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Abstract

The synthesis, characiggition and catalytic applications of a range of novel iNn
heterocyclic carbenes (F¢HCs) immobilised on renewable resources (expanded high
amylose corn starche, Starbole 3504b, Starbofe 4004c, mangopeel cellulosdd
andorangepeel cellulosde) arereported. The efficacy of the resultant heterogeneous
catalysts was measured for their ability to convert: fructose-(toyédroxymethy)
furfural (HMF); glucose to HMF and glucose te(é&hloromethy)furfural (CMF).

The immobilised catalysts were pegpd using a convergent strategy starting from the
appropriate renewable resource, e 4a-€) and1-(3-aminopropyl) imidazole?) to
afford the precursor nitrogen heterocyclic carbene, €l8a€), which was treated
with FeCk to furnish the desired FeHC, e.g, (1a-€). Iron-loadings of 0.8 mmolg

! for (14), 0.31 mmolg? for (1b), 0.32 mmolg™* for (1c), 0.30 mmolg? for (1d) and
0.52 mmolg*? for (1€) were achieved. At 10Q and varying reaction time (10 min,
20 min, 0.5 h, 1 h, 3 h and 6 h)| eatalyst types showed good performance for the
dehydration of fructose to HMF: RéHC expanded HACS1@), HMF yield 86 %
(t=0.5 h), TOF=206 i FeNHC St ar b bbpy BMF3y&l® 81.7 % (t=0.5 h),
TOF=169 h;FeNHC St ar b )nHMF 4i€ldo81.q %{t=0.35 h), TOF= 241
h; FeNHC MPC (Ld), HMF yield 70.0 % (t=1 h), TOF= 79.2'hFeNHC OPC (e),
HMF yield 71.7 % (t=0.5 h), TOF= 146'hThe catalysts showed very good recycling

stabilities up to 5 catalytic cycles.

The fabricated catalysts were@Bmployed in other catalytic gication in important
reactions incluphg glucose dehydration to HMF, agtlose/frictose dehydration to
CMF. The supported catalysts slightly effect CMF production frdocgse and
fructose but were gifective towards armdation reactions of carboxylic acids and

amineg(as higlighted in future work)
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CHAPTER 1 INTRODUCTION and AIMS

Prelude

This chapter highlights the aims, objectives and justification of the research within the
general context of global drivers, sustainability and the 12 Principles of Green
Chemistry. Anoverviesf NHC 6 s WNmH€C O6Be i s gi wengertofwecenthi n t |
literature with focus on structural properties, synthetic routes and applications.
Mesoporous materials to be used in this research are discussed, namely: expanded

starch, StarbonE, or angeelluosediduecel | ul ose

Parts of the work in this chapter has been published:

ANovel St a rsbppartédN-Hete®&/clic carbenion(lll) catalyst for

efficient conversion of fructose to HMF.

Avtar S. Matharu, Suleiman Ahmed, Badriya Almonthery, Duncan J. Macquarrie,
Yoon-Sik Lee and Yohan KimChemSusCher2017.

DOI: 10.1002/cssc.201702207

(impact factor 2016, 7.226)
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1.1 Introduction

Global warming and interelated climatic irbalances/rapid changes are
predominantly due to the actions of humaf$. It has become evident that we
humans,as speciesneed to change our lifestyle to ensure future sustainable
development, i.e., the fulfilment of contemporary needs of the present without
compromising the ability of the future generations tiilftheir needs! To ensure
sustainable developmerfigure1.1) a subtle balance of three int@lated factors:

social, economic, and; environmental, is needed.

Figurel.l Society, economy and environmental importance in sustainable development.

However,the UK governmenteframel the above taa five principles approach to

i ncorporate fApromoting good gover,@>ancedod
which form asetof shared UK gnciplesto achievesustainable developmegiigure

1.2).
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Living within
Environmental Limits

Ensuring a Strong,
Healthy and Just Society

Using Sound Science
Responsibly

Promoting Good
Governance

Achieving a Sustainable
Economy

Figurel.2 UK five principle approach to sustainability.

In September 2015, the 193 member countries of the UN&gidns met and agreed
upon 17 Sustainableedelopmat Goals(SDGs Figure1.3),° which aretargets and
indicatorsmember states are expected to follsvguiding principles. Th8DGsare
essentially a followup and expansion on the millenmiwevelopment goals (MDGS),

which expired in 2015.

Sustainable Development Goals

3. Good Health 4. Quality
1. No Poverty 2. Zero Hunger and Well-Being Education
5. Gender 6. Clean Water 7. Affordable and 8. Decent Work
Equality and Sanitation Clean Energy and Economic
Growth
9. Industry, 11. Sustainable 12. Responsible
Innovation and II_géleaﬂ?t(i;:g Cities and Consumption and
Infrastructure q Communities Production
- . 16. Peace, Justice
13. Climate 14. Life below . y
Action Water 15. Life on Land and_Str_ong
Institutions

17. Partnerships
for the Goals

Figure1.3 Sustainabl®evelopment Goals.
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SDG 12 seksto control the environmental impact of wastesl the depletion of
natural resourceshroughresponsible consumption and productiS®G 12 promotes
doing more with less andircular rather than lineathinking. To this e, the
principles and practice @reen chemistry has become an essential tool to achieving

responsible consumption and production.

111 Green chemistry and sustainable development

Increased concesnover declining fossil oil reserves and negatigavirormental
impactassociated with their continued use as a feedstock for chemicals, materials and
energy hasignitedtremendous interest in developing new processes that both reduce
energy consumption and minimize pollutibf The transition from petroleum to bio
based or bigenewable feedstocks and the development dfuldr, biebased
economies is a key driver towards a sustainablec2titury? The need for materials

and processes compatible with the environment has motivatatttbasingly intense

study of materials obtained from renewable sources (biomass), and the development
of recyclable or biodegradable produtt$?

Green Chemistryas defined by Anastas and Warhers the design of chemical
products and processes that reduce or eliminate the use and generation of hazardous

substances, and is gowed by 12 Principles as liste

1. Prevention: It is better to prevent waste than to treat or clean up waste after it

has been created.

2. Atom Economy: Synthetic methods should be designed to maximise the

incorporation of all materials used into final products.

3. Less Hazardous Chemical Sytmeses: Wherever practicable, synthetic
methods should be designed to use and generate substances that possess little

or no toxicity to human health and the environment.

4. Designing Safer ChemicalsChemical products should be designed to affect

their desire function while minimizing their toxicity.

5. Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g.,
solvents, separation agents, etc.) should be made unnecessary wherever

possible and innocuous when used.
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. Design for Energy Efficiency: Energyrequirements of chemical processes
should be recognized for their environmental and economic impacts and should
be minimized. If possible, synthetic methods should be conducted at ambient

temperature and pressure.

. Use of Renewable FeedstocksA raw materal or feedstock should be

renewable rather than depleting whenever technically and economically

practicable.

. Reduce Derivatives: Unnecessary derivatization (use of blocking groups,
protection/deprotection, and temporary modification of physical/chemical
processes) should be minimized or avoided if possible, because such steps

require additional reagents and can generate waste.

. Catalysis: Catalytic reagents (as selective as possible) are superior to

stoichiometric reagents.

10. Design for Degradation:Chemical poducts should be designed so that at the

end of their function they break down into innocuous degradation products and

do not persist in the environment.

11.Reattime analysis for Pollution Prevention:Analytical methodologies need

to be further developed tallow for realtime, inprocess monitoring and
control prior to the formation of hazardous substances.

12.Inherently Safer Chemistry for Accident Prevention: Substances and the

form of a substance used in a chemical process should be chosen to minimize

the mtential for chemical accidents, including releases, explosions, and fires.

Within the context of Principle 7 (Use of Renewable Feedstocks) agricultural wastes

and industrial wastes have gained tremendous interest dtieitohigh volume,

availability and low cost*!® For example, @llulose is one of the mosibundant

biopolymers on earth which maintains the structural integrity of plaedtarringin

wood, caton, hemp and food residu&s! According to the Pike Repgrdoption of

green chemistry practices and principles through uiitisadf renewable feedstocks

cansave the chemical industry $65 billion by 2G20.
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Within the context of Principle 9 (Catalysis) éeigeneous catalysighich benefits

from the ease of separation and recycling of catalpys a cruciatole in afuture
bio-based chemical economy. Thtise search for novel green catalysts that enable
efficient conversion of naturally abundant carbohydrates in to platform molecules,
such as the conversion of fructose intgh§droxymethyjfurfural (HMF) attracts
considerable interest**! The growing concern over elemental sustainability and
critical elements has seen the emergence of-io@sal catalysis over traditional
precious metal catalysis because of the relatively abundance and lowef tiest
former3! In this context,iron salts and molecular defined iron complexes have

emergd as interesting and powerf u¥® synthet.i

12 Aims, Overview of NHCs and Objectives

1.2.1. Aims

The overall aim of this research is tm#yesise and characterise novel #otrogen
heterocyclic carbenes (F¢HCs) (Scheme 1la-e), immobilized on a variety of
renewable mesoporous supporta-€), in order to investigate their efficacy as
potential heterogeneous catalysts for dehydratiofrustose to &hydroxymethy)
furfural (HMF); glucose to HMF, and; glucose tgéhloromethy)furfural (CMF).

The dehydration of carbohydrates to HMF has attracted increasing attention due to its
possible application as a substitute for petroleum deluéding blocks®* 2> 3 HMF

(3) is a versatile and top vakaglded chemical that has received significant attention
as a platform chemical essential for the production of broagerahchemicals and

liquid transportation fuelRigure1.4).3” HMF is a key intermediate for the production

of a wide vaiety of bio-based chemicaf3° It is essential to find new fuels to
replace existing ones, which can simultaneously meet the energy needs of the
population and protect the environméhgince the identification diMF as valuable
molecule by the US Department of Energy, several attetmpie been made to
produce HMF from fructose and biomass using homogeneous or heterogeneous
Bregnsted acid and Lewis acid catalysts in various reaction ni@d&t. al reported
conversion of sugars including glucose and fructose into HMF (72 %)Y in
valerolctone using 5Oy *! Qi et al reported the conversion of fructose to HMF in
DMSO/acetone csolvent using ion exchange resfds.Upareet al reported the

conversion of fructose in butanol to HMF (93 %) and subsequently {dird&hyl
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furan using doubleatalyst systems of Amberlyd6 and ReSn/ZnO catalyst® High
HMF yields(60% to 90%)were also reported in ionic liquids systertfs.

Kim et al.reported goodield (73%) HMFfrom fructoseusing an FENHC supported

on polystyrene beadssing DMSO as reaction solvent at 1@for 3 hours reaction
time.*® HMF can be obtained from biomass by hydrolysikowed by dehydration

(eg. cellulosic biomasgf or isomerization and dehydration of mono and
disaccharide®’ or polysaccahride®®! using acid catalyst or base catalgstiower
reaction temperatures of 100 to 1%D Although the conversion of fructose to HMF

is autocatalyticZ>3it is important to note that only low conversions were obtained in
most saventsin up to six hours reacticiimes.Haoet al were able to achieve 73 %
HMF yield in methyl isobutyl ketone/water biphasic solvent system without any added

catalyst*

However,HMF does haveéhermal and cheioal instability, high solubility in water,
and low melting pointwhich in recent years hgsavel the way for CMF as an
alternative Figurel.3). The advantages of CMF over Hld§&an intermediate building
block include better thermal and chemiaahbility, lower polarity ( immiscible in
water) andit can be more readilgroduced from glucose and cellulose biomass due
to its lipophlicity .>>°° As reported by Mascat al. CMF serve as a precursor to the
new generation bifuels and high value chemaés®’ Breedenet al. reported
conversions of fructose and inulin @VIF with yields >70 %¢° Brasholzet al.
reported a highly efficient dehydration of carbohydrateSF, HMF and levulinic
acid by biphasic continuous flow processing with yields of up t®or7ét shorter
reaction time®f 5 minutes to 80 minutes depending on substrate and sy5@&moet

al. reported arfficient onepot synthesis of CMF from carbohydrates in mild biphasic
systems with yields up to 47 %%and can be converted umerous valuable furan

moieties by means of oxidation, reduction and aldol addiffdns.
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Figurel.4 Example of some important chemicals obtained from HMF and CMF.

CMF (14) can efficiently be converted intdMF (3) by hydrolysis in water at 10C.
Other topvalue added products like levulinic aciti7j and ethyl levulinatel@) can
then be obtained by reaction with water or alcohols at elevated tempefail4s.
and(3) can also be converted tendethylfurfural 3) by reaction with hydrogen3J
and(14)can also be reduced to jbnethylfuran 21) or 2,5dimethyltetrahydrofuran
(22), both high energy liquids which have bgaoposed as fuel additives. HMHS
also a precursor to the polyester monomer fi&&rdicarboxylic acid {6)>’ Both (3)
and (4) can also be oxidised to 2¢sformylfuran (L5) with higher yields obtained
from (3) >70 % while up to 54 % yields were obtained fratd) (under microwave
irradiation®® (18) has used in the manufacture of various intermediates of
pharmaceuticals, antifungal agents, organic condyctwosslinking agentsand

polymeric material§Z54
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1.2.2. Overview of NHCs

12.2.1. Carbenes

Carbenesire speciesortaining a neutratarbonatom with two unsharedalence
electrons having a general formula R=C: ef(R)-R'. Most carbenes are very short

lived. Depending upon their electronic structure (electron spin), carbenes are classified
as either singlets or tiigts. Up until 1960, there were few reports on nitrogen
heterocyclic carbenes, perhaps due to the general assumption at the time that carbenes

were too reactive to be isolat&d.

Wanzlick was first to investigate the reactivity and stability of carbenes in 1960s and
in 1968 he reported the first application of NHCs as ligands for metal complexes, with
a report onthe direct synthesis of mercury salt carbene confSi&xThereafter,
surprisingly there wasnodot much research
until 1991 when Arduenget al reported the first example of a crystalline nitrogen
heterocyclic carben& he carbené,3-di-l-adamantylimidazeR-ylidene(Figurel.4),

forms colourless crystals with sufficient kinetic and thermodynamic stability to be
easily isolated and characteriZ8d. The deprotonation of 18i-1-
adamantylimidazoliunchloride in THF at room temperature in the presence of 1
equivalent of sodium hydride produces the crystalline carbenedi1;3
adamantylimidaze®-ylidene. The same deprotonation can also be achieved with
potassiunmert-butoxide in THHFigurel.4).

—
@Nf\ \ NaH, DMSO_ Y H, + NaGl
A " MeOH
ol H

1,3-di-1-adamantylimidazolium chloride 1,3-di-l-adamantylimidaze-ylidene

Scheme 1.Bynthesis of 18li-I-adamantylimidaze®-ylidene.

122.2. Nitrogen-heterocyclic carbenes (NHCs)

Nitrogenheterocyclic carbenes (NHCs)eafirmly established as one of the most

repc

versatile ligands i n %4 Tieyard dieetiorically anth e mi st 6 s

sterically tunable and isolabt&’2 NHCs are nucleophilic due tthene pair situated in
the plane of the heterocyclic riffigure1.5). NHCs ar e-dosorsramdrwgak U

“-acceptor$¥’® which in turn increases the electron density around the metal center
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and thus improve its catalytic abilit§’® The ring size, nitrogen heteroatoms, the ring
backbone and nitrogesubstitients affects the stability and reactivity of the NHC. The
g-wi t hdr a wdonating effects of the nitrogen heteroatoms help to stabilize the
singlet carbene structu(Eigure1.5)8083

7 - electron-donating

o — electron withdrawing

Figurel . 5-electrond o n a t i f glectson withdiawing illustrations of NHCs.

NHCs havealso been extensively used in transition metal cataRf$is Reactions
including but not limited to crosscoupling reactions, olefin metathesis,
hydrosilylation,cyanosilylationand hydrogenation have been extensively reported to
be catalysed by transition metal NHC comple®¥e8.The useof P-NHC complexes
have been widely reported, example include a redeatt SuzukiMiyaura cross
coupling of wide range of amides with arylboronic acids in very good yields using
commercially available, aiand moisturestable (NHC)Pd(Rallyl)Cl complexes®*

NHCs have been used as orgaatalysts. Organecatalysed reactions represent an
attractive alternative to metahtalysed (e.g., Pd, Ru and Ni) processes notably
because of their lower cost and benigrviemmental impact in comparison to
organometallic catalysfS. Grasaet al. in 2004, reported efficient protocols for
nucleophilic NHGcatalysed transesterification and acylationctieas® In 2007,
Marion et al. studied the numerous applications of imiddydalene,
imidazolinylidene, triazolylidene, and thiazolylidene in orgaatalysis Figure
1.6)8" Their use in condensation, transesterification and acylation reaction has been
widely reported®’

U . S - N
R1/N\/N\R2 R‘]/N\/N\Rz R1/N\/N\R2 \../ \R
imidazolylidene imidazolinylidene triazolylidene thiazolylidene

Figurel.6. General structures of NHCs used in orgeatalysis.
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NHCs have been usedstabilizing ligandsStudies show that some NHi@dnds play

a key role as stabilising ligands in palladium oxidation reacti@oseme 1.25°

pro A Al o—o IV
N N N_ %4 N
[N>—Pd~<g\l] + 0 (\_’\TPd\EJ

Ar Ar Ar Ar

Schemel.2 NHCs as stabilizing ligands for Pd oxidation reactions.

An example of this stabilisation effect is seen in the rapid fixation reaction of both O
and CQ from air to the palladium (0) complex bearing a novéidterocyclic carbene
[1,3-bi s ( 2 ;terdijithydm-tesadgdS -M)imidazol2-ylidene] abbreviated as
ITmt.88 (Scheme 1.3).

R
Pd[P(o-tol),] Tmt air, r.t., 3h 0 O
ITmt ——— | EEE——— TmtI—PId-O
THF ITmt THF
solid state ITmt
.~ O
T
ITmt

Schemel .3 Rapid fixation of @and CQ from air by NHC.

NHCs have also been used in biological applications. Antestedy conducted by
Chenet al. on the synthesis, structure, biological evaluation, and catalysis of two
pyrazolefunctionalized ~NHGCRU' complexes, shows that the first
complex[RuCI(L1)(p-cymene)](PEk) (where L1 = lethyk3-(N-
mesitylimidazolylidenylnethyl}5-methylpyrazole]) could efficiently inhibit the
proliferation of and destroy cancer celégure1.7).8°
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Figure1.7 Cancer inhibiting NHERU' complex.

Recently, Monticelliet al. reported the synthiss structure and antitumoural activity

of triazolefunctionalised NHCmetal complexes(Figure 1.8). Ag', Au'and

Ru' complexes with an NHC ligand functionalised in the backbone of the imidazole
by a triazole ring were synthesised and tirewitro antiumor activities were
evaluated towards three different human cancer cell lines (prostate, breast and colon
cancer). The results confirmed ihimhibitory action towards the cancer cells.

,Bn Bn
N=N N-
N _— N P>
\ N
Bn\NW a © 7N ZN—
\ N\ _N N N
N= ~ J ‘<
N Ag Cl 7 ‘<AuCI

Figure1.8 Ag', Au' and RU NHC complexes having antitumor activity.

Riebet al.reported on the influence of wirigp substituents and reaction conditions
on the structure, properties and cytotoxicity of Ag(lxnd Au(l) bis(NHC)
complexes, also reported potehtiof certain NHC complexes towards cancer

treatment$?

122.2.1. NHC Ligand synthesis

NHC ligands can be synthesised INtalkylation of existing imidazoles with
appropriate ligand® The easiest and most straight forward method to prepare
imidazole or imidazoliumats is by direct quaternization Nfsubstituted imidazoles

or imidazolines with alkyl or aryl halidé$® Two different approaclsecan be
followed for this type of NHC ligand synthesis; either functionalized alkyl halides are
reacted witiN-substituted imidazoles, d-functionalized imidazoles react with alkyl

halides as shown i8sicheme 1.4

41



“N__N )
R\~ — X
RN N~Fg
i_‘
FG— NN

Schemel 4. Synthesis of imidazolium salts by direct quaternizatioN-sfibstituted

imidazoles or imidazolines with alkyl or aryl halides.

This method is considered efficient since alkyl halides, can effectively react with
variousN-substituted imidazoles or idazolines under mild conditions to afford the
quaternized products in good to excellent yields. Secondly the isolation of the products
from the reaction mixture is relatively easy as the synthesized imidazolium salts

usually precipitate from the reactiomxture and can be collected by filtration.

Alternatively, NHC ligands can also be synthesised by building the appropriate NHC
ring, using either symmetrical or unsymmetridiadubstitutiorf?

Synthesis by symmetricalubstitution This can be achieved by the condensation of
symmetrical anilines with glyoxal to produce diimines which are then cychged
chloromethylethyl ethefScheme 1.6

(@) 0] 0O - =
HX, -H,0 cl /7 \
R-NHy + >4+ L R-Ny N-R

H H H H
\T

R /N—R clI” O OEt CI/\OJ\tBu , AgOTf

-N
\
H H

Schemeél.5. Synthesis of NHCs by symmetridddsubstitution.

An example of this symmetrical synthesis of NHC ligands is the-catalysed
condensation ofchiral anilines with glyoxal to produce diimines followed by
subsequent cyclization of the diimines with chloromethylethylether producing the

corresponding imidazoliurchloride Gcheme 1.6%°
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NH, NH, TMS H; {,O R ;:
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Ph Jd H i
R2
or EtOH, Formic acid ~\  *_gf THF \\\R

R'=Me, R2=TMS, 96% R'=Me, R2=TMS, 47%
R'=Ph, R=Me, 93% R'=Ph, R2=Me, 45%

Scheme 1.6ymmetrical synthesis of imidazolium chloride.

Synthesis by unsymmetriddtsubstitution Unsymmetrical synthesis of NHC ligands
can be performed by the halo acigtalysed condensation of an aniline with glyoxal
and formic acid to produce the corresponding imidazolium héddeeme 1.){

o o o — 5 —

HX, -H,0 [/\ R2X X //\
RUNHp + 4+ + NHy ——2> _/N__N 1N _N-p2
VARY HJ\H R RN R

Scheme 1.Unsymmetrical synthesis of NHCs.

122.2.2. NHC Ligand Immobilisation

To immobilize NHCs, three important aspects need to be considered: i. immobilization

position; ii. immobilization method, and; iii. the supporaterial®®

Immobilisation position: The functionalities introduced during the formation of the
NHC moiety usubly predetermined the immobilization position. As showifrigure
1.9 immobilisation may occur via the carbene centre (position c), H kond
(position b) or théN-centre (position a).

where: a = N-immobilized; b = Backbone immobilized, and; ¢ = Metal immobilized

Figure1.9 Position of immobiliation of NHCs.
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Immobilisation methodstmmobilisation can occur via several methods, for example,

covalent grafting,noic oval ent gr-supporingg and o6sel f

Covalent grafting is the most commonly employed method of immobilization of
homogeneous NHCatalysts on a support material. It involves the grafting of ligand
precursors or metal complexes to a solid support via a covalent bond. The strongest
binding between support and NHC species is achieved through this method. The
surface of the support maitaris usually modified with functionality known to react

with the functional group on the NHC ligand forming an ether, ester etc. b8fids.
(seeScheme 1.8 1.11).

OH o/_o
~ ~

Br
__/
(L, e oy

/N N DMF, DIPEA \ N

r B Br g Csl.72 h, rt. r Br Br &

Scheme 1.8mmobilization of NHC via the formation of ether bond.
Me\
N
&)
N
LOH 2Cl <)< ) 40 2PFo (k+/§
N7\
NH,PFg o .

N

N=\

& N"Me  HO,rt  Pyridine, CHsCN Me
reflux, 48 h

/=N
Me~N\)

Scheme 1.9mmobilization of NHCprecursowia the formation of ester bond.

)\ aNs
: c g NN CL@

Where O = polystyrene

Scheme 1.10mmobilized NHC precursoron silica via direct quaternization of

benzyl chloride modified materials witfrsubstituted imidazoles.
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Scheme 1.1Immobilization of NHCprecursothroughatom transfer radical

polymerisation ATRP).

Non-covalent grafting involves the immobilization of species including NHC ligands

via weaker interactions between the species and the support material. These weaker
interactions include; el ectrostatic inte
enrapment as reported in literatut®?®®* An ex amp |l e o(Figureld0) st ac
was reprted by Lalaouet al.who showed nowovalent immobilization of sNHC-

based metallopolymers on carboanotube (CNT) electrodes through the interaction
between the JsNHC-based metall opolymers and CNTs

interactions.




Figure1.10l mmobi | i zed NHC c o mi)teaded narostractured sur f ace

electrodes.
ASelufpportingo involves the immobilization
precursors, concomitantly in the construction of the supgprtinmat er i al . ASel f
supporting methodo is a general tefrm that re
assembly yielding polymeric functional met al

are typically coordinated by ditopic or polytopic ligaifi#\s such it is considered

that the formation of metaliofgadi sohsgembl i
processes are sdafipporting methods. With sedfipporting method, the density of

the catalytically active centres on the support can be tuned easily, and a homogeneous
distribution of the reactive centres is ensured.

Support material:Taking into consideration the type of support material used for
NHCs immobilization, silicedbased materials and organic polymers are the two most
widely employed solid supports for NHC compouttfd!! However, carbotbased
materials (i.e. carbon nanotubes, graphene oxide), as well as coordination polymers
and metabrganic frame works are also used as supports in a certain number of
examples® 12 An example is thepolymersupported NHC prepared from
chloromethyl polystyreneesin (CM PS,Scheme 1.1Presin used as the ligand for
palladium (Pd) dalyzed Suzuki crossoupling of aryl halides and phenylboronic acid

in good yields and excellent purities under aqueous condittdns.

) CF@N/R

: : Cl R/NWN +N
NMP, 80°C, 12 h O—Q_/

Where O = polystyrene

Pd(OAc),, Na,COs, 50 °C, 2 h
H,O/DMF (1:1)

/N R
Pd

oS
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Scheme 1.12Polymersupported MNhetrocyclic carbene prepared from chloromethyl
polystyrene (CM PS) resin.

12.23. Fe-Nitrogen Heterocyclic Carbenes (FENHCs)

Fe-NHCs are highly resistant towards decomposition, as a result of the NHCs strong
U-electrondonating ability which makes them for strong bonds with metal
centerst* Significant studies have been conducted orNFKCS as homogeneous
catalyss 11> ®% 77 However, the catalyst post reactiorakes itdifficult to isolate for
reuse. The immobilization of FEHCs onto heterogeneous supports represent an
exciting approach for sustained catalytic use. Wintest of the NHCs systems use
rutheniunt!® or palladium as mtal centers® > 117120 oyr approach prefers the more
abundant, cheap and environmentally benign Fe aal roehter. Recent research
shows that, using a bulki-alkyl substituted group on the heterocyclic carbene
enhances the catalytic activity of the NHE%?® As such N-mesityl substituted
imidazolium was synthesized for the fabrication of theNIFE,C catalyst.Recently
however,apart from catalysis, the use of-NéICs as promising photosensitizers has
also been reporteld®

The early approach to therghesis of FENHCs involved reacting an Fearbonyl
complex with an imidazolium salt to produce the respectivBIIHE. In 1969, ¥ fele
reported the firstFeNHC complex synthesized from K[FeH(C{p)and 1,3

dimethylimidazolium iodidé?’

Cardoscet al reported a direct synthesis of bidentate @yehtadienyfunctionalised
NHCi iron(ll) complexes by using imidazolium salts and commercially available
Fes(CO)2 (Scheme 1.13'28

Fes3(CO)y,

Ph ¥ | —_— Ph oo
A ~
Scheme 1.18ynthesis of F&(HC)(CO) from iron carbonyl complex.
Recently, Warratet al reported Fe(NHC)(CQxomplexes formed by direct reaction
of Fe(CO)2 with equimolecular amounts of NHC imidazolium halide precursors

(Scheme 1.14'%°
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Fes(CO) R1,N N~R2
3 12
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RI7 T ~R? Reflux Oc'lfe_co
co

Scheme 1.18ynthesis of Fe(NHC)(C®@jrom iron carbonyl complex.

The addition of an iron halide to a free carbene marked a breakthrougiNiHEe
synthesis initiallyadopted by Fehlhammet al which involves the deprotonation of
the respective imidazolium salt by an external base prior to the addition of an Fe
halide?® However, this routds usedfor synthesis of a homogeneous-ReC
complex. To synthesise a heterogeneouBlHE complex, as in our own case, we use

a technique that involves the immobilisation of the imidazolium ligand onto a solid
mesoporous support. Timobilised imidazolium was then deprotonated by a base
prior to the addition of Fe@living the desired immobilised fi¢HC complex (see
Scheme 1.21

A similar approach was employed by Kahal*®to synthesise a polystyrene supported
FeNHC prepared from chloromethyl polystyrene resin via-si&p reaction§cheme
1.15. Metals were loaded into 11616 mol% of total imidazolium with the remaining
imidazolium chloride salt providing ionic liquid moiety. The catalyst was used for

dehydration of fructose tdMF with yields up to 70% in 3 hours reaction tiffe

lonic liquid phase

cl " A
: C NMP, 24 h O MCl,

CPMS / N\(
+N= |
cr NHC-metal
N\ N complex % Q\/N\
O PS-IM N
Polystyrene bead PSM-NHC-M

Scheme 1.1Synthetic route to polystyrene supgatNHGmetal complex.
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122.3.1. Applications of FENHCs

Dehydration reactionsFeNHCs have recently been utilized as catalysts for the
catalytic dehydration of fructose to HME:32 Kim et al. recently reported the
dehydration ofructose to HMF using an F§HC supported on polystyrene beads. in
which a 73 % HMF yield was obtainé®.

Hydroxylation of arenesRecentlythe mechanism of the hydroxylation of benzene by
an iron(ll) bis(NHC) complex, [F§NCCN)(CHCN);] (PFs)2 (1; NCCN = bis(e
imidazol2-ylidenepyridine) methane), in the presence of hydnogeroxide was
investigated. The aromatic hydroxylation reaction wap@sed to proceed via an
iron-a r e rcampléx as intermediate spec{&heme 1.16'33

a @ + [(L)Fe(OH)] —
CFewy Fe(L)] |
: [\e( )] [\e( )] :
" HO H O !
@ (Fe=0)H,0,|b | @ @ i ©/OH
> | or ——
[Fe(L)]
H o/
= -

Scheme 1.16lydroxylation of arenean iron(ll) bis(NHC) complex.

C-C bond formation reaction®iverse types of carbecarbon bond formation using
FeNHC as catalytic systems has been studiedNIREs werdound to be effective in
various type of & bond formation including the Kumada, Suzuki and Negishi type
cross coupling reactioli**3> 127 An example is a novel ASHC catalytic systerthat
allows for the Kumada type alkydlkyl crosscoupling reaction of alkyl halides and

alkylmagnesium reagentS¢heme 1.1)743°

Fe(OAc), (5 mol%)

Ph
O/j NHC ligand (12 mol %) C\)o\/j
+ >
H\O THF, rt. o
|

MgBr

Scheme 1.1Homogeneous FRIHC for Kumada type crossoupling.
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Reduction reactionsSelective reduction is one of the major challenges in synthetic
chemistry. FENHCs were found to be effective in certain selective reduction reactions.
Several applidgon of FeNHCs were found in hydrosilylation of ketones, imines and
sulfoxides, transfer hydrogenation, and hydrogenation reacfibnan example of

this is the work reported by Warragtz al.on the hydrosilylation of benzaldehyde and
its derivatives catalysed by Fe(IMes)(G(Bcheme 1.18'%°

H

@O i) catal. [Fe], silane, r.t. ©/\OH
ii) [H+] acid to

quench the reaction

Scheme 1.18dydrosilylation of benzaldehyde and derivatives catalysed by Fe(IMes)(CO)

Polymerisation reactionsDiverse types of FeNHCs were found to effectively
catalyse polymerisation reaction. Applications were found in both atom radical
transfer polymerisation (ARTP) and ring opening polymerisdfiok®’ in 2000,
Grubbset al. reported an F&HC catalysed Atom Radical Transfer Polymerization
(ATRP) of olefins(Scheme 1.1)9'38

R1

PN
n

R'= Ph, COOMe

\ , R2= H, Me

Pr=N\IN—jpr

Br/,,\(
Br(

Fe , iPr
F\N
/Pr/N\e\

1-PEBr (1 mol%)

R 1-PEBr (1 mol%)
RZJ\ 50 vol.% toluene, 85 °C

Sdcheme 1.19FeNHC catalysed atom radical transfer polymerization (ATRP) of olefins.

In 2006, Sheret al reportedNHC complexes of Fe(ll) and their catalytic activity for
rngopeni ng pol ycapgrolactand®t Thay nsedoaf syntesise Higand

Fe(ll) complex(Scheme 1.200 catalyseringgp peni ng pol ymeri-sati on

caprolactone achieving 100% monomer conversion.
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o (@)
bis-ligand Fe (ll) (0.33 mol%) HO H
33 vol.% toluene, 85 °C 5 0

n
- .
@N IPrtBu

Bu O/Fe"'uo 1Bu

PN

Pr—N7 N
PN
bis-ligand Fe (lI) complex
Scheme 1.20FeNHC catalysedring peni ng pol y me r icapmlactomen r eact

As photosensitizersRecently the work of Liuet al. on the photophysics and
photochemistry of transition metal complexast i | i z e s -dogsatingdl-n g | vy
heterocyclic carbene (NHC)jgands to make stroafield Fe'L complexes with
significantly extended triplet metal to ligand charge transStL.CT) lifetimes that
serves as promising photosensitiZ8fsThis study opens up the possibility of
developing solar energyonverting materials from F¥HCs. Figure 1.11 shows

examples of three prototypical 'He complexes.

Figure1.11. Strongfield Fe'Ls complexes with significantly extendéslLCT.
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1.2.3. Objectives

Thus, the objectives of this research are to:

1. Synthesise a range of novel-RelC catalysts (Scheme 1) immobilized o
renewable supports (expanded high amylose stnar ¢ h, StarbonE 3¢
Starbon 400, mango peel cellulose and orange peel ce)l@ssautlined in
scheme P21. A convergent strategy will be ussthrting with the appropriate
renewable resourcgupport e.g., #a-€) and1-(3-aminopropyl) imidazole?)
to afford the precursor nitrogen heterocyclic carbene, d.8a€), which will
be treated with Fegto furnish the desired AEHC, e.g., la-€). Scheme 21
is adapted from Kinet al*® who used nomreensolvents (DCM, chloroform)
in their synthesis of FAIHC 6 s . I n our proposed stratec
these withgreenersdvents (propylene carbonate and CPME) in order to partly
adhere with Principl® (Safer solventaind Auxillarieg 7 partly because the
synthetic strategy still uses many auxillaries to achieve its intended aim).
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where a= Expanded HACS
b= Starbon-350
c= Starbon-400
d= Mango peel cellulose
e= Orange peel cellulose

Reaction conditions and reagents: i) NaHCO5;,CPME, 25°C, 4 h; ii) CPME, 80°C, 18 h; iii) MeOH,
TFA,50 °C, 6 h; iv) DMAP, propylene carbonate, 80 °C, 18 h; v) TEA, propylene carbonate, 80 °C,

18 h; vi) K!OBuU, FeCls, propylene carbonate, 80 °C, 18 h.

Scheme 1.2 Convergent synthesis of f#HCs (La-€) immobilised on renewable supports

(4a€)

The support material is a critical aspect in heterogeneous catédlyBisnctional
mesoporous materials provide many opportunities in a wide variety of fields including
catalysist*> Mesoporous solids present advantages with respect to conventional
porous solids when they are used as catalyst supports, due to their high surface area,
large pore size and thermal and hydrothermadilgias.3® 43144 |n this research
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expanded high amyl ose <cor i™ 480t mangolpeel St ar bonE

cellulose and orange peel cellulose Wwilexploited.

Expanded High Amylose Corn Starchtarch is one of Nature's three biggesducts,
the other two being cellulose and chitBtarch is an inexpensive commodity that has
been used for food and many rfmod purposes for centurié®!4’ Starch is

biodegradable, abundant and a renewable resdd?ég

Lots of various chemical modifications can be conducted arctstdue to their
inherently abundant hydroxyl group¥.However, the accessibility of the hydroxyl
groups is limited due to the low surface area of natiaeek (<1 M g?). It has been
reported that the surface area of native starch could be dramatically increased to around
180 nt g, via a process known as expansion which involves three steps: i.
gelatinization; ii. retrogradation, and; iii. solvent eanfge, yielding expanded
starch®®® This process of expansion significantly increases the accessibility of the
hydroxyl groups and therefore makes expanded starch a cheap, abundantand bio
renewable support for heterogeneous catalysis.

St ar b:oTimes@ark group & developed a range of mesoporous carbonaceous
materials derived from waste polysaccharide
surface areas ranging from 150 up to 5G0grhobtained via controlled pyrolysis of

expanded polysaccharide precurs@sgure 1.12).1° The large surface area and
mesoporous natwure of StarbonE in addition t

important and efficient support for heterogeneous catalysis.

Starch powder Swollen granules Expanded Starbon
in hot water mesoporous starch

Expansion Pyrolysis
)

Gelatinisation

Surface area < 1 m?/g Swollen granules in hot  Porous expanded starch Starbon materials, surface
water leaching amylose  with surface area ~ 180 m?/g  area 150 ~ 180 m?/g

Figurel.12 Production of StarbonE through controll ab
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Orange and mango peel cellulog@range peels and mango peels are byproducts of
orange and mango processing industries, respectively. There is an estimated 70 million
tonnes of citrus crop of kich 60-70% are sweet oranges used mostly for juice
production*>*1*> This leads to about 3% of their total mass as waste that constitutes

peels, pulp (juice sac residue), rag (membranes and cores residue) arté®sEeds.

mango there is an estimated 40 million tonnes production and the number is on the
rise1®’158 Asian countries produce the largest volumes of mangoes worldwide with

I ndia as the worl ddés | ar g ersthangQ%miglolsale r by
production in 20138 Similar to oranges, the processing of mangoes produced a lot

of waste in the form of peels and seeds.

Matharuet al. have recently reported mesoporous cellulose from mango'Peeis
nanocellulose from depectinated orange p&&lEhe availadity of these materials in

the GCCE warranted their use as a potential renewable support. Cellulose is the most
abundant natural polymer in natufé Cellulose is a homopolymer composed of D
glucopyranose-(1ni4t)s gl iy kBEgurd b.18)% on d s

OH
OH
0 HO ot
HOTHo o o
OH
oH |,

Figurel.13D-gl ucopyr anose Ynié4)sgliyckesddby bonids

Most cellulosic materials consist of crystalline and amorphous domains, in varying
proportions, depending dhe process of extraction/isolatiohhe physical properties
of cellulose, as well as their chemical behaviour and reactivity, are strongly influenced

by the arrangement of the cellulose molecules with respect to each other and to the

fiber axis, aswelf®*Nat i ve cel l ul ose (cellulose 1) o
and | b (monoclinic). The 1 U phase cont ai
whileatwec hain monoclinic celll is found for

depends on therigins of the cellulosé®

The low density and highpecific surface area of porous cellulose coupled with its

favourable properties including biodegradability, fioricity, low cost, and easy
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modification has made it to have various applications, such as separation, filtration,
and loadbearing'®® Due to its porosity, relatively chemical and mechanical stability,
mesoporous cellulose presents an interesting and cheapneiwable support for
heterogeneous catalysigis is because in any chemical reaction, the accessibility of
reactant molecules to the catalytically active site is highly important in the process and
efficiency of the conversionTherefore the mesoporous orange and mango peel
cellulose were chosemif the fabrication of the catalyst. The network of pores will
facilitate the diffusion of the reactants to the active Fe catalytic sites located on the
immobilised FENHC ligand.

2. Fully characterize the synthesized-IREICs (la-€) using a diverse range of
complementary analytical techniques: -FR (detection of functional groups)
solid state¢*C CPMAS NMRspectroscopyminimum number of carbons, carbon
framework and surrounding environment), liquid NMpectroscopyH & 3C)

(C-H framework), Xray photoelecon spectroscopy chiemical state and
electronic state of the elements within a matériirect evidence for C, O, N and

Fe), Mdssbauer spectroscogpémical, structural, magnetic and thtependent
properties of a material direct evidence for iron),ICP-MS (elemental
composition- direct evidence for iron), thermogravimetric analysis (mass loss
versus decomposition evidence of structural changes in the renewable support
upon modification and indirect evidence for iron), scanning electron microscopy
and transmission electron microscopy (image the surface of the material and to
observeporosity), nitrogen adsorption porosimetry (to evidence mesoporosity)
and CHN elemental analysis (evidence for nitrogen incorporation).

3. Utilize the fabricated F&IHCs (1a-€) as potential heterogeneous catalysts for
the dehydration of fructos&)( (and glucose) t&iMF in order to determine
their efficacy (conversion, selectivity, kinetics, turnover frequency (TOF),

catalytic cycling).
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HO/ o N 1 a-e Supported-NHC-Fe catalyst o
OH -
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HO OH

3
2

Fructose 5-(hydroxymethyl) furfural

Scheme 1.22Fructose dehydration teydroxymethyl furfural using F&IHC

. Apply the catalyst towards glucose dehydration to HMF which still remains
the stumbling block towards the successful and efficient valorization of
lignocellulosic biomas&® The advantages of glucose as a substrate over
fructose is due to the low cost and abundance of glucose when compared to
fructose. However, the difficult step towards the conversion of glucose-into 5
HMF is its isomerization to fructose prior to dehydratioks such a
comprehensive understanding of effective solvent system and catalyst
characteristics, e.g., active species, active sites, pore size, and surface area, are
critical to ensure a higherformane heterogeneous catalyst for glucose
dehydration system to HMF. Research shows that Lewis acids (e.g, AICI
CrCls, and Srbeta) promote isomerization of glucose to fructdée.

. Preliminary investigate the use of -RéiCs (La-e) in the synthesis of -5
(chloromehyl) furfural (CMF) @4) from glucose and fructose using the
immobilized FeENHC catalyst {b) and aqueousHCI as the source of the

chlorine.
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HO OH 1 a-e Supported-NHC-Fe catalyst HO \ / \O HCI cl \ \O

-3H,0

>
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HO OH
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Scheme 1.28lucose and fructose dehydration tchloromethyl)furfural using &
NHC.
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CHAPTER 2. EXPERIMENTAL
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2.1. REAGENTS and MATERIALS

Ethanol, acetone, -@-aminopropyl) imidazole (97%), dert-butyl dicarbonate,

sodium bicarbonate, mesityl chloride (98%), Miduccinimidyl carbonate (purum,

095. 0%) (DSC), pr opyl e ntertbotaideb(reagent geade( 9 9 %) p o
09 8 %) , Y, (4K,8®lIimethylaminopyridine (DMAP), ferric chloride anhydrous

(FeCk) , triethyl amine ( anhydrpentylsmethyDeth€r9. 9 %) (T
(anhydrous, O 99.9 %) (CPME), were purchased

as Merck). All other reagents and solvents were used as received without further

purification. Expanded HACS and Starb¥r850 & 400 were obtained from the&an

Chemistry Centre, University of York and used as received. Oranges and mangos were

purchased from Aldi, York, UK.

2.2. CHARACTERISATION TECHNIQUES

2.2.1. ATR-FTIR

Fourier transformnfrared spectroscopy was conducted on a Bruker Vertex 70 FT
IR/ATR spectrometer. All the spectra were recorded in attenuated total reflectance
(ATR) mode, using a resolution of 2 dnand 64 scans each for background and

sample.

2.2.2. Solid-state13C CPMAS

Solid-state3C CPMAS spectra were acquired using a 400 MidzkBr Avance |l

HD spectrometer equipped with a Bruker 4 mm H(F)/X/Y trig@sonance probe and

9.4 T Ascen® superconducting magnet. The CP experiments employed a 1 ms
linearly-ramped contact pulse, spinning rates of 12000 = 2 Hz, optimized recycle

delays of 7 seconds, spir6l4 het er onuc | e=8bkHd)andaregsumm ng (at 3
of 600 ceadded transients. Chemical shifts are reported with respect tahtVi&ere

referenced using adamantane (29.5 ppm) as an external secondary reference.

2.2.3. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed on the compressed pellets of powdered orange
peel cellulose, mango peel cellulose and expanded HACS before and after
modificationto detect the presence and state of the coordinated Fealé®dd:scalab
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250 EPS instrument equipped with a high intensity monochromated Al Ka source

focusedtoaspo2ZD6 00 e m in di ameter on the sampl e

The pellets were prepared using a KBr pr e
samples, the powder samples did not compress into suitable pellets and as such the
powdered samples were dispersed on sBifable cavon tape before analysis. The

XPS experiments were conducted at room temperature with a base pregure of
mbar. The monochromatic Al K-¥ay source was operated at 300 W (15 kV, 20 mA).
Quantitative and qualitative XPS analyses were performed withX@&aoftware
(version 2.3.16PR1.6). The atomic concentrations were calculated from the
photoelectron peak areas by using Gausgsiarentzian deconvolution. The carbon 1s
spectra were resolved into different contributions of bonded carbon, namely carbon
without oxygen bonds {), carbon with one oxygen bondi(@), carbon with two
oxygen bonds (OCi O) and carbon with double bond oxygen (C=0). The chemical
shifts were taken from the literature and the spectra were chargerted by setting

the carborwithout-oxygertbond contribution in the C1s emission at 284.5 eV.

2.2.4. Thermogravimetric Analysis (TGA)

Ther mogravimetric analysis (TGA) was perf
350 and 400 samples using Netzsch STA 409 instrument at scan rat€Cahihd,
with typically 20 mg sample under flowingldnd subsequentlir at 100 mL mirt.

For the mango and orange peel cellulosic samflesnogravimetric analysis (TGA)
was performedising Stanton Redcroft STA 625 at heating rates GC2@in™ to 600
°C, with typically 10 mg sample under a flowing purge at 50 mL min.

2.2.5. Scanning & Transmission Electron Microscopy (SEM & TEM)

SEM and TEM were conducted on all the modified and unmodified samples with the
assistance of Dr Meg Stark from the Depeent of Biology, University of York. SEM
studies were performed on a JEOL J8MDOLV scanning electron microscopéh

5 kV scanning electron microscope. Samples were put on SEM stubs and coated with

gold and palladium prior to analysis.
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TEM studies wee conducted on a Tecnai 12 BioTWIN instrument equipped with a
field emission gun operated at 120 kV, with a SIS megaview 3 camera using A 200

mesh copper grid with pioloform coating.

2.2.6. N2 Porosimetry

N2 porosimetry were carried out at 77 K usingrestar volumetric adsorption analyser
from Micromeritics, and Micromeritics ASAP 2020 surface area and porosity
analyzer. All samples were degassed at°@Qnder nitrogen flow (100 miin™.)

for 4 h prior to recording measurements. Degassing is re@gdssremove vapours

and gases which may have adsorbed onto the surface from the ambient air. Without
this, the surface area result can be low andreproducible since an indeterminate
amount of the surface will be covered by the vapours or gasesuifhee area of the
samples was calculated directly by the system software using Breifaumeett Teller

(BET) surface area equation (Eg. 1), while the pore size and pore volume of the
samples were obtained from BarréttynerHalenda (BJH) pore size and lume
analysis.

P

\

~88888 Op

The BET equation was plotted as an adsorption isotherm typically at a relative pressure
(P/P0) between 0.08.35. According to the BET theory thptot should form a straight
line. Using which the following are calculated;

a. Slope (S gm3 STP)

b. Y-intercept (\nt g cm® STP)

c. Error of the slope (&rgcm? STP)

d. Error of yintercept (Ykrr g cn® STP)

e. Correlation coefficient (Oc
Where (p) and (p0) atbe equilibrium and the saturation pressure of adsorbates at the
temperature of adsorption,is the adsorbed gas quantity (in volume unitg)is

monolayer adsorbed gas quantity, anslthe BET constant.

Where0
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and 0

¢ ip
The surface area was calculated using the molecularsectisnal area.

vy

W
WhereN is Av 0 g ad r o 6 sis theuatdorption cross section of the adsorbing

species, an¥ the molar volume of the adsorbate gas. The exact form of this equation

will vary depending on the units being used.

For ASAP2020 analyser the BET surface areadn) is alculated using the BET
equation (Eq.2).

Yo = T 88888 O

WhereCSA= analysis gas molecular cressctional area (nfjy (value entered on the

Adsorptive properties dialog box).

Volume of N monolayer (crig! STP) was calculated as;

where0 ——

Where as the Error of BET surface areg ¢') was calculated as;

8

80" =

BJH analysis determine pore area and specific pore volume using adsorption and
desorption techniques. This technique characterises pore size distribution independent

of external area due to pi&le size of the sample

2.2.7. CHN and ICP-MS elemental analysis
Inductively Coupled PlasmaMass Spectroscopy (ICPMS)

The loading level of Fe in the fabricated ReIC catalyst {a-€) was determined using

an Agilent 7700x instrument fitted with standaxi sample and skimmer cones and
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coupled to a Mass Spectrometer (MS). The samples were run in He mode. The sample
introduction line was rinsed for 60 s between samples using 5% HCI and 2% HNO
(30 s with each compound)ypically 50 mg of the sample wasgdsted in 10 mL

aqua regia (HN®: 3 HCI) solution at 80C. The digested sample was treated with
ultrapure deionized water (20 mL), filtered and the filtrate was subjected for ICP

analysis.
CHN analysis

CHN analyss were conducted by Dr Graeme McAllistdepartment of Chemistry,
University of York using Heraeus Megafuge 40R CHN analyser from
Thermoscientific. Measurements were conducted in duplicate and the mean is

reported.

2.2.8. High Performance liquid chromatography (HPLC)

High Performancdiquid chromatography (HPLC) was conducted to determine degree
of fructose conversion using Aminax HRBYH ion exclusion column (300 mr7.8

mm) with a 0.005 M KESQy solution as eluent at a flow rate of 0.6 miin. C18
standard column was also used with 284%eCN: HO solution as eluent at a flow
rate of 0.8 mmin™,

Sugar conversiord QP T

HMF selectivity™Y QP T

Whereas the HMF yield was calculated from the peak arear using internal standard

employed.

2.3. PROCEDURES

2.3.1. Microwave assisted hydrothermal extraction of cellulose from Orange

and Mango peels
Fresh wet mango and orange peels weitkeedn(<5 mm)in blender, andhe milled
peelswere soaked in warm etharatl 60°C (50 mL) and subsequently washed with
deiorized water (4 x 100 mL) before microwave heatif8yg per vessehlt a

temperature of 18%C for 10 minutes at a peel to water ratio of 118gh stirring, 300
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W). Post the microwave extraction the solid residue was isolatdit kation and
washed with #hanol (3 x 200 mL), acetone (3 x 200 mL) and dried in a vacuum oven
at 70°C to afford the desired orange and mango cellulose as -avha# sdid with

yield of 36 % and 33 %espectively.

2.3.2. Convergent synthesis of immobilized FEHCs (Scheme 121)

2.3.2.1. Synthesis of 3(N-tert-butoxycarbonyl)aminopropyl] -

imidazole (9)
In an inert atmosphere of nitrogen, a solution efedi-butyl dicarbonate8) (4.3 g,
19.7 mmol) dissolved in CPME (25 mL) was added, dropwise, to a stirred mixture of
1-(3-aminopropyl) imidazole?) (API, 2.4 mL, 20 mmol), NaHC&X4.0 g, 47.6 mmol)
and CPME (50 mL) and allowed to stir for 4 h. Thereafter, the reaction mixture was
extracted with ethyl acetate and water. The combined organic extract was dried
(MgSQy) and thesolvent was removeth vacuoto afford the desired -[(N-tert-
butoxycarbonyl)aminopropyl]imidazol®), 4.1 g (90%), as a pale yellow &if. *H
NMR (400 MHz, CDC§, T MS) :=(9H, s}, p.9 (@5, tt,J=6.6 2.7 Hz), 39
(2H, t,J = 6.6 Hz), 395 (2H, t,J = 2.7 Hz), 691 (1H, dd,J = 3.4, 1.9 Hz), 02 (1H,
dd,J=3.4, 1.1 Hz), A5(1H, dd,J =1.9, 1.1 Hz):*C NMR (100 MHz, CDC}, TMS):
U ( p R7H7,2845, 32.00, 44.43,56.39,11888, 12965, 13718, 15614; HRMS,

found 226.1554) mol! (C11H19N3O2, [M] "), calculated exact mass = 225.28j7dhof
1

2.3.2.2. Synthesis of 3(N-tert-butoxycarbonyl)aminopropyl]-3- (2,4,6
trimethylbenzyl)imidazolium chloride (11)
A mixture of X[(N-tert-butoxycarbonylminopropyl]imidazole9) (2.0 g, 10 mmol),
2,4,6trimethylbenzyl chlorideX0) (1.86 g, 11 mmol) and CPME (50 mL) was stirred
at room temperature for 12 h. The resulting crude product was washed with CPME (5
X 50 mL) and dried under vacuum at 40 to afbrd the desired -J(N-tert-
butoxycarbonyl)aminopropy}-(2,4,6trimethylbenzyl) imidazolium chloridel(),
3.29 g (84%) as a viscous, dark brown oil/sswolid. *H NMR (400 MHz, CDC},
TMS):0 31(9H, s), 2.0 (2H, tt,J= 6.6, 4.4 Hz), 29-2.20 (9H, 2.19(s), 2.D (8)),
3.09(2H,t,J=6.6 Hz), 436 (2H, t,J = 4.4 Hz), 545(2H, s), 6.8 (2H, d,J = 1.2 HZz),
6.68(1H, dd,J = 1.8, 1.0 Hz)6.71(1H, dd,J = 1.8, 1.0 Hz), B (1H, t,J = 12 Hz).
13C NMR (100 MHz, CDCE, TMS) : 0 4 21P92845=31.97, B7.68,
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48.60, 56.37,82.99,122.10,12463, 125.50,12998, 136.80, 137.51138.12, 156.11
HRMS, found 358.248@ mof* C21H3:N302, [M]*, calculated exact mass = 358.4976

g motl?

2.3.2.3 Synthesis of Jaminopropyl] -3-(2,4,6trimethylben zyl)-

imidazolium chloride (12)
A mixture of E[(N-tert-butoxycarbonyl) aminopropys-(2,4,6
trimethylbenzyl)imidazolium chloride (1.97 g, 5 mmal}y, trifluoroacetic acid (10
mL) and methanol (30 mL) were heated under reflux for 6 h &C50The @asuing
product was obtained after rotary evaporation of the solvent (methanol and residual
trifluoroacetic acid). The crude product was washed with CPME (5 x 50 mL) and
dried undervacuum at 40°C to yield the desired -faminopropyl}3-(2,4,6
trimethylberzyl) imidazolium chloride 12), 1.18 g (80 %), as a viscous, dark brown
oil. *H NMR (400 MHz,methanold4, TMS): ti 2.01(2H, tt,J= 6.8, 6.7 Hz), 2.26
2.27 (9H, 2.27 (s), 2.27 (s)), 27 (2H, t,J= 6.7 Hz), 431 (2H, t,J = 6.8 Hz), H45
(2H, s), 697 (2H, d,J = 1.2 Hz), 744 (1H, dd,J= 1.8, 0.9 Hz), B9 (1H, dd,J = 1.8,
12 Hz),7.76(1H, t,J= 0.9 Hz)!3C NMR (100 MHz,Methanold4, TMS) : & (pp m)
1982, 20.97 29.85 36.19,48.51, 118.14 122.60, 12574, 12958, 130.®, 135.65,
13820, 13982, HRMS, found 258.1978 mol! (CieH24N3, [M] ")), calculated exact
mass = 258.381¢ mol* (seeFigures FEF6 in Appendix for NMR spectra).

2.3.2.4. Synthesis of succinimidyl carbonate (DSC) activated

mesoporous solid support (6a)
4-N,NéDimethylaminopyridine (1.2 g, 9.8 mmol) and propylene carbonate (50 mL)
were added to a mixture of the appropriate mesopaapgort (e.g.4a-€) andN,N é
disuccinimidyl carbonates] in a stoichiometric ratio of 1:1.16 (i.e. with a slight excess
of 0.16 mol DSC) contained in a 500 ml rotlmattomed flask and heated to ®Dfor
18 h with constant stirring. Thereafter, theutent mixture was centrifuged at 1643
x g (centrifugal force), the supernatant from each was decanted and discarded whilst
the pellet was further subjected to centrifugation with deionized water (2 x 40 mL) and
acetonitrile (2 x 40 mL), in each case ddoapand discarding the supernatant. The
purified pellet was dried in a vacuum oven at°@for 4 h to afford the desired
succinimidyl carbonate activated mesoporous supperel with yields of456, 398,

395, 393 and 390 mgespectively
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From the reslts of the DSC activation, the degree of substitution on the expanded
HACS were calculated using equation 3. Theoretically, the degree of substitution on
starch is a maximum of 3. This is with respect to 3 hydroxyl groups per each anhydro
glucose unit.

PPOW
pTTAD MO

oY 88888 O

WhereWis % nitrogenM is molecular weight of nitrogeiMscis the molecular weight

of succinimidyl carbonate groups, 162 is molecular weight of anhydroglucose units
and 100 is percentage facto

2.3.2.5. Synthesis of NHC ligand grafted mesoporous solid support (133

The appropriate succinimidyl carbonate activated mesoporous suppasefe) ¢300

mg), E[aminopropyl}3-(2,4,6trimethylbenzyl) imidazolium chloridel@) (1.2 g, 4
mmol), triethyl amine (1 mL, 7 mmol) and propylene carbonate (50 mL) were heated
to 80°C in a round bottom flask for 24 h. Thereafter, the resultant mixtae
centrifuged at 16489 (centrifugal force)the supernatant was decanted and discarded
whilst the pellé was further subjected to centrifugation with deionized water (2 x 40
mL) and acetonitrile (2 x 40 mL), in each case decanting and discarding the
supernatant. The purified pellet was dried in vacuum oven & 7@ 4 h to afford

the dried NHC ligand mfted solid supportl@a€) with yields 0f484, 453 426, 420

and419mg, respectively.

For optimisation purpose, 100 mg of each of the succinimidyl carbonate activated
support was first reacted with 400 mg df2), 1 mL of triethylamine in 50 mL
propylere carbonateAfter the successful ligand binding, the process was scaled up to

300mg and ther8000 mg of support.

2.3.2.6. Synthesis of FENHCs (1ae)

In an inert atmosphere of nitrogen, a stirred mixture of the appropriate ligand grafted
support mateal (e.g.,13a-€) (300 mg), KOBu (75 mg, 0.66 mmol), iron(lll) chloride

(96 mg, 0.60 mmol) and propylene carbonate (50 mL) was heated®@tf80 18 h.
Thereafter, the resultant mixtuweas centrifuged at 16489 (centrifugal force)and

the supernatantas decanted (and discarded) whilst the pellet was further subjected to
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washing and centrifugation with brine solution (1 x 40 mL) to ensure removal of the
uncoordinated Fegldeionized water (2 x 40 mL) and with methanol (2 x 40 mL), in
each case decang and discarding the supernatant. The purified pellet was dried in
vacuum oven at 78 for 4 h to afford the desired immobilisedNelC catalysts1a

e) with yields of 504, 477, 441 A8 and 466 mg, respectively

For optimisation purposgwas first eacted with 400 mg ol@), 1 mL of triethylamine

in 50 mL propylene carbonate. After the Fe coordination on 100 mg of each of the
ligand binded support, the process was scaled up to 300 mg and then 3000 mg of ligand
bindedsupport.The immobilised FNHC catalysts {a-€), were characterised using

ATR FT-IR, solid 3C CRMAS NMR spectroscopyXPS, Mossbauer spectroscopy,
ICP-MS and TEMSEM analysis.

2.4. Fructose dehydration reaction in DMSO with fabricated Fe
NHC catalysts

The amounts of the catalydta-ein mg equivalent to 0.01 mmol Fe active centre were
determined from the Fe loading levels of the different catalysts The table below
shows the amount of each catalyst (mg) equivalent to 0.01 mmol.

Table 2.1 Amounts of the catalystisa-e in mg equvalent to 0.01 mmol Fe centre

Catalysts Fe loading mmol g¢  Mass (mg) equivalent to 0.01 mmol active
Fe

FeNHC HACSl1a 0.68 14.7

FeNHC S3501b 0.31 32.2

FeNHC S4001c 0.32 31.3

FeNHC MPC1d  0.30 33.3

FeNHC OPCle 0.52 19.2

The appropriate immalsed FeNHC catalyst (e.g.la€) (14.7 to 3.3 mg, 001
mmol) was added to a solution offfuctose (180 mg, 1 mmol) in DMSO (4 mL)
contained in separate glass vials. The reaction was allowed to run for 6 h°&t, 100
from which0.5 mLsamples were takeperiodically and immediately quenched with
ice-cold water to stop further reaction. The samples were then subje¢t¢and’>C

NMR spectroscopyand HPLCanalysis

To assess the performance of the-NHC catalysts Yae€), diverse types of
heterogeneousatalysts such as ZSM8, Amberlystl5, and Mvntmorillonite K10,
were employed under the same reaction conditioisthe comparison, 30 mg of each
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of ZSM-5, Amberlystl5 and Monmorillonite K10 were measured and added to 1
mmol of fructose in 4 mL of DMSQOThe dehydration was carried out at 2Q0for 6

hours from which samples were taken at time intervals of 10 min, 20 min, 30 min, 1
h, 3 h and 6 h.

Catalyst recycling experiments were also carried out using the same reaction
conditions (1mmol fructose,@L mmol catalyst, 4 mL DMSO at 100, 1 hour). After

each cycle the catalyst is recovered by centrifugation, washed 4 times with 20 mL
ethanol and dried in vacuum oven at°@for 4 hours. The dried recovered catalyst is
then weighegand the requirednaount of fructose is then reacted with the catalyst

again for another cycle using same reaction conditions.

Control experiment asalso carried outinder the same reaction conditiarsngthe

unmodified supporthat do not contain the F¢HC group

2.5. Glucose dehydration reaction in DMSO with fabricated Fe
NHC catalysts

The appropriate immobilised A¢HC catalyst {a-€) (14.7to 33.3mg, 001 mmol)
was added to a solution of@ucose (180 mg, 1 mmol) in DMSO (4 mL) contained
in separate glass vialEhe reaction was allowed to run for 6 h at 260from which
samples were taken periodically and immediately quenched witloldevater to stop
further reactionThe samples were then subjectedtioand**C NMR spectroscopy
and HPLCanalysis

2.6. Fructose and tpcoseconversion to CMFwith fabricated Fe-
NHC catalystsand 1M HCI

Theimmobilised FENHC catalyst {b) (64 mg, 0.1 mmol) was added to a solution of
D-glucoseor D-fructose(180 mg, 1 mmol) in DMSO (4 mL) contained in separate
glass vials0.5 mL of 1M HCI was then added ankt reaction was allowed to run for

4 h at 100°C, from which samples were taken periodically and immediately quenched
with ice-cold water to stop further reactiofihe samples were then subjectedHo
and®®*C NMR and HRC. Control experiments were run with only the substrates and
1M HCI with no catalysts.
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2.7. Attempted amide synthesis using the fabricated supported Fe
NHC catalyst (1b)

A mixture of the appropriate amine (either aniline or benzylamine (12 mmol),
approprate carboxylic acid (either acetic acid or benzoic acid) (12 mmol) ahH:
catalyst {b) (0.38 g 0.12 mmol) and toluene (20 mL) contained in a 100 ml round
bottom flask fixed with a reflux condenser was heated under reflux. The reaction
progress was nmtored by HPLC at 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 12 h, and 24 h by

removal of an aliquot (10 e€L) which was dilu
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CHAPTER 3. RESULTS and DISCUSSION
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3.1 Introduction

This chapter presents and discusses in detail the synthesis, characterisation and
catalytic applications of novel F¢HC heterogeneous catalysts{e) immobilised on
renewable gpports which is the primary aim of this thesis as stated in Chapies 1.
achieve its objectiveslsohighlighted in Chapter 1), this chapter is glibided in to
threeparts, namely:

I Part 1. Synthesis and characterisation ofNFCs The successful
syrthesis (Scheme 1 and as shown by experimental procedures in Chapter
2) and characterisation of fHCs immobilised on expanded starch,
Starboi™ 350, StarboA" 400, orange peel cellulose and marugel
cellulose are discussed. A diverse range of complEmen
characterisation techniques applied (ATR-IRT 3*C CRMAS NMR,
STA, TGA, CHN and ICRMS, XPS, Mossbauer spectroscopy, and
SEM/TEM) during every step of the synthetic strategy for each catalyst
type (La-€) is explored.

il. Part 2: Catalytic Study. Thishapter presents and discusses in detail the
catalytic application of all the supported-ReélC heterogeneous catalysts
synthesised, towards fructose dehydration to produce 5
(hydroxymethyl)furfural. The reaction was investigated with respect to
reaction ime at fixed temperature via NMRH and*C) spectroscopy and
the disappearance signalsfor fructose concomitant with the appearance
of HMF. HPLC results are discussed with respect to yield, conversion and
selectivity. The efficacy of the FdHCs imnobilised on renewable
supports {a€) with other heterogeneous catalystdmperlystl15,
Montmorillonite K10 and ZSMb) with respect to fructos)to HMF (3)
dehydration is presente@atalyst recycling and rese monitored by NMR
spectroscopyqualitatve) and HPLC (quantitative) in DMSG@ at 100
is discussed. Catalyst leachjragnd catalyst reuse is reported to determine
stability of the catalyst. A brief kinetic study is reported for Starbon 350
catalyst {b) which shows an experimental activatemergy(26.8 kJ mol
1y for Starbon 350 catalystlf) to be much lower than that reported in the
literature for HZSM5 (Si/Al = 25) (70 kJ mot) and MIL-101(Cr}SOsH
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(55 kJ mott). To conclude this part a mechanism for fruct@®ed HMF

(3) dehydrations proposed.

Part 3: Glucose and fructose dehydrationCtdF (14). This chapter
presents and discusses in detail the catalytic applications of the supported
FeNHC heterogeneous catalysts synthesisa@rds fructose and glucose
dehydration to Hchloramethyl)furfural (14); and glucose dehydration

reaction to produce-ghydroxymethyl)furfural3).
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3.2. Part 1: Synthesis and characterisation of F&NHCs (1ae)

3.2.1. Fe-NHCS immobilised on expanded HACS (1a)

Although the use of disuccinimidyl carbonaietivation to couple primary amines is
widely reported in literaturé®® 10 to the best our knowledge this is first time this
reaction has been applied to expanded HAGS i the context of making an Fe
NHC (see scheme 1.21)Thus, initially a set of optimisation experiments were
conducted to ascertalestconditions, i.e., solvent, DSC concentration (mmyéd),

reaction temperature, reaction time.

3211, Solvent selection study for the DSC (5) activation of

expanded HACS (4a), i.e., preparation of (6a)
To select the best reaction solvent in terms of reactivity and sustainability, many
different solvents (propylene carbonate, DMF, ethy&tate aml CPME were
employed for the DSC5] activation of the expanded HACS supp@®a) to afford6a.

Expanded HACS, DSC 40 mmol g, Propylene carbonate 80 °C
Expanded HACS, DSC 40 mmol g'1, DMF, 80 °C
Expanded HACS, DSC 40 mmol g’1, Ethyl acetate, 80 °C
Expanded HACS, DSC 40 mmol g", CPME, 80 °C
Expanded HACS

C-0, C-0-C

Cc=0
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Figure3.1. ATR-IR spectroscopy obg@anded HACSfterDSC activation in various solvents.
ATR-IR spectroscopyFigure 3.1) was used as a simple probe technique to explore

the intensity and number of absorbance bands (1813, 173B¢@6%in the carbonyl
region characteristic of imide and carbamate stretching vibration associated with
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incorporation of DSCE). At a simplistic level, it was assumed that the greater the
areaof absorbance bands the greater the amount of DSC aativalius, as shown

in Figure3.1 bestDSC activation was achieved when DMF or propylene carbonate
were used as reaction solvent which is also complementary with a decrease in the
intensity of QH stretching vibration mode (centred at 3300 %nsynonymous
hydroxyl groups on expanded staréa)(*’*1"® There are several absorbance bands
arising from starch in the region 160200 cmt, which corresponds to-O, G-C, G

O-H bondstretching and @-H bending!’* Furthermore, an absorbance band at 1239
cmitis noted which may be sigined to the imide (®l) vibration.*”>"7 Although, alll

the other salents show activation, the decrease in intensity of tié €retch is not

as strong and thus assumed not to be as good as propylene carbonate.

To further investigate the effect of the solvent selection on the DSC activation of
expanded HAC3@) to afford(6a) the samples of the latter were submitted for CHN
elemental analysis (Tablel}, as an increase in nitrogen content would be indicative
of succinimyl carbonate loading (mmofgand from which also the degree ©H

substitution with the succinimidglarbonate group is also calculated.

Table 31. Succinimidyl carbonate loading (mnt) and degree of substitutiom
(6a) with respect to reaction solvent a80and 24 h reaction time

Reaction solvent Yield Nitrogen Degree of Succinimidyl
(9) (%) substitution carbonate loading
(DS) (mmol g?1)

Ethyl acetate 0.11 0.90 0.11 0.64
Cyclopentyl 0.13 1.19 0.16 0.85
methylether

Propylene 0.15 2.61 0.41 1.86

carbonate

Dimethyl 0.16 2.93 0.48 2.09
formamide

Assuming that®a) is pure and dry, i.e., solvefree, then as shown by % nitrogen
content Table 31) it is evident that dimethyl formamide (2.09 mmd| ®S 0.48 and
propylene carbonate (1.86 mmol,d>S 0.4) are far superior than ethyl acetate (0.64
mmol g%, DS 0.1) and cyclopentyl methyl eth€0.85mmol g*, DS 0.16. It appears
that DMF and propylene carbonate, dipolar aprotic solvents, better solvate HACS (

and DSC %) than polar aprotic solvents (ethyl acetate and CPME).
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A plausible mechanism for DSC activation in the presence of DNMA§ivenin
Scheme3.1. The two possible mechanisms A and B are shown below. However, due
to the tendency of the intermediate in mechanism A to be stabilised in polar aprotic
solvents, it is more likely that the reaction proceeds via mechanism A due t& CPM

which is a polar aprotic solvent.

A B
O
i Qon N )
DMAP \ \
4a-e DMAP

0 0
o o © ® /= /
&g\ggﬁ O—o H—N/\\:/>—N\

S

or .
<ﬁ %o

C}OTH o)

Qo }5

|

QOK }5 ) &N,@H@N\— Py

DMAP

6a-e
Scheme3.1. Two plausible mechanissfor DSC activation in the presence of DMAP.

Although dimethyl formamide gave the highest loading level compared to propylene
carbonate, the formes a toxic, dipolar, aprotic nitrogen containing solvéft 1"®
Solvent waste which is usually removed by washing, creates \alymeof waste

and its incineration produces NOx emissions. Propylene carbonate on the other hand

is a greerdr) alternative produced from (waste) carbon dioxide and propylene oxide.

76



Unlike DMF, incineration of propylene carbonatgoads carbon dioxide and water
only. Thus, herein, propylene carbonate was chosen as the best solvent for the DSC

activation of all renewable support&afe) discussed in this thesis.

3212 DSC (5) concentration tudy for activation of expanded

HACS (4a), i.e., preparation of (6a)
To better ascertain the best succinimidyl carbonate loading (mMafghe DSC
towards achieving the best starch OH activation, various loading levels of the DSC

were employed @mmolg?, 20 mmolg?, 40 mmolg?! and ® mmolg?).

Expanded HACS DSC 80 mmol g
Expanded HACS DSC 40 mmol g
Expanded HACS DSC 20 mmol g
Expanded HACS DSC 10 mmol g
Expanded HACS

1
A
A
R

;

f T T T T T T T T T T y T y 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure3.2. FFIR spectra foisuccinimidyl carbonate derivative of HAGH with respect to

DSC concentration (mmaj* starch)

Figure3.2.indicates that @ mmol of DSC for each g of expanded stardh the best

The stoichiometry of starch with respectNg\N'-disuccinimidyl carbonatebf is 1:3

(on the basis of hydroxyl groups to succinimidyl carbonate). As such the conversion
to its succinimidyl carbonate derivativéaj at 4 mmol DSC per g of stah was
performed using a slight excess i.e., 3.16 molar equivalents or 0.16 molar excess of
the succinimidyl carbonatelt is evident fromFigure 3.2. that the 10 mmol DSC
loading is insufficient to result in OH activation as the OH band at 330Qdoes not

show any significant decrease coupled with an almost absence of the carbonyl
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absorption band of succinimidyl carbonate groismmol show some activation
with appearance of newsuccinimidyl carbonate groupabsorption bands &it813,
1738, 1653 cm and a band at 1239 chassigned to imide (®l) vibrationand a
decrease in OH band at 3300 trBoth 40 mmol and ® mmol DSC loading proved
the mosteffective for DSC activation of the expanded HACS as evident by the
significant decrease in the broad O&bsorbance band at 3300 “trwith a
correspondingncrease in intensitgf newly attached carbonyl bands of succinimidyl
carbonat&® 181 gt 1813, 1738, 1653 chand a band at 1239 chassigned to imide
(C-N) vibration. However, the lack of significant increase in activation on going from
40 mmol to & mmol DSC loading orig expanded HACS suggests that tiéerdmol

DSC loading is probably the optimum DSC loading required for the best DSC
activation of the expanded HACS under those conditions.

Table3.2 showsthe succinimidyl carbonate loadingsd degree of substitutighased
on %N as determined by CHN analysis) of the expanded HACS for the different DSC
loadings (mmob* HACS).

Table 32. Succinimidyl carbonate loadings (mmohgand degree of substitution
based on varying DSC loadings (mngdi HACS).

DSC Yields Nitrogen Degree of Succinimidyl carbonate
(mmol/100  (9g) (%) substitution (DS) loading
mg HACS) (mmol g
2 0.11 0.64 0.08 0.46
4 0.15 2.93 0.48 2.09
8 0.16 3.25 0.56 2.32

Note: 1 mmol not reported due-gignificant loading.

Effort was not made tobtain the sutinimidyl carbonate loading ofdlmmol DSCg

1 of support due to very low activation as evidenced by théRFSpectrum Figure
3.2).1t is evident that @ mmol and ® mmol DSCg* of support provides the best
succinimidyl carbonate activation with loadigf 2.09 mmol g and 2.32 mmol g

of expanded HACSand degree of substitution of 0.48 and OrB6pectively. A
significant increase in succinimidyl carbonate loading is achieved from 2 mmol to 4
mmol DSCg?! of HACS (0.46 mmol g to 2.09 mmol ¢). However, no significant
increase in loading is achieved on going frddm#mol to & mmol DSC loading with
respect to succinimidyl carbonate activation. As such it is considered a waste to

continue the activation at 8 mmol DS of support. Thus, herein, stinimidyl
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carbonate activation of the all renewable suppattsef were carried out with a

maximum of 4 mmol of DSCg* of renewable support.

32.13. Reaction temperature optimisation study for DSC
activation

The DSC activation was further sultjed to temperature optimisation study at fixed

concentration (4 mmofpr 24 h reaction time

Expanded HACS, DSC 40 mmol g™, 100 °C c-0,c-0C
Expanded HACS, DSC 40 mmol g™, 80 °C
Expanded HACS, DSC 40 mmol g‘*, 50 °C
Expanded HACS, DSC 40 mmol g, 25 °C
Expanded HACS

i 'BLM‘J(‘N
By __\Mw
_-u..q'/"—-"“‘-—’“‘-——~—-—~J-*,u¢_1
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Figure 3.3. FTIR results of the optimisation of DSC activation temperature on Expanded
HACS.

The FTFIR spectra depicted iRigure3.3indicates that 80C is grobably the optimum
temperature for the DSC activation reaction. This is evident from the spectra as at 80
100 °C there exists three absorption bands at 1813, 1738, 1653assigned to
carbonyl (C=0), and another at 1239 “trassigned to imide @®l) vibration
corresponding to newly attached carbonyl and imide groups on HACS surface. At 25
to 50°C, only two carbonyl absorption bands at 1813 and 173Bwere observed,
indicating that potentially activation of the OH group only occurred at the more
accestble position 6 rather than the proposed activation at position 2 and 6 of the

glucose monomer units of the expanded HACS. This observation is further supported
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by the muckdecreased intensity of the broad band at 334dassigned to OH at 80

100°C reation temperature as compared to thesBSC reaction temperature.

The nitrogen content (as determined by elemental analy&akpirfixed concentration
(40 mmol) with respect to different reaction temperatures are givéahte3.3. Itis
evident th& 80 °C and 100°C give the best succinimidyl carbonate activation with
loadings of 1.86 mmol'§(DS 0.41)and 2.09 mmol ¢ (DS 0.48)of expanded HACS,
respectively. Thugheresuls arecomplementary with the IR spectra showirigure
3.3 which also sggested 80C and 100°C as optimal temperatures. A significant
increase in succinimidyl carbonate loading is achieved on going frdi@ & 80°C
(1.86 mmol ¢ to 2.09 mmol ¢). However, no significant increase in loading is

achieved on increasingghemperature from 8 to 100°C.

Table 33. Succinimidyl carbonate loading (mmof)gand degree of substituticat
fixed concentration @mmol g1) with respect to temperaturéC)) at 24 h reaction
time.

Reaction Nitrogen Degree @ Succinimidyl
temperature (%) substitution carbonate loading
(°C) (DS) (mmol g*)

25 1.80 0.25 1.29
50 1.8 0.27 1.34
80 2.61 0.41 1.86
100 2.93 0.48 2.09

The results above (Table 3.3) shows that even af@06nly about 2.09 mmolpf
succinimidyl carbonate groupacted with the expanded HACS support, representing

a 5.2 % incorporation.

3.2.14. Reaction time optimisation study for DSC activation

A reaction time optimisation was carried out from 6 h to 24 h at 6 h intervalik FT
spectroscopy Kigure 3.4) of the succinimidyl carbonate derivative$ad) shows
variations in the intensity of the key absorption bands as described earlier.

80



C-0, C-0-C

Expanded HACS, DSC 40 mmol g'1, 24 hours
Expanded HACS, DSC 40 mmol g, 18 hours
Expanded HACS, DSC 40 mmol g”, 12 hours
Expanded HACS, DSC 40 mmol g, 6 hours
Expanded HACS
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Figure3.4. FTIR spectra for optimisation of DSC activation of HACE)(with respect to

reaction time

As seen irFigure3.4, mly two carbonyl absorption bands at 1813 and 1738were
observed at lesser reaction time&%h, indicating that potentially activation of the
OH group only occurred at the more accessible position 6 rather than the proposed
activation at position 2nd 6 of the glucose monomer units of the expanded HACS.
However, at relatively longer reaction time-28 h all the three absorption bands at
1813, 1738, 1653 chassigned to carbonyls (C=0) of the imide and carbamate were
distinctly evident. No notablehange was observed on increasing reaction time from
18-24 h reaction time, making 18 h as the optimum DSC activation reaction time.
Similarly, this observation is further supported by the radetreased intensity of the
broad band at 3340 chassignedo O-H stretching vibration mode at 1B} h reaction

time as compared to thel® h reaction time.

Table 3.4 gives the succinimidyl carbonate loadings on expanded HA@ESw(ith
respect to reaction time indicating that 18 h and 24 h gave best succirgariglyhate
loadings of 1.80 mmol§ DS 0.3%nd 1.86 mmol ¢, DS 0.41of expanded HACS,
respectively. Significant increase in succinimidyl carbonate loading is achieved on
going from 12 h to 18 h (1.47 mmolgDS 0.300 1.86 mmol ¢, DS 0.4). Howeve,
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no significant increase in loading is achieved on increasing the reaction time from 18
h to 24 h.

Table 34. Results of starch DSC activation at different temperatures.

Reaction time  Nitrogen Degree of Succinimidyl carbonate
(h) (%) substitution loading
(DS) (mmol gt
24 2.61 0.41 1.86
18 2.51 0.39 1.80
12 2.06 0.30 1.47
6 1.94 0.28 1.38

The combined results of the HR spectroscopy and CHN elemental analysis indicates
that 18 h is the optimum reaction time for succinimidyl carbonate activdtibe ®H

groups on expanded HACS.

3.2.15. Summary of DSC optimisation study

Thus, to summarise theestconditions for the formation of succinimidyl carbonate
derivative 6a) of expanded HACS4@) using DSC %) as reagent ar&@SC 40 mmol
gl; reaction tine, 18 h; reaction temperature, ®) and; reaction solvent, propylene

carbonate.

3.2.16. Ligand grafted HACS (13a) and FeNHC immobilised on HACS

(1a)
FT-IR (Figure 3.5 spectroscopywas used to analyse the modification stages of
succinimidyl carbonatelerivative 6a) to afford ligand grafted HACS18a and
thereafter the desired FHC immobilised on HACS 1@ (see scheme 1.21)
Notably, the decrease in the intensity of thél@bsorbance band, and the appearance
of new carbonyl absorption bands andNGbsorption bands were used to analysed
and ascertain the successful modification of the expanded HACS support.
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Iron coordinated HACS (1a)
IL ligand grafted HACS (13a)
DSC activated HACS (6a)
Expanded HACS (4a)
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Figure3.5 FT-IR spectra of expanded HAC84d), DSC activated HACS6Q), ligand grafted
HACS (133 and Fe coordinated HAC34).

The absorpion band patterns of the ligand grafted HAQS4d) with respect to those

of its precursor &) showed significant difference in the carbonyl regibigand
grafted HACS(13a showed one notable carbonyl absorption band at 1695 cm
corresponding to the daamate moiety compared to three carbonyl peak6ain
Although, hidden within the fingerprint region weak absorbance bands characteristic
of an imidazolium ring (1257, 1192 cht®*18 are observed. After the formation of
NHC-iron(lll) complex (La), the absorbance band at 1192%coorresponding to the
quaternary ammonium of imidazolium disappeared, indicating possible iron(lll)
coordnation to the NHC ligand. However, actual iron incorporation arakitiation

state is evidenced later
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3.2.1.7. Solid-state 13C NMR spectroscopyinvestigation for the formation
of (1a) from (4a) via intermediates (6a) and (13a)

Cl 74 N
o =
OH (@] X
N N
: 0 O>LN/\/\ =/ __ Iron coordinated HACS (1a)
ao o) 4 ls H — IL ligand grafted HACS (13a)
0 20 __ DSC activated HACS (6a)
OX—T3n: __ Expanded HACS (4a)

QO carbamate

C=

I T T
100 50 [ppm]

|
150

Figure 3.6 *C CPMAS spctra of expanded HACSZd), succinimidyl carbonate derivative
(64@), ligand grafted derivativel3a) and FeNHC immobilised on HACSI1@a).

Figure 3.6 shows3C CPMAS spectra of expanded HACS$a) and chemically
modified HACS. Signals observed at 61.8, 82ntl 101 ppm were assigned te6C

C-4 and G1 in expanded HACS1§), respectively®>18" The signal at 72.5 ppm is
assigned to €, -3,-5. Upon transformation o#g) in to (6a) new signals at 172 and

160 ppm characteristic afC=0 moieties within succinimidyl carbonatppear
However, CG1 signal of starch was affected by the succinimidyl carbonate groups as it
shifted from 101 ppm to 98 ppm. After ligand bindirig4#), the carbonyl signal at

172 ppm assigned to the imide of the succinimidyl carbonate disappeared leaving the
signal at 156 ppm assigned to the carbamate. On the starch sw#eBt & shifted

from 72.5 ppm to 75.6 ppm, with C6 also shifted from 6 @ po 65.2 ppm.

The successful ligand binding was further confirmed by the appearance of signals at
23, 4051, 127133 ppm and 142 ppm corresponding to aromatig, @Hidazole-
CHy-, carbons of imidazole rin§® and aromatic carbon of theitached imidazole

ligand, respectively-8192
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3.2.18. CHN and ICP-MS elemental analysis osuccinimidyl carbonate
activated HACS 6a, ligand binded HACS 13a andFe-NHC HACS la.

From the results of the CHN elemental analysissafand 13a the succinimidyl
carbonate and NHC ligaridadings of the modified expanded HACS were found to
be 2.09 mmol g and 1.23 mmol ¢, respectively. The presence and quantity of iron
loaded was determined by IQWS elemental analysis which gave and iron loading of
0.63 mmol ¢ for the desired FHC immobilised on HACS1a).

3.2109. Thermogravimetric analysis of conversion of 4a to 1a via
intermediates 6a and 13a

The thermogravimetric behaviour of expanded HA@8§ @nd its modified forms,

i.e..,6a, 13aand1la, are shown irFigures 3.7 and 3.8 and ley data summarised in

Table3.5.

—— Fe coordinated HACS (1a)
100 A ——IL ligand grafted HACS (13a)
—— DSC activated HACS (6a)
—— Expanded HACS (4a)
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Figure3.7. Thermograms for expanded HAC&) and modified expanded HACS, i.6g),
(133, (18) in N..
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Figure 3.8. Differential thermograph(dTG) curves for expanded HAC84) and modified
expanded HACS64a), (13a), (1a) in Na.

For all thermogramdgure3.7) and dTG curvesHigure3.8), the first decomposition
stage which occurs from ambient to approximately A50s associated with loss of
physisorbed and chersorbed water, and any residual solvent. Stardmadsvn to
contain approximately 10% bound water in its native state. The next major
decomposition corresponds to the breakdown of the HACS back¥ofbe point of
inflectionfor HACS (@a) was 26 °C which decreased by °C upon conversion in to

its succinimidyl derivative§a, point of inflection321 °C) suggesting disruption of
starch chains leading to a reduction in intermolecular attraction. Slight variation in
decomposition is noted in the range ZO@’C which corresponds to derivatisation of
HACS in to6a, 13aandla. Modification of6ain to its ligand grafted derivativd 8a)

and FeNHC lasaw a further decreasetamperature at point of inflection 38T and

thussuggesturther weakening of iermolecular interactions

Moreover, to indirectly determine the presence of iron all samples were additionally
heated in airTable3.5). Combustion of organic samples in an air atmosphere should

affords carbodioxide and water thus leaving no residusidBRes should only be seen
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for noncombustible materials, in this case woontaining, which will be present as
oxides. As shown ifiable3.4, no residue was obtained for the expanded HAG (
succinimidyl carbonate derivativéd), and ligand graftelHACS (13a). However, for
the Fe coordinated HAC3 ), a reddiskbrown residue (approx.3%) was obtained,

which resembles the colour of iron oxide.

Table 35. Summary of thethermogravimetricdata for expanded HAC®$4a),
succinimidyl carbonate derivative6d), ligand grafted HACS 13a), and Fe
coordinated HACS1@).

Residue (%)
Water Content

Sample T4 (°C) " " (%)
4a 326 18.2 - 9.7
6a 321 26.1 B 55
13a 301 28.7 - 2.1
la 301 33.0 3 9.8
3.2.1.10. X-Ray Photoelectron Spectroscopy of (13a) and4}L

X-Ray photoelectron spectroscopy was used for confirmatory analysis for the success
of the imidazolium ligand bindinglBa) and iron complexation on the expanded
HACS support1a).
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The survey spectrdigure3.9), corresponding to the expanded HAG®)(and the
FeNHC immobilised on HACS 1@ shows an interesting difference with two new
additional binding energy peaks that appear at 400 eV and 711 eV corresponding to
nitrogen and iron, respectively, thusa#firming successful fabrication afaterialla

Carbon peak expanded HACS Carbon peak Fe-NHC expanded HACS
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Figure 3.10. Fitted carbon 1s peaks for the expanded HAGH &nd FeNHC immobilised
HACS (1a)

The deconvolution and fitted XPS spectfag(re 3.10 for C 1s ofthe expanded
HACS (4a) and FeENHC immobilised HACS 1a), shows additional carbon binding
energy peaks at 283.6, 286.1 and 289.2 eV assigne€ (@, C-N and C=0170 1%

195 characteristic of compouri® attachedsee scheme 1.21)
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Figure3.11. Fitted oxygen 1s peaks for the expanded HACS ardHReé expanded HACS
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The deconvoluted and fitted 13 spectra for expanded HACK) (Figure3.11) shows

two hinding energy peaks at 531.5 and 533.5eV assignedd@fd GH bonds in the
expanded HACS 1@p). However, the deconvoluted O 1s peak of theNHEC
immobilised HACS shows two additional binding energy peaks at 533 and 529 eV
corresponding to C=0 and podsilnetal oxide (iron oxide), respectivefi?. Another
important and striking difference is the decrease in thd Rinding energy peak
intensity which possibly may be attributed to the loss of some hydroxyl groups from
the expanded HACS. This decrease ier thtensity of the hydroxyl peak in the
expanded HACS and the corresponding appearance of a new C=0 peak HNH€ Fe
expanded HACS, indicates and further proves the successful attachri2mrofhe

expanded HACS surface which leads toglientuaformation ofla.

Nitrogen peak Fe-NHC expanded HACS Fe 2p peak Fe-NHC expanded HACS
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Figure3.12. Fitted nitrogen 1s and iron 2p peaks for theNIF&C expanded HAC&a.

The appearance of a nitrogen 1s binding energy peak at 400 eV in the XPS survey
spectra of the FBIHC expanded HACS1@) which was originally absent asrcae

seen in the survey spectrum of the unmodified expanded HR{@GBré3.12, is a

clear indication that a new compound containing nitrogen has been attached to the
expanded HACS. Further deconvolution of the N 1s peak indicates three different
nitrogenbonding environments at 398.3, 399.2 and 401.3 eV assigneditaChN,

and G=N, respectively. This however, is believed to have come from compb2ind
attached to the expanded HACS.

Importantly, the appearance of a Fe doublet binding energy peaks wik 2@ 1/2
at 711 eV in the spectrum of the-RéiC immobilised HACS 1a) confirms the
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presence of iron predominantly in the +3 oxidation StHt€° Mdssbauer
spectroscopy (see sectior2.3.11) was undertaken to further camf the presence of

iron.

3.2.1.11. Mossbauer Spectroscopy of (1a)

Mossbauer spectroscopy is a versatile technique that can be used to provide precise
information about the chemical, structural, magnetic and-tiegendent properties of

a material. Mdsbauer effect is only detected in isotopes with verydoergy gamma

ray and longived excited states. Similarly, the resolution is dependent upon the
lifetime of the excited state. These two factors limit the number of isotopes that can be
used successlly for MGssbauer spectroscopy. Interestingly, Fe which is the active
metal chosen for the fabrication of our catalyst, is the most used isotope in Méssbauer
spectroscopy’(Fe), because it has both a very low energy gamaypand longived

excited statematching both the requirements well. As such, Méssbauer spectroscopy
was employed to further investigate the presence and state of the Fe in the fabricated
supported F&NHC catalyst 1a).

01 Fe-NHC expanded HACS (1a)

0.0 +
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Figure3.13. Mdssbauer spectrum of fNHC immobilised on HACS1(@)
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The M6ssbauer spectrumXd (Figure3.13), confirms the presence of iron in the form

of FE"*. A characteristic isomer shift of 0.47 coupled with quadrupolar splitting of
0.81 are representative of ¥é° The presence of iron, as well as oxygen and
nitrogen, was further evidenced by XPS analysis as discussed earlier in Section
3.2.1.10.

3.2.1.12. Scanning Electron Microscopy (SEM) of (1a)

Scanning electron microscopy was used to explore the trends in porosity as the
expanded HACS support undergoes modification to the desired fabricated expanded
HACS supported F&IHC catalyst. This allows for a visible examination inte th
porosity of the support and whether the chemical and mechanical processes during the
modification has effect on the porosity of the support material in question.

Figure 3.14. SEM micrographs of (A) expanded HAC8g] (B) Succinimidyl carbonate
activaed HACS 6a) (C) Ligand grafted HACS1@a) and (D) FeNHC HACS (La)
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The SEM imagesHigure 3.14 qualitatively prove that the surface modification
process on the expanded HACS does not significantly collapse pore structure of the
expanded HACS. Good netvkoof pores is expected to facilitate diffusion of reactants

to the catalytically active Fe centre and the diffusion of the products out after reaction.

3.2.1.13. Transmission Electron Microscopy (TEM) of (1a)

The iron complexation reactions were carmed under nitrogen purged conditions to
prevent the formation of iron oxide nanoparticles. However, to investigate and
ascertain the absence or otherwise of the formation of iron and iron oxide
nanoparticles, transmission electron microscopy was employedibly investigate
presence of nanoparticles in theéd C St ar b o nMgure3lbshdwy the s .
TEM images of the F&IHC expanded HACS.

Figure3.15. TEM micrographs of F&IHC HACS (L&), at 200 nm (a) and 100 nm (b).

The TEM images taken 200-100 nm scale shoabsencef iron oxide nanoparticles.
However, the limitation on the ability to zoom further due to the loss of particle of the
material as a result of higher transmission that causes the particle-tqphaad bust
prevents from drawing general conclusiothat the measured iron obtained from the
ICP-MS, and XPS analysisnly comes from the intended complexed iron covalently
bonded to the imidazolium ligand on the expanded HACS sufiparing 1a.

3.2.1.14. N2 Porosimetry of (4a) and (a)

The BET surface area, pore diameter and pore volume of expanded HA@H( its
subsequent FBIHC modified form (a) determined by nitrogen adsorption

porosimetry are listed in Tab86 and their isotherms are shownRigures 3.16
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Figure3.16. Adsorption/desorption isotherms for expanded HAZ& and FeENHC HACS
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Generally, there are four main adsorption types isotherm plots that help to suggest the
likely mechanism involved in the adsorption/desorption process. The isotherms shown
in Figure3.16are characteristic of Type IV isotherm showing mild hysteresis (delay)
on the desorption isotherm due to possible capillary condensation and typically
indicating moderate physisorption abilities with mesoporosity of somewhat irregular
organizatiort®* More irregular ink bottle type pores with narrow necks and wide

bodies can cause much larger desorphysteresis.

Table 36. Summary of the porosity data for expanded HACS and modified forms.

Sample BET surface Desorption pore  Desorption average
area volume pore diameter
(m?/g) (cm*g) (hm)
Expanded HACS4a) 186 0.91 18.4
Fe-NHC expanded 135 0.60 16.3
HACS (1a)

On modi ycati on dd threughpaathe desiced FEACGEMolfilised

on HACS (La) the BET surface area decreased: 18§ 1da); and; 135 rfflg (14). The
subsequent decrease in surface area and pore volume may be explained by the
attachment of the imidazolium ligand (and iron) on the HACS surface leading to

blockage and filling of the porous structure.
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3.2.2. Fe-NHCS immobilised on Starbon 350 (1b) and 40(QLc)

3221 ATR FT-IR Spectroscopy

As previously discussed the decrease in intensity of ti Sretching absorbance
band and the appearance of new C=0 stretch aNdstCetch absorption bands were
used to analysed and ascertain the successful natitificof the Starbd' supports
4b and4c andtheir modification to the desired R¢HC catalysts immobilisedlb and

1c

Iron coordinated starbon 350 (1b)
—IL ligand grafted starbon 350 (13b)
—— DSC activated starbon 350 (6b)
Starbon 350 (4b)
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Figure3.17FT-l R s pectr a350@b) St B6BoaEt i WB30tEb)digasdt ar b on |
graft ed -350(018h) dndFeMHC immobils ed on 8%04b)bonE

TheFFI R s pect r unmsd@b) (Bguradlh,shods a broad, shallow;O
H stretching vibration centredraund 3300 cmt, followed by carbonyl stretching
vibration at 1702 crhand possibly at 1600 ctn However, the latteis more akin to
C=C stretchingdn t he DSC act-B50 @t saatinintdyl aardomate E
derivative6b, a new C=0 stretching absorbance band is noted at 16¥8ssuciated
with the carbonyl moiety of succinimidyl carbonate. Thasigmenis also spported

by a decrease in the intensity of theHOabsorbance band at 3300 “trfrom

St ar B360n¥B) to the succinimidyl carbonate derivativeb). Moreover, the IR
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spectrum of the |-B5§ @3bdindicatesd disappearsnteaof @& o n E
band at1567 cm! and a corresponding decrease of the band at 167&ssigned to
the C=0 stretching of the canimate derivative@b).

Iron coordinated starbon 400 (1¢)

—IL ligand grafted starbon 400 (13c)

— DSC activated starbon 400 (6¢)

Starbon 400 (4c) €0 .\

—
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Figure3.18 FT1 R spectr a400fc St B8 6oac&t i veOtGe,digarBit ar bonE
grafted -480(189 dndbFeNHHC i mmobi | i se4D0@®cn St ar bonkE

The FFI R spect r um400 #o (BigueB.b8y shéws C=C stretching
vibrational modeat 1599 crt and one carbonyl stretching bands 1703'cm
Conversion ofdcin to 6¢ shows appearance of a new absorbance aahé78 crit
characteristic of the carbonyl moiety of succinimidyl carbonate gf&ifihe intensity

of the GH stretching (3353 cr) mode decreases and the intensity of thel C
stretching mode at approximately 2900 ‘tinecomes more evident. Thereafter,
conversion obcin to 13cis characterised by the loss (or reduction in intensity) of the

carbonyl absorbance band at 1678'cm
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3.2.2.2. Solid-state 13C NMR spectroscopyinvestigation for the formation
of 1b and 1c from4b and 4c via intermediates 6b and 6¢ and 13b

and 13c
== lron coordinated starbon 350 (1b)
IL ligand grafted starbon 350 (13b)
o — DSC activated starbon 350 (6b)
= o — Starbon 350 (4b)
= —
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Figure 3.19 C CRMAS NMR s pectr a 0-850 ®ltealind), -DSE activated
Star B®BEME (red | i ne), 4350dgeendinegandaFe toerdinat&dtN&I€ b o n E
St ar BBOdrple line).

The®®™C CPMAS spect r ad4bpand Ssarbanr400)rarmd 3tSniodified

forms Figure 3.19 and 3.20 show similar resonance changes as described for the

HACS materials earliefFigure 3.6) The | i gand grEbshews St ar't
new resonances &3, 4851 ppm, assigned to aromatic §¢Hmidazole CH, and

carbons of imidazole ring, respectively. It was difficult to assign all the aromatic
carbons, and most importantly the carbonyls of the imide and carbamate group of the

succinimidyl carbonatewer masked within the ¥ignals f
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~— |ron coordinated starbon 400 (1c)
IL ligand grafted starbon 400 (13c)

2 o __ DSC activated starbon 400 (6c)
g x __ Starbon 400 (4c)
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Figure 3.20 C CRMAS NMR s pectr a 0-400 ®luealind), ddSE activated
Star AOME (red | i ne) , 4400dgeendinegandaFe toerdinat€dtN&I€C b o n E
St ar bA0O(drple line).

3.2.2.3. CHN and ICP-MS elemental analysis of FNHC immobilised on
Starbon-350 (1b) and FENHC immobilised on Starbon400 (1c)

Table3.7. Loading levels (mmol-¢ of succinimidyl carbonate, NHC ligand and Fe
on Starbon 350 and Starbon 400.

Loading level (mmd g?)

Support Succinimidyl NHC ligand Fe
carbonate
StarbonE 1.18 @b) 0.63 (L3b) 0.31 (Lb)
(4b)
StarbonE 1.36 60 0.46 (130 0.32 (Lo
(49)

The loading levels (mmol %) as determined by CHN elemental analysis are listed in

Table3.7.Sight | y hi gher siccinimidyl carbonate | oa
400 60) (1.36mmol¢y) as compar ed 6b)¢l.1Smneorg) whick 350 (

may be due to differences in porosity and/or accessibility of OH groups. However,
surprisinglythe NHClignd | oadi ng 013b)iS slightlythigher§0.63 50 (

mmolg)) as compared 139 (0.8 mmobg).MEke Fd Daring(

98



obtained from ICRMS on the other hand, indicates almost comparable Fe loading
bet ween StarbdbadStebooBt a00eta(al yst (

3.1.2.4. Thermogravimetric analysis of FeNHC immobilised on Starbon
350 (1b) and FeENHC immobilised on Starbon400 (1c)

The thermograms and differential thermal curves are giveigires 3.211 3.22for
Starbon 35@tb and its onversion tdlb and for Starbon 408c and its conversion to

1c
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Figure3.22 Ther mal analysis data (dTG)
in No.

101

ofomSt ar bon



The point of inflection which corresponds to theajor mass loss temperature,

signifyingt he br eakdown of StarbonE back bone, [
modification; 492°C ( St ar b4bp BOL°BE5 @, i gand grafted Starb
(13b)), and473°C (FeNHC i mmo bi | i s e db))SHoweveb, anrinérea3e5 0,  (

in the temperature at the point of inflection is observedstmcinimidyl carbonate

derivative 6b) 508°C.

A clear difference is observed in the decompositio® of a r b o rwhich 4Ho\@

that the support itself starts to decompose at a very low temperature of ab8at 120

a behaviour that is not expected of a material that hasdaeleonisedit 400°C. This
unusual behaviour could perhaps be due to different ways in which the materials
prepared (e.g. different furnaces used to carbonise the Starbon materials). The exact
reason may be difficult to prove since the Starbon materials used in this research were
obtained and used as received.

In terms of the points of inflection, simill]encswereo bs er ved wi th the St a
400 and its modified forms: 50C (4c), 508°C (6b), 491°C (13b), and 498C (1b).

All the modified Starbof samples analysed showed decompositions at around 220

300°C attributed to the decomposition of the was groups (succinimidyl carbonate

and NHC ligand) attached during modification. This observation further proves the

successful modification of the supports.

Whil e heating in air, no r-856,sutanenidyl s obt ai ne
carbonatectivatel St a#3lB@O®nE and Li gan é50gHoaeker,éod St ar bon |
t he Fe c oor di360a reddish MBowm rebiduen %) was obtained

confirming the presence of irqisee appendix Gh proportion thatagreeswith the

reported iron contents from IGRS aralysis

3.2.2.5. Mossbauer Spectroscopy of (1b) and (1c)

Mossbauer spectroscopy was used to ascertain the presence of iron and its oxidation

state in thenaterialslb andlc.
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0.2 Fe-NHC Starbon-350 (1b)

0.0+
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Figure3.23 M°® ssbauer trace f-leercatalyste f abri cated St

TheMosb auer s pect r «+B50 Fé fabricatsdtcatalytl§ (Figure3.23
confirms the presence of iron in the form ofeA characteristic isomer shift of 0.47
coupled with quad. splitting of 0.81 are representative $t32 The presence of iron,

as well as oxygen and nitrogen, was further evidenced by XPS analyses.

3.2.2.6. X-ray photoelectron spectroscopy of 1b, 1¢c andb and 4c

X-Ray photoelectron spectraFigures 3.24-3.25 were obtained for both the
St ar bB360n(4b) and St a r b400n@E), and subsequently for the -F#HC
St ar B3BON@E) and FENHC St a400 (dy fo evaluate their chemical

composition before analfter modification.
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Figure3.24 XPS survey s c-304béndFeNHG e S1S&3%blb.oE E

The survey spectra aboveigure3.29 corr espondi n3p0 andthet he St arb
FeENHC St a350, shows an interesting difference in the fact theo new

additional binding energy peaks appear at 400 eV and 711 eV corresponding to

nitrogen and iron, respectively. The presence of a nitrogen peak at 400 eV confirms

that the imidazolium | igand -380amilstatre cessf ul [
doubet peak at 711 eV entails a successful Fe complexation on the ligand.

35 x10% so.x10?
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Figure3.25 XPS sur vey s4@0daandfFeNrH CS tSd rad0diokh E

Figure3.25corr esponding to the X4fOMcadthesFey scans f
NHC St a400 iz, rstitws similar trends with two newly observed additional
binding energy peaks which appear at 400 eV and 711 eV corresponding to nitrogen

and iron, respectively. The presence of a nitrogen peak at 400 eV confirms that the
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imidazolium ligand was successfullyagf t e d 0 n-408 whélst dn d-& doublet

peak at 711 eV entails a successful Fe complexation.

As discussed earlier for the XPS analysis ofNFHCs immobilised on HACSsge

section 3.1.1.1) the deconvoluted carbon 1s peak f the StarbonE
Starboft 4 (FigureD1 and D4 in Appendix D3hows similar binding energy peaks

at 289.1286.5, 284.7 and 283.6 eV assigned to C=@,C-C, and CC(Ar). For the

FeENHC StarbonENHXS (Staamd oFfneE 400 addi ti onal
peaks at 283.9, and32.6 eV assigned to-C(Ar), and GN,%°* were observed. These

additional binding engly peaks are assigned to compod@dttached on the various
StarbonE supports. Another interesting al
binding on the support material is the decrease in the intensity of@Ghpeak at 286.5

eV and a corresponay increase in €(Ar) peak at 283.6 eV, attributed to the
successful activation of hydroxyl groups on the support and increasing aromatic

character due to the mesityl group of the imidazole ligghdespectively.

TheOls spectra of andiS¢ a B bla0n(fagore® ardsDs in

Appendix D shows three binding energy peaks at 529.5, 531.5 and 534.2 eV assigned

to C=0, GO and GH bonds respectivel{® However, the deconvolution of the

oxygen peak of the FRHC St ar bonE 350 shandstrikiaghot her
difference with the decrease in theHpeak intensity which confirms the loss of some
hydroxyl groups from the StarbonE 350. Tt
peak and the corresponding increase of the C=0 peak observed inthioth
deconvoluted oxygen peaks of theWe¢d{C St ar bonE 350 and 400
further prove the successful attachmentl2fon t he Star bonE 350 s

leads to the formation df.

The appearance of a nitrogen 1s peak at 400eV in the XPS supatsaspf the Fe

NHC St a350andifENHC St a-400 @iguieD3 and D6 in Appendix P

which was originally absent as can be seen in the survey spectra of the unmodified
StarbonE 350 and 400, is a clear indicati
has been attache3dhO0t canth e®O Supmodsh &unttter
deconvolution of the N 1s peak indicates two different nitrogen bonding environments

at 398.3, and 401.3eV assigned teNCGand C=N, respectively. This however, is
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believed to have eoe from compoundl2 att ached t 0-350 arel St ar bonE
St ar b460rsipports.

The appearance of an Fe doublet peaks with the Fe 2p1/2 at 711eV in the spectra of
the FENHC St a350 and FANHC St a400 iguke D3 and D6 in
Appendix D)confirms the preence of the coordinated iron predominantly in the +3

oxidation state.

3.2.2.7. Scanning Electron Microscopy (SEM)

Figures 3.26 and3.27s how t he SEM i mages of the Starbol

modified forms.

Figure 3.26 SEM mi cr ogr aphs -350f@b) (B) Succhimiayl bachbonkte
activat ed3s50b)jar bG6GNELIi gand -850 &3bt amdl (D)FENHE b o n E
St ar EBOE).

Figure 3.26i ndi cat e t h at350 lamltSkarbe8a0 ssuppoots EEmain
visually porous and despite the several deamand mechanical processtwy
underwent during the succinimidyl carbonate activation, imidazolium ligand binding

and iron coordination reactions.
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Figure 3.27 SEM mi cr ogr ap hs -4@0f@c) (B) BuccBimidyt tabone
activat eddoogarO@nNELIi gand -400 &30t amdd (D)FeNKHE b o n E
St ar b460LE).

3.2.2.8. Transmission Electron Microscopy (TEM)

Figure3.28shows the TEM images of the MEH C St a-350 (bbnaid FeNHC
St ar b4O0ONE.

Figure 3.28 TEM microimages of(A) FeNHC St a35b (b) Bnd (B) FeNHC
St ar b400rUE.

The TEM image of the FNHC St a-350 (bojsBows scattered dense particles,
which areexpected to be iron oxide nanoparticles form during the iron complexation
reaction. This may occur duieet rapid oxidation of residual iron particles on exposure

of the iron c o260tdiheasntospltere Suriray drigirg prEcess.
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Interestingly, the TEM image of the /ReH C St a-400 (bcy shows absence of
nanoparticles as no dense particles webserved. This confirms that the iron
contained in the FAIHC St a400 @cni€purely the intended complexed iron

covalently bonded to the imidazolium ligari®).

3.2.2.9. N2 Adsorption Porosimetry

Table3.8 summarizes the textur@durface area gsr), pore diameter (B+), and pore
volume (M) properti es 350 gb)hFeN KBE a$ th @36 @bh E
St ar b4OOYE) and FENHC St a400 (bon E

Table3.8. Porosity data for the StarbonE and mod

Sample Pore Adsorption Desorption BET
volume pore diameter pore surface
(cm*g  (nm) diameter area (Mg’
) (nm) Y

St ar B3B0rUE) 03 11 11 337

FENHC St a350@®n 03 9 9 132

St ar b4O0r¢e 0.2 64 48 60

FENHC St a400@mcon 0.2 77 48 13

From t he Starborosdpportgfdandc) through to the desired A¢HC (1b
andc) the BET surface area decreased 88 g (4b) to 132 ni g (1b) and60 m?
g (40 to 13m?g? (10). The observed decrease in surface area and pore volume may
be explained by thattachment of the imidazolium ligand on the StafBosurface

leading to blockage and filling of the porous structure.

Again, an unusual behaviour in the porosity values is observed in Starbon 400, very
low surface area and an increase rather than aadecia the pore diameters with
modification. This could perhaps be due to different ways in which the materials were

prepared as mentiedearlier.

108



3.2.3. Fe-NHCS immobilised on mango peel (1d) and orange peel cellulose (1e)

3.2.3.1. ATR-FTIR spectrosopy

—— Orange peel cellulose (4e)
—— Mango peel cellulose (4d)
— Microcrystalline cellulose

r v T v T y T v T v T y T y 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure3.29FT-IR spectra of microcrystalline cellulose (black line), mango peel celldabe (

and orange peel celluloség

FTIR spectroscopy was used to investigate the similarity in the structure of the isolated
mango peel 4d) and orange peelellulose @e) in comparison with that of
microcrystalline celluloseRigure3.29. The IR spectra of the mango peellulose

(4d) and orange peel celluloség as compared to microcrystalline cellulose, shows
similar absorption bands with only an increas the intensity of the absorption bands

at 16501750 cm' assigned to carbonyl stretching associated with residual
pectinaceous matter and 288920 cm! assigned to Cksymmetric and asymmetric
stretching. The broad band at 368000 cm® region is dueto the OHstretching
vibration. The nature of the -8 stretching band gives considerable information
concerning the hydrogen bonds, and as such can give a useful information regarding
the crystalline or amorphous nature of the cellulose. The bands enatactof
hydrogen bonds from the spectrum of amorphous cellulose became sharper and with
lower intensity, and usually tiieare shifted to higher wavenumbers. The absorption

band at 1430 crhis assigned to a symmetric €blending vibration, it is also kmvn
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as the fAcrystallinity bando, indicating

degree of crystallinity of the samples while an increase in its intensity indicates a
higher degree of crystallinify3 2% The various contributions from the glucopyranose
ring of cellulose (€0, O-C-0) are at 125050 cm'.2%4

C-O, C-0-C

—— Fe-NHC mango peel cellulose (1d)

—— IL grafted mango peel cellulose (13d)
—— DSC activated Mango peel cellulose (6d)
—— Mango peel cellulose (4d)

I f I f I T I T I L I T I 8 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure3.30FT-IR spectra of mango peel cellulogal), DSC activated mango peel cellulose
(6d), ligand grafted mango peel cellulosE3¢) and FeNHC immobilised on mango peel
cellulose (d)

Figure 3.30 shows the FIIR spectroscopy of the derivatives 4d leading to the
formation ofld. The appearance of new carbonyl stretching bands at 1601, 1650 and
1700 cmt in the succinimidyl carbonate azited mango celluloséd) and a band at
1239 cmt assigned to imide ®l vibration'’”> 1" are noted. This is further supported

by the disappearance of the band at 1601 snthe spectrum of the ligand grafted
mango cellulosel3d) due the loss of the carbonyl of the succinimidyl carbonate as

the ligand is successfully attzed.
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C-0, C-0-C
—— Fe-NHC orange peel cellulose (1e)
—— IL grafted orange peel cellulose (13e)
—— DSC activated orange peel cellulose (6e)
—— Orange peel cellulose (4e)

T : T g T J T : T L T L T J 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure3.31FT-IR spectra of orange peel celluloge)( DSC activated orange cellulog),
ligand grafted orange peel cellulod8@ and FENHC immobilised on orange peel cellulose
(1e.

Like the observations made in the-FR spectra of mangoeellulose and its modified
forms, the FTIR spectra of orange peel cellulose and its modified féioa€3.31)

also shows new carbonyl stretching bands at 1650 and 17&@hdime succinimidyl
carbonate activated orange peel cellulose. These changesdoecto the additional

new carbonyl groups from the succimidyl carbonate group attached during activation.
Displacement of the succininidyl carbonate by the ligand to affb8® (is less
discernible by FIIR spectroscopput is evidenced by elementaladysis and XPS as
discussed later. Conversion B8ein to la interestingly shows an increase in the

intensity of the carbonyl absorption at 1700%cm
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3.2.3.2. 13C CPMAS Spectroscopy

Crystalline peaks ¢2,3,5 Amorphous peaks

Orange peel cellulose (4e) / \ “

e

Residual pectin c6 Residual pectin

Mango peel cellulose (4d)

Microcrystalline cellulose

T T T T T T T T T T T

T
100 50 0 [ppm]

Figure3.323C CRMAS NMR spectra of microcrystalline cellulose (blline), mango peel
cellulose 4d) and orange peel celluloséd.

To further characterise the isolated mango peel cellulose, cross polarisation magic
angle spinning*C NMR spectroscopyas performed and the result compared to
commercial grade microcrytine celluloseFigure3.32. The spectra for mango peel
cellulose 4d) and orange peel celluloségf are similar to that of microcrystalline
cellulose. Some evidence, albeit very minor, of residual pectinaceous matter is seen
in 4d and4e with signalsat 2630 gom characteristic of Cflof rhamnose and at 170

ppm characteristic of carboxylic acid and ester moieties. Otherwise, signals observed
around 65, 88 and 106 ppm are assigned-& G4 and C1 of the glucose monomer

unit of the cellulose, respively. The major peak in 72.5 ppm is assigned 4?, €3,

-5 of the glucose monomer unit of the celluld®e. Information with respect to
crystallinity can be gleaned from interrogation of thé @nd CG6 signals. For &,

signals at 80~86 ppm relate to its amorphous nature whilst signals at 86~92 ppm confer
more crystallinity. Similarly, for € signals at 63~65 ppm lage to amorphous

character but when at 65~67 ppm are akin to crystalfffity.

These findings however, indicates that the isolatddiose from the orange peels
contain almost equal proportions of amorphous to crystalline cellulose. Unlike the

microcrystalline cellulose which contain only a small proportion of the amorphous

type.
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== Fe-NHC mango peel cellulose (1d)

cl
IL grafted mango peel cellulose (13d) Q . C N/\l;fI
~— DSC activated mango peel cellulose (6d) )\7\,\4/\9/\ —
= Mango peel cellulose (4d) 0 H

T
100 50 0 [ppm]

Figure3.33C CRMAS NMR stacked spectra of mangegb cellulose4d), DSC activated

mango peel cellulose6d), ligand grafted mango peel cellulos@3¢) and FeNHC
immobilised on mango peel cellulosikdy.

— Fe-NHC orange peel cellulose (1e)

cl
IL grafted orange peel cellulose (13e) 235 0 . © N
—— DSC activated orange peel cellulose (6e) /X\N /\9/\ -
= Orange peel cellulose (4¢) o H

T T T
200 150 100 50 0 [ppm]

Figure3.34%C CRMAS NMR spectra of orange peel celluloge)( DSC activated orange
peel cellubse €, ligand grafted orange peel cellulod8d and FeENHC immobilised on
orange peel cellulosd é).
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Figures 3.33and3.34show the'3C CRMAS spectra of mango peel and orange peel
cellulose and its conversion in tbd and 1le respectively. The speaet of the
succinimidyl carbonate activated mango pegd) (and orange peel celluloség
showed new signals the carbonyl regionorresponding to carbonyl of the carbamate
and imide respectivelyand the signaht 40 ppm whicltorresponds to CHyroup d

the imide thus confirming the successful attachment of the succinimidyl group during
activation. The spectra of the imidazolium ligand grafted mango p@#él énd orange

peel cellulose 36 showed the loss of carbonyl signal of the imide. The signals
numbered 8,9 and 10 correspond toQifoups of the aminopropyl group of the
imidazole ligand and peaks2® ppm, assigned to aromatic £€Hhe spectra confirm

the successful attachment of the ligand on the activated mango and orange peel
cellulose supportAfter modification of the cellulose surfadg;6 (to which the most
accessible OH is attached siynalat around 65 ppmwas affected by the succinimidyl
carbonateand imidazole ligandyroups, causing a change in the proportion of the
amorphous to cryatline region with the cellulosesupport becoming more

amorphous

3.2.3.3. CHN and ICRMS elemental analysis.

From the results of the CHN elemental analysisdf(succinimidyl carbonated
activated) and 3d (ligand grafted) mango cellulose, the suatiidlyl carbonate and
NHC ligand loadings of the modified cellulose samples were found to be 1.49 mmol
gl and 0.56 mmol ¢, respectively. The Fe loading as determined by-M3for Fe

NHC immobilised in mango peel celluloskdf and orange peel celluloskég were

0.30 mmol ¢ and 0.52 mmol g, respectively. Thus, once again confirming successful
synthesis of the desi spedrostophCt@awaysibmgspi t e

conclusive.
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3.2.3.4. Thermogravimetric Analysis (TGA)

Figure3.35 Thermarams for mango peel cellulosédj and its derivative6d and13d

leading to FENHC immobilised on mango peel cellulode) in N..

Figure3.36 Thermograms for orange peel cellulo4e) @nd its derivativeSeand13e

leading to FENHC immobilised on tange peel cellulosd € in N,.
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