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Annemarie O Toole: Towards the Fixation, Storage and Activation of
Carbon dioxide using Iminodiacetic Acid-based Coordination Compounds

Abstract

The main purpose of the current study was to expand, and fully explore, the library of
known coordination compounds that form from the aqueous hpdta reaction system.
The study examines the role hpdta coordination compounds play in the fixation of aerial
carbon dioxide and their potential applications as catalysts in the reduction of carbon
dioxide. Also considered is the potential application of hpdta based supramolecular
assemblies as materials for gas storage and separation. The study uses #’Al, '*C and
'"H nuclear magnetic resonance (NMR) combined with electrospray ionisation mass
spectrometry (ESI-MS") and Ultraviolet-visible (UV-Vis) spectroscopic analyses in order
to gain insights into the solution behaviours of the Fe'' and Al" hpdta based reaction
system; Engages Gas-chromatography-mass spectrometry (GC-MS) headspace
analyses coupled with ESI-MS- in order to investigate the reversible fixation of
atmospheric carbon dioxide using tetranuclear Fe" hpdta compounds; and employs
cyclic voltammetry in combination with fluorescence spectrophotometry to establish the
compounds’ redox activities and electron scavenging characteristics. The research also
applies the Sieverts Method to determine the gas storage capabilities and BET surface
areas of novel {Alis} hpdta supramolecular assemblies. The first chapter of this thesis
outlines the specific aims of the research and introduces the reader to supramolecular
chemistry and the applications of porous materials such as zeolites and metal-organic
frameworks (MOF’s) for gas storage and separation. Also considered is the use of
transition metal complexes in the reduction of CO..

Chapter two, details the speciation studies of the Fe'' and Al'" compounds 1-3 and 5-7.
27Al, 3C and '"H NMR and UV-Vis spectroscopy in combination with ESI-MS- were
employed to develop speciation protocols for hpdta-based compounds in solution. The
protocols were used to confirm the core tetranuclear species stability in solution and
the structural integrity of compounds 3 and 5-7 in appropriate pH environments.
Chapter three reports the synthesis and structural characterisation of five novel hpdta
coordination  compounds.  Specifically, the dinuclear Fe""  compound
(NH3C3H6NH3)0,5K[F€2(hpdta)(thpdta)]-4H20-NHzCsHsNHz (8), compound 9
Na7[{Fes(u-O)(u-OH)(hpdta)(CO3)(H20){Fes(u-O)(u-OH)s(hpdta)s}]-4H.O, and the
trinuclear compound Na[Fes(H20), (u-O)(CsHsN207)2]-6H20 (10). The mononuclear and
tetranuclear compounds enHz[Ni(Hihpdta)]-2H.0O (11) and Nas[Va(u-
0)2(hpdta)z(0)4]-3H.0 (12) formed upon the addition of Ni' and V" metal ions to
aqueous hpdta ligand solutions.

In chapter four, the hpdta system’s affinity towards carboxylate bearing ligands is
examined through the isolation of six novel hpdta compounds. Namely, Nas[{Fes(u-

0)(u-OH)(hpdta)2}{(OOCCeHs)}2]-12H,0-DMF (13), Nas[{Fes(u-
0)2(hpdta)z}2{(0O0CCsHsCO0)},]-43H,0 (14), Nas[{Fes(u-
O)zhpdta)z}z{(OOCC12H1eCOO)}2]-35H20 (15), Na1o[{Fe4(u-
0)2(hpdta)2}2(O0CCsHsCOO0)2]Cl2-25H.0 (16), Nasg[{Ala(u-
0)2(hpdta)2}2(O0CCsHsCOO0)2]-39H.0 (17) and Nas[{Mna(u-

0)2(hpdta)2}.(O0CCsHsCOO0),]-25H,O (18). Chapter five establishes the role of
tetranuclear Fe"' compounds in the, reversible, fixation of aerial carbon dioxide; and
confirms the compounds electrochemical and photophysical characteristics in order to
evaluate their potential applications as catalysts in the reduction of CO..

Chapter six examines the counter-ion mediated formation of a series of novel {Alis)
complexes; (H30)3[AI15(p3-0)4(u3-OH)6(u-OH)14(hpdta)4]-23HzO (26), Rbs[A|15(|J:3-O)4(|J3-
OH)s(p-OH)14(hpdta)4]-43H20 (27), Naa[Ah5(u3-0)4(u3-OH)e(u-OH)14(hpdta)4]-36H20



Towards the Fixation, Storage and Activation of
Carbon dioxide using Iminodiacetic Acid-based
Coordination Compounds

Annemarie O Toole

School of Chemistry
University of Dublin.

May 2015

A thesis submitted to the University of Dublin for the degree of
Doctor of Philosophy



r?ammr COLLEGE
2 9 JUL 2015

a\\‘LIBRARY DUBLM
Ahopis 10656




Declaration

| certify that this thesis which | now submit for examination for the degree of Doctor of
Philosophy is entirely my own work and has not been taken from the work of others, save
and to the extent that such work has been cited and acknowledged within the text of my

work.

This thesis was prepared according to the regulations provided by the School of
Chemistry, University of Dublin and has not been submitted in whole or in part for another

award in any college or University.

| agree to deposit this thesis in the University's open access institutional repository or
allow the Library to do so on my behalf, subject to Irish Copyright Legislation and Trinity

College Library conditions of use and acknowledgement.



Summary

The main purpose of the current study was to expand, and fully explore, the library of
known coordination compounds that form from the aqueous hpdta reaction system. The
study examines the role hpdta coordination compounds play in the fixation of aerial
carbon dioxide and their potential applications as catalysts in the reduction of carbon
dioxide. Also considered is the potential application of hpdta based supramolecular
assemblies as materials for gas storage and separation. The study uses #’Al, *C and 'H
nuclear magnetic resonance (NMR) combined with electrospray ionisation mass
spectrometry (ESI-MS-) and Ultraviolet-visible (UV-Vis) spectroscopic analyses in order
to gain insights into the solution behaviours of the Fe'' and Al'"' hpdta based reaction
system; Engages Gas-chromatography-mass spectrometry (GC-MS) headspace
analyses coupled with ESI-MS™ in order to investigate the reversible fixation of
atmospheric carbon dioxide using tetranuclear Fe'"' hpdta compounds; and employs
cyclic voltammetry in combination with fluorescence spectrophotometry to establish the
compounds’ redox activities and electron scavenging characteristics. The research also
applies the Sieverts Method to determine the gas storage capabilities and BET surface
areas of novel {Alis} hpdta supramolecular assemblies. The first chapter of this thesis
outlines the specific aims of the research and introduces the reader to supramolecular
chemistry and the applications of porous materials such as zeolites and metal-organic
frameworks (MOFs) for gas storage and separation. Also considered is the use of

transition metal complexes in the reduction of CO,.

Chapter two, details the speciation studies of the Fe"' and Al"' compounds 1-3 and 5-7.
27Al, 3C and 'H NMR and UV-Vis spectroscopy in combination with ESI-MS- were
employed to develop speciation protocols for hpdta-based compounds in solution. The
protocols were used to confirm the core tetranuclear species stability in solution and the
structural integrity of compounds 3 and 5-7 in appropriate pH environments. Chapter
three reports the synthesis and structural characterisation of five novel hpdta
coordination ~ compounds. Specifically, the  dinuclear Fe"  compound
(NH3CsHsNH3)o sK[Fez(hpdta)(Hzhpdta)]-4H20-NH.C3HsNH2 ~ (8), compound 9
Na7[{Fes(u-O)(u-OH)(hpdta)2(COs)(H20)}{Fes(u-O)(u-OH)s(hpdta)s}]-4H-O, and the
trinuclear compound Na[Fe3(H20); (u-O)(CeHsN207)2]-6H20 (10). The mononuclear and
tetranuclear compounds enH;[Ni(Hshpdta)]-2H.O (11) and Nasg[Va(u-



0)2(hpdta)2(0)4)-3H.0 (12) formed upon the addition of Ni"' and V" metal ions to aqueous
hpdta ligand solutions.

In chapter four, the hpdta system’s affinity towards carboxylate bearing ligands is

examined through the isolation of six novel hpdta compounds. Namely, Nas[{Fe4(u-O)(u-

OH)(hpdta)}{(OOCCsHs)}2]-12H.0-DMF (13), Nas[{Fea(u-
0)2(hpdta),}{(O0CCeHsCOO0)},]-43H.0 (14), Nas[{Feas(u-
0):2hpdta)2}2{(O0CC12H16C0O0)}2]-35H20 (15), Naio[{Fes(u-
0)2(hpdta)2}2(O0CCsHsCOO),]Cl2-25H,0 (16), Nas[{Als(u-
0)2(hpdta)2}.(O0CCsHsCOO),]-39H.0 (17) and Nag[{Mna(u-

0O)2(hpdta);}2(O0CCsHsCO0),]-25H,O (18). Chapter five establishes the role of
tetranuclear Fe" compounds in the, reversible, fixation of aerial carbon dioxide; and
confirms the compounds electrochemical and photophysical characteristics in order to

evaluate their potential applications as catalysts in the reduction of CO..

Chapter six examines the counter-ion mediated formation of a series of novel {Alis)
complexes; (HzO)s[Al1s(3-O)a(3-OH)es(u-OH)14(hpdta)s]-23H20 (26), Rba[Al1s(u3-O)a(3-
OH)e(u-OH)14(hpdta)s]-43H0  (27), Nas[Alis(u3-O)a(pu3-OH)e(u-OH)1a(hpdta)s]-36H20
(28), Ks[Al15(u3-O)a(p3-OH)e(u-OH)14(hpdta)s]-22H,0 (29) and Csa[Al1s(u3-O)a(z-OH)e (-
OH)14(hpdta)4]-41H,0 (30). The Sieverts Method is employed to confirm the porosities
of compounds 24, 27-29 and establish their N2, BET surface areas that range from 538
m?/g to 651 m?/g. Their CO, and H, adsorption isotherms revealed CO, uptakes ranging
from ca. 132 to 207 mg/g and H: storage capacities of between ca. 7 and 11 mg/g.
Together these results provide important insights into their potential applications as gas
storage materials. Chapter seven provides concluding remarks and chapter eight
discusses the experimental details of the synthesis and characterisations of the

compounds described in this study.
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List of Compounds

1a= NH[Fes(u-O)(u-OH)(hpdta),(H20)4]-12.5H,0 ' 2
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2b= (enH2)1 s[Fes(u-0)(u-OH)s(hpdta)z]-nH20

3= (enH)[Fe4(u-0O)(u-OH)(hpdta)(O.CNHC,HsNHs),]-6.5H,0 2
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11= EnH[Ni(H:hpdta)]-2H,O
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Chapter 1 Introduction:

The aim of this introduction is to provide insight into the realm of hybrid inorganic-organic
materials. The concepts of crystal engineering and supramolecular chemistry will be
outlined. The classification of such materials in addition to the unique applications of
metal organic frameworks (MOFs) will be discussed. There will be a particular emphasis
on MOFs’ adventitious applications as gas storage materials over traditional sorbents
such as activated carbon or zeolites. The introduction further serves to highlight the
carbon dioxide problem and provide an insight into the current research undertaken to
photochemically reduce CO.. Also considered is the use of transition metal compounds
as catalysts in the photochemical reduction of CO, and the various catalytic routes that
can be used in the CO; photo-reduction process. The aminocarboxyl ligand Hshpdta is
introduced with particular emphasis on the use of tetranuclear carbamate and carbonate

compounds (which contain hpdta) as catalysts in the photoreduction of CO,.
1.1 Supramolecular chemistry and crystal engineering

It is the ultimate aim of crystal engineers to create novel materials with pre-determined
structures and properties. Schmidt first proposed the concept of crystal engineering in
1971. He recognised that crystal lattices were stabilised by intermolecular forces and
believed that an in-depth understanding of these forces could lead to the “control of
molecular packing” and the ability to predetermine crystal structures with specific
chemical properties.® The term was later defined by Desiraju and co-workers to include
“the understanding of intermolecular interactions in the context of crystal packing and in
the utilization of such understanding in the design of new solids with desired physical
and chemical properties”.®® In recent times extensive time and effort has been placed
into the engineering of inorganic supramolecular materials by means of a ‘building block
approach’.® The approach visualizes crystal structures as networks where molecules,
metals and ions are nodes and the intermolecular interactions or coordination bonds act
as connections between the nodal points. The metal ion and ligand selections direct the

geometry and structure of the supramolecular compounds.

Supramolecular chemistry is often considered as ’the chemistry beyond a single
molecule’.'® Crystal engineering is discriminately focused on compounds that assemble

through strong covalent bonds. Supramolecular chemistry includes molecules that self-



assemble into predetermined structures through weaker, reversible, non-covalent

interactions such as van der Waal forces, hydrogen bonding and 1r-1r interactions.

The most inherent example of supramolecular chemistry, and the requirement of
complementarity for all non covalent bonds in molecules, is elegantly demonstrated by
the building blocks of life, deoxyribonucleic acid (DNA). DNA is composed of two strands
of simple units called nucleotides. Each strand consists of a phosphorylated backbone
linked to a series of four purine and pyrimidine bases that arrange in a double helix.
Complementary base pairings form distinct bonds between bases units on opposing
strands of DNA. The base adenine (A) exclusively forms hydrogen bonds with thymine
(T), whilst guanine (G) pairs with cytosine as seen in Figure 1.1. The reversibility of
hydrogen bonding facilitates the ‘unzipping’, and subsequent reformation, of the DNA
double helix under specific environmental conditions, in the life forming process known

as DNA replication.™
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Figure 1.1: A) Complimentary pairing between purine and pyrimidine bases,
hydrogen bonding represented by dashed line. B) Simplified diagram of the
antiparallel strands of DNA and the hydrogen bonded double helix. G guanine, C
cytosine, A adenine, T thymine."

The realm of supramolecular chemistry can be divided into zeolitic materials and hybrid

inorganic-organic materials such as discrete coordination molecules, one dimensional



coordination polymers or two and three dimensional coordination networks commonly

termed metal organic frameworks (MOFs), Figure 1.2.

Supramolecular Materials
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Figure 1.2: Classification of supramolecular materials.

1.2 Aluminium clusters, zeolitic materials and aluminogallophosphates

Aluminium-based materials have received extensive attention in the past decades. This
is predominantly owing to the versatility of the lightweight aluminium ions that can adopt
both octahedral and tetrahedral coordination geometries and exhibit prolific hydrolytic
activity in aqueous solution. These characteristics lead to the formation of a diverse array
of oxo- and hydroxo- bridged purely inorganic and hybrid inorganic-organic materials."
2 Examples of polynuclear oxo/hydroxo-bridged aluminium complexes in the literature
range from the smallest oligomer, {[Als(OH)14(H20)15}(SO4)s+16H,0}, the cationic {Alis}
complex {Al1304(OH)24(H20)12}"*, to the largest {Also} cluster composed of two {Alss} units
separated by an {AlOs}4 bridge." '>'* The latter two examples are remarkable as twelve
{AlOe} units surround the tetrahedral {AlO4} centres in an octahedrai arrangement to form
{Ali3} clusters, as seen in Figure 1.3. Thus they provide examples of lightweight
aluminium complexes containing the, inherently stable, Keggin structure Figure 1.3B.
Complexes that contain the Keggin structure play an important role in polymerisation,
hydration and oxidation reactions due to their intrinsic catalytic properties.™ & 2 15 A
further example of an important supramolecular Al-based material is provided by the
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{Alss} complex, [Alis(us-O),(us-OH)s(u-OH)14(hpdta)s]. It contains a central core that is

comparable to the minerals barite and gibbsite except in this case the central hole is

unoccupied, as seen in Figure 1.4.4

Figure 1.3: A) Polyhedral representation of the {Also} cluster containing two {Al43}
‘Keggin units’ bridged by four {AlOg} units, Al centres dark blue. B) a polyhedral
representation of the Keggin structure in {Ali304(OH)24(H20)12}"*, demonstrating a
tetrahedrally coordinated AlO; centre, highlighted in red, surrounded by twelve
octahedrally coordinated, AlO¢ sub-units, highlighted in grey."* 1214

A8H,0,- 14 H'

4 [Al(hpdta)(H,0)]' + {Al,(OH),(H,0),}" [Abs(y1s-O)s(j1s-OH)s(-OH)1«(hpdita)J*

Figure 1.4: The encapsulation of a central {Al;(OH)+.}°* fragment by dinuclear {Al,
hpdta}* units via a series of hydrolytic condensation reactions to form {Alss}
supramolecular assembilies.?

Zeolites are one of the earliest examples of microporous materials. They are composed
of hydrated alkaline or alkaline earth aluminosilicates and contain frameworks of AlO4 or
SiO4 tetrahedra that condense to generate interconnected cages or tunnels. The removal

of water molecules from the pores and cavities of these anionic clusters gives rise to



their applications as porous materials in a broad range of specialties including agents in
water treatment and gas separation processes, as controlled-release nitrogen and
phosphorous fertilizers and catalysis.'® A classic example of a, commercially viable,
porous zeolite is provided by the aluminosilicate zeolite A, {Na12(Al12Si12048)+27H,0}. Its
3-D primitive cubic structure is constructed of truncated o- and 3- cages as demonstrated

in Figure 1.5.1719

Zeolite A (LTA-type structure)

1.23 nm © 0 -cag ercage
Q Cation site %8¢ FHparcags)

Figure 1.5: Structure of zeolite A comprising a- and B- cages. Each corner and
intersection of the cage is occupied by either Si or Al ions. An oxygen atom is
located at the edge centre. Al green, Si red, O white.?°

Aluminogallophosphates are structurally related to zeolites and form mixed tetrahedral-
octahedral (or bipyramidal) frameworks of general formula Al(Ga)POs4. The presence of
Al and Ga ions permits for a greater variation in connectivity within the framework and
offers a step towards the ability to control the pore-size of these zeolitic type materials.
Their structures can be described in terms of oligomeric units consisting of n-polyhedra
that are three dimensionally connected and allow for the formation of larger pores, as
demonstrated in Figure 1.6.2" Aluminium complexes such as those described above can
be incorporated into the aluminogallophosphates’ framework as secondary building units

to form novel porous materials.?%-24



Figure 1.6: Seven aluminogallophosphates SBUs.?!

1.3 Hybrid inorganic-organic materials

Hybrid inorganic-organic materials are an important class of supramolecular materials.
Their inorganic and organic counter-parts provide a creative alternative for the design of
novel materials with unprecedented porosities. The materials can be classified according
to the interactions between inorganic and organic assemblies, i.e. either robust covalent
bonds (Type |l materials Figure 1.2) or weak intermolecular interactions (Type | materials
Figure 1.2). The former are of particular importance and have been extensively reported

for their potential applications as optical, gas storage and catalytic materials.?

Hybrid inorganic-organic materials are typically isolated using a bottom up approach
whereby metal complexes self-assemble in the presence of multifunctional organic
ligands. An alternative synthetic method involves a series of pH controlled condensation
reactions in which hydrated metal sub-units form via M-O-M linkages.?® Further
classifications can be considered in terms of the crystallization methods succeeded in
their synthesis for example hydro- / solvo- thermal or slow diffusion crystallization
processes. The reactions are often performed at elevated temperatures that reduce the
solvents dielectric constant thus increasing the solubility of the inorganic and organic
components. This provides ample opportunity for the formation of novel hybrid inorganic-
organic materials through condensation reactions. The reactions can be further
influenced through variation of the ligand to metal ratios, the pH of the system and the
solvent mixtures of the reactions.?” A successful example is provided by Forster and co-
workers who successfully demonstrated that varying the temperature of a reaction
system from between 60 °C and 250 °C results in the formation of five distinct cobalt
structures, Co(H20)4(CsH404)2, Co(H20)2(CsHsO4)2, Co4(H20)2(OH)2(CsH404)3-2H-0,



C0s(OH)2(C4H404)s:2H,O and Cos(OH)2(C4H404)4.222° Stock and co-workers also
demonstrated that the selection of metal salt influences the crystal structure formation in
the Co?*/(H.03PCH2)*NCH,CsH4sCOOH (HsL)/NaOH reaction system.*°

The first example of a hybrid material was provided by Hofmann as early as the
nineteenth century with a cyano-bridged Ni complex arranged in a cubic network with
channels that were occupied by coordinating benzene molecules.*'** Since then hybrid
inorganic-organic materials have been characterized according to their organic ligand
directionalities and metal ion connectivity’s. For example [Mn(H-O)(1,3-CHDC)(1,10-
phen)],, Figure 1.7a, is considered to be a discrete molecule with zero dimensionality
with respect to the inorganic and organic assemblies. Yaghi’'s secondary building unit
MOF-5 [Zn4O(1,4-BDC)3] displays a Metal-Ligand-Metal (M-L-M) connectivity of 3 and
an inorganic connectivity of 0, Figure 1.7b. [Cd(H20)»(1,3-BDC)], Figure 1.7c, provides
an example of one dimensional (1D) hybrid inorganic-organic ion connectivity. Whilst
[Cd(1,2-CHDC)] is considered to display two-dimensional (2D) ion connectivity’s and
zero organic ligand dimensionality, Figure 1.7d. Finally, the heptanuclear Ni complex
[Niz(OH)2(C4H404)s(H20)2]-2H20 is a three dimensional (3D) structure characterized by
3D Ni directionality and zero dimension ligand connectivity, Figure 1.7e. A similar
formation is demonstrated by the mononuclear cadmium  structure
[Cd(C3H204)(H20)]-H20 as observed in Figure 1.7f.



Figure 1.7: Demonstrates structures of hybrid inorganic-organic materials that are
classified according to their metal ion and ligand dimensionalities. I”O" signifies
the overall dimensionality, n= dimensionality of inorganic component and m=
dimensionality of bridging ligand. (a) Mn-1,3-cyclohexanedicarboxylate,
[Mn(H20)(1,3-CHDC)(1,10-phen)],, 1°0%°3%¢ (b) Zn-1,4-benzenedicarboxylate,
[Zn,O(1,4-BDC);], I°0%% (c) Cd-1,3-benzenedicarboxylate, [Cd(H.0)x(1,3-BDC)],
I'0'%¢ (d) Cd-1,3-cyclohexanedicarboxylate, [Cd(1,2-CHDC)], FP0O°3 (e) Ni-
succinate, [Ni7z(OH)2(C4H4O4)6(H20)2]-2H0, PO (f) Cd-malonate,
[Cd(C3H204)(H:0)]-H,0, FO°.2038

1.4 Metal-organic frameworks and extended hybrids

Isoreticular synthesis and the advancement of crystal engineering

The development of a reticular synthetic approach to crystal engineering has
reinvigorated the research into supramolecular chemistry. The concept is described as
“‘assembling judiciously designed rigid molecular building blocks into predetermined
ordered structures (networks), which are held together by strong bonding” at the turn of
the century.®® The strong coordination creates rigid molecular building blocks or
secondary building units (SBUs).“° The strength of the isoreticular synthetic approach
was realized through the isolation of SBUs based on the octahedral {ZnsO(CO,)s} sub-
unit, seen in Figure 1.8A. The sub-unit, containing four metal ions that link to a central
oxygen atom and are capped by six carboxylate groups, has been extensively employed
as a secondary building unit for the preparation of metal organic frameworks. The key to

the success of isoreticular synthesis is the retention of a primitive cubic topology that



facilitates the isolation of pre-determined coordination networks with controllable
porosity.*! The 3D networks form through coordination of the subunits by carboxylated
or amido functionalised organic ligands. The networks, with primitive cubic topology, are
known as metal organic frameworks (MOFs) whose void volumes are controllable
through expansion. Expansion is achieved through systematic alteration of the distance
and rigidity between the carboxylate moieties of organic ligands. This is exemplified by
the isoreticular design and construction of MOF-5 and related frameworks based on the
MOF-5 skeleton, Figure 1.8. The successive substitution of organic linkers, ranging from
terephthalic acid to triphenyldicarboxylic acid, demonstrates an ability to vary pore
function and size thus increasing the accessible void volume from 56 % to 91% without

compromising the topology.3°42-44

Figure 1.8: A) {Zn,O(CO:)s} secondary building unit (SBU). B) MOF-5, SBU linked
by benzene dicarboxylate ligands. C) IRMOF-8, stabilised by naphthalene
dicarboxylates. D) IRMOF-10 coordinated by biphenyldicarboxylic ligands. E)
IRMOF-14 linked by triphenyldicarboxylic acid.***?> The yellow spheres represent
the available void volume. C Black, O Red, Zn Blue.



The versatility and synthetic capabilities of the isoreticular approach is exemplified by
Yaghi and co-workers isolation of the ultrahigh porous metal organic framework, MOF-
210, with formula of Zn4O(BTE)4/3(BPDC). The MOF contains {Zn4sO(CO,)s} sub-units
that are coordinated by BTE and BPDC organic linkers, as demonstrated in Figure 1.9.
It has a pore volume of 3.60 cm?®/g and a BET surface area of 6240 m?/g, hydrogen (H.),
carbon dioxide (CO.) and methane (CH4) gas uptakes values of 176 mg/g at 77K, 264

mg/g and 2400 mg/g at 298 K, respectively.*®
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Figure 1.9: A) The secondary building unit and organic ligands involved in the
formation of MOF-210. B) Crystal structure of MOF-210. Void volume represented
by orange and yellow spheres. C dark grey, O red. {ZnO4} sub-units represented

as blue polyhedra.*®
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1.5 Gas Storage in porous materials

With the rapid onset of global warming MOFs and supramolecular assemblies are
increasingly perused for their potential hydrogen and carbon dioxide storage
capacities.***® They have a distinct advantage over traditional inorganic and organic
porous materials, such as zeolites, charcoal or carbon nanotubes, as they are robust,
highly crystalline and characteristically form uniform structures with minimal defects.
Their synthesis can also be controlled and adapted to form unprecedented porous

materials.4! 49 47-48
Surface area determination and gas storage capabilities of porous materials

The gas storage capabilities and BET surface areas of porous materials can be
evaluated by either gravimetric or volumetric methods. Gravimetric approaches use high
precision microbalances to monitor the change in mass of porous materials upon gas
adsorption. Volumetric measurement, or the Sieverts Method, is concerned with changes
in pressure that occurs in a sealed chamber when gaseous molecules are adsorbed onto
the surface of crystalline porous material.®® There are drawbacks and advantages to
each technique. The main disadvantage to gravimetric method is that the measurements
are affected by the adsorption of water molecules that are often present in the gas
stream. In volumetric measurements the gas adsorption is calculated indirectly thus the
measurements often contain accumulative errors. Such errors are caused by discrete
variances in the temperature, pressure or mass of the sample and often result in
erroneous reports of surface areas.®® However, given the ease of operation of the

volumetric approach it is the widely accepted approach for surface area determinations.

The surface area is routinely calculated by applying the Brunauer-Emmet-Teller (BET)
to N2 adsorption isotherms, measured at 77 K. BET theory is adventitious over Langmuir
approach as it accounts for multilayer adsorption and provides more accurate values.
The classical “BET” linear range extends over relative pressures of 0.05 to 0.3. The
appropriate range for materials with cross sectional diameters less than 20 A, i.e.
microporous materials, is typically at relative pressures less than 0.1. It is necessary to
identify the appropriate pressure regions in order to obtain meaningful BET surface areas
for microporous materials. The criteria for successfully applying the BET theory to micro

porous materials are as follows:%'-*?

£



1 “The pressure range selected should have values of V(P - P) increasing with
PIP,.”
2 “The y intercept of the linear region must be positive to yield a meaningful

value of the ¢ parameter, which should be greater than zero.”

The most accurate evaluation of gas adsorption is the total volume of gas stored in the
pores and adsorbed onto the surface of the porous material, i.e. the absolute adsorption
value. However, the difficulties that arise when attempting to experimentally quantify the
precise volume of gas stored within the pores and cavities necessitate its substitution
with an estimated theoretical value. This is the main reason why the gas storage
capabilities of MOFs and related porous materials are often expressed as the total

amount of gas adsorbed onto their surface, i.e. as excess adsorption.>?

Gas Storage In MOFs

Kitagawa and co-workers pioneered the applications of MOFs as gas storage materials.
They provided the first instances of N,, CHs and O- gas storage in MOFs using CO", Ni"
and Zn" analogues of Mx(4,4-biprydine)s(NOs)(H20)}.>* Yaghi and co-workers later
successfully demonstrated a 4.5 wt% hydrogen uptake, at 77 K, for MOF-5.4> This
revolutionized the concept of gas storage and spurred an interest into the exploration

and development of MOFs with distinct hydrogen storage capacities.

Since then, the highly porous MOF-177 with BET surface area of 4750 m?g' increased
the H, storage benchmark to 7.7 wt% at 77 K for excess hydrogen adsorption.®® In
general, the hydrogen storage capacities at 77 K are directly related to their N> BET
surface areas, as illustrated in Figure 1.10.5% However, recent theoretical and
experimental studies reveal that hydrogen adsorption decreases with the increasing
thermal vibrations that accompany increasing experimental temperatures. Therefore H:
adsorption values measured at ambient temperatures (298 K) are significantly less than
those reported at 77 K.® Computer simulations of the H, adsorption characteristics of
ten IRMOFs at 77 K, performed by Snurr and co-workers, revealed that H, adsorption is
influenced by the heat of hydrogen adsorption at low temperatures, the MOF surface
areas at pressure up to 30 bar and proportional to the MOFs accessible void volume at
high pressures of 120 Barr.>” Subsequent studies confirmed that these correlations do
not hold true at ambient temperatures of 298 K. At low H: loading the absolute H»
adsorption was found to correlate with free volume whilst under similar conditions excess

H. adsorption is responsive to hydrogen heat of adsorption. It was found that at high
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pressures hydrogen adsorption was dependent on surface areas rather than accessible
void volume.®® This is particularly important considering the American department of the
environments (DOE) targets for gravimetric hydrogen storage of 5.5 wt% in the
temperature range from ca. 314 K to 353 K at pressures up to 100 atm by the year
2015.5° It has been suggested that ambient hydrogen storage capacities of 9 wt% can
be achieved from MOFs that provide an isosteric heat of hydrogen absorption of 15
kJ/mol, a free volume of ca. 2.5% and void volume fractions of at least 85%.°® Thus the
research in this arena has been directed towards the development of porous materials
with isosteric heat capacities greater than the current energies of 5-9 kJ/mol, increased
surface areas in combination with smaller pore sizes. A promising example is provided
by MOF-210 displaying a N> BET surface area of 6240 m? g and H; storage capacities
of 8.6 wt% at 77 K.%® MOFs that contain smaller pores, such as the copper framework
HKUST-1, and those displaying interpenetrated frameworks™ have been shown to
increase interactions between the gas molecules and MOFs thus improving their

hydrogen adsorption capacities.®'®

" Interpenetration or catenation refers to a form of entanglement that occurs when the pores of a
MOF are sufficiently large to accommodate the metal carboxylate cluster of a second network

resulting in intertwined co-extension with maximum displacement.®°
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Figure 1.10: Displays the correlation between BET N: surface areas and excess
high pressure H; storage capacities at 77 °K and 56 bar for a series of MOFs with
surface areas greater than 900 m? g1.55 67

Carbon Dioxide — General aspects

Carbon dioxide is a well-known greenhouse gas and the role of increasing atmospheric
CO; concentrations on the global warming process has been well established.
Historically the photosynthetic process regulated the balance between the production
and removal of atmospheric CO,. However, widespread combustion of fossil fuels has
disturbed this natural equilibrium and has led to the emission of over 6 billion tonnes of
CO; per annum. Industrial activity has raised the levels of atmospheric CO, from ~280
ppmV in preindustrial times to ca. 388 ppmV at present.®® In the 2007 report from the
Intergovernmental Panel on Climate Change (IPCC) it was predicted that if actions are
not taken to curtail and remediate the carbon dioxide problem that atmospheric
concentrations will reach 450 ppmV by the year 2050.5°7° These predictions, coupled
with the rapid depletion of fossil fuels and the increasing cost of non-renewable energy,
have motivated scientists to develop systems, such as artificial photochemical systems,
which could economically fix carbon dioxide and transform it into useful fuels and

chemicals.5% 71-84
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CO, Storage in MOFs

In the absence of commercially viable techniques that can convert CO,to fuel and useful
chemicals, such as those discussed in the following sections, there exists an immediate
need to develop efficient, highly stable, CO, sequester technologies to control the
emissions of CO, from energy intensive industrial processes. The viability of these
systems depends on their ability to negate the energy intensive, and costly, carbon
dioxide capture step associated with current carbon capture systems (CCS) whilst

displaying elevated CO; selectivitys and intermediate CO, affinities.®5%

The controlled and adaptable synthetic protocol that leads to the isolation of MOFs
provides opportunity to create next-generation materials that are specifically engineered
for applications in carbon capture technologies. MOFs are a promising alternative to the
aqueous alkanolamine solutions such as monoethanolamine (MEA) and, less frequently,
porous solids, such as zeolites and activated carbons that are employed in current CO;
capturing processes. Their potential applications extend from membranes or mixed
matrix membranes in pre-combustion carbon dioxide capture systems to adsorbates in
pressure-swing adsorption based separations.®*° They have the potential to
revolutionise the CO; capturing approach with the added benefit of their retrospective
incorporation into current carbon capture membranes. Furthermore, there exists the
potential to form, novel, and continuous films of metal organic frameworks. Yaghi and
co-workers consider the later to be particularly important for the development of MOF
based CCS’s and have successfully used microwave-assisted reactions to form layers

of MOF-5 deposited on porous alumina substrates.®'-2

The CO, adsorption properties of Mg-MOF-74, {Mg.(dobdc)}, have been well
established. The framework is characterised by honeycomb-type topologies with
hexagonal 1D channels, Figure 1.11.9%% It provides a benchmark value of ca. 180 ml/g
CO;at 298 °K and 1 ATM for CO. adsorption onto MOF.%5°¢ Systematic CO, adsorption
studies of the Mn, Fe, Co, Ni and Zn analogues of Mg-MOF-74 reveal an increase in the,
reversible, CO adsorption from ca. 100 ml/g to ca. 180 ml/g upon substituting the Zn
metal ions of the original MOF-74 with Mg metal ions.®® It is believed that the enhanced
CO, uptake is a result of the increased ionic nature of the Mg-O bond, as compared to
the bonds between oxygen atoms and the Mn, Fe, Co, Ni or Zn metal ions.*® These
observations are of particular significance as they recognise the potential to fine tune
MOFs for CCS applications through metal ion substitution.
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Figure 1.11: A portion of the crystal structure of M-MOF-74, Mz(dobdc). M= Mg, Fe,
Co, Ni or Zn. M black, C grey, O red. Hydrogen atoms are omitted for clarity.

Figure 1.12: A) The typical zeolite type X structure adapted by zeolite 13X."%' B)
Scanning electron microscope (SEM) image of the micro pores contained in
activated carbon materials such as Norbit RB2 and MAXSORB (50,000

magnification).'?
An additional advantage to MOFs is their high internal surface areas that provide

increased opportunity for CO, adsorption. A pertinent example is provided by MOF-177

which adsorbs 320 ml/cm?® of CO, at room temperature and 30 bars of pressure.®® This

16



is higher CO; adsorption values reported for traditional porous materials such as zeolite
13X, Norbit RB2 and MAXSORB, Figure 1.12.1%

Zaworotko and co-workers provide the most recent example of engineered MOFs for
specific CCS applications. Their novel crystal engineering strategy offers specific control
over “pore functionality and size in a series of metal organic membranes with co-
ordinately saturated metal centres and periodically arrayed hexafluorosilicate (SiFs?")
anions”.%® SIFSIX-2-Cu, SIFSIX-2-Cu-l and SIFSIX-3-Zn as seen in Figure 1.13, have
unprecedented selectivity for CO, (over Hzin a CO2/H,:30/70 V/V gas mixture) and an
elevated adsorption rate at ambient temperatures and low pressures (less than 0.15
bar).®® SIFSIX-1-Cu-i was found to adsorb ca. 120 ml/g CO; under ambient conditions
and low pressures of CO; providing the highest reported CO. storage capacities, under

the examined experimental conditions, to date.*®

SIFSIX-2-Cu SIFSIX-2-Cu-i SIFSIX-3-Zn

Figure 1.13: Presents frameworks of three SIFSIX-1-Cu variants reported by
Zaworotko and co-workers. A) SIFSIX-2-Cu. B) SIFSIX-2-Cu-l containing 4,4’-
dipyridylacetylene organic linkers (interpenetrated net presented in green). C) A
pyrazine coordinated SIFSIX-3-Zn. Solvent guest molecules have been omitted for
clarity. C grey, N blue, Si yellow, F light blue, H white.*®

A comparison between the CO; adsorption capacities of a selection of porous materials,

at 298 °K and maximum pressures of 42 bar, is presented in Figure 1.14.
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Figure 1.14: Comparison of gravimetric CO, capacities for several MOFs and a
reference activated carbon sample (Norbit RB2). Investigated at ambient
temperature and pressures up to 42 bar.®®

1.6 Reduction of CO:

Over the last three decades, scientists have dedicated an extensive amount of time and
resources towards developing environmentally sustainable systems that can efficiently
reduce CO.. However, following several years of intensive research, artificial
photochemical systems continually suffer from low yields, decreased stability, and poor
catalytic activities.®"'®® The reduction of CO, has been achieved by chemical,
electrochemical, enzymatic and photochemical approaches. One of the pertinent issues
which scientists face in the development of efficient CO: reduction systems is the
inertness and stability of the, linear, CO. molecule. Consequently, the one electron
reduction of CO, to CO;" is a thermodynamically unfavourable process that requires the
use of catalysts coupled with high potentials of -1.9V vs. NHE. In contrast, its conversion
into fuels and useful chemicals, such as CO or HCOOH, through a proton assisted multi-
electron reduction occurs at potentials that are more positive. For example, the reduction
of COzto formic acid, CO and methanol require potentials of -0.61V, -0.53V and -0.38V,

respectively.”’
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1.6.1 Transition metal complexes as catalysts in the photoreduction of CO;

Transition metal compounds are considered to be ideal candidates for the promotion of
the proton assisted photoreduction of CO, and have been described by Morris as being
at ‘the forefront of potential catalyst research’.'®* Fujita describes a compound that
consists of a central transition metal atom(s) or ion(s) surrounded by a group of between
two and six smaller atoms, ions or molecules, as a transition metal compound. These
compounds have many promising characteristics including their ability to absorb a
significant portion of the solar spectrum that, as demonstrated by Fujita, can be
controlled through appropriate selection of the transition metal component and
modification of the coordinating ligands. In addition to this, their long lived excited states
can be combined with their ability to promote multi-electron transfer and their stability

across a range of oxidation states to activate and reduce CO,."%

1.6.2 Photochemical reduction of CO.

The work described herein focuses on the proton assisted photochemical reduction of
COo.. For the purpose of this report the photoreduction of CO- is grouped into two general
catalytic systems. Type 1 systems incorporate a photosensitiser and catalysts that work
in concert while type 2 systems involve one molecule that acts as both, the light absorber

and the catalyst.

1.6.3 Type 1: Photoreductive systems which contain a photosensitiser and a

transition metal catalyst working in concert

Type 1 catalysis can be ‘considered as a photosensitised CO, reduction process’.'* The
process (as seen in Figure 1.15) involves a photosensitiser (P), typically [Ru(bpy)s]?**,
absorbing light to generate an excited state (*P). The excited state is quenched through
interactions with a sacrificial donor (D), such as triethylamine (TEA), resulting in a
reduced complex (P) and an oxidised sacrificial donor (D*). This reduced complex
transfers electrons to a metal catalyst, or electron mediator, M(ll)L, and subsequent
reduction of CO; to CO and HCOOH occurs through the reduced catalytic species, M(I)L.
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reduced catalytic species

‘P ——|P| |- co,

e.g. TEA e.g. [Ru(bpy); |**

2 e +2H*

D* P

reduced complex

M () L CO, HCOOH

Figure 1.15: The general photochemical process involved in the photosensitised
reduction of CO, to CO and HCOOH. P = photosensitiser, *P = excited
photosensitiser, P = reduced photosensitizer. D = sacrificial donor. M(ll)L = metal
catalyst , M(I)L = reduced catalytic species.

Systems that contain [Ru(bpy)s]** and a transition metal catalyst have been extensively
explored.'%®-"1° Examples of the transition metals compounds which have been utilized
include [Ru(bpy)2(CO)H]* and [Ru(bpy)2(CO)(Cl).]* complexes which have been proven
to successfully reduce CO, to HCOO- with turnover numberst of HCOO (TNwcoo-) of 161
and 163, respectively.'" Further examples of transition metal catalysts include Co?'/bpy,
[Co(HMD)J?* and [Ni(cyclam)]?*. These complexes have been reported to reduce CO;to
CO and HCOOH with mediocre TNco of 9.70. 112114

In attempts to improve the efficiency of the photosensitised reduction of CO; several
transition metal compounds have been used in place of [Ru(bpy)s]?*. An example of a
promising system is provided by Gholamkhass. He and his co-workers used the
transition metal complex [Ru(dmb)s]** as a photosensitiser in conjunction with a
[ReCl(dmb)(CO)3] catalyst to reduce CO, to CO with a moderate, TN¢, of ca. 100.'"®
Further examples have been provided by Ogata et al who successfully modified
Tinnemans’ system, which contained [Ru(bpy)s]** and [Co"(cyclam)]?* (Figure 1.16C).
They showed that the utilization of phenazine (seen in Figure 2a) as a photosensitiser
enhanced the selectivity towards CO, reduction and they observed quantum yields*, ¢,
of 0.07. These quantum ¢ yields are significantly higher than those reported by
Tinnemans (¢ = 0.005).7> 7 As a follow on from Ogata’'s work, Matsuoka et al

demonstrated that the quantum yields of CO and COO" can be increased when the

T Turnover number (TN) refers to ‘the number of reductions that occur per catalyst over the
catalyst'’s lifetime’.104

* Quantum yield is a ‘measure of the molar fraction of incident photons that result in CO:
reduction products’.'%4
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conjugated p-terphenyl molecule (Figure 1.16B) is used as a photosensitiser in place of

phenazine.®

o0 OO0

Figure 1.16: Examples of photosensitisers A) phenazine and B) p-terphenyl, and a
catalyst B) Co" macrocycle that have been used in the photochemical reduction
Of C02_70 84 83

1.6.4 Type 2: Photoreductive systems containing a compound which absorbs

light and acts as a catalyst

Type 2 catalysis involves one compound (known as the photocatalyst), which absorbs
light and acts as a catalyst in the reduction of CO. The photocatalyst is reduced by
excited state quenching as described for the photosensitised catalysis in type 1 systems.
Type 2 catalysis is a rapidly emerging area of research which generally focuses on ‘the
MLCT excited states of [Re(bpy)(CO)s] type compounds and the - excited states of

metallo-macrocycles’.'%

Doherty et al. have undertaken extensive research into type 2 catalysis using a series of
Re compounds_As part of their research they synthesised three novel fluorinated fac-
Re'Cl(4,4'-R2-2,2'-bpy)(CO)s compounds (4 and 5 in Figure 1.17) that displayed photo-
catalytic activity. Subsequent studies performed by Doherty confirmed that these
compounds facilitate the reduction of CO,to CO in CO;-saturated dimethylformamide
(DMF) and supercritical CO, (scCO,) systems containing triethanolamine (TEOA) or

triethylamine (TEA), to give (co of 0.14.1"® Takeda et al developed a similar system,
using a mixture of [fac-(4,4-(MeO).-bpy)(CO)sRe{P(OEt)s}|[PFs):[fac-
(bpy)(CO)3sRe(CH3CN)][PFe] in a 25:1 ratio. The mixture proved to have a higher
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efficiency and an optimised ¢co of 0.59."" This research has subsequently been
recognised, by Morris et al and Doherty et al in their respective reviews on CO; reduction,

to provide benchmark valu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>