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Abstract 

Metal-Organic Polyhedra (MOP) are nanoscale capsule-like supramolecular architectures 

composed of metal ions and organic linkers. They have well defined cavities depending on the 

ligand shape and metal-vertex geometry. The thesis concerns MOP composed of 12 copper(II) 

dimers (Cu24) and 24 isophthalate based linkers forming ~2 nm cuboctahedral structure. The 

isophthalates can be easily functionalized at 5th position with different chemical groups thereby 

giving surface functionalization to the Cu24MOPs. They are soluble depending upon the 

functional groups while retaining the structural integrity in solution. This offers rich solution 

chemistry and variety of potential applications. In this thesis, the versatility of Cu24MOPs has 

been utilized to create functional materials. Firstly, the degradation of a Cu24MOP is studied 

when exposed to water leading to formation of three coordination products at different time 

intervals (2,3 and 4). This study is crucial given the increasing use of MOPs for different 

purposes, to understand their outcomes when exposed to ubiquitous humidity/water. Secondly, 

long alkyl chain functionalized Cu24MOP, half of them having terminal alkenes have been 

synthesized (5) and utilized to create metal-organic framework (MOF) of different mechanical 

strength. This was done by cross-linking the MOP units via olefin metathesis and investigating 

mechanical properties through rheology and nanoindentation. Thirdly, Cu24MOPs functionalized 

with both polar and non-polar isophthalates were synthesized and the arrangement of linkers on 

the MOP surface i.e. symmetrical (6) and Janus-type (7 or ampMOP) were analyzed via 

crystallography and microscopy. Amphiphile-like self-assembly behavior of the Janus MOP was 

studied thoroughly. Lastly, mixed matrix membranes (MMM) using ampMOP and PEBAX 

polymer were created for usage in CO2/N2 gas separations. Overall, the thesis provides a 

reference for exploiting novel properties of MOPs.  
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Figure 1.6 Select host guest complexes, (left to right) crown ether complex by Pedersen, 
cryptand complex (cryptate) by Lehn and host-guest complex by Cram.13 

stable energetically minimum product (Figure 1.7). Similar is observed in other supramolecular 

species where the dynamism of weak non-covalent bonds facilitates the error-checking process to 

form the most stable product. The reversible nature of bonds is however, seen in molecular 

chemistry as well where the covalent bonds break and build again in response to a catalyst or other 

external forces under mild conditions, for example- Diels-Alder cycloadditions, olefin metathesis 

(Figure 1.8) etc. Thus, we see how strong, static covalent bonds in molecular species display 

dynamism by intent whereas, bonds in supramolecular species are dynamic by nature.14 The 

dynamic nature enables adaptive chemistry where both the systems are capable to respond to 

external factors by reorientation and organization.15 

 

Figure 1.7 DNA base pair adenine and thymine showing error-checking process to get the stable 
product as per the spatial complementarity and energy considerations. 
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Figure 1.9 Supramolecular assemblies,           

(top) supermolecule formed by coordination of 

Fe(II) and tris-bipyridine (L), [Fe5L5]Cl9+.18 

Atoms C-grey, N-green, O-red, Fe-purple, Cl- 

olive; (bottom) polymolecular assemblies as 

depicted.19 

 

1.3 Coordination Directed Self-Assembly 

 Coordination driven self-assembly or inorganic self-assembly involves spontaneous 

generation of well-defined metallo-supramolecular architectures from metal ions and organic 

linkers. The supramolecular structure depends on the choice of metal ion, design and denticity of 

the linker(s) and the reaction conditions giving ladders, grids or metallomacrocycles with or 

without cavity. The metal ion provides the coordination geometry as well as the binding strength, 

with the specific linker(s) and dictates the structure at given reaction conditions. In addition to 

these parameters, there is another factor called principle of maximal site occupancy which governs 

the assembly with highest occupancy of binding sites on both linkers and metal ions (Figure 1.10). 

These information are programmed in the molecular components which along with the 

supramolecular dynamics leads to formation of most thermodynamic or metastable product.12,20,21 
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Figure 1.10 Cu(I) templated double-stranded helicates, illustrating principle of maximal site 

occupancy in a mixture of linkers.12,22 

1.3.1 Templating Effect 

 The coordination chemistry of the metal ion defines the geometry via reactions between 

the linkers or with the linkers, thereby templating the assembly product. The first example of 

metal-ion templating was observed by Pedersen where he obtained the crown ether, 18-crown-6 

by reaction of triethylene glycol and its corresponding dichloride through Williamson ether 

synthesis using potassium ion as template (Figure 1.6, left).23 Another example is the formation of 

molecular squares by Fujita et al. in 1990 where the square planar, convergent Pd2+ system is 

reacted with the linker with two binding sites at 180° away from each other to get the discrete 

complex.24 For a given set of components, the formation of closed architecture is favored over the 

linear counterpart as per the principle of maximal site occupancy (Figure 1.11).  

 Over the years, a variety of supramolecular architectures have been reported where metal 

ion is used as a template, example- for creating catenanes (interlocked macrocycles),25 cage like 

structures26 or metal-organic frameworks (MOFs) (Figure 1.12).27 
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1.4 Metal-Organic Polyhedra 

 Metal-organic polyhedra (MOP) is a term coined by Yaghi et al.43 in 2001 where he first 

reported fabrication of a cavity structure utilizing robust Cu(II) paddlewheel cluster i.e. 

[Cu2(RCO2)4] and the bent bifunctional linker i.e. 1,3-benzenedicarboxylate (1,3-BDC) also called 

isophthalic acid. The same structure was almost simultaneously reported by Zaworotko et al.44 

where he utilized both the components as mentioned above to make faceted polyhedra and named 

it as nanoballs. Metal-organic polyhedra, metal-organic cages or nanoballs are terms used 

interchangeably and refer to discrete structures with a well-defined nanoscale cavity formed by 

coordination of metal ions and organic linkers. The polyhedra have well-defined windows for 

accessing the enclosed cavity, which depends on the linker shape and metal vertex geometry.2,3 

Metal-organic framework (MOF) is also composed of metal ions and organic linkers and is defined 

as coordination compound with repeating coordination entities extending in 1, 2 or 3 dimensions, 

having open framework containing potential voids.45 Thus, MOFs are infinite network while MOP 

is zero dimensional (0-D) for the feed chemical components.46,47  

 
Figure 1.13 Crystal structures of compounds obtained by mixing Cu(II) ions with different bent 

ditopic linkers giving different molecular cages.48 Atoms C-grey, N-purple, O-red, Cu-blue, R 

chemical group-green. Hydrogens omitted for clarity. 

 

Self-assembly of cage-like structures have been researched on for about 30 years now, with 

overlapping set of creating/designing faceted MOPs being around for two decades. MOPs offer 

variety of derivatization in terms of using different metal ion or dinuclear metal species such as 
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some they are treated as molecular squares bound by bent linkers (vertices) to give 

rhombicuboctahedron (8 triangles + 18 squares) (Figure 1.15). The structure of the actual 

polyhedron is essentially same with internal cavity (spherical) diameter of ~1.5 nm and internal 

volume ~1.8 nm3 which is big enough to encapsulate C60. There are 12 Cu(II) paddlewheels and 

24 1,3-BDC linkers giving the Cu24L24 structure. This Cu24MOP can be further functionalized by 

substituting 5th position of the benzene in the linker with the desired chemical groups.48 This 

creates variety of Cu24MOP derivatives with different properties such as solubility, steric, 

electronic or reaction chemistry while having the same cuboctahedral core. 

 

Figure 1.15 (left) the Cu(II) paddlewheel SBU, [Cu2(RCO2)4] is schematically represented as a 

blue square based on its top overview;44 (right-top) the cuboctahedron with [Cu2(RCO2)4]-SBU 

as its 12 vertices can be represented as (right-bottom) rhombicuboctahedron when assuming 

SBU-vertices as blue squares.5 

Bourne et al.58 demonstrated self-assembly of the SBU i.e. carboxylate-bridged dinuclear 

metal center also being referred as molecular squares to form a square, bowl-shaped nanoscale 

SBU (nSBU). This nSBU is made up of four molecular squares. Moulton et al.59 further established 

a triangular, bowl-shaped nanoscale SBU formed by self-assembly of three molecular squares 

(Figure 1.16). Both square and triangular nSBU can be generated while using the 1,3-BDC bent 

linker and self-assembly of these two nSBUs results in formation of the cuboctahedral cage. While 
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synthesis, square nSBU or triangular nSBU can also self-assemble exclusively to form 2-D infinite 

networks (polymeric), thereby lowering the yield of the MOP. Zhou et al.49 also proposed 

formation of bowl-shaped units linking together to form the cuboctahedron.   

Cu24MOPs are robust, stable species at ambient conditions, are versatile and soluble 

depending on the peripheral derivatization obtained by functionalizing the 5th position of 

isophthalates with different chemical groups. Their structural integrity remains intact when soluble 

and offer rich solution chemistry and variety of applications, as discussed in the section below. 

 

 

Figure 1.16 Schematic of the (top) square and                

(bottom) triangular bowl-shaped nSBUs formed by             

self-assembly of the carboxylate-bridged dinuclear            

metal center or molecular squares.59 

 

 

 

1.4.2 Functional MOPs and their Applications 

 A 5 nm diameter Cu24MOP, MOP-18 with 24 dodecyloxy groups over the MOP surface 

was reported by Furukawa et al.60 in 2006. This MOP cavity surrounded by long alkyl chains has 

been utilized by Jung et al.61 to create bio-inspired synthetic ion channels. The internal cavity of a 

Cu24MOP is hydrophilic in nature and highly accessible through 8 triangles and 6 square windows 

of the cuboctahedral cage. Thus, the rigid core, the lipophilic shell and hydrophilic cavity of MOP-

18 made them efficient candidates to be used as synthetic ion channels across lipid bilayers (Figure 

1.17). The work included transport of protons and alkali metal ions across lipid membranes and 

the transport activity was found to decrease with increase in size of the metal ion such as 

Li+>>Na+>K+>Rb+>Cs+. This is the first report of using a nanosized metal-organic specie for this 

purpose and has been possible due to the high tunability of the structure. 
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Figure 1.17 (a) MOP-18 with the framework formula of [Cu24 (5-OC12H25-1,3-BDC)24], (b) 

schematic of the synthetic ion channel formed by MOP-18 in lipid bilayers.61 Reproduced from 

Ref. 61 with permissions, © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

To create water soluble nanocages to be used for drug delivery applications, Zhao et al.62 

demonstrated the use of alkyne functionalized Cu24MOP synthesized using 5-

(propargyloxy)isophthalic acid. This was then coordinated to water soluble polyethylene glycol 

chains terminating with azide group (PEG-N3), using click chemistry. The resulting MOP was 

found to be water stable and displayed controlled release of anti-cancer drug 5-fluorouracil. This 

work exhibits how Cu24MOP can be further tuned for desired properties with their capability to 

undergo chemical reactions. Zhao et al.63 also showed thermogating effect of Cu24MOP 

functionalized with triisopropylsilyl groups using 5-(triisopropylsilyl)ethynyl)isophthalic acid as 

the linker. These MOPs exhibit molecular sieving effect at a specific temperature range for CO2 

and thus, can be used for selective gas sorption applications. Optically responsive Cu24MOP has 

been synthesized by Park et al.64 using 5-(2,4-dimethylphenyldiazenyl)isophthalic acid which 

exhibits cis-trans isomerism. The azobenzene functionalized MOP shows adsorption of methylene 

blue molecules when in trans-form and starts desorbing upon illumination with UV radiation 

where it changes to cis-form. These MOPs thus, exhibit potential for optically responsive 

materials. Furthermore, Li et al.65 created anionic Cu24MOPs by functionalizing the 5th position of 

isophthalate linker with sulfonate groups, which exhibits ionic self-assembly into ordered 

honeycomb architecture in presence of cationic surfactant i.e. dimethyldistearyl ammonium 

chloride (DODAC) (Figure 1.18). This report shows translation of nanoscopic cages into 

microscopic honeycomb architectures based on functional chemical groups. Several other types of 

work have been reported which presents variety of properties and have thus, made the field of 

MOPs ever-diversifying. 
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 Apart from MMMs, Hosono et al.79 have reported two other ways of synthesizing highly 

processible porous soft materials by using nanoballs as the building component. Here they have 

used Cu24MOPs to synthesize MOP core-star polymer architectures by coordinating end-

functionalized polymeric precursors with Cu(II) ions. The first method is the conventional way of 

Cu24MOP synthesis using isophthalic acid-terminated polymer as linkers. The other method 

utilizes reversible addition-fragmentation chain transfer (RAFT) polymerization technique to 

attach the polymeric chain to thioester functionalized Cu24MOPs. In either case, the 24 polymeric 

chains protrude out of the MOP core giving a star-like shape (Figure 1.23). Thus, this study further 

provides a design strategy for shaping porous soft materials using MOP as building nodes.79 

Johnson et al. have further reported synthesis of polyMOC (metal-organic cage) gels using end-

functionalized polymeric linkers and Pd(II) ions. They described fabrication of diverse structures, 

mechanical properties and dynamics for polyMOCs which are otherwise unprecedented (Figure 

1.24).80,81 Nitschke et al.82 reported formation of hydrogels by cross-linking self-assembled metal-

organic cages and polymers. The selective encapsulation of guest molecules in the MOCs vs 

cavities in the polymeric section creates contrasting release profiles of the guests, leading to 

development of new multifunctional materials. 

 

 

Figure 1.24 Schematic showing formation of star polyMOC gel by combining polymer bound 

linkers (PL), small molecule linkers (SML) and Pd2+ ions via metallosupramolecular assembly of 

M12L24 MOCs. The ratio of SML/PL is given by n.80 Reproduced from Ref. 80 with permissions, 

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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 MOP with its easily accessible large cavities can also be utilized to precisely control 

formation of polymers. With the control over shape and properties of the MOP, one can rationally 

design polymers by self-assembling of the encapsulated monomer in the cavity.83  

1.4.6 Ever-Diversifying field of MOP 

The construction of MOP offers high tunability which can be used for different properties 

and/or to obtain higher order structures, as can be seen from examples discussed so far. Other types 

of research based on MOP chemistry has also been studied. For example, Sun et al.84 reported 

incorporation of MOP in silica nanopores displaying higher adsorption capacity by circumventing 

agglomeration of MOP in confined silica pores. Qiu et al.85 studied encapsulation of MOP inside 

a MOF using two-solvent system of different polarities. Thus, we can see the ubiquity of the potent 

MOPs for designing structures and addressing variety of applications. In this thesis, I will further 

demonstrate the novel capabilities and properties of Cu24MOP, thereby adding to its versatility.  

1.5 Scope of the Thesis 

 This chapter of introduction was to let you know the aspects of polyhedral science, the 

interactions for shaping molecules and different types of work going on with the highly tunable 

MOPs. The thesis presented here is a non-traditional thesis. The introduction is followed by five 

chapters based on research work, summing-up with conclusions/future work. The research 

chapters are arranged keeping in mind better comprehension of the reader and flow of the thesis. 

Chapter Two addresses the degradation products of the hydroxylated Cu24MOP via hydrolysis 

providing a reference for different functional Cu24MOP. Chapter Three presents the study of 

mechanical properties of the MOF formed by different degree of cross-linking of a Cu24MOP. 

Chapter Four communicates the construction and self-assembly behavior of an amphiphile-like 

Cu24MOP formed by using mixed linkers having polar and non-polar groups. This is followed by 

some further studies of amphiphile-like MOP depicting different stages of self-assembled 

structures in Chapter Five. Chapter Six presents the utilization of the amphiphilic MOP as 

membranes by combining with PEBAX polymer and analyzing gas separation behavior for 

CO2/N2. 
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1.6 Formatting of the Thesis  

 Chapter Two, Three, Four are published manuscripts and include the section of supporting 

information.  Chapter Five and Six are unpublished research chapters. Each of these chapters begin 

with a preface that ensures their continuity with the rest of the thesis. They also contain an account 

of co-authors contribution to the presented research work. The three manuscripts included were 

modified, keeping in mind the consistency of the thesis. The changes are: Firstly, the manuscripts 

published in two columns have been changed to one column. Secondly, all the figure/scheme/table 

numbers have been changed to provide continuity and clarity throughout the thesis. Also, all the 

schemes have been renamed as figures. Thirdly, the reference numbers have been altered for 

consistency of thesis. Fourthly, the compound names have been re-numbered in accordance to the 

flow of thesis. Lastly, the font style/size, the size of the figures, indentations or any other 

information that requires changes to have a steady thesis have been reformatted as per the thesis 

guidelines.  
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Chapter Two: Three Sequential Hydrolysis Products of the Ubiquitous Cu24 Isophthalate      

Metal-Organic Polyhedra 

2.1 Preface 

The chapter presented here is a published manuscript (article) and has been reproduced directly 

from Inorg. Chem. 2019, 58 (15), 9874-9881, DOI: 10.1021/acs.inorgchem.9b00997 including the 

supporting information. The manuscript is based on the fact that copper(II) paddlewheel dimers 

formed by copper(II) metal ion and carboxylates are unstable to water and the Cu-O bond cleave 

off by the incoming water molecules. We know that Cu24MOP is highly versatile and active 

research is being carried out to utilize its properties for variety of applications. Its structure contains 

12 copper(II) paddlewheels and thus, its crucial to know how it behaves when exposed to 

ubiquitous water. This chapter studies the hydrolysis of Cu24MOP formed by 5-

(hydroxy)isophthalate linker, 1 into three coordination products 2, 3 and 4. PXRD was used as the 

diagnostic tool to confirm the transformation of 1 on exposure to water at different intervals of 

time. This study provides a structural trend for transformation of other differently functionalized 

Cu24MOP on subjection to water.  

2.2 Co-author Contributions 

For this manuscript Dr. Benjamin S. Gelfand and Dr. Jian-Bin Lin helped me with the structural 

characterization of 3 and 4, respectively using single crystal X-ray diffraction. Dr. A. Banerjee ran 

the SQUID measurements for 4 while Dr. Simon Trudel analyzed the data, fitted proper model and 

helped writing the magnetic characterization section of the manuscript.  

 I was responsible for rest of the work i.e. synthesizing the compounds, performing other 

characterizations such as 1H-NMR, TGA and PXRD, writing the manuscript and making figures, 

with helpful suggestions from Dr. George K. H. Shimizu.   

 

 

 

https://doi.org/10.1021/acs.inorgchem.9b00997
https://doi.org/10.1021/acs.inorgchem.9b00997
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2.3 Three Sequential Hydrolysis Products of the Ubiquitous Cu24 Isophthalate Metal-

Organic Polyhedra 

(Reproduced with permission from Inorg. Chem. 2019, 58(15), 9874-9881. ©2019 American 

Chemical Society) 

Garima Lal, Benjamin S. Gelfand, Jian-Bin Lin, Abhinandan Banerjee, Simon Trudel,  George 

K. H. Shimizu* 

2.3.1 Synopsis 

The Cu24 isophthalate metal-organic polyhedron (MOP) is easily incorporated into 

networks and composites. The stability of this unit varies with peripheral functionality. Here, we 

report the transformation of a hydroxylated version of the Cu24MOP to three successive phases 

upon immersion in water. Three different coordination polymers are obtained and studied by 

powder and single-crystal X-ray diffraction. The last phase obtained is stable in water indefinitely, 

has trimeric Cu(II) assemblies, and has been studied magnetically. 

2.3.2 Abstract 

Metal-organic polyhedra (MOPs) are increasingly studied as host-guest capsules, linked 

into networks or incorporated into composite materials. As such, understanding the decomposition 

of MOP structures is of fundamental importance. The degradation of the ubiquitous copper(II) 

MOP, Cu24[5-hydroxy isophthalate]24, (1) is studied in liquid water. At different intervals of water 

exposure, powder x-ray diffraction (PXRD) is performed and the stepwise conversion of the MOP 

into three different coordination polymers is observed. Firstly, formation of a 2-D coordination 

polymer, 2 is observed which on further exposure gives a 1-D coordination polymer, 3 and finally 

a trinuclear copper(II) complex, 4. Compound 2 is characterized by PXRD owing to its transient 

nature while 3 and 4 are characterized crystallographically. The final structure, 4 contains 

copper(II) trimers and so, its magnetic behavior is also investigated. 
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room temperature, blue block crystals were obtained whose PXRD (Figure 2.11) matched the 

hydroxylated Cu24MOP reported by Niu et al.72 

2.3.4.5 Hydrolysis of 1/Formation of 2-4: The as-synthesized Cu24MOP powder, 1 was dispersed 

in distilled water and the transformation into other coordination products was observed through 

PXRD at different intervals of time. The same solid, 1 (blue powder) aged to 4 (bluish fibrous 

crystals) in a week of water exposure via formation of 2 (light blue powder) in 5 mins and 3 (blue 

needle-like crystals) after 3 hours of water treatment. The distilled water filtrate obtained during 

each of the transformations 1-2, 2-3 and 3-4 was evaporated and dissolved in D2O to be analyzed 

via 1H-NMR. This was done to examine if the transformation was solid-to-solid or involved any 

dissolution of components. 

2.3.5 Results and Discussion 

 Upon soaking of the MOP 1 in distilled water, the sequential transformation from 1 to 4 is 

monitored via PXRD (Figure 2.4) where we also see the presence of the mixed phase intermediate 

structures. Roughly 20 mg of 1 was used for PXRD analysis and wet with a drop of water. The 

patterns were collected over 20 mins, so for 2, the pattern would be changing during analysis. TGA 

(see Figure 2.16) was also performed under inert atmosphere showing different heat degradation 

patterns for the different compounds i.e. 1-4. Attempts to synthesize compounds 2-4 directly from 

the starting materials i.e. copper salt and 5-hydroxy isophthalic acid, using various methods were 

unsuccessful.  
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Figure 2.4 PXRD patterns showing transformation of MOP 1 to 4 via 2 and 3 upon exposure to 

water with time. 

Compound 2, the first degradation product of the MOP, is a transient solid that persists for 

only about an hour. In fact, attempts to acquire a higher resolution pattern were unsuccessful owing 

to degradation of the solid beginning at timeframes as short as 10 minutes. However, the 

transformation of the cuboctahedral MOP to a Kagome coordination network was previously 

reported.97 Moulton et al.58,59 reported that dimetal tetracarboxylates [M2L2(O2CR)4] (where 

M=transition metal, L=ligand), the copper dimer in our case, self-assemble using isophthalate 

based linkers to form square and triangular nanoscale secondary building units (nSBUs).  The 

Cu24MOPs form enclosed cuboctahedra using these square and triangular nSBUs. Upon water 

exposure, the cuboctahedron disintegrates into triangular nSBUs which then reconstruct into a 2-

D Kagome lattice,59 as documented by Mallick et al.97 for the propargyloxy-decorated Cu24MOP. 

This hydrolytic conversion of MOP to 2D Kagome MOF has also been observed for at least three 

other Cu24MOPs as well.89,91,104,105 We propose that bulk hydroxylated MOP, 1, (synthesized as 





33 
 

 

Figure 2.5 (a) bottom/black: The simulated PXRD pattern of the Kagome coordination polymer 

presented in (b); middle/blue: PXRD pattern of the degradation product of a Cu24MOP with 

twelve 5-hydroxyisophthalates and twelve 5-octyloxyisophthalates;89 top/red: PXRD pattern of 2 

showing a similar pattern to the other Kagome structures. (b) The crystal structure of the 

Kagome 2D-MOF reported by Mallick et al.97 as a decomposition product of the analogous 

Cu24MOP. Atoms C-grey, O-red, Cu-blue. Hydrogens omitted for clarity. 

Upon further exposure to liquid water for 3 hours, 2 transforms into blue needle-like 

crystals, 3, characterised via single crystal X-ray diffraction. The conversion here is solid-to-solid 

because the filtrate did not show the presence of the linker in 1H-NMR. Compound 3 is a 1-D 

coordination polymer that crystallises in P-1 space group (see Table 2.2). It consists of a double-

chain structure in which copper(II) is coordinated to the 5-hydroxyisophthalic acid in square 

pyramidal geometry (Figure 2.6). Clearly, the copper paddlewheel is transformed and Cu(II) binds 

to the linker in monodentate fashion. The structure appears as a zig-zag ladder of alternating small 

and larger steps along the c-direction. The small step is formed by a 14-membered ring involving 

two Cu(II) centers and two isophthalate linkers, each coordinating via one carboxyl group and the 

hydroxy group. The larger step is formed by four Cu(II) centers and four linkers bridging only 

through their carboxylate groups. Each pair of hydroxy-isophthalate linkers between steps of the 

ladder orient in the same direction. This orientation is reversed for the next pair. The five-

coordinated square pyramidal geometry of the Cu(II) involves both water molecules and the 

isophthalate linkers (right, Figure 2.6). The SQUEEZE procedure was implemented to remove the 
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diffused electron density; thus, hydrogen bonds to noncoordinating solvent molecules cannot be 

assigned, although they are likely present. Packing of the layers of double chains in the crystal is 

shown in Figure 2.7 where we consider the pink and blue double chains (adjacent and 

centrosymmetric) present in the main layer. The layers are arranged in such a way that a double 

chain (green) lies above the empty space between the two double chains in the main layer. 

Similarly, the layer beneath has the double chain (amber) below the empty space of the main layer, 

as can be seen in Figure 2.7(c). The shape of green double chain on the top is symmetric to the 

pink one while the amber lying beneath is inverted and similar to the blue one, offset in the 

arrangement of the layers one over the other. 

 

 

Figure 2.6 (left) Crystal structure of 1-D coordination polymer 3 showing the double chains in a 

row. Hydrogen atoms of benzene and free solvent molecules omitted for clarity. (right) 

Copper(II) coordination showing the square pyramidal geometry (coordinated to water, three 

bonds). Cu-blue, C-grey, O-red, H-off white. 
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Figure 2.7 Crystal packing showing layers of 3 double chains, (a) view of the layers from the 

top, perpendicular to the ac plane; (b) side view perpendicular to the bc plane, (c) side view from 

direction as depicted. Hydrogen atoms and free solvent molecules are omitted for clarity. 

Upon further exposure to water for 7 days, 3 transforms to 4. The transformation from 3 to 

4 is not solid-to-solid and involves dissolution of components in water. This is evidenced from the 
1H-NMR of the water filtrate which shows 5-hydroxyisophthalic acid (see Figure 2.13). Also, the 

chemical formula of 4 has a ratio of Cu(II) atom to linker of 3.1: 2 and not 1:1 as in 1, 2 or 3. This 

further indicates that the linker leaches out during conversion of 3 to 4. 

The final compound is obtained as light-blue feathery crystals and remains stable 

indefinitely in water, as confirmed by PXRD after 18 months (Figure 2.4). Single crystal X-ray 

data reveals that 4 is a trinuclear copper(II) cluster (Figure 2.8), crystallised in P-1 space group 

(see Table 2.2). The composition of the cluster is three copper(II) ions, two dianionic isophthalates, 

two bridging hydroxides and two bridging water molecules. In the structure, one carboxylate group 

of each linker coordinates while the other acid group lies free, which is also evidenced from FT-

IR spectrum (~1722 cm-1 peak; see Figure 2.16). The central Cu(II) atom of the trimeric complex 

acts as the center of inversion and is coordinated in octahedral geometry (right, Figure 2.8a). The 

peripheral square pyramidal copper(II) atoms are hetero triply bridged to the central atom via 

carboxylate group of the linkers, water molecules and hydroxyl moieties. Copper(II) coordinations 

exhibit Jahn-Teller distortions where the central copper(II) octahedron have Cu-O bond lengths of 

2.455Å (apical-long) for central copper(II) to O from bridged water molecule while bond distances 

of the copper(II) to O from bridged carboxylate and copper(II) to O from bridged hydroxyl are 
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Figure 2.10 Magnetic properties of 4. The solid line is a fit to a model considering interacting 

trinuclear copper(II) complexes (see text). 

 

MOPs, and particularly the Cu24 isophthalate cuboctahedra, are increasingly being 

employed as building units for higher order assembly and composites.72,79,90,91 Here, we have 

characterized three sequential degradation products of the hydroxy analogue of this ubiquitous 

Cu24MOP, 1. The stabilities of the MOPs are enhanced by peripheral derivatization. For example, 

functionalization of the 5 position of the isophthalate with an alkyl chain acts as a kinetic barrier 

and enhances the hydrophobicity of the solids. An alkyl ether group in the 5 position seems neither 

sterically bulky nor proximal to the copper coordinate bonds; however, we are considering the 

stability of the solids in which the MOPs are close packed with neighbors, all with 24 modified 

sites. The MOP 1, with no kinetic barriers, converts to the layered Kagome net 2, with retention 

of the copper dimers, within minutes of water exposure. For compound 2, which has a reported 

propargyl analogue, the PXRD pattern is similar with little offset due to change in the size of the 

R group. That said, for other derivates, it is likely that further transformation of the Kagome-type 

layered structure can occur based on the conversion of 2, within 3 hours, to the coordination 
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polymer 3 where the copper paddlewheel motif is compromised. Finally, upon standing in water 

for ~one week, compound 4 with tricopper clusters, is formed and this phase persists indefinitely. 

Overall, from the different coordination products obtained for hydrolytic degradation of the 

hydroxylated Cu24MOP, 1, one can possibly envisage similar products for different functionalized 

Cu24MOPs since, the building up mechanism for all Cu24MOPs involves formation of same 

nSBUs.59 The PXRD peak positions for analogues of 3 and 4 with other isophthalates may not 

provide highly correlated peaks (as with 2 and propargyl analogue). However, these structures 

provide insights for the complex coordination chemistry that can result when MOP structures are 

employed as materials and provide notice that degradation products beyond the layered Kagome 

solid are to be expected. 

2.3.6 Conclusions 

We have demonstrated water stability studies of the hydroxy analogue of the Cu24MOP 

and its transformation into three subsequent products 2, 3 and 4, (all new compounds) upon 

exposure to water. The 2-D coordination polymer 2 is obtained as crystalline powder while single 

crystals of 3 and 4 are solved to reveal 1-D chain structure and trinuclear copper(II) cluster, 

respectively held together via hydrogen bonding. 4 has trimers with paramagnetic copper(II) atoms 

that show weak antiferromagnetic coupling. The three new compounds give insights to 

decomposition of ubiquitous MOP structures that are increasingly being pursued for materials 

applications.  
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2.4 Supporting Information for Three Sequential Hydrolysis Products of the Ubiquitous Cu24 

Isophthalate Metal-Organic Polyhedra 

(Reproduced with permission from Inorg. Chem. 2019, 58(15), 9874-9881. ©2019 American 

Chemical Society) 

2.4.1 Charcterization of MOP 1 

 

Figure 2.11 1H-NMR of the linker obtained by disintegrating 1 in ~1M NaOH/D2O. 

 

Figure 2.12 PXRD of MOP 1 crystals compared to the simulated pattern.48,72 
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Figure 2.13 1H-NMR of the filtrate while transformation from 3 to 4, in D2O. 

 

 

Figure 2.14 PXRD pattern of 3 compared to the simulated structure from SC-XRD. 
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2.4.3 Fourier Transform-Infrared (FT-IR) Spectroscopy 

 IR Spectroscopy confirms the presence of hydroxyl group in the MOP, 1 as well as all the 

water transformed coordination polymers. The IR spectra for all is similar except for 4 which 

shows the presence of free carboxylic acid group (~1722 cm-1) as evidenced in single crystal X-

ray structure.  

 

Figure 2.16 FT-IR spectra of the compunds 1-4. 
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2.4.4 Thermogravimetric Analysis (TGA) 

 TGA graph shows that the MOP, 1 and the transformed coordination polymers have 

different heat degradation patterns (under inert atmosphere) depicting that each substance has 

different structural arrangement. The MOP starts structural degradation at ~245°C while all the 

transformed coordination polymers start to degrade at ~280°C. 

 

Figure 2.17 TGA of the compounds 1-4. 
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3.3 Preamble 

 The chapter includes direct reproduction of the published manuscript with some 

reformatting as discussed in section 1.6. The article contains usage of some crucial characterization 

techniques whose background and basic working principle are not elaborately defined due to 

limitation of the publication. Thus, to provide better comprehension of the thesis, the theory for 

these techniques are hereby described. 

3.3.1 Rheology 

Rheology is the study of flow behavior of materials and is used to assess its deformation. 

The materials include all kinds of liquids, soft-solids or solids which exhibit plastic flow when 

external forces are applied. The fluid properties are characterized via its viscosity while solids are 

predominantly elastic in nature. Fluids such as water, acetone or silicone oil are ideally viscous 

whose viscosity does not change upon application of pressure while solids such as steel or stone 

are ideally elastic which resumes its original shape upon external forces. Rheology is mainly used 

to describe the flow behavior of viscoelastic materials which display both viscous and elastic 

nature upon deformation.120,121 

 

Figure 3.i Schematic of parallel-plate rheometer showing the upper and bottom plates (blue) and 

the sample (red). 
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Figure 3.3 (a) SC-XRD of MOP 1, showing the core connectivity only as alkyl chains are 

disordered, (b) PXRD patterns- bottom/black: simulated pattern of MOP 5 from the crystal 

structure obtained; middle/red: experimental MOP 5 crystals; top/blue: crude MOP 5-as 

synthesized (c) Packed crystal structure of MOP 5. 
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organic solvents, however, the copper paddlewheel cleaves when introduced to water converting 

polyhedra into a polymeric structure.89,97 As MOP 5 is hydrophobic due to the peripheral alkyl 

chains, the transformation is slow but eventual degradation to the polymeric form is seen when 

exposed to water for a month (see Figure 3.23). 

 

Figure 3.4 (above) Scheme of the crosslinked linker L4 (internal alkene) obtained by olefin 

metathesis of 5 which consists of L2 (terminal alkene). Here, a, b and c represent the protons of 

given locations; (below) Stacked 1H-NMR spectra of MOP 5, MOPx20, MOPx40, MOPx80 

showing increase in the intensity of the peak at 5.35 ppm (c) with more crosslinking of MOP 5. 
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microscopy (TEM) images (see Figure 3.6) are similar and also related to that of the precursor 

MOP 5, affirming the integrity of the MOP core in the crosslinked product. 

 

 

Figure 3.5 PXRD patterns of MOP 5 and its crosslinked products. 



67 
 

 

The low angle peak in the crosslinked samples indicated domains of crystallites having d-spacing 

of ~2.47 nm, the peak breadth indicating a lack of long range order. The domains with this d-

spacing result due to formation of the metathesized linker, L4, with length of 2.39 nm (Figure 3.4) 

when fully stretched, in the crosslinked samples. Qualitative analysis of different regions of the 2-

D TEM images (Figure 3.6) showed that adjacent MOPs were farther when crosslinked (~6.2 nm 

on avg.) compared to non-crosslinked MOPs (~4.9 nm on avg.). This is in accordance to the longer 

alkyl chain (L4) and disfavoured interdigitation after metathesis. The TEM grids were prepared 

Figure 3.6 TEM image of (a) 

original MOP 5 showing ~2 nm 

nanoparticles which matches the 

size of the cuboctahedron core 

shown crystallographically; (b) 

crosslinked MOPx40 showing 

similar sized nanoparticles, 

supporting that the MOP structure 

is not destroyed during metathesis. 
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Step 3: 

 

Figure 3.10 Condensation of dimethyl-5-hydroxy isophthalate and 10-bromodec-1-ene to form 

dimethyl-5-(dec-9-en-1-yloxy) isophthalate. 

To a mixture of dimethyl-5-hydroxy isophthalate (5.0 g, 24 mmol) and anhydrous 

potassium carbonate, K2CO3 (9.73 g, 70.4 mmol) in DMF (90 mL), 10-bromodec-1-ene (5.14 g, 

23.5 mmol) was added and the resulting mixture was stirred at 110°C under inert atmosphere for 

24 hours. After being cooled to room temperature, the solid was filtered off and the filtrate was 

concentrated under reduced pressure. The residue was dissolved in DCM (100 mL) and liquid-

liquid extraction was performed using brine and 2N HCl (20 mL). The organic phase was dried 

using magnesium sulphate and concentrated under reduced pressure to give a white solid. This was 

further recrystallized using hot methanol to give dimethyl-5-(dec-9-en-1-yloxy) isophthalate (7.09 

g). 

Step 4:  

 

Figure 3.11 Hydrolysis of dimethyl 5-(dec-9-en-1-yloxy) isophthalate to form the required linker 

5-(dec-9-en-1-yloxy) isophthalic acid, L2. 

To a suspension of dimethyl-5-(dec-9-en-1-yloxy) isophthalate (7.09 g, 20.3 mmol) in 60 

mL methanol was added a solution of sodium hydroxide NaOH (3.25 g, 81.4 mmol) in 30 mL 

water. The mixture was refluxed for 24 hours and became clear gradually. After completion of the 

reaction, the organic phase was evaporated under reduced pressure. The basic aqueous phase was 
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Figure 3.14 (left) Packed crysture structure of MOP 5 showing only the core cuboctahedron, 

(right) microscope image of needle like crystals of MOP 5. 

To confirm the presence of both the ligands, 1H-NMR in DMSO-d6 was performed on the 

mixed linkers obtained by digesting the MOP in conc. HCl. The integration of the peaks (see Figure 

3.15) at ~4.9 and ~5.8 ppm characteristic to terminal alkene of L2 and the peak at ~0.86 ppm 

characteristic to terminal methyl of L3 are almost halved, depicting 50% contribution from each 

linker. 

 

Figure 3.15 1H-NMR spectrum of linkers obtained by digesting MOP 5 which confirms the 

presence of 1:1 L2: L3. 
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3.5.6 UV Spectroscopy 

 

Figure 3.20 UV-Vis spectra of the soluble MOP 5 and partially soluble MOPx20 in chloroform, 

showing the characteristic peak at ~680 nm which indicates the presence of dinuclear copper 

paddlewheel unit. 
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3.5.7 IR Spectroscopy 

FT-IR spectra of 1:1 L2: L3 MOP 1 and different degrees of the crosslinked MOP 

(MOPx20, MOPx40, MOPx80) are shown in Figure 3.21. In the figure, there is absence of peak 

~1700 cm-1 which is characteristic for the free carboxylic acid. Thus, there is no free linker present 

and that all of them are coordinated in the MOPs. The peaks at ~2900 cm-1 is for -C-H stretching 

which is due to the long alkyl chains present in the MOPs. The peaks at 1587 cm-1 and 1380 cm-1 

indicate the presence of asymmetric and symmetric -COO stretching. The difference between these 

peaks tells us about the coordination behavior of carboxylate, whether it is monodentate, chelate 

or bridging. The difference here is 207 cm-1 (1587-1380 cm-1), which indicates the bridging mode 

of coordination of the carboxylate, as studied by Iqbal et al.163 The IR spectra also has peaks at 

~1630, ~1050 and ~750 cm-1 indicating the presence of C=C, alkyl aryl ether and benzene ring 

torsion frequencies, respectively.  

 

Figure 3.21 FT-IR spectra of the MOP and the different degrees of crosslinked MOP as 

depicted. 
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3.5.8 Thermogravimetric Analysis (TGA) 

TGA shows similar patterns for both the precursor MOP and the crosslinked samples, 

where all of them start to disintegrate at ~270°C. 

 

Figure 3.22 TGA data of the precursor MOP and the crosslinked MOPs. 
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3.5.9 Degradation of the MOP 

 

Figure 3.23 PXRD pattern showing degradation of MOP 5 into insoluble polymorph when 

exposed to water, patterns-bottom/black: insoluble polymeric residue separated during the MOP 

synthesis; middle/blue: MOP 5 when exposed to water for 1.5 months; top/red: MOP 5 as 

synthesized powder. 
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3.5.10 Crystal Structure Determination 

Data for compound 5 was collected at 16.000 keV (0.77810 Å, CMCF-BM) using a single 

crystal. All data was collected at low temperature (100 K).  

Cell refinement and data reduction were performed using XDS.196 An empirical absorption 

correction, based on the multiple measurements of equivalent reflections, and merging of data was 

performed using SADABS.197 Data conversion from XDS file format to SADABS file format was 

performed using XDS2SAD.198 The space group was confirmed by XPREP199,200 routine.  

The initial model and difference Fourier map for the compound 5 was obtained with 

SHELXL-2014.102,201,202 The crystal structure of 5 was solved by combination of direct-methods 

and real space refinement. The real space refinement was performed using COOT.203 Direct 

methods refinement was performed with SHELXL-2014102,201,202 using conjugate-gradient 

refinement (CGLS) in the initial stages and then by full-matrix least-squares and difference Fourier 

techniques at the final stages.  

Due to the nature of the crystalline material, high resolution data could not be obtained for 

this compound. The crystal used for data collection was only diffracted to 1.15 Å (I/Sigma=2). 

Numerous attempts have been made to prepare more crystalline samples but diffraction better than 

1.1 Å could not be achieved. 

The crystal structure exhibits central core disorder over two positions and alkyl chain 

disorder over 3 and sometimes 4 positions. Two of the disordered alkyl groups are located on the 

mirror plane (x, y, -z) which complicates atom assignment with a large degree of disorder present 

within the structure. Attempts were made to resolve the disorder of the central fragment by 

separating all affected atoms on two parts and using the appropriate restraints, but it did not help 

with resolving the alkyl chains.  

All of the bonds and most of the angles in the structure were constrained to the literature 

values and therefore the presented structure is intended for connectivity map only.  

All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 

atoms were not calculated. All publication materials were prepared using LinXTL204 and 
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3.5.11 Gas Sorption Isotherms 

 

Figure 3.24 CO2 sorption isotherms at 195K of samples as indicated. 

 

Figure 3.25 Gas adsorption data on MOP 5 and MOPx40 at 298K. 
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Figure 3.26 Selectivity of gases at 298K as depicted. 

 

3.5.12 Elemental Mapping 

 

Figure 3.27 High Angle Annular Dark Field image of MOP 5, showing presence of copper and 

oxygen in the nanoparticles. 
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3.5.13 Energy Dispersive X-ray Spectroscopy (EDX) 

 

Figure 3.28 EDX spectrum of MOP 5 done on a holey carbon film over gold grid, confirming 

the presence of copper in the sample. 

 

Figure 3.29 EDX spectrum of the crosslinked MOPx80 done on holey carbon film over gold 

grid, confirming the presence of copper in the sample. 
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3.5.14 Electron Energy Loss Spectroscopy (EELS) 

In this technique, electron beam is exposed to the desired material during which some of 

the electrons undergo inelastic scattering i.e. they lose energy upon interaction and this energy loss 

is measured. This energy loss is sensitive to the oxidation state and the bonding environment of 

the element. In our work, EELS was used to confirm the presence of Cu(II) form in the TEM 

images of the MOPs.  

The EELS spectra of the copper complex in the crosslinked material (Figure 3.30A) 

indicates the presence of Cu(II), when compared to the EELS database (source: eelsdb.eu). When 

this sample  is exposed directly to 20 minutes of intense 200kV electron beam, the sample starts 

getting destroyed as can be seen from the TEM image (Figure 3.30B left).The Cu(II) in the 

complex gets reduced to Cu(0) nanoparticles after the prolonged electron beam exposure, and this 

can be seen as the flattening of the peak in the EELS spectra, Figure 3.30B. This flattening of the 

spectrum, confirming the presence of Cu(0) is also verified from the database. 

 

Figure 3.30 EELS spectra of the crosslinked MOPx80 (A) and the copper nanoparticles 

generated after 20 mins of direct exposure to electron beam (B). 
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Figure 3.31 Typical storage and loss modulus versus strain showing different regions (a), linear 

region (b) non-linear region and crossover strain, and (c) nonlinear and large amplitude 

oscillatory shear behavior after the crossover strain. Top portion of the figure shows the 

postulated structures. 

 

If solvent has weak interactions with the spheres (as shown in Figure 3.32), solvent-particle 

interactions is destroyed by the flow application. The dissociation should onset close to the upper 

plate where the velocity is higher as shown in Figure S16b. Near crossover strain, most of the 

dissociation should occur, leading to structure collapse which contributes to an increase in the loss 

modulus of sample. After the dissociation, the microstructures can align in the flow direction 

reducing the local drag force and thus, decreasing both storage and loss modulus further (see Figure 

3.32b, 3.32c).173 

For materials having strong solvent-particles interaction (as shown in Figure 3.33) and 

complex microstructures, the resistance to the alignment in the flow direction contributes to an 

increase in both storage and loss modulus. Once this interaction is broken, a decrease in both 

modulus is expected (Figure 3.33c).207 



97 
 

 

Figure 3.32 Typical storage and loss modulus versus strain showing different regions (a), linear 

region (b) non-linear region and crossover strain, and (c) nonlinear and large amplitude 

oscillatory shear behavior after the crossover strain. Top portion of the figure shows the 

postulated structures. 

 

Figure 3.33 Typical storage and loss modulus versus strain showing different regions (a), linear 

region (b) non-linear region and crossover strain, and (c) nonlinear and large amplitude 

oscillatory shear behavior after the crossover strain. Top portion of the figure shows the 

postulated structures. 








































































































































































































































