supporting
electrolyte right after bubbling Ngfor 5 min to get a saturated Nidolution (3.24 M of NH).

Right: Same CV in which only scans #2, 50, 100, 150, and 200 are plotted for clarity. Working
electrode: GC;counter electrode: Pt disk; reference electrode: Ag wire immersed in THF
containing 2 M NHOTf, and 5 mM AgOTf with Pt fused tip; scan rate: 100 mV/s

Although Ag[Ag(NH3)2]* reference electrode was stable after bubbling &itdl no potential
drifting was observed, iz of ferrocene c) shifted uponthe addition of 1 mM of Fc* into the
solution Eigure 2.2). This pattern was observed in different solvents with different supporting
electrolytes, so it was assigned to the intrinsic property of the reference electrode.

In addition to Fc, k2 of other inorganic complexes was also shiftednppe addition of Fc*.
For these reasons, a new reference electrode was realized for electrochemical experiments in
presence of NEkito eliminate silver A previously reported reference electrode with a Pt wire
immersed im1:1 ratio of Fc*/Fc* was choseffor this purpose due to the inertness of Fc* toward
NH3l28|'31

11



DE = ~-368 mVv

50.01 7 Fc Fc
Fc*
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Figure 2.2 E1;2 of 1 mM Fc afterthe addition of 1 mM of Fc* with Ad/Ag(NHs)2]* reference
electrodein THF containing 2 M of NEOTT shifts 368 mV to more anodic potenti#orking
electrode: GC; counter electrode: Pt disk; reference electrode: Ag wire immersed in THF
containing 2 M NHOTf, and 5 mMAg(NHz3)2][OTf] with Pt fused tipscan rate: 100 mV/s

Fc*/Fc** reference electrode was prepared by immersing a Pt wire into a 1/4 inch glass tube
with CoralPor tip containing THF, 1 M of N®Tf as supporting electrolyte, 3 mM of Fc*, and 3
mM of Fc*OTf. Becausé-c*OTf is not soluble in TIH but dissolves in the presence of JIHf
andFc* is highly soluble in THF but dissolves very slowly in the presence Q0N i t bétter
to prepare Fc*OTf in THF with M NH4OTf and Fc* in pure THF and then mix botbue to the
oxidation of Fc* solutions upon exposure to tiereference electrode should be prepared under
aninert atmosphere (glovebox) and sealed properly.

To test the leaking of Fc* and/or Fc*OTf into the solution frii@reference electrode thugh
CoralPor membrane, CV of blank THF containing 1 M of 4Qff was takerwith the Fc*/Fc**

reference electrode. A very small peak at 0 V vs Fc*/Feference electrode can be observed in

12



the SQW which indicatessmall leak of Fc* and/or Fc*OTf into theolution fromthereference

electrode through CoralPor membrawdich is reasonabld-{gure2.3).

5.01 1 5.00

0.0
4.0p

Current (A)

-5.0u 4

Current (A)

3.0p

-10.0p +

T T T T T 1 2.0u T T T T T
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Potential (V vs Fc*/Fc*OTF ref electrode) Potential (V vs Fc*/Fc*OTf ref electrode)

1
0.6

Figure 2.3 Left: CV of blank THF containing 1 M of NMDTf as supporting electrolyte. Right:
corresponding SQW at same condition right afeding CV.Working electrode: GC; counter
electrode: Pt disk; reference electroBewire immersed in THF containingpM NH4OTf, 3 mM
of Fc*, and 3 mM of Fc*OTivith CoralPor fused tipscan rate: 100 mV/s

To test the stability ofhereference electrode in the absence okNEV of 1 mM Fc* was

taken which shows no driftinproughouts0 scans with theikz of O V (Figure2.4).

——Scan2 15017
—— Scan 50
5.04 4
10.0p 4
< <
=] 5
© © 5.04
5.0
T T T T T 0.0 T T T T T |
0.4 0.2 0.0 0.2 0.4 0.6 0.4 0.2 0.0 0.2 0.4 0.6
Potential (V vs Fc*/Fc*OTf ref electrode) Potential (V vs Fc*/Fc*OTf ref electrode)

Figure 2.4 Left: CV of 1 mM Fc* in THF with 1 MNH4OTf as supporting electrolytdRight:
corresponding SQW at same condition right after taking CV. Working electrode: GC; counter
electrode: Pt disk; reference electrode: Pt wire immersed in THF containing L4OM{K mM

of Fc*, and 3 mM of Fc*OTf with CoralPor fused tip; scan rate: 100 mV/s
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After bubbling NR (2.8 M NH) into the 1 mM solution of Fc* in THF, 50 consecutive CVs
were taken again. No potential drift was observed after saturating the solutionHyitintll also
after 50 consecutive scanBidure 2.5). These data suggest that Fc*/Fig the best reference

electrode for CV measurements in solutionatainingNHs.

10.0p
—— Scan 2

—— Scan 50 25.0p

501+ 20.04

15.0p
0.0+

Current (A)
Current (A)

10.0p

-5.0 4
5.0

-10.0n T T T T 1 0.0 T T T T T 1
-0.4 -0.2 0.0 0.2 0.4 0.6 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Potential (V vs Fc*/Fc*OTf ref electrode) Potential (V vs Fc*/Fc*OTf ref electrode)

Figure 2.5 Left: CV of 1 mM Fc* in THF with 1 M NHsOTf as supporting electrolyte after
bubbling NH (2.8 M NH). Right: corresponding SQW at same condition right after taking CV.
Working electrode: GC; counter electrode: Pt disk; reference electrode: Pt wire immersed in THF
containing 1 M NHOTf, 3 mM of Fc*,and 3 mM of Fc*OTf with CoralPor fused tip; scan rate:
100 mV/s

2.1.3.E1z 0f Fc vs. Fc* in THF and MeCN withNH4OTf and TBAPFs Electrolytes
In most of the literaturg?33the &/, of complexesn nori aqueous mediaere reported vs Fc.
For converting the 2 of Fc to Fc*for making an accurate comparidogtween k2 of complexes
CVs of Fc were taken imMHF and MeCNin the presence of Fgandthe resuls aresummarized

in Table2.1.

Table 2.1 Ey» of Fc vs. Fc* in MeCN and THF

THF MeCN
2 M NH,OTf Ez Fc = 449 mV (vs. Fc¥) i
0.1 M TBAPF Euz Fc = 9mV (vs. Fc*) | Ewz Fc = 5@ mV (vs. Fc*)

14



Different referenceseporti 810 \#2343%andi 0.826 \**for converting NHE to Fc/Fan
THF at room temperaturBased oTable2.1 it can be straightforward to convert the reported E

vs. Fc/F¢ or NHEn literature to Fc*/Fc*.

60.0 Ec
—— THF (2 M NH,OT) —— THF (0.1 M TBAPF,)
40.0u A
E,, Fc =449 mV vs. Fc* E,, Fc =459 mV vs. Fc* Fc*
30.01 1 Fc
23
Fc 20.0p
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08 -06 04 02 00 02 04 06 08 10 08 -06 04 02 00 02 04 06 08 10
Potential (V vs. Fc*) Potential (V vs. Fc*)
60.0p
—— MeCN (0.1 M TBAPF,) Ec

40.04 - Em Fc =508 mV vs. Fc*
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T 20.0u-

<

[

5
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-20.0p
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Figure 2.6 CV of Fc in the presence of Fc* in MeCN and THF
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2.1.4.Bulk Electrolysis

Bulk electrolysis experiments ka been conducted in a 6@nLisized pear shape
electrochemical celith four fusedl4/20thermometer adaptecap and VitorO-ring. Regarding
electrodesa GC plateasthe working electrode, Pt mesh #se counter electrodeand an Fc*
reference electrodeere usedGC plate is danglingdm a Pt wire which is connected to a copper
wire inside a 1/4nch diameterglass tube with silver epoxy covered with Loctite EA™C
(HYSOL®) adhesivePt mesh was also connected to a copper wire in the same niEinaeel|
was filledwith solventin such a way thahe Pt wirewhichthe GC plate is hanging would not be
in touchwith the solution. The top and bottom ot the glass tubesavesealed witha gluegun
and Loctite EA 18" (HYSOL®) adhesiverespectively A stir bar also wagut in the cell for

stirring the solution during bulk electrolysis.

Figure 2.7 Designecelectrochemicatell for bulk electrolysigxperiments

16



For the gas sampling po#3-layer, 1/2-inch diametetHAMILTON 76006 sepimwas used.

Gas analysis was performed twe HIDEN HPR-20 R&D benchtop gas analysis system.

Figure 2.8 BE experiment accompanied by gas analysis

For gas analysis, becaubeinstrument only reports the percentaggades, a certain volume
of ultrapure helium was injected into the cell before the experipaat moles of produced gases

were calculated based amles of injected helium

17



2.2.Synthess

2.2.1.Synthesis of Decamethylferrocenium triflate (Fc*OTf)

oliaa
ici;\

According to the previously described procedi@ecamethylferrocene first was sublimed at
140 °C at 0.0ltorr as a yellow solid. Inthe air, 108 mg(0.996 mmol, 65 equiv)of p-
benzoquinone was dissolved ini®& of THF and while stirring0.3mL (3.524 mmol, 2.3 equiv)
of triflic acid was added. Thealeyellow color of the p-benzoquinone turns orange. Then
immediatelydecamethylferrocene (500 mg, 1.532 mmol, 1 equad added agsolid. The ®lor
changed to green and Fc*OTf crashed out. After stirring for 5 min, the green solid was collected
and washed with THF, and driegtasnight under vacuun¥ield: 684 mg, 94%H NMR (500

MHz, MeCN-ds)] 13742 (s, br)F NMR (470 MHz, MeCHNids)] i79.46(s).

18
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2.2.2.Synthesis oftris(4-bromophenyl)amineradical cation

lPFG]

o7

Br

Following the previously reported proceddfé! in the glovebox6.361 g (13.19 mmol, 1
equiv) oftris(4i bromophenyl)amine was dissolved in 2& of degassed and dry DCM. While
stirring, 2.54 g (14.51 mmol, 1.1 equiv) of NOQPKas added slowly aa solid. The ®lor
immediately changes from palellpsv to dark blue. Once the addition is completes solution
was stirred for 10 minute&lpon aldition of 75mL of EtO a browri purple solidcrashes out.
Solids were filtered and washed with@tuntil thewashingsverecolorless. Solids were collected
and dried under vacuum and stored in the freezéregfiovebox at 33 °C. Yield: 4.4 g, 53%. No
H or 13C NMR signak wereobserved for the product.

2.3.DFT Calculations

All the free energieéDG) were calculatdat 1 atm and 298.15 Ky density functional theory
(DFT) using Gaussian 16 softwapackage® and natural bond orbital NBO) analysis with
version 7.0.8° All the geometries of complexes were fully optimized with the B3[fifRetionaf®
and def2TZVP basis set! The SMD solvation mod# was applied to the gashase optimized
structuresto calculate theeffect of solvation in THFon the free energie3he visualization of

orbitals and optimized structures were done using GaussView soffivare.
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Chapter 3.IRON AMMINE COMPLEXES CONTAINING A TRIPODAL

PHOSPHINE LIGAND FOR ELECTROCATALYTIC AMMONIA OXIDATION
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3.1.Introduction
Iron coordination complexes have been Eddxtensively for catalytic Nreduction to NH.
The reverse reaction, where B4 oxidized to N, protons, and electrons, has recently garnered
renewed interest because it completes a cycle for storage and distribution of renewable hydrogen
asNHB,ushg the most abundant gas in Earthoés at mos
Chart 1.1summarizes various Heased catalysts for Ndxidation reportedby 2022. In 2019,
Peters and cworkers reported electrochemical dlbixidation facilitated by a polypyridyl iron
conplex? Due to the high onset potential of blbixidation relative to the thermodynamic limit
in their iron system (0.7 V vs Fc/Fm MeCN withborondoped diamondBDD) astheworking
electrode), they reported another iron comje021that shiftedheonset of AO to lower}250
mV) potential compared to previous one at same conditroims2022, Wang and eworkers
reported a ferric ammine system that decretimeonset oAO to10.04 V vs Fc/Ftin THF with
glassy carbon ateworking electrodé®
WhiletheAO mechanism for Petersé polypyri-dyl Fe
workers have proposedmechanisnthatis shown inScheme3.1. According to this mechanism,
Fe(lll) first gets oxidized to Fe(lV) followed by deprotonatioraaimine ligand by NEito yield
thecorresponding Fe(IV) amido comple@né electronoxidation of Fe(IV) amidto Fe(V) amie
accompanied by nucleophilic attack of Nid amide forms a hydrazido Fe(lll) complex in which
the NH group of ancillary ligand gets protonated tooNHirther xidation ofN2Hs to No, protons

and electrons complket the mechanism cycle.
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2+
NCMe T
1, ‘ .‘\\NCMe
I \N/ ‘e\N B

Peters 2019

E4»=0.75V vs. Fc (1.26 V vs. Fc*)
(in MeCN, 0.05 M NH4OTf)
Catalytic onset potential:

0.70 V vs. Fc (1.21 V vs. Fc*¥)

WE: BDD

Chart 1.1 Previously reported Fe catalysts for Nbkidation

Peters 2021

E4»=0.82V vs. Fc (1.33 V vs. Fc¥)
(in MeCN, 0.05 M NH,OTf)
Catalytic onset potential:

0.45V vs. Fc (0.96 V vs. Fc*)

WE: BDD

Wang 2022

E4, =-0.01V vs. Fc (0.45 V vs. Fc*)
(in THF, 0.3 M TBAPFg)

Catalytic onset potential:

-0.04 Vvs. Fc (0.42 V vs. Fc*)

WE: GC

\ / 2+
R \NHF

BuSi. \p/‘-‘Fe'i\‘NH3
7

R NH
/\ °

this work

E1/2 =0.57 V vs. Fc*

(in THF, 2 M NH,OTf)
Catalytic onset potential:
(0.44 V vs. Fc*)

WE: BDD

The coordination chemistry of fifigiow transition metals containing tripodal phosphine
ligands and their catalytic reactions are well estatdi$h®® Phosphines have been utilized for
synthesizing a large number of iron complexes due to thesient electron donor ability and
production of diamagnetic complexes amenable for further NMR stugiibeme3.2 highlights
some examples of iron ammine complexag e P bonds'¥ 52 Four-coordinate complexA
reported by Sellman in 1975 is one of the first examples of diamagnetic Fe(llamomme

complexes containing phosphine ligan@omplex B, however, is a lowspin, trigamming
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phosphine complex of Fe(Igynthesized by Winfield and smorkers in 1988 in which the PMe

ligands have botfac andmerconfigurations.

Scheme3.1 Proposed mechanisbhy Wang and cavorkerg®

fl k J;l K fl Bk

Wt ~ d \\“‘Felv\ \\“‘Felv\
PhP"" | TNHg PhP™ | TNHg 7 PhPY | TNH,

S o™ e

+ NH3 -e
N2

o Tr e e

NH
LFel Fel! TN FeY
PhoP"" | Ph,P" ‘\N\Hz ‘ PhoP™" | NH,
™ R & fie o™

Complex C reported by Peters is an unusual paramagnetic-cbeedinate Fe(l)

B

moro(amming complex (S = 3/2) supported by a tris(phosphine)borane ligand with wék Fe

bond that is yielded by decomposition of itsHX courterpart in benzene at room temperature.
Another example of isolating Fe ammine complex containing phosphine ligandsNoypdhd
cleavage of hH4 has been reported by Umehara et'gtomplexD), which bears a pyrazole

based ligand. Since hydrazine complexes can be regarded as possible intermediates in catalytic
NHs oxidation reactions®* reproduction of FéHs by cleaving the NN bond of bound

hydrazine can close the catalytic cycle.
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In this chapter, we report a FR(fris(amming AO catalyst supported kg tripodal phosphine
ligand. The dectrochemical behavior of this $izoordinated diamagnetic complex has been

evaluated in the absence and presence of ammonia

Scheme3.2 Selected examples of Fe ammine complexes containing phosphine ligands

The effect of different electrolytemnd electrodesn the catalysis and stability of the catalyst
has been accessed as wadlr investigating and isolation the possible intermediates of the catalytic
ammonia oxidation mechanism, deprotonateomd chemical oxidation of the Fe(ll) {i@nming
complex hae been evaluated. All the compleXesvebeen isolated and characterized by various

spectroscopic methods.
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