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Abstract 
Multicomponent metal-organic frameworks (MMOFs) are a class of metal-organic 

frameworks (MOFs) that consist of multiple structurally unique ligands and/or metal 

ions/clusters. There has been an interest in flexible ligands such as amino acids and 

peptides.1-4 However, all studies to date have used a single type of amino acid, or peptide. I 

present the first multicomponent amino acids MOFs using combinations of amino acids-

based ligands.  

In this work, we explored the development of multicomponent amino acid-based MOFs 

using unmodified amino acids as linkers. Despite extensive synthetic efforts, the formation 

of 3D MMOFs from unmodified amino acids proved unsuccessful due to the inherent 

structural limitations of amino acids and their preferred coordination modes with metal ions. 

To overcome these limitations, a new family of amino acid-derived ligands, H2XPyr (X 

denotes amino acids), was designed and synthesised. These linkers enable the formation of 

a robust framework synthesis by incorporating the amino acid functionality, which is 

covalently coordinated to the pyrazole group. These frameworks retain the amino acid’s 

chemical characteristics. Zn2XPyr frameworks are the first successful examples of 

multicomponent amino acid-based MOFs constructed from this new linker family. 

A complementary approach was pursued through the functionalisation of the MUF-77 

framework, a member of the Massey University Framework (MUF) series previously 

developed by the Telfer Group.5, 6  In this strategy, amino acids or their derivatives were 

installed onto the linear ditopic linkers of MUF-77, enabling precise control over the 

chemical microenvironment within its pores. This modular design allowed of the 

engineering of cooperative catalytic dyads within the pore structure, mimicking the spatial 

arrangement of functional residues within enzyme active sites. 

Two approaches were adopted for designing enzyme-inspired multicomponent MOFs: 

the first is incorporating amino acids into new amino acid-derived linkers capable of forming 

robust MMOFs, and the second is installing amino acid functionalities within well-

established MOF structures (MUF-77) to create catalytically active pore environments. 
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Chapter 1 Introduction 

1.1 Metal organic frameworks (MOFs) general overview 

Over the course of the twentieth century, the chemistry of crystalline materials grew 

in both scope and complexity.7-9 These materials consist of metal nodes or metal clusters 

that are connected by organic linkers to form a 3D network. These organic linkers are 

generally rigid and have anionic groups that can bind to the positively charged metals. The 

resulting frameworks are more porous compared to conventional crystalline materials; this 

feature distinguishes these materials from other coordination materials. Guidelines for 

naming, defining, and classifying these materials were released by IUPAC in 2013  

(Figure 1.1).10 

 
Figure 1.1: The top hierarchy represents the IUPAC classification of the coordination 

compounds. The bottom table shows the definition of these classes. 
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These crystalline materials have been described using various terms, including metal-

organic frameworks (MOFs), microporous coordination polymers (MCPs), porous 

coordination networks (PCNs), porous coordination polymers (PCPs), and zeolite-like 

metal-organic frameworks (ZMOFs). Among these, MOF is the most widely adopted term 

and is strongly recommended for use.11 

A MOF is usually given a nickname, such as MOF-512, or PCN-777,13 or an 

abbreviated formula such as Cu3(BTC)2 (BTC = Benzen-1,3,5-tricarboxylate).14 Another 

way for naming MOF is after the place of origin, such as MUF-77 (Massey University 

Framework),6 HKUST-1 (Hong Kong University of Science and Technology),14 and UMCM 

(University of Michigan Crystalline Material).15 

 

1.2 MOF timeline 

Porous coordination polymers were first described by Richard Robson in 1989.16 

Then, the first publication containing metal-organic frameworks in the title was in 1995, by 

Omar Yaghi.17 The history of MOFs started with MOF-5, which was reported by Omar 

Yaghi in 1999.12 The idea was simple yet innovative. Inspired by the well-known octahedral 

geometry of zinc acetate, researchers replaced the acetate with 1,4-benzenedicarboxylate 

(bdc), a linear ligand. This substitution enabled the formation of an extended 3D framework 

with an open network, as bdc bridges between the metal nodes (Figure 1.2). 

 
Figure 1.2: A schematic diagram illustrates the MOF-5 is derived from zinc acetate 

where the acetate is replaced with bridging bdc. 
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There are major differences between MOF-5 and zinc acetate. First of all, bdc bridges 

between the Zn4O cluster, resulting in high thermal and architectural stability of the 

framework. Secondly, the coordination network extends in 3D, resulting in a primitive cubic 

net. Thirdly, it exhibits high stability upon removing the solvent that fills the pores, reflecting 

its permanent porosity. MOF-5 opened the way to a new era of crystalline, porous materials 

that are built from inorganic metals and organic linkers. The pore environment can be 

controlled by functionalising the organic linkers or using different metal types. This porosity 

makes these materials a host for many guests, which makes it useful for many applications 

such as gas storage,18, 19 gas separation20 and catalysis.21 

 

1.3 Secondary building units (SBUs) 

MOFs consist of metal ions or clusters that function as nodes, connected by organic 

linkers. Polynuclear clusters were widely employed in MOF synthesis. As their name implies, 

polynuclear clusters consist of multiple atoms, which could be multiple metal atoms or 

metals coordinating to multiple atoms, such as nitrogen and oxygen. Although SBUs are not 

discrete chemical entities, the concept provides a way for rationalising the MOF structure.14 

SBUs are found in permanently porous MOFs, which retain porosity even after the solvent 

removal from the pores, such as HKUST-1, MOF-5 and MOF-2.14, 17, 22 

One of the most common single metal atoms SBU observed in MOFs is the ZnN4. This 

SBU is common in zeolitic imidazolates frameworks (ZIF), which is a major subclass of 

MOFs.23 Another classical motif is the paddlewheel M2(COO)4,  where four carboxylates 

coordinate to two metal ions at the equatorial positions, while the axial positions are 

occupied by solvent molecules or N-atoms from ligands bridging between the SBUs.24, 25 

M4O(COO)6 which forms the foundation in MOF-5, is another example of a well-known 

SBU.12 This unit consists of tetrahedral M4O6+ cluster coordinating to six carboxylates 

generating an octahedral geometry (Figure 1.3). 
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Other SBUs include rod-like clusters such as M3O3(COO)3, which form 1D channels. 

MOF-74 has an infinite SBU, which is formed from ligand 2,5-dihydroxyterephthalate, 

where the hydroxyl group provides an extra oxygen, which is essential to build this SBU.26 

Importantly, solvent removal often generates open metal sites, which is essential for many 

SBU stability and functionality.27 A further example is the M6O4(OH)4(COO)12 cluster, 

which is the defining SBU of the UIO (Universitetet I Oslo) family of MOFs. This highly 

connected octahedral cluster is highly responsible for these MOFs exceptional robustness 

and chemical stability (Figure 1.3).28 There are many other examples of SBUs, as the 

majority of the periodic table metals were used for the MOF synthesis.29 In conclusion, these 

SBUs provide the structural diversity and design flexibility that boost the rapid expansion of 

the MOF chemistry field. 

  
Figure 1.3: Examples of metal clusters commonly found in MOFs. 
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1.4 Isoreticular MOFs  

MOFs synthesis is challenging and depends on many factors such as the metal type, 

the solvent type, the temperature, and the synthesis method. Reticular chemistry can be 

applied to MOFs as they consist of strong bonds that extend in a repeating net-like 

architecture (topology).23, 30, 31 The isoreticular principle is essential in MOF chemistry, as it 

forms a MOF series with the same topology but with different properties. These structures 

are achieved by changing the ligands, such as the ligand’s length (Figure 1.4), resulting in 

MOFs family with the same topology but with different pore sizes.32 One example of the 

IRMOF series is that generated by the Yaghi group (Figure 1.4).33, 34 These MOFs are 

isoreticular to MOF-5, and they were synthesised in two different ways. The first one is 

functionalising the ligands with various functional groups, as bdc was functionalised in 

compounds 2, 3 and 4 resulting in IRMOF-2, 3, and 4, respectively. The other way is using 

longer linkers by the addition of a benzene ring to the bdc, such as ligands 8, 10, and 16, 

which make the IRMOF-8, 10 , and 16, respectively.33 As the linker size increases, the pore 

size does as well but maintaining the topology. 

 
Figure 1.4: IRMOF with various linear organic ligands. 2, 3 and 4 are functionalised bdc 

with different functional groups, while 8, 10, and 16 are longer linear linkers with the same 
coordination geometry as bdc. 
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The isoreticular principle applies not only to ligand lengths and functional groups, 

but different metal types can also produce isoreticular MOFs, as found in MOF-74 

(Figure 1.5). The metal centres in this framework adopt an octahedral coordination 

geometry by binding to oxygen atoms from carboxylate groups or hydroxyl groups of the 

2,5-dihydroxyterephthalate (DHTP) ligands.35 These secondary building units (SBUs) 

assemble into helical rods, which interconnect to form a honeycomb-like 3D porous 

structure.35 Solvent molecules, initially coordinated to the metal sites, are removed upon 

activation, generating open metal sites that face into the pore channels. In the as-synthesised 

material, these positions are typically occupied by DMF.  

 

 
Figure 1.5: Structures of the isoreticular MOF-74 series. Atoms colour: C chain = grey, 

O = red, Zn(II) = teal blue, Ni(II) = silver, Co(II) = magenta, Mg(II) = orange, and 
Cu(II) = royal blue. Hydrogen atoms are omitted for clarity. 
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1.5 Multicomponent versus multivariate MOFs 

The number of reported multicomponent MOFs (MMOFs) remains limited, with only a 

few examples extending to quaternary systems composed of four distinct building blocks. 

The synthesis of MMOFs is particularly challenging, as many factors influence MOF 

crystallisation and growth. For instance, even the simple MOF-5 framework, constructed 

from zinc ions and bdc linkers, can yield different topologies depending on solvent, pH, 

temperature, and the use of additives.24, 36-41Consequently, the preparation of MMOFs is 

even more complex, since additional variables come into play with each component 

introduced. 

MUF-8 and MUF-84 highlight the delicacy of MMOF synthesis. Both frameworks are 

constructed from the same tritopic linker, ntb (4,4’,4”-nitrobenzoate), combined with various 

bdc derivatives, yet they crystallise into distinct topologies. The determining factor is the 

number of secondary functional groups on the phenyl ring of the bdc linker: MUF-8 is 

favoured when the bdc carries multiple substituents, whereas MUF-84 forms when the bdc 

is unsubstituted or contains only a single substituent (Figure 1.6).42 

 
Figure 1.6: This schematic figure illustrates the effect of the bdc degree of 

functionalisation on the competition between ligands. Increasing the number of 
substitutions to 2, 3, and 4 pushes the topology towards MUF-8. 
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Another major limitation in MMOF synthesis is the competition between different 

ligands, which can lead to the formation of multiple MOF phases. For instance, MUF-75 is 

built from Zn4O clusters and three distinct ligands, btb, bpdc, and bdc. However, each of 

these ligands can independently form its own MOF with Zn4O (Figure 1.7): bdc yields 

MOF-5,43 bpdc forms IRMOF-10,33 and btb produces MOF-177.44 Moreover, combinations 

of these ligands give rise to additional frameworks (Figure 1.7), such as UMCM-1 from btb, 

bdc, and Zn4O,15 or SUMOF-4 (Stockholm University Metal Organic Framework) from bdc 

and bpdc.45 Despite this complexity, careful control of the synthesis conditions makes MUF-

7 the thermodynamically favoured product. 
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Figure 1.7: An example of ligand competition in multicomponent MOF synthesis. Zn4O 

SBU can combine with different linkers: btb, bdc, and bpdc, to produce different 
frameworks. Bdc forms MOF-5, bpdc forms IRMOF-10, and btb forms MOF-177. In 

multiple ligand systems, btb + bdc + Zn4O generate UMCM-1, while bdc + bpdc + Zn4O 
give SUMOF-4. Incorporating all three ligands under optimised conditions results in the 

thermodynamically favoured MMOF, MUF-7. 
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The multicomponent framework FDM-8 incorporates two metal cations, Cu(II) and 

Zn(II), together with three organic linkers: bdc, 2,6-ndc (naphthalene-2,6-dicarboxylate), 

and PyC (pyrazole-4-carboxylate). This MOF is isoreticular with MUF-7, sharing the same 

overall topology.46 In FDM-8, the tritopic btb linker of MUF-7 is replaced by PyC, while 

bpdc is substituted with the shorter 2,6-ndc (Figure 1.8). 

 
Figure 1.8: In FDM-8, the linkers differ from those in MUF-7: the btb linker is replaced 
by a Cu(II)-PyC complex, while the bpdc linker is substituted with the shorter ndc linker. 

 

Multivariate MOFs (MTV-MOFs) are built of building blocks with similar 

coordination geometries. The first MOF-74 was reported with zinc as the metal centre. Later, 

isoreticular analogues (IR-MOF-74) incorporating different types of metals, such as cobalt, 

magnesium, and copper, were developed.27, 35, 47-50 Then, Yaghi’s group reported multi-

metallic MOF-74 systems, demonstrating the incorporation of up to ten different metal ions 

(Ba, Ca, Cd, Co, Fe, Ni, Mg, Mn, Sr, and Zn) while retaining the same framework topology 

(Figure 1.9.a).51 These mixed-metal MOFs exemplify multivariate MOFs, where 

compositional heterogeneity is introduced without altering the underlying structure. Such 

heterogeneity can be achieved either by combining different metals that form identical SBUs, 

or by incorporating chemically distinct linkers with the same coordination motifs, for 

instance, using bdc and bdc-Br (Figure 1.9.b).32 
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Figure 1.9: a) MTV-MOF-74, where up to 10 metals were incorporated.  

b) MTV-MOF-5, where up to 9 linkers were incorporated. 

 

1.6 MOF characteristics 

MOFs have many attractive properties that make them valuable for a wide range of 

applications. One of their key advantages is permanent porosity, which gives structural 

stability under diverse conditions, including exposure to different solvents, pH levels, and 

temperatures. Importantly, the pores are the sites where much of the chemistry occurs.22 The 

exact structure of MOFs can be determined using X-ray diffraction, providing atomic-level 

precision that enables a deeper understanding of their working mechanisms. 

A vast number of MOFs can be synthesised due to the diversity of available metals and 

ligands. Transition metals, particularly Zn(II) and Co(II), are the most commonly used in 

MOF synthesis; however, alkaline earth metals such as Mg(II) and lanthanide ions can also 

be incorporated.52 The ligands’ choice is limited only by the organic chemistry principles 

and the chemist's creativity. Ligands can be ditopic (two coordination sites), tritopic (three 

coordination sites), or have even higher number of connectivity, enabling variable ways of 

coordination to SBUs and leading to the formation of a wide variety of MOF structures. 

  



Chapter 1– Introduction 

12 
 

MOFs are robust materials, exhibiting stability against both chemical and thermal 

degradation, while also being relatively inexpensive and straightforward to synthesise. 

Unlike many other crystalline materials, MOFs are highly designable and tunable, offering 

the unique advantage of post-synthetic modification.53-55 

With all these advantages, MOFs have found applications across a wide range of fields. 

They can function as catalysts when their ligands are functionalised with catalytically active 

groups.56-58 In addition, MOFs can exhibit luminescent properties arising either from the 

metal centres ���H���J�������O�D�Q�W�K�D�Q�L�G�H�V�����R�U���I�U�R�P���D�U�R�P�D�W�L�F���O�L�J�D�Q�G�V���F�R�Q�W�D�L�Q�L�Q�J���Œ-conjugated systems.59 

These luminescent features enable their use in sensing applications, such as the detection of 

ions, vapours, and variations in pH or temperature.60 

 

1.7 Amino acids as ligands for MOFs synthesis 

1.7.1 Rationale for using amino acids and peptides as ligands 

Most of the previously reported MOFs focused on the rigid organic linkers, such as 

dicarboxylates (-COOH) and nitrogen heterocyclic ligands, that ensure MOFs' stability and 

permanent porosity.53, 61, 62 Amino acids and peptides are appealing to use as linkers for 

MOFs synthesis, as they have both carboxylate groups (-COOH) and an amino group (-NH2) 

(Figure 1.10), which can coordinate to metal centres in different coordination ways, such as 

N,O-bidentate coordination, or monodentate via N or O. Additionally, the side chains of 

amino acids, such as the hydroxyl group of serine, the thiol of cysteine, and the imidazole of 

histidine, enhance the framework possibilities and functionality. 63-65 
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Figure 1.10: Example of amino acids and peptides that were used as MOFs building blocks. 
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Amino acids are inherently chiral, except for glycine. This chirality is transferred to 

MOFs, resulting in homochiral MOFs. Chiral MOFs are of particular importance for 

enantioselective uptake and chiral compounds separation. The correct enantiomer choice is 

vital in pharmaceuticals, as one enantiomer is therapeutically useful while the other may be 

harmful or ineffective.66, 67 Amino acid-based MOFs may mimic enzymes by creating a 

chiral pocket that is suitable for catalysis; therefore, they can be used as asymmetric catalysts. 

For example, chiral MOFs were used as asymmetric catalysts for Michael addition and Aldol 

reaction, demonstrating the potential of using these amino acid-based MOFs as asymmetric 

catalysts.68 

Moreover, amino acids are highly abundant, and available at a low cost. This 

advantage makes the amino acids highly appealing to use as ligands over the organic 

linkers.69 Also, amino acids are biocompatible and have low toxicity, which broadens the 

amino acid-based MOFs applications in the biomedical field, particularly in drug delivery, 

biosensing, and imaging.8, 70 Amino acids contribute to MOF chemistry sustainability, as 

their incorporation into MOF offers an eco-friendly pathway to functional porous 

materials.53 The chirality, along with the sustainability, are two attractive features that make 

them unique from organic ligands, and their use in MOFs synthesis is highly valuable. 

 

1.7.2 Solitary amino acids and/or peptides as ligands in MOFs  

Amino acids possess multiple functional groups that enable diverse coordination modes 

beyond those typically available to conventional aromatic ligands. Their conformational 

flexibility allows access to structural topologies that are often inaccessible to rigid aromatic 

linkers.63 For instance, histidine can act as a tridentate ligand, coordinating metals through 

its imidazole nitrogen, carboxylate oxygen, and amino nitrogen. Similarly, tyrosine can bind 

via its carboxylate, amino group, and phenolic hydroxyl group.63 

Several amino acids have been incorporated into the synthesis of MOFs; each showed 

different properties. For example, glycine, the simplest amino acid, coordinates Cu(II) via 

its carboxylate oxygen and amino nitrogen in a square-planar geometry. This arrangement 

generates 2D layers that extend into 3D structures through hydrogen bonding.71 However, 

because glycine lacks additional donor groups, the resulting framework is compact, with 

limited pore accessibility and low surface area.63 
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Figure 1.11: Cu(Gly)2 structure synthesis from glycine and CuSO4 in aqueous basic 
solution. Aom colours: glycine C chain = pink, H = pinkish white, O = red, N = blue, 

and Cu = brown.  
H atoms are omitted except for those essential for H-bond (dashed bonds). 

 

In contrast to glycine’s compact assemblies, glutamic acid, bearing an extra 

carboxylate group, offers higher connectivity and dimensionality. Glutamate coordinates 

with Zn(II) in octahedral geometry via both the carboxylate O atom and the amino N atom. 

The carboxylate groups bridge Zn(II) ions to form a robust 3D framework (Figure 1.12). 

This material is water-stable at ambient temperature.72 Beyond structural robustness, this 

framework has demonstrated catalytic activity, including the cycloaddition of CO2 with 

epoxides to produce cyclic carbonates, as well as photocatalytic dye degradation under light 

irradiation.73 

 
Figure 1.12: 3D framework synthesised from l-glutamic acid and ZnSO4 in ethanol. 

Atom colours: glutamate C chain = blue, O = red, N = blue, and Zn = teal blue. H atoms 
are omitted for clarity. 
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A related amino acid, aspartic acid, further illustrates how not only ligand identity 

but also reaction conditions strongly influence framework dimensionality. The mesoporous 

3D framework [Ni2.5(OH)(l-Asp)2]·6.55H2O is obtained solvothermally from l-aspartic acid, 

NiCl2, and triethylamine under high pH conditions.74 In this case, extended Ni-O-Ni linkages 

generate an open, homochiral structure with 1D channels of approximately 8 x 5 Å  

(Figure 1.13). At lower pH, however, the synthesis yields only a 1D polymer,  

[Ni2O(l-Asp)(H2O)2]·4H2O, underscoring the pivotal role of pH as a structural switch in 

amino acid-based MOF formation.74 This example demonstrates that framework 

dimensionality can be tuned not only by amino acid side-chain functionality but also by 

careful control of reaction environment. 

 
Figure 1.13: 3D framework synthesised from l-aspartic acid and NiCl2 in aqueous 

medium. Atom colours: aspartate C chain = yellow, O = red, N = blue, and Ni = blue. H 
atoms are omitted for clarity. 

 

Amino acids with aromatic or phenolic side chains introduce additional coordination 

possibilities and functional behaviour. Tyrosine, for example, with its phenolic side chain, 

has been shown to generate 3D frameworks with Co(II) and Zn(II). (Figure 1.14.a).65, 75, 76 

Co(II) ions coordinate to phenoxy oxygens, forming inequivalent tetrahedra, while other 

Co(II) centres bind to the amino nitrogen and carboxylate groups of l-tyrosine, yielding 

stable five-membered chelate rings within octahedral geometries.52 The resulting lattice, 

constructed from both tetrahedral and octahedral Co(II) units linked via shared oxygen atoms, 

not only stabilises the framework but also enables functional properties: in the Co(II) 

analogue, ferromagnetic exchange interactions arise between adjacent dimers.52 
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Figure 1.14: 3D framework synthesised from l-tyrosine and Co(OAc)2 in aqueous 

medium. Aom colours: tyrosine C chain = pink, O = red, N = blue, and Co = purple. H 
atoms are omitted for clarity. 

 

While frameworks derived from single amino acids reveal valuable structure-

function relationships, their inherent size and flexibility often limit porosity and functionality. 

To overcome these restrictions, researchers have turned to short peptides, which extend the 

coordination distance and introduce sequence-specific chirality (Figure 1.15). These 

features can improve framework order and enhance porosity.77-79 Peptide-based MOFs have 

been employed for enantioselective recognition/separation77, 80 and catalysis,79, 81showing 

their ability to overcome the structural and functional limitations associated with solitary 

amino acid-based MOFs.82, 83  

A representative example is carnosine (Car), a dipeptide with the sequence ��-alanyl-

l-histidine, which provides multiple binding sites: the imidazole side chain, the amino group, 

and the carboxyl group. Upon coordination with Zn(II), the imidazole deprotonates to form 

Zn-imidazolate chains, a motif analogous to zeolitic imidazolate frameworks (ZIFs). 

Zn(carnosine) exhibits piezoelectric behaviour: when its pores are filled with polar guest 

molecules, mechanical pressure induces charge alignment and generates a voltage. This 

electrical response is tunable depending on the guest molecules, providing a strategy for 

chemically adjustable, low-power energy harvesting.4,84 
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Figure 1.15: 3D framework of ZnCar synthesised from carnosine and Zn(NO3)2 in 

DMF. Atom colours: Carnosine C chain = mauve, O = red, N = blue, and Zn = teal blue. 
H atoms are omitted for clarity. 

 

Tripeptides can offer even greater control over framework geometry and function. 

For example, the tripeptide Gly-l-His-Gly (GHG) coordinates Cu(II) to generate a 

homochiral 3D peptide MOF with periodic chiral channels. The histidine residue provides 

an imidazole side chain that acts as a directional binding site, while the glycine residues 

impart flexibility and extend the coordination distance (Figure 1.16).79 This framework 

exhibits remarkable enantioselective separation ability: as a solid-phase extractant, Cu(GHG) 

can rapidly isolate over 50% of (+)-ephedrine from a racemic mixture within minutes.79 This 

represents the first demonstration of a peptide-based MOF capable of rapid, efficient 

enantio-separation of polar chiral drugs.  

 
Figure 1.16: Synthesis of the homochiral, 3D, Cu(Gly–l-His–Gly) framework. The 

tripeptide GHG coordinates Cu(II) through its terminal amino and carboxylate groups 
and the histidine imidazole nitrogen under neutral aqueous conditions. Atom colours: 

GHG C chain =grey, O = red, N = blue, and Cu = brown.  
H atoms are omitted for clarity. 
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Despite these advances, single amino acid-based MOFs face challenges. Their 

flexibility and small size result in low porosity and limited surface area, which limit their 

use in gas storage and separation.63  

Combining multiple distinct amino acids within the same framework may allow for 

functional group diversity, such as the imidazole from histidine, the hydroxyl from serine or 

tyrosine, and additional carboxylates from glutamate/aspartate. Therefore, the coordination 

environment can be enriched; moreover, it can form new structural topologies that are not 

accessible with a single amino acid-MOF. 

 

1.7.3 Functionalised amino acids for MOFs synthesis 

Beyond single amino acids and short peptides, researchers have developed 

functionalised amino acid-derived ligands, in which the amino acid backbone is covalently 

extended with heteroaromatic group. These ligands retain the functionality of the amino 

acids while extending them into more robust linkers. This approach combines the rigidity of 

organic linkers with the biological functionality of amino acids. The most widely adopted 

strategy has been the incorporation of amino acids with heteroaromatic backbones, such as 

pyrazoles. 

Pyrazole-functionalised amino acid linkers 

Amino acids functionalised with pyrazole have been used to form flexible, 

isoreticular frameworks with tunable pore environments, where the amino acid side chain 

results in functional diversity.85 For example, glycine and alanine were coupled to the 

pyrazole group to form H2GlyPyr and H2AlaPyr, respectively. Then, these ligands were 

incorporated into IRZnXPyr (X denotes the amino acid type), and these MOFs have a 

honeycomb-like topology, with 1D pore channels (Figure 1.17). 
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Figure 1.17: H2GlyPyr and H2AlaPyr ligands were incorporated into ZnGlyPyr and 

ZnAlaPyr, respectively. Atom colours: GlyPyr C chain = beige, AlaPyr C chain = blue, 
O = red, N = blue, and Zn = teal blue. H atoms are omitted for clarity. 

 

Pyridine-carboxaldehyde based linkers 

Beyond pyrazoles, amino acids have also been functionalised with 4-pyridine 

carboxaldehyde. For example, alanine reacts with 4-pyridine carboxaldehyde to form  

N-(4-pyridylmethyl)-l-alanine linker. These ligands were synthesised in a salt form of NaX 

(X = Cl-, Br-, HCO2-, CH3CO2-). These ligands can be incorporated into frameworks such as 

AlaZnFor, in which each Zn centre coordinates to one oxygen atom from a carboxylate group 

and one nitrogen atom from an amino donor (Figure 1.18).86 These structures exhibit rare 

zeolitic topologies. Interestingly, salt metathesis in aqueous media converts these 3D 

frameworks into 2D coordination polymers (CPs), but the transformation is reversible, 

allowing recyclability.  
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Figure 1.18: AlaZnFor synthesis pathway via solvothermal synthesis of AlaPyridine salt 
form where X is HCO2- (For). Atom colours: N-(4-pyridylmethyl)-l-alanine·Na HCO2 C 
chain = mauve, O = red, N = blue, and Zn = teal blue. Hydrogen atoms are omitted for 

clarity. 
 

Valine was used in an analogous manner to form N-(4-pyridylmethyl)-l-valine·NaX 

salts, which were successfully incorporated into zeolitic frameworks isoreticular with 

ZnAlaFor (Figure 1.19).87 Extending this strategy further, serine, threonine, and leucine 

were derivatised with 4-pyridine carboxaldehyde to generate linkers of the type N-(4-

pyridylmethyl)-l-amino acid·NaX (X = Cl- or Br-). The dimensionality of the resulting 

coordination networks was counterion-dependent: the bromide salts, in particular, afforded 

3D frameworks formulated as [Cd(L)(Br)], where L denotes the amino acid-derived linker.88 
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Figure 1.19: N-(4-pyridylmethyl)-l-leucine·NaBr (L1) and N-(4-pyridylmethyl)-l-serine 

NaBr (L2) forming [Cd(L1)(Br)] and [Cd(L2)(Br)]. Atom colours: amino acid based-
linker C chain = green), O = red, N = blue, Br = brown, and Cd = mauve.  

H atoms are omitted for clarity. 

 

Amino acids as modulators in Zr-MOFs 

In addition to their role as structural linkers, amino acids have also been exploited as 

modulators in Zr-MOF synthesis. Proline, glycine, and phenylalanine, for example, have 

been used to introduce functional groups and regulate particle size (Figure 1.20). High-yield 

synthesis was achieved at elevated temperatures (120 °C), while lower temperatures 

produced crystals suitable for SCXRD. These amino acids coordinate to defect sites in the 

Zr-MOF structure, with loadings up to a 1:���� �U�D�W�L�R���� �D�Q�G�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �H�Q�K�D�Q�F�H�� �&�2�w�� �X�S�W�D�N�H 

capacity.89  

 
Figure 1.20: Anchoring amino acids to ZrMOFs during synthesis. 
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Alternative heteroaromatic scaffolds 

Finally, imidazole- and imidazolium-carboxylate scaffolds were synthesised from amino 

acids and have been reported to assemble into 1D and 2D homochiral coordination polymers, 

but they do not extend into 3D MOFs (Figure 1.21). Nonetheless, their ability to form 

ordered, low-dimensional networks highlights the versatility of amino acid 

functionalisation.90 

 
Figure 1.21: Imidazolium salts were synthesised from amino acids, and subsequent 

treatment with Ag2O yielded 1D coordination polymers.  
Atom colours: linker C chain = mint green, O = red, N = blue, and Ag = grey. 

Hydrogen atoms are omitted for clarity. 

 

1.7.4 Amino acids in mixed-linker  MOFs 

Mixed-linker strategies combine an amino acid linker with a rigid organic linker 

within a single MOF. The amino acid provides chirality, polarity, and H-bonding/soft-donor 

chemistry, while the organic linker fixes long-range connectivity and pore geometry. Two 

representative examples are (i) amino acid + polycarboxylate ligand (H3Btc) and (ii) amino 

acid layer + N-donor pillar (bipyridine). 
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d-Histidine (d-His), trimesic acid (H3BTC), and Zn(II) afford DHTZn under 

solvo�W�K�H�U�P�D�O���F�R�Q�G�L�W�L�R�Q�V�������������ƒ�&�����S�+���§���������������J�L�Y�L�Q�J���D��tetragonal, non-centrosymmetric 3D 

framework featuring five interwoven helices (Figure 1.22). The polycarboxylate node (BTC) 

supplies rigid, high-connectivity vertices; d-His installs chiral/polar surfaces inside channels. 

Working near � S� +� � � §� � � �-5 keeps the imidazole mostly protonated, avoiding connectivity 

capping and favouring extended 3D helices.91 

 
Figure 1.22: Synthesis pathway of DHisZn, via solvothermal synthesis of trimesic acid 

(H3BtC), d-histidine with Zn(OAc)2 in aqueous medium.  
Atom colours: trimesic acid C chain = mint green, histidine C chain = blue, O = red, N = 

blue, and Zn = teal blue. Hydrogen atoms are omitted for clarity. 
 

Using preformed Ni(l-asp)·3H2O with bipyridine (bipy) in equal volumes of H2O 

and MeOH (150 °C) yields homochiral [Ni2(l-asp)2(bipy)] (Figure 1.23); higher water 

induces racemisation and the achiral analogue. Pillared layers of tridentate Asp linked by 

bipy form 1D channels. Enantioselective sorption of small chiral diols (up to enantiomeric 

excess �§�� ������), governed by multipoint H-bonding to the aspartate-lined pocket and 

geometric matching of OH separations.92 



Chapter 1– Introduction 

24 
 

 
Figure 1.23: Synthesis pathway of [Ni2(l-Asp)2(bipy)] MOF. Atom colours: aspartate C 

chain = yellow, bipy C chain = green, O = red, N = blue, and Ni = blue. 
 Hydrogen atoms are omitted for clarity. 

 

1.8 Applications of amino acid–based MOFs  

MOFs have developed from academic research to practical platforms offering a wide 

range of applications. The MOFs' unique properties, such as high porosity, crystallinity, and 

pore tunability, allow MOFs to host, separate, or transform guest molecules. Biomedical 

drug delivery and catalysis are promising applications for amino acid-based frameworks. In 

these fields, the inherent chirality, biocompatibility, and chemical diversity of amino acids 

provide additional advantages compared with conventional linkers. 

  



Chapter 1– Introduction 

25 
 

1.8.1 MOFs as drug carriers 

One of the most intensively investigated biomedical applications of MOFs is drug 

delivery. The exceptionally high surface areas, pore volumes, and structural tunability of 

MOFs make them excellent candidates for encapsulating therapeutic agents, and their 

crystallinity enables precise characterisation of host-guest interactions and release 

mechanisms. 

High loading and controlled release MOFs can accommodate a broad spectrum of 

therapeutics, from small molecules (e.g., doxorubicin, ibuprofen) to biomacromolecules 

(proteins, siRNA, CRISPR components).93-98 Framework flexibility (such as pore breathing, 

ligand rotation) (Figure 1.24) and specific host-guest interactions modulate loading and 

release profiles, enabling stimuli-responsive delivery (such as pH/redox triggers) that is 

attractive for oncology and precision medicine (Figure 1.24).94, 99-101 Classic flexible 

systems such as MIL-53 and MIL-88 illustrate how structural dynamics couple to guest 

uptake/release and NO delivery 102, 103 
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Figure 1.24: The behaviour of MOFs with flexible pores upon drug loading.. 
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Biocompatibility and stability  

Clinically relevant carriers must combine low toxicity with colloidal and chemical 

stability under physiological conditions. Zr-MOFs (e.g., UIO derivatives, NU-1000) and Fe-

MOFs (e.g., MIL-88/MIL-100) have shown promising biocompatibility and stability. Zn-

based systems, like ZIF-8, are widely used but require attention to Zn(II) release.103, 104 

Surface functionalisation (e.g., polymer/biomolecule coatings, biomimetic mineralisation) 

improves stability and reduces systemic toxicity while protecting labile cargo.95, 105 Particle 

size is also critical: nanoscale MOFs in the ~10-100 nm range often balance efficient uptake 

with avoidance of rapid clearance, a design principle emphasised across recent surveys.95, 105 

Loading strategies 

Mainstream strategies include one-pot synthesis, biomimetic mineralisation, post-

synthetic encapsulation, and surface loading/adsorption (Figure 1.25).106-108 One-pot and 

biomimetic routes can yield high loadings and are gentle for fragile biomacromolecules 

(proteins, nucleic acids), whereas post-synthetic encapsulation offers modular pairing of 

drug and carrier. Surface loading, although typically results in lower capacity, can enable 

multi-drug or sequential release schemes when combined thoughtfully with pore 

encapsulation.106, 108  
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Figure 1.25: Drug loading on/into the porous MOFs. Several methods can be used to 
load the drug into the pores or on the surface of the MOF. These methods are one-pot 
synthesis, biomimetic mineralisation, post synthetic pore encapsulation, and surface 

loading. 

 

The outlook for amino acid–MOFs in drug delivery 

Amino acid-based MOFs add biocompatibility, chirality, and functional-group 

diversity (e.g., hydroxyl, imidazole, thiol) that can enhance selective recognition and binding 

of therapeutic cargo.1, 2, 4, 101 Installing amino acids into robust frameworks such as MUF-77 

provides a route to tailored pore microenvironments, combining the stability and permanent 

porosity of classical MOFs with the molecular recognition features of biological building 

blocks.5, 56, 108, 109 
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1.8.2 MOFs in Catalysis 

In parallel with biomedical uses, MOFs are powerful platforms for catalysis because 

they position active sites in ordered, high-surface-area pores and allow the co-location of 

Lewis acidic nodes.56, 109, 110 This dual organic-inorganic tunability enables oxidation, C-C 

bond formation, acid-base, and photochemical catalysis with opportunities for shape/size 

selectivity and microenvironment control.56,109,110 Moreover, installing functional groups 

with intrinsic organocatalytic properties, such as amines, can transfer molecular catalytic 

behaviour into the MOF lattice.59 

MOFs as enzyme mimics 

Although enzymes are powerful catalysts, they suffer from many limitations, such as 

their affinity towards very specific substrates, their sensitivity to harsh conditions, and their 

difficulty to engineer.111,112 These limitations prevent their broader utility. Molecular 

catalysts serve as a bridge between enzyme selectivity and synthetic methods, which allows 

expanding the possible catalytic applications scope. Conventional synthetic techniques can 

be used for these catalysts’ synthesis. Many of these catalysts are practical to straightforward 

screening processes. Nonetheless, the basic structure of molecular catalysts may restrict 

control over the substrate environment. More complex molecular catalysts present 

challenges in synthesis and structural prediction. 

To bridge this gap, multicomponent MOF such as MUF-77 provide a versatile 

scaffold for mimicking enzymatic function. MUF-77 offers a highly porous, crystalline 

framework with precise spatial control over the placement of functional groups. Its modular 

design enables the incorporation of catalytic residues into well-defined pore environments, 

facilitating the design of artificial active sites with cooperative functionalities, such as 

catalytic dyads or triads. 

Because catalytic confinement and organised secondary interactions are central to 

enzyme function, MOFs can recreate aspects of these environments. By embedding open 

metal sites and designed linker functionality with organocatalytic properties within well-

defined pores, they can provide routes to chemo-, regio-, and enantioselectivity.56, 109, 110 
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Peptide-inspired catalysts 

Short peptide sequences (3–8 residues) provide catalytic motifs (e.g., imidazole, 

carboxylate, hydroxyl) and a chiral scaffold that enables site-selective and enantioselective 

transformations.98, 113-116 Peptide or amino acid groups appended to linkers place catalytic 

and modulating functionalities in predictable positions within pores, combining the 

selectivity of peptides with the stability and addressability of reticular frameworks. 

MUF-77 as a catalytic scaffold 

The MUF-77 family is a particularly attractive platform due to its large tetrahedral 

pores and modular, multicomponent design.5, 6 By appending amino-acid/peptide side-arms 

to the bdc, bpdc, or truxene linkers that assemble MUF-77, catalytic groups can be oriented 

to line the channels, creating peptide-like microenvironments for substrate recognition, 

cooperative effects, and enantioselective transformations, while retaining the chemical 

robustness of the parent framework.5, 6, 56, 117 

1.8.3 Gas separations 

Multicomponent amino acid/peptide MOFs that have pores on the dimension of small 

molecules may be useful for gas separations by molecular sieving and related effects. 

Competent materials are in extremely high demand.118 

 

1.9 Overarching project scope 

Building on the principles outlined above, this project focused on the design and synthesis 

of MMOFs incorporating two or more distinct amino acid ligands within a single crystalline 

structure. The overarching objective was to introduce complementary functional groups into 

confined pore environments, thereby enabling cooperative interactions that may enhance 

catalytic performance. 
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The formation of multicomponent frameworks presented significant synthetic challenges. 

The presence of multiple ligands increased the likelihood of competitive coordination, phase 

separation, or alternative topology formation. In addition, framework assembly remained 

highly sensitive to crystallisation parameters, such as solvent composition, concentration, 

pH, temperature, and additives. Accordingly, a central aim of this research was the 

development of reliable strategies that favour controlled co-assembly into homogeneous 

multicomponent architectures. 

 

1.9.1 Two complementary approaches were pursued. 

The first approach involved the direct co-assembly of two or more amino acids with 

metal ions under solvothermal conditions. A central challenge was promoting the 

incorporation of multiple ligands into a single crystalline framework rather than forming 

discrete phases or low-dimensional coordination polymers. In practice, direct co-assembly 

of unmodified amino acids proved difficult due to competitive coordination and limited 

structural directionality. Nevertheless, these studies provided important insight into ligand 

compatibility and coordination preferences, which informed subsequent design strategies. 

The second approach was built on established multicomponent frameworks within the 

MUF-77 family. In this strategy, conventional linear linkers were covalently functionalised 

with amino acid or peptide side arms before MOF synthesis. These modified linkers were 

successfully incorporated into the multicomponent architecture, enabling controlled 

positioning of functional residues along the pore surfaces while retaining the underlying 

topology. This modular design allowed structural robustness to be preserved while 

introducing chemical diversity within the pore environment. 

Together, these complementary strategies advanced the development of multicomponent 

amino acid–based frameworks. While direct assembly of simple amino acids was 

synthetically limited, functionalised linker approaches proved more effective in achieving 

structurally defined systems with enhanced potential for catalytic applications. 
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Chapter 2 MMOFs from amino acids 

2.1 Introduction 

Proteins exemplify nature’s mastery in molecular design: flexible chains of amino acid 

that fold into intricate 3D structures that enable molecular recognition, catalysis, and changes 

in response to external, environmental changes.85, 119 This versatility arises from the 

chemical diversity of amino acids and the peptide backbone flexibility, which allows 

adaptation in shape and function.2-4 These features: structural complexity, flexibility, and 

functional diversity are highly desirable in crystalline materials, yet remain challenging to 

replicate. 

Inspired by this natural complexity, researchers have incorporated amino acids or 

peptides into MOFs to mimic the structural sophistication and functional diversity of 

proteins. These amino acid-based MOFs have shown promising potential in catalysis, 

sensing, and drug delivery.2-4 MOFs are crystalline materials that are built of metal nodes 

and organic linkers, which extend into 3D framework. This nature allows control over the 

pores size and their chemical environment. MOFs are useful in many applications such as 

catalysis, gas adsorption and separation.12, 53, 120 Bio-MOFs, a subclass that has emerged over 

the past decade, use biomolecular linkers including amino acids, peptides, nucleobases, and 

saccharides.2,121 These frameworks introduce chirality, flexibility, and biocompatibility, 

enabling functions such as catalysis,2 sensing,122 drug delivery,123, 124and proton 

conduction.125  

Multicomponent MOFs (MMOFs) have been a mainstay of the Telfer Group since the 

discovery and report of MUF-7 in 2013 and MUF-77 in 2015 (MUF = Massey University 

Framework).5,6 MUF-7 and MUF-77 are formed using conventional rigid organic 

carboxylate ligands, while my research forged a new pathway to MOFs that have not been 

reported in the literature to date at all. 

This biomimetic approach diverges from the conventional use of rigid aromatic by 

enabling conformational adaptability, tunable functional sites, and potentially chiral 

environments. These features allow dynamic behaviours reminiscent of proteins, such as 

guest-responsive porosity, selective binding, and cooperative catalysis.5, 6  Thus, this work 

moves beyond the static architectures of MUF-7 and MUF-77 toward dynamic, adaptive 

crystalline materials. 
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To date, most amino acid- or peptide-based MOFs have been constructed from a single 

type of amino acid or peptide. In contrast, this study explores the incorporation of multiple 

amino acids and peptides into a single MMOF framework. The aim is to employ the diversity 

and flexibility of biological building blocks to create dynamic, adaptive crystalline materials. 

Several strategies for incorporating amino acids into MOFs were explored. This chapter 

focuses on the first approach: the direct reaction of multiple amino acids or peptides with 

metal ions. This method involved reacting a set of two or three different amino acids with 

metal salts such as Zn(NO3)2, and it mirrored the approach typically used to make single-

component amino acid MOFs. The central challenge in this method was achieving the 

incorporation of multiple ligands into a single MOF structure rather than forming separate 

phases. 

 

2.2 Results and discussion 

This project began by selecting one l-amino acid and combining it with other type or 

types of l-amino acids to explore the formation of multicomponent frameworks. Throughout 

all experiments, enantiopure l-amino acids were used to ensure the formation of enantiopure 

MOFs. This approach was intended to maintain the stereochemical integrity of the ligands 

and increase the likelihood of obtaining well-defined, homochiral frameworks.  
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2.2.1 Tyrosine with other amino acids co-assembly in MMOFs 

The first set of experiments focused on mixing l-tyrosine with other amino acids. l-

Tyrosine refers to the neutral form of the amino acid, whereas l-tyrosine-2H denotes the fully 

deprotonated form. l-Tyrosine was chosen as a starting point due to its previously reported 

ability to form 3D MOF structures. Its phenolic side chain offers additional coordination 

possibilities beyond the amino and carboxylate groups, therefore enhancing the structural 

diversity. Literature reports have shown that l-tyrosine can coordinate with metal ions under 

solvothermal conditions to form MOFs, particularly when reacted with Co(OAc)2 and/or 

Zn(OAc)252, 126 (Figure 1.14).  

l-Tyrosine was combined in pairs with different amino acids, resulting in the 

formation of several new crystalline structures. However, none of these exhibited permanent 

porosity or extended 3D frameworks. Instead, only three discrete multicomponent amino 

acid complexes were isolated: [Zn/Co(l-asparagine-H)(l-tyrosine-H)],  

[Zn(l-histidine-H)(l-tyrosine-H)·H2O], and [Co2(l-histidine-2H)(l-tyrosine-H)3·4H2O] 

(Figure 2.1). 

 
Figure 2.1: Summary of the successful experiments that resulted in the formation of 

crystalline multicomponent structures. These structures were obtained by combining l-tyrosine 
with either l-asparagine or l-histidine in the presence of Zn(NO3)2 or Co(NO3)2. Atom colours: 
tyrosine C chain = pastel pink, asparagine C chain = pastel purple, histidine C chain = pastel 

purple, O = red, N = blue, Co(II) = purple, and Zn(II) = blue. Hydrogens are omitted for 
clarity. 
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The structural details of these three new multicomponent frameworks are discussed 

in the following sections. 

 

[Zn( l-aspragine-H)(l -tyrosine-H)] / [Co(l -aspragine-H)(l -tyrosine-H)]  

The combination of l-tyrosine and l-asparagine under solvothermal conditions with 

either Zn(II) or Co(II) nitrate yielded isomorphous multicomponent structures (Figure 2.2). 

 
Figure 2.2: Synthetic pathway to [Co(l-asparagine-H)(l-tyrosine-H)] and  

[Zn(l-asparagine-H)(l-tyrosine-H)] and their SCXRD structures. Atom colours: tyrosine 
C chain = pastel pink, asparagine C chain = pastel purple, O = red, N = blue, Co(II) = 
purple, and Zn(II) = blue. Hydrogen atoms are omitted in structural models for clarity. 

 

The choice of tyrosine and asparagine was guided by their complementary 

functionalities: tyrosine provides both amino/carboxylate and phenolic donors, while 

asparagine introduces both amino/carboxylate and an amide group. Together, these ligands 

were expected to favour the assembly to form 3D networks 

SCXRD analysis reveals that both Co(II) and Zn(II) form isomorphous structures. 

Each metal ion exhibits a distorted octahedral coordination environment, arising from 

chelating ligand coordination. Each amino acid ligand is singly deprotonated; the complex 

arises from the coordination of one l-asparagine molecule through its carboxylate oxygen 

and amino nitrogen, while the other two l-asparagine molecules coordinate via one of the 

carboxylate group's oxygen atoms (C=O). Additionally, l-tyrosine coordinates with the metal 

through its carboxylate oxygen and amino nitrogen atoms (Figure 2.3). 
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A dense network of inter- and intramolecular hydrogen bonds stabilises the structure. 

The intramolecular hydrogen bonds form between the tyrosine phenolic hydrogen and the 

tyrosine carboxylate oxygen, as well as between the asparagine amide hydrogen and the 

asparagine carboxylate oxygen. An intermolecular hydrogen bond is formed between the 

tyrosine carboxylate’s oxygen and the neighbouring asparagine amide’s hydrogen  

(Figure 2.3). Collectively, these interactions generate a layered 3D structure, highlighting 

the key role of amide-carboxylate and phenol-carboxylate contacts in directing the formation 

of the structure. 

 
Figure 2.3: Hydrogen bonding interactions (dashed bonds) between coordinated l-

asparagine and l-tyrosine ligands. Atom colours tyrosine C chain = pastel pink asparagine 
C chain = pastel purple, O = red, N = blue, Co(II) = purple, and Zn(II) = light blue. 

 Hydrogen atoms are omitted in structure except the essential for H-bond. 

 

Powder X-ray diffraction (PXRD) confirmed the bulk crystals' purity, where the 

calculated PXRD pattern from the corresponding SCXRD data matched the experimental 

PXRD of both [Co(asparagine-H)(tyrosine-H)] and [Zn(asparagine-H)(tyrosine-H)], with no 

other peaks appearing. A slight peak shift was observed in the Co(II) analogue, consistent 

with its slightly larger unit cell dimensions relative to Zn(II) (Figure 2.33). 1H NMR 

spectroscopy of the acid-digested crystals confirmed a 1:1 ratio between asparagine and 

tyrosine (Figure 2.34), in agreement with the Zn(II) and Co(II) crystallographic models. 
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[Zn( l-histidine-2H)(l-tyrosine-H)·H2O]  

The co-assembly of l-tyrosine and l-histidine with Zn(NO3)2 in a basic aqueous medium 

afforded a new multicomponent amino acid structure (Figure 2.4). 

 

The SCXRD revealed that the compound assembles into a 1D rod-like architecture 

rather than an extended 3D framework (Figure 2.5.a). 

Zn(II) adopts a trigonal bipyramidal coordination geometry, binding to five donor 

atoms. l-Histidine is doubly deprotonated, and two distinct histidine coordination modes are 

observed: one histidine coordinates through its carboxylate oxygen and amino nitrogen, 

while the second binds via the imidazole nitrogen donor. In contrast, tyrosine remains singly 

deprotonated and coordinates through its carboxylate oxygen and amino nitrogen, providing 

a bridging role that links histidine and Zn(II). The distinct use of the imidazole nitrogen 

highlights the versatility of histidine in diversifying structural motifs in amino acid-based 

MOFs (Figure 2.5.b).  

Although the imidazole nitrogen does coordinate to Zn(II), thereby demonstrating 

the versatility of histidine as a donor, in this system its binding leads only to 1D rod-like 

assemblies rather than the extended 3D networks often observed in Zn-imidazole-

carboxylate frameworks (e.g., ZnCar,4 d-HTZn91). This suggests that the local geometry and 

competing coordination preferences of tyrosine limit the dimensionality of the assembly. 

 
Figure 2.4: Synthetic pathway to [Zn(histidine-2H)(tyrosine-H)·H2O]. Atom colours:  

tyrosine C chain = pastel pink, histidine C chain = pastel blue, O = red, N = blue and Zn(II) 

= teal blue. Most of the hydrogen atoms (Whitish pink) are omitted for clarity except the 
essential for H-bonding. 
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The phase purity of the material was confirmed by PXRD, with the experimental 

pattern in good agreement with the calculated from the corresponding SCXRD data and no 

additional reflections were observed (Figure 2.37). Acid digestion of the crystals in 

DCl/DMSO (23 µL/ 1 mL), followed by 1H NMR spectroscopy, revealed a 1:1 ratio of 

tyrosine to histidine (Figure 2.38), which further supports the phase purity of the material.  

 

[Co2(l-histidine-2H)(l-tyrosine-H)3·4H2O]  

Replacing Zn(II) with Co(II) under identical synthetic conditions led to the formation of 

a new multicomponent amino acid complex, [Co2(l-histidine-2H)(l-tyrosine-H)3·4H2O] 

(Figure 2.6). The reaction of l-tyrosine and l-histidine with Co(NO3)2 in a basic aqueous 

solution produced two distinct crystalline phases: block-like crystals corresponding to the 

complex and needle-like crystals identified as free tyrosine. The isolation of both phases 

highlights the competitive nature of tyrosine coordination under these conditions. 

 
Figure 2.5: Two different views of [Zn(l-histidine-2H)(l-tyrosine-H)·H2O]. The structure 

assembles into a 1D rod-like coordination polymer. Atom colours:  tyrosine C chain = 
pastel pink, histidine C chain = pastel blue, O = red, N = blue and Zn(II) = teal blue. Most 
of the hydrogen atoms (Whitish pink) are omitted for clarity except those essential for H-

bonding. 

 
Figure 2.6: Synthetic pathway to [Co2(l-histidine-2H)(l-tyrosine-H)3·4H2O]. 
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SCXRD of the block-like crystals revealed that the structure crystallises in a H-

bonded layers assembled from two crystallographically distinct Co(II) coordination 

environments (Figure 2.7). Both Co(II) centres adopt octahedral geometries but with 

different donor sets. In the first environment, two tyrosine ligands coordinate Co(II) through 

their amino and carboxylate groups, an additional tyrosine through a monodentate 

carboxylate, and one aqua ligand. The second environment involves coordination to histidine 

through three donors: the imidazole nitrogen, the amino nitrogen, and the carboxylate 

oxygen. This Co(II) centre is further connected by one tyrosine (via amino and carboxylate 

donors) and a water molecule, completing the octahedral sphere. The coexistence of these 

two distinct Co(II) sites introduces structural asymmetry and provides multiple hydrogen-

bonding vectors for framework assembly. 

The structure extends into a 3D layer through extensive H-bonding (Figure 2.7.b). Two 

principal interaction types are observed: 

�™ Tyrosine-derived interactions: hydrogen bonds form between the phenolic 

hydroxyl group of tyrosine and the carboxylate oxygen of a neighbouring tyrosine 

coordinated to a different Co(II) centre. These interactions link discrete units into 

extended layers 

�™ Histidine-derived interactions: hydrogen bonds occur between the imidazole N–H 

group and the carboxylate oxygen of another histidine ligand bound to an adjacent 

Co(II) ion, cross-linking the layers into a 3D network.  

PXRD confirmed that the bulk crystalline material corresponds to the SCXRD-

identified phase, with experimental patterns in close agreement with those simulated 

from the SCXRD (Figure 2.37). The reproducible synthesis and consistent PXRD data 

indicate that the block-like phase is stable under the applied conditions. However, the 

competition with free tyrosine suggests sensitivity to stoichiometry and solution 

chemistry. 
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Unintended tyrosine-based phases 

Attempts to co-assemble l-tyrosine with other amino acids frequently resulted in 

unintended crystalline phases dominated by simple tyrosine-metal complexes, rather than 

the targeted multicomponent frameworks. This behaviour highlights the strong coordination 

tendency of tyrosine to outcompete other amino acids under solvothermal conditions. 

The most common product was [Co(l-tyrosine)(H2O)2]·2NO3, reproducibly obtained 

when tyrosine was combined with glycine or glutamic acid in basic aqueous ethanol 

solutions (Figure 2.8).  

 

 
Figure 2.7: a) Monomeric unit and 2D view of the structure. b) 3D view of the layered 

structure, highlighting the two types of hydrogen bonds that assemble the monomers into the 
supramolecular structure. Atom colours: tyrosine C chain = pastel pink, histidine C chain = 

pastel blue, H = whitish pink, O = red, N = blue, and Co(II) = teal blue. Most of the hydrogen 
atoms are omitted for clarity except the essential for H-bonding. 

 
Figure 2.8: Synthetic pathway leading to the formation of  

[Co(l-tyrosine-H)(H2O)2·2NO3]. Atom colours:  tyrosine C chain = pastel pink, H = 
whitish pink, O = red, N = blue, and Co(II) = purple. Most of the hydrogen atoms are 

omitted for clarity except the essential for H-bonding 
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