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Abstract 
 

Exploring RE-MOFs with spn Topology and their Stimuli-Responsive Structural Properties 

 
Felix Saraci 

 

 

The work described herein explores an emerging class of metal–organic frameworks 

(MOFs) that are synthesized using rare-earth (RE) metals, known as RE-MOFs. In this work, these 

RE-MOFs are comprised of RE-hexanuclear clusters and tritopic organic linkers that give rise to a 

framework with spn topology. This thesis explores the (i) design, synthesis, and characterization 

of a yttrium (Y(III)) hexanuclear-cluster based RE-MOF, known as CU-45 (CU = Concordia 

University, experiment 45), (ii) the implementation of neodymium oxide (Nd2O3) precursors as 

templating agents, and (iii) the design, synthesis, and characterization of terbium and europium 

(Tb(III) and Eu(III)) MOFs with preliminary exploration of luminescence properties for potential 

sensing applications.  

Chapter 2 explores the synthesis, characterization, and stimuli-responsive structural 

transformation of CU-45. CU-45, an achiral MOF, is exposed to various external stimuli including 

pressure, pH, temperature, and solvent, and in each case undergoes a phase transformation to give 

a chiral, RE-chain based MOF, known as Y-MOF-76. The physical and chemical properties of CU-

45 and Y-MOF-76, as well as the underlying mechanism of the stimuli-responsive structural 

transformation is discussed.  

Chapter 3 aims to address and improve the stability of CU-45, first by exploring a 

phenomenon known as lanthanide templating, which can facilitate the assembly and stabilization 

of lanthanide clusters. By adding a Nd2O3 precursor template to the CU-45 synthetic mixture, a 

phase pure MOF with improved crystallinity can be obtained. Furthermore, the effect of 

incorporating other rare-earth ions in CU-45, including Tb(III)- and mixed-metal Tb(III)/Eu(III)-

CU-45, on stability is examined.  
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Chapter 1 

Introduction 
 

1.1. Brief History of Metal–Organic Frameworks (MOFs) 

The ability to construct coordination polymers using bridging carboxylic acid linkers of 

varying configurations with metal-ions of differing valency has been understood for many 

decades.1–5 In 1965, Tomic reported preliminary findings that showed the influence of fluctuating 

metal valency (di-, tri,- and tetra-) on the thermal stability of resulting coordination polymers.1 

These findings demonstrate early examples of coordination materials with structural versatility, 

and variable stability.  

 Over 20 years after the initial work of Tomic was published, Hoskins and Robson explored 

the structural and chemical nature of what they termed scaffolding-like materials. In the initial 

findings by Hoskins and Robson, solid polymeric materials were produced by assembling metals 

and ligands, constructing three-dimensional (3D) frameworks with low densities and an array of 

cavities. Hoskins and Robson presented the synthesis and X-ray crystal structure of an infinite 

framework material constructed of tetrahedral centers linked together by rod-like units. The 

acetonitrile ligands in CuI-(CH3CN)4
+ were substituted with 4,4,4,4-

tetracyanotetraphenylmethane to produce an infinite framework.6 They determined that framework 

materials that can be deliberately designed and synthesized is feasible. Additionally, assembling 

these scaffolding-like materials for direct-use applications such as ion-exchange, molecular sieves, 

and catalysis was proposed.6 This work established some basic design rules for the synthesis of 

infinite molecules with 3D-framework assembly and potential porosity.  

Further exploration of these materials led to imperative contributions from Yaghi,4,7,8 

Férey,9 and Kitagawa.5 In the 1990s, Yaghi presented the capability to construct metal–organic 

porous frameworks hydrothermally.7 Yaghi and Kitagawa further explored MOFs and their 

properties by investigating their ability to accommodate and bind with guest molecules.5,8 Greater 

understanding of the porosity, surface area, crystallinity, and stability of these materials was 

obtained.4 Férey explored the promising opportunities that framework materials possess, providing 

preliminary insight regarding the synthesis and structures of mesoporous MOFs and the potential 
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application of these materials.9  Furthermore, in the 1990s these materials were named metal–

organic frameworks (MOFs), and have become a pillar in the field of materials chemistry.  

MOFs are a class of crystalline inorganic-organic porous materials constructed by 

coordination between metal nodes (e.g. ions, chains, or clusters) and organic linkers (e.g. di-, tri-, 

tetra-, etc.). MOFs have been synthesized with metals from the s-,10,11 p-,12,13 d-,14–16 and f-block17,18 

of the periodic table, with varying coordination numbers, geometries, and oxidation states. The 

organic linkers that are used are typically carboxylic acid or nitrogen-based aromatic compounds.19 

The two main components shown in Figure 1.1, demonstrate the assembly of inorganic metal nodes 

and organic linkers. These units come together in synthesis (See section 1.2.3) to form secondary 

building units (SBUs), which are molecular building blocks, that come together and assemble 

framework materials. The organic linkers behave as “struts” that bridge inorganic metal nodes, 

which acts as “joints” in the framework architecture.20  

 

Figure 1.1. Schematic representation of assembling a metal–organic framework (MOF). 

The seemingly endless variety of inorganic nodes and organic linkers alongside the 

foundation of reticular chemistry, gives rise to almost limitless possibilities for synthesizing MOFs. 

On account of their above-mentioned properties, MOFs have established tremendous potential in 

various applications that include but are not limited to gas adsorption,21–23 catalysis,24–26 water 

treatment,27–29 drug delivery,30,31 bioimaging,32,33 and temperature34 and chemical sensing.35,36 

Currently, there are two commercial applications of MOFs developed by NuMat Technologies,37 

and MOF Technologies,38 which have demonstrated the potential of these materials. NuMat 

launched ION-X, which integrates MOFs for the storage and release of highly toxic gases, utilizing 

a low-pressure storage platform and providing a safety barrier for the handling of dangerous and 

toxic gases. MOF Technologies released a product known as TruPick, which utilizes a MOF as an 
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adsorbent for the storage and release of 1-methylcyclopropene (1-MCP). 1-MCP is a competitive 

inhibitor for a ripening receptor found on some fruit and thus slows down the ripening process.  

 

1.2. Fundamental Principles and Properties of MOFs 

1.2.1. Reticular Chemistry 

Introduced by Yaghi and O’Keefe,39,40 reticular chemistry is the foundation of MOF 

synthesis, and is defined as the design and process of assembling rigid molecular building blocks 

(MBBs) into predetermined crystalline structures (i.e. networks) that are held together via strong 

bonding.39,41 Reticular chemistry is considered as a logical approach to synthesizing an extensive 

class of complex crystalline materials with high surface area, porosity, stability, and structural 

tunability. Therefore, a strong understanding of coordination chemistry is needed when considering 

the geometry and connectivity of the building blocks required to generate pre-designed network 

structures. Additionally, understanding network topology is of utmost importance, as different 

network topologies have their own arrangements of vertices and edges that can yield an endless 

number of structures.42 A topology is not affected by bond deformations such as stretching, 

bending, or squeezing, and is therefore ideal for describing MOF structure. The foundation of 

reticular chemistry relies on there being numerous building blocks that can build the same network 

structure, and which can be manipulated to have the same, or similar, geometry and connectivity, 

regardless of size.43  

 

1.2.2. Characteristics and Properties of MOFs 

MOFs are a promising class of multi-dimensional crystalline materials with properties that 

can include ultrahigh porosity (up to  90 % free volume),44 high surface area (up to 7800 m2/g),45 

low density (down to 0.124 g/cm),46 structural tunability, and stability.47 As a consequence of these 

properties, MOFs can be distinguished from related materials such as zeolites, and 1-D 

coordination polymers.48 Currently, the exploration of MOFs assembled using rare-earth (RE) 

metal nodes has garnered much interest.49–51 RE elements include yttrium, scandium, and the series 

of fifteen lanthanides. The term rare-earth” is used throughout this thesis to encompass all of these 

elements since the work encompasses lanthanides and yttrium. 
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1.3. Rare-Earth Metal–Organic Frameworks (RE-MOFs) 

One subset of MOFs that are of interest from both a fundamental synthetic, and application 

standpoint are those assembled using RE metal nodes.49–51 RE-metals include the series of fifteen 

lanthanides as well as yttrium and scandium (Figure 1.2). The coordination chemistry of RE-metals  

is very diverse, with only small energetic differences between different coordination numbers and 

geometries, and where geometry is dictated primarily by ligand steric effects.52 

 In contrast to d-block metals, RE-metals have unique electronic properties due to their 4f 

electron configurations.53 Given that the 4f orbitals are buried below the 5s and 5p orbitals and 

shielded from their external environment, RE-metals have distinct electronic and magnetic 

properties that are not significantly altered by coordinating ligands.53 While these properties can 

lead to difficulty in predicting MOF structures, it also opens the door for the discovery of several 

new and intricate structures, comprised of diverse metal-nodes, and in some cases giving rise to 

highly connected networks with the further capability to merge multiple network structures using 

only one metal.21,54 By carefully tuning the RE-metal node and organic linker components, RE-

MOFs can be assembled into fascinating structures with diverse and complex topologies, 

presenting endless possibilities for the development of functional materials. Herein, a brief 

overview of RE-MOFs is presented, classified by the identity of the RE-metal node (ions-, chains-

, or clusters). 

 

  

Figure 1.2. Periodic table highlighting the rare-earth (RE) elements. 
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1.3.1. RE-Metal Ion Nodes 

Amongst the plurality of structures that a MOF can present, those comprised of metal-ion 

nodes are among the simplest from the perspective of the inorganic structural unit. Unlike s-, p-, 

and d-block metal ions, f-block metal ions possess high coordination numbers as well as numerous 

coordination modes, unlocking a variety of structures that are not accessible using the former.55–61 

Although RE-MOFs with metal-chain nodes (Section 1.3.2) and metal-cluster nodes (Section 1.3.3) 

are more prevalent in literature, there are several reported examples describing structures in which 

metal-ion nodes are observed.  

Early on, Loeb et al. reported the synthesis of a series of RE-MOFs (RE = Sm(III), Eu(III), 

Gd(III), Tb(III), Yb(III)) comprised of rotaxane linkers and RE(III)‐ion nodes, resulting in a high 

volume cage (10 000 Å3) albeit partially filled with an interpenetrating net.62 The structure obtained 

was found to depend on the identity of the RE(III), which adopts coordination number 7 (Yb(III)) 

or 8 (Sm(III) , Eu(III), Gd(III) and Tb(III)). All MOFs in the series showed similar thermal stability 

up to 240 °C, and PXRD patterns for the desolvated MOFs demonstrate retention of the structure, 

though porosity was not experimentally measured. Another MOF with RE(III)‐ion nodes and large 

cages (UTSA‐61), was reported by He, Chen et al. in 2013.63 UTSA‐61 is a mesoporous MOF with 

hey topology comprised of large octahedral cages (2.4 nm in diameter) and synthesized using a 

dendritic hexacarboxylic acid linker (Figure 1.3). Despite having an exceptionally long linker, no 

interpenetration is observed in UTSA‐61. These two examples highlight the use of large, sterically 

bulky linkers to give RE‐MOFs comprised of RE(III)‐ion nodes. 

  

Figure 1.3. Structure of UTSA‐61(Tb), highlighting the Tb(III)‐ion node and hexacarboxylic acid 

linker. Tb = pink, C = black, O = red. Hydrogen atoms omitted for clarity. 
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1.3.2. RE-Metal Chain Nodes 

Rare-earth-oxo/hydroxo chain nodes, also called rods,64 (Figure 1.4) have been found for 

several RE-MOFs comprised of carboxylic acid linkers.65–69 The formation of dimeric and 

polymeric RE-oxo/hydroxo chains tends to be favoured in the presence of bridging carboxylic acid 

ligands,70 particularly if the ligand does not contain ortho substituted directing groups that can act 

to control hydrolysis of the RE-metal precursor.71–73 

 

 

Figure 1.4. Example of rare‐earth‐oxo/hydroxo chain nodes observed in MOF‐75, MOF‐76, and 

MOF‐80. RE = pink, C = black, O = red. 

 In 1998, the first examples of open coordination networks comprised of carboxylic acid 

linkers and RE‐chains were reported.74,75 Michaelides et al. demonstrated a 3D network comprised 

of La(III) and flexible ditopic adipic acid linkers, to give La2(adipate)3(H2O)4]∙6H2O.75 While this 

structure contains pores approximately 7 x 8 Å in size, evacuation (or dehydration) of the network 

resulted in a nonporous phase. In another example, Férey et al. reported a network comprised of 

RE(III)‐chains linked by flexible ditopic glutaric acid linkers.74 The structure, named MIL‐8, is 

comprised of edge‐sharing REO8(H2O) polyhedra, and isostructural derivatives were reported 

using Nd(III), Pr(III), Sm(III), Eu(III), Gd(III), Dy(III), Ho(III), and Y(III). Although the structure 

of MIL‐8 is open, with channel dimensions of 3  5 Å, the porosity of these materials was not 

experimentally demonstrated. Linkers with higher connectivity can also be used to create open 

frameworks with enhanced porosity. For example, O’Keeffe, Yaghi et al. reported MOF‐76, a 

structure comprised of 1,3,5‐benzenetricarboxylic acid linkers (BTC) and helical Tb(III)‐chains 
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(Figure 1.5).10 Owing to the helical SBU connected by tritopic linkers, MOF‐76 forms a complex, 

open structure with msx topology, and a Langmuir surface area of 335 m2/g after activation at 200 

°C under vacuum. 

 

 

 

Figure 1.5. Structure of MOF‐76(Tb), highlighting the Tb(III)‐chain node and 1,3,5‐

benzenetricarboyxlic acid linker. Tb = pink, C = black, O = red. Hydrogen atoms omitted for 

clarity. 

1.3.3. RE-Metal Cluster Nodes  

Significant research effort has been devoted to the synthesis and isolation of discrete, 

polynuclear RE‐oxo/hydroxo clusters.71–73 In all cases, controlled hydrolysis of the RE precursor 

is required to ensure the synthesis of clusters as opposed to RE‐chains, oxides, and hydroxides. 

Controlled hydrolysis can be achieved using ligands, which can act as structure directing agents 

(or modulators) but also as capping groups to stabilize the cluster. These same clusters can be 

generated and stabilized during the synthesis of RE‐MOFs, functioning as SBUs for a wide range 

of structures. Currently, there are numerous reported examples of RE-cluster MOFs that are 

composed of di-,61,76–83 tri-,84–90 tetra-,91–97 hexa-,17,21,98–105 hepta-,106,107 and nonanuclear21,108–111 

clusters and beyond; however, the work encompassed in this thesis, focuses exclusively on MOFs 

comprised of RE-hexanuclear clusters.  
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1.3.3.1. RE-Hexanuclear Cluster MOFs 

The potential of RE(III)‐hexanuclear clusters to be used as SBUs in MOFs was shown by 

Yao et al. in 2008.98 In this example, the octahedral unit [Er6(μ6‐O)(μ3‐OH)8]8
+ is repeated in one 

direction to achieve a rod shaped structure, giving a hybrid between a RE(III)‐chain and RE(III)‐

cluster node (Figure 1.6a). Later, in a similar example published by Almeida Paz, Rocha et al. the 

hexanuclear cluster Pr6(μ3‐O)2(μ3‐OH)6 was found to be interconnected to other clusters through a 

single Pr(III) ion, creating another hybrid RE(III)‐chain/cluster node (Figure 1.6b).99 In both 

examples discussed above, the linkers used (3‐hydroxy‐pyrazine‐2‐carboxylic acid, and 2,5‐ 

pyridinedicarboxylic acid) contain a pyridine nitrogen adjacent to the carboxylic acid, but no other 

modulator was used to control the formation of the cluster. Recognizing the similarities between 

RE(III)‐hexanuclear clusters and the Zr(IV)‐hexanuclear clusters used as SBUs in several MOFs 

since 2008 (Figure 1.7),102 Eddaoudi et al. reported a series of isoreticular RE(III)‐MOFs with fcu 

topology.17  

 

 

Figure 1.6. Structure of a) RE‐hpzc highlighting the hexanuclear Er(III)‐cluster node and 3‐

hydroxy‐pyrazine‐2‐carboxylic acid linker; b) RE‐pydc highlighting the hexanuclear Pr(III)‐cluster 

node and 2,5‐pyridinedicarboxylic acid linker. Er and Pr = pink, C = black. 
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Figure 1.7. Comparison of Zr(IV)- hexanuclear cluster and RE(III)-hexanuclear clusters. Zr = blue, 

RE = pink. 

Using their molecular building block (MBB) approach, seven Y(III) and Tb(III)‐MOFs 

comprised of linear fluorinated and nonfluorinated, homo and heterotopic linkers were reported 

(Figure 1.8). For example, using 2‐fluoro‐4‐(1H‐tetrazol‐5‐yl)benzoic acid (FTZB) as a linker, the 

metal cluster [RE6(μ3‐OH)8(O2C‐)6(N4C‐)6] (RE = Y(III) and Tb(III)) is generated and serves as a 

12‐connected node, leading to the first RE(III)‐MOFs with fcu topology. The MOFs, with 

structures analogous to Zr-based UiO‐66, and UiO‐67 display BET surface areas of 1200‐1300 

m2/g. 

 

Figure 1.8. Structure of RE‐fcu‐MOF, highlighting the hexanuclear RE(III)‐cluster node (RE = 

Y(III), and Tb(III)) and 3,3′‐difluorobiphenyl‐4,4′‐dicarboxylic acid linker. RE = pink, C = black, 

O = red, F = lime green. Hydrogen atoms omitted for clarity. 

Eddaoudi et al. have since gone on to report other examples of RE(III)‐MOFs with fcu 

topology, comprised of RE(III)‐hexanuclear cluster nodes (RE = Y(III), Sm(III), Gd(III), Tb(III), 
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Dy(III), Ho(III), Er(III)) bridged by fumaric acid, or 1,4‐naphthalenedicarboxylic acid.21,103,104 In 

all cases, 2‐fluorobenzoic acid was used as a modulator to drive the formation of the hexanuclear 

cluster node. Furthermore, Eddaoudi et al., and later Hong, Li et al. showed that through the use 

quadrangular tetratopic linkers, RE(III)‐MOFs comprised of the same 12‐connected hexanuclear 

cluster node but with ftw topology could be made with Y(III), Tb(III) or Yb(III), again with the 

addition of 2‐fluorobenzoic acid.105,112   

In an example highlighting the power of the MBB approach, Eddaoudi et al. reported a 

series of MOFs with novel sph topology (Figure 1.9).54 The topology was designed by merging 

two known topologies, spn (3,6‐connected), and hxg (6‐connected) to give a highly complex 

3,6,12‐connected topology, that the authors named sph. The series of Tb‐sph‐MOFs is comprised 

of 12‐connected Tb(III)‐hexanuclear cluster nodes, bridged by tritopic and hexatopic linkers (or in 

some cases tritopic linkers that can pack to form a 6‐connected unit).  

 

 

Figure 1.9. Structure of sph‐MOF‐2, highlighting the hexanuclear Tb(III)‐cluster node and 

benzotristhiophene carboxylate and 4,4′,4″‐(benzene‐1,3,5‐triyltris(benzene‐4,1‐diyl))tribenzoate 

linkers. Tb = pink, C = black, O = red, S = yellow. Hydrogen atoms omitted for clarify. 

The Tb‐sph‐MOFs have two pores, a larger truncated tetrahedral cage (6.5 – 22 Å) and 

smaller tetrahedral cages (2.5 – 9.5 Å) with sizes corresponding to the size of the organic linkers 

used to build the framework. Upon activation, the Tb‐sph‐MOFs showed BET surface areas 

ranging from 1020 – 2170 m2/g as measured by Ar adsorption. 
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1.4. Overview of Methods in MOF Synthesis 

There are several synthetic techniques that produce MOFs, which include solvothermal,1–3 

hydrothermal,7,116,117 electrochemical,118,119 sonochemical,120 mechanochemical,121–123 and 

microwave assisted synthesis.124 Additionally, if MOF thin-films are required, layer-by-layer 

deposition, liquid phase epitaxial growth, or seed growth can be utilized.125 

 The MOFs reported in this thesis, are synthesized predominantly using solvothermal 

synthetic methods. Solvothermal synthesis uses high boiling point solvents (e.g. DMF, DEF, or 

DMSO) alongside metal-salt and organic linker precursors mixed together in a screw-top vial. 

Typically, in this method, the reaction mixture is heated on a hot-plate or placed in an oven at high 

temperature with reaction times ranging from hours to days. Challenges arise when performing 

solvothermal synthesis, as the smallest variance in reaction conditions can alter the quality of the 

MOF produced; therefore, many parameters need to be considered and optimized, which may 

include: (i) time, (ii) temperature, (iii) reagent concentration, (iv) solvent polarity, (v) solvent 

volume, (vi) pH, (vii) presence of stirring, and (viii) the general nature of materials used.113,126 As 

such, these parameters may not only affect the network structure and topology of the material but 

also possibly change the particle size, morphology, and phase purity.  

The conditions used for MOF synthesis must give rise to a dynamic process. Dynamic 

bonds are essential for MOF synthesis, as they facilitate the assembly of crystalline and ordered 

materials. The occurrence of any errors in bonding can cause disorder or structure termination. In 

general, synthetic methods should be chosen to facilitate the organic linker and metal node to form 

a bond, break a bond, and reform, driving structure propagation.26 In many cases, when the bonds 

between the metal-linker are very strong, non-structural monotopic ligands are used (i.e. 

modulators) that can be used to make the process dynamic, and thus prevent rapid precipitation of 

amorphous material.127,128 These modulators (e.g., benzoic acid, acetic acid, hydrochloric acid, and 

trifluoroacetic acid) can compete and form dynamic bonds with the metal precursor material to 

facilitate a slower formation of structural bonds, through competition with the linkers for metal-

coordination sites.   
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1.4.1. Activation of MOFs 

The final step in MOF synthesis is the process called activation, which is required for 

harnessing the permanent porosity of MOFs. Activation involves removing any guest molecules 

(i.e. solvent or other non-structural molecules) from the MOF without compromising structural 

integrity or porosity of the framework.129 The strategies for removing guest molecules include (i) 

conventional heating and vacuum; (ii) solvent-exchange; (iii) supercritical CO2 (scCO2) drying, 

(iv) freeze drying, and (v) chemical treatment.  

 

1.4.2. Conventional Activation  

Conventional activation is the removal of guest molecules through the combination of 

applying heat and vacuum.129 Although this method has been extensively used, it demonstrates 

minimal effectiveness for obtaining the full porosity for many MOFs.129 Due to capillary forces 

and surface tension generated as solvent molecules pass through the liquid-to-gas phase 

boundary,126,129 framework collapse can occur during activation. Therefore, more intricate and 

efficient activation strategies are needed to circumvent these concerns and achieve permanent 

porosities and high surface areas.  

 

1.4.3. Solvent-Exchange Activation  

To circumvent challenges arising from reaction solvent surface tension and strong capillary 

forces, solvent-exchange can be used.126,129 Solvent-exchange involves exchanging the high boiling 

point and high surface tension reaction solvent (i.e. DMF, water), with solvents that have lower 

surface tension and higher volatility (i.e. chloroform or acetone). Solvent exchange is typically 

followed by conventional activation methods involving heat and vacuum treatment. The use of 

lower boiling point solvents is an effective strategy, as milder temperatures can then be used during 

the conventional activation stage. Solvents with lower surface tension are also required to minimize 

the severity of capillary forces acting on the MOF pores during solvent removal. Although, solvent-

exchange is the preferred method of activation in many cases, there are instances when MOFs 

activated using this method demonstrate lower than anticipated porosities and surface areas.130 In 

these cases, alternative methods of activation should be implemented.131 

 



 13 

1.4.4. Supercritical CO2 (scCO2) Activation  

 In some instances, supercritical CO2 (scCO2) is employed for activating MOFs.131,132 scCO2 

is non-toxic and considered more “green”, is cost competitive, and scalable, providing a an 

alternative to activating MOFs. The benefit to using supercritical fluid is that the solvent exchange 

is much more mild, as it avoids the liquid- to gas- phase transformation, and directly goes to the 

supercritical phase avoiding issues with surface tension and capillary forces.  

 Similar to solvent-exchange, scCO2 drying involves multiple solvent-exchange steps. First, 

the MOF undergoes a conventional solvent exchange with a solvent that is miscible with liquid 

CO2 (i.e. ethanol) and soaked overnight. Then, the MOF is placed in the scCO2 dryer and cooled 

(ca. 2-10 C), where several solvent exchanges with liquid CO2 occur. Following the final 

exchange, the MOF is heated to the supercritical temperature and pressure of CO2 (e.g. 31 C and 

73 atm), and supercritical CO2 is slowly released (i.e. “bleeding”) from the MOF. Afterwards, the 

MOF should be placed under vacuum and moderate temperatures to remove any residual CO2 from 

the activation procedure. 

 

1.5. Characterization of MOFs 

Due to their diverse structural and chemical properties, several characterization techniques 

are used to understand the features of a MOF. The characterization techniques used in this thesis 

include: (i) powder X-ray diffraction (PXRD) to establish phase purity and crystallinity of a MOF; 

(ii) single crystal X-ray diffraction (scXRD) to obtain the absolute structure; (ii) nitrogen (N2) 

adsorption and desorption isotherms to measure surface area and porosity; (iii) thermogravimetric 

analysis (TGA) to study thermal stability and determine chemical formula; (iv) scanning electron 

microscopy (SEM) to obtain particle size and morphology; (vi) NMR spectroscopy to determine 

bulk purity and linker-to-linker or linker-to-modulator ratios; (vii) diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) to measure the presence or absence of IR-active 

functional groups in the framework, and; (viii) circular dichroism (CD) spectroscopy to study the 

chiral character of a MOF sample.  Each technique, in the context of MOF characterization, is 

discussed below. 
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1.5.1. Powder X-ray Diffraction (PXRD) 

PXRD is a powerful technique used to obtain information about crystalline structure and 

crystallite characteristics. As one of the most important fundamental techniques used for MOF 

characterization, PXRD is used to determine bulk crystallinity and topology. If a MOF is deemed 

crystalline, further information may then be extracted from the PXRD pattern.126,133,134 For 

instance, structural topology, and phase purity can be discerned by comparison to simulated 

patterns generated from single crystal data obtained experimentally, or in-silico.  

Typically, a PXRD experiment involves loading a powdered sample onto a sample holder 

that contains a plate of material (e.g. plate = plastic, glass, or aluminum), and samples are either 

dry loaded or transferred using volatile solvents or oil.126 When preparing crystalline samples for 

analysis, it is important to remember that depositing powders on a flat substrate may result in 

crystallites packing in a preferred orientation. As a result, different PXRD patterns may be 

generated based on the calculation that assumes that crystallites are in random order. Additionally, 

reflection intensities may be different in experimental versus simulated patterns.   

 To circumvent this, the sample, should be continuously rotated throughout the duration of 

the experiment. By variable rotation, the crystallite orientation will become nearly random in 

relation to the incoming X-rays and the detector. PXRD is crucial when designing and assembling 

novel MOFs. For instance, as shown in Figure 1.10, PXRD can be used to determine that CU-45 

(CU = Concordia University; 45 = Experiment 45) is isoreticular (isostructural) to the Zr(IV)-based 

MOF-808. 

Although challenging, full crystal structure determination of unknown materials can be 

extracted from powder diffraction data. This method can be divided into three main stages: (i) 

indexing (unit cell determination) and space-group assignment (symmetry determination); (ii) 

solving the structure; and (iii) structure refinement.133 These three main stages use peak positions 

and diffraction maxima intensities to adequately solve the desired crystal structure.  
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Figure 1.10. PXRD pattern of CU-45 synthesized de novo and simulated MOF-808. 

 

1.5.2. Single Crystal X-ray Diffraction (scXRD) 

 In comparison to PXRD which probes the bulk, scXRD is used to determine the absolute 

structure of a MOF single crystal. However, it is very challenging to obtain a single crystal of the 

appropriate crystal size (> 50 m) and quality. To overcome these challenges, reaction parameters 

and conditions for MOF synthesis need to be adjusted to facilitate the formation of crystals.  

Additionally, when a crystal of adequate quality and size is obtained, it is important to perform 

other characterization techniques to ensure the single crystal sample matches the bulk MOF 

material.  

Differences between higher and lower temperatures may produce variation in the 

diffraction data collected for a MOF. Depending on the temperature, solvent molecules may freely 

move (highly disordered) and may not contribute much to diffraction peaks.135 Some challenges 

arise due to the structural features a MOF entails, in which symmetry mismatches may occur 

between the lattice of the nodes and the lattice of the organic linkers. This is due to differences in 
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the amount of symmetry in the respective lattice regions.126 As a result, single crystal XRD for 

MOFs may be very challenging, although, tremendously rewarding. 

 

1.5.3. Nitrogen (N2) Adsorption and Desorption Isotherms 

To determine the pore size, pore volume, and surface area of a MOF, gas (N2) adsorption 

and desorption isotherms can be used. Prior to performing gas adsorption and desorption isotherms, 

it is necessary for MOFs to be thoroughly activated (see Section 1.4.1) to obtain sufficient data. N2 

adsorption isotherms for nonreactive gases at cryogenic temperatures (i.e. 77 K) can be used to 

determine pore volume, pore size distribution, and surface area of a MOF. Nitrogen gas at 77 K  is 

the standard adsorbate for surface area and pore size analysis, 136 and has a permanent quadrupole 

moment, meaning the ability to form well-defined monolayers on most surfaces.  

 Gas adsorption analysis is based on physisorption, which is when an absorbable gas (e.g. 

N2) is brought in contact with the surface of the solid (the adsorbent) and forms weak 

interactions.136,137 Pore sizes are classified as: (i) micropores (less than 2 nm); (ii) mesopores 

(between 2 and 50 nm); and (iii) macropores (greater than 50 nm). Isotherms provide valuable 

information based on their shape (Figure 1.11), classified as:137 (i) Type I – given by microporous 

solids, which is further subcategorized as Type I(a), given by materials with mainly narrow 

micropores (less than 1 nm), and Type I(b), given by materials with larger micropores or small 

mesopores; (ii) Type II – given by materials with macropores or those which are nonporous; (iii) 

Type III – presents no identifiable monolayer formation, due to weak adsorbent-adsorbate 

interactions which are typically found on the surface of macroporous or nonporous materials; (iv) 

Type IV – given by mesoporous materials with capillary condensation, which is further 

subcategorized as Type IV(a), given by materials with cylindrical pores greater than 4 nm, and 

Type IV(b) for mesopores less than 4 nm; (v) Type V – similar to type III, however, pore filling 

occurs at higher relative pressure; (vi) Type VI – is given by nonporous materials that have uniform 

layer-by-layer adsorption.  
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Figure 1.11. General representation of known examples for physisorption isotherms. Figure 

obtained from Thommes et al.137 

In order to adequately calculate the surface area (m2/g) of a MOF from a gas adsorption 

isotherm, it is best to use BET theory. In general, BET theory predicts the number of molecules 

required to be adsorbed on a surface to form a monolayer, even though a monolayer may never 

form during the gas adsorption experiment.138 In contrast to BET theory, Langmuir theory assumes 

perfect adsorption and formation of a monolayer before multilayer adsorption occurs, and can 

therefore only be used to fit Type I isotherms.139 Similar to surface area calculations, pore size 

distribution and pore volume of MOFs can be extracted from the N2 isotherm data. There are 

various models that can be applied to determine these properties of MOFs, which include the non-

local density functional theory (NLDFT) method,140 Barrett-Joyner-Halenda (BJH) method,141 and 

others. For MOFs, the NLDFT method is the most widely used and accepted model as it can be 

used to accurately fit isotherm data corresponding to mesopores and micropores.  

 

1.5.4. Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) 

Thermogravimetric analysis (TGA) is a technique that can be used to measure the thermal 

stability of a MOF, determine the weight percent loss of guest molecules and linkers, measure 

solvent-accessible volume, and assist in determining the molecular formula of a MOF. In general, 
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TGA measures the change in sample weight as a function of increasing temperature under a carrier 

gas (e.g. air, N2, or O2). Depending on the carrier gas used, different decomposition pathways can 

be observed for MOFs.142  In some instances, a TGA apparatus may be equipped with a differential 

scanning calorimetry (DSC) device, which measures the heat required to increase the temperature 

of a sample, as a function of heat and time. Generally, one can use both a TGA/DSC technique to 

measure the thermal stability and how physical properties of a material change as a function of 

temperature and time.143    

 

1.5.5. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a powerful technique that can be used to measure 

MOF particle size and crystal morphology. Most MOFs are insulating materials, which can lead to 

image artifacts such as charging effects that arise from strong electron interactions within the 

MOF.144 Additionally, the acceleration voltage of the electron beam, if too high, can dramatically 

change the MOF sample, damaging or potentially breaking the crystals. Generally, the most 

common method used to circumvent these issues is to coat the MOF sample with a conducting 

material (i.e. gold), that helps to decrease the charge build up in the MOF from the electron gun. 

Since MOF samples are most likely found as powdered materials, the samples are loaded onto an 

SEM sample holder using double-sided carbon tape. In addition to observing the physical 

characteristics of the crystallites, information regarding the elemental composition can be obtained, 

particularly when coupled with an energy-dispersive X-ray spectroscopy (EDS) detector. 

 

1.5.6. NMR Spectroscopy  

1.5.6.1. Solution-State NMR Spectroscopy 

Due to their insolubility, MOFs cannot not be characterized by traditional NMR 

spectroscopy methods. In general, performing NMR spectroscopy analysis on a MOF requires 

digestion, which is most commonly achieved by adding deuterated sulfuric acid (D2SO4) (ca. 8-10 

drops) to a MOF sample (ca. 1-2 mg).145 The mixture is sonicated for a few minutes until the MOF 

is fully dispersed. Afterwards, deuterated dimethyl sulfoxide (DMSO-d6) is added to the solution 

to dissolve the components of the digested mixture (metals, linkers, modulators, solvent, etc). 

Valuable information can be extracted that includes information on MOF purity, linker ratios, and 

the presence of modulator, guest molecules, and remaining solvent molecules. Demonstrated in 
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Figure 1.12, 1H-NMR spectroscopy can be used to analyze a MOF sample containing benzoic acid 

capping ligands.  

 

 

Figure 1.12. 1H-NMR spectrum of CU-45 with benzoic acid capping ligands.  

1.5.6.2. Solid-State NMR (SS-NMR) Spectroscopy 

To circumvent the insolubility of MOF samples, solid-state NMR (SS-NMR) spectroscopy 

can be used. SS-NMR is a powerful technique, as it probes the local structure surrounding the 

nucleus of interest with short-range ordering, and is widely used in exploring the local structure of 

various materials which include MOFs.146–149 SS-NMR can provide further valuable structural 

information on the framework, linker composition, and guest molecules in MOFs. SS-NMR 

possesses the ability to detect dynamic effects and structural parameters, such as identifying the 

presence and interactions of guest molecules (e.g. host-guest interactions).147,148 In addition to 

characterizing organic linkers within a MOF using 1H and 13C SS-NMR, with the appropriate 

probe, SS-NMR can be used to investigate the inorganic SBUs (i.e. metal chains or clusters).147 

 

1.5.7. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is a type of infrared 

spectroscopy technique that is generally used for powder samples. In MOFs, DRIFTS is a useful 



 20 

technique when investigating the presence or absence of IR-active functional group.150 As radiation 

is focused on a sample, the radiation is reflected in all directions if the material has texture, such 

as a MOF.151 One of the main advantages of using DRIFTS is the simple sample preparation with 

the ability to extract valuable information. DRIFTS is performed by loading a powdered sample 

(e.g. MOF) into a sample holder. Prior to the addition of the sample, the powder can be mixed with 

a non-absorbent matrix such as potassium bromide (KBr) using a mortar and pestle. It is important 

to remember that physical grinding can alter or degrade the framework of less stable MOFs.  

Characteristic IR stretches observed from MOFs arise from functional groups (e.g. -OH 

stretching, C-H stretching, and C=O stretching) that are IR active, which come from the organic 

linker functional groups and other functional groups found in the metal node. For example, there 

can be hydroxyl stretches ranging from 3500 to 3800 cm-1 that arise from the presence of water in 

the sample. It is important to thoroughly activate MOF samples prior to running DRIFTS, as a large 

-OH band broadening peak can obstruct the peaks in this region. Utilizing the presence of IR active 

functional groups can provide valuable information on MOFs, in respect to their organic linkers, 

capping ligands, presence of guest molecules, and MOF purity following activation. Presented in 

Figure 1.13, DRIFTS was used to analyze a MOF before and after the addition of benzoic acid 

capping ligands.     

Figure 1.13. DRIFTS spectra of CU-45 before and after SALI with benzoic acid. 
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1.5.8. Circular Dichroism (CD) Spectroscopy 

Circular dichroism (CD) spectroscopy is an absorption spectroscopy method using 

circularly polarized light.152 Since circularly polarized light is chiral, meaning there are two non-

superimposable forms that are mirror images of one another, a molecule must be chiral in order to 

absorb this light, as seen with a variety of biological molecules.152 Recently, CD has been used to 

measure the chiral properties of MOFs.153 In order to perform solid-state CD, samples are mixed 

with inert materials, typically CsI, KCl, or KBr and are pressed into a pellet under high vacuum. 

To construct a transparent pellet, and to remove humidity, the mixture (e.g. KBr plus sample) must 

be pressed under vacuum. As a result, transparent pellets avoid light scattering, and provide 

sufficient CD spectra.  

 

1.6. Applications of RE-MOFs 

On account of their aforementioned structural characteristics, properties, and their tunable 

nature, RE-MOFs have been studied for a broad range of applications. To date, RE-MOFs have 

been investigated for potential applications, which include, but are not limited to, sensing,154,155 

lighting applications,156,157 gas adsorption,158 chemical separations,159 catalysis,160,161 drug 

delivery,162,163 bioimaging,164 proton conductivity,165 and single molecule magnets.166 While many 

of these applications are not exclusive to RE-MOFs, and have been studied across all MOF 

families, several applications take advantage of the unique properties of RE-metals (more 

specifically lanthanides) to carry out the desired function. In this section, some examples of 

potential applications of RE-MOFs are presented, placing a focus on using RE-metals for their 

luminescence properties in chemical sensing applications. 

 

1.6.1. Chemical Sensing 

The luminescent properties of RE‐coordination polymers154,155,167 and RE‐MOFs168–172 

have been studied since the materials first emerged in the literature. Given that the molar extinction 

coefficients for lanthanide ions are low, structural organic linkers and/or guest molecules 

encapsulated in the pores of MOFs can be used as antennas to absorb photons and sensitize 

emission from the metal. Furthermore, information about the number of coordinated terminal water 

ligands on lanthanide MOF nodes can be obtained by analyzing emission decay times,168,173 a 

feature that can help discern the coordination number and formula of a MOF. This sensitivity of 
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lanthanide ion emission decay times to the number of coordinated water (and to a lesser extent, 

hydroxyl) ligands can be harnessed to study these materials in sensing applications. While the 

majority of RE‐MOF sensing studies are based on luminescence as a reporting mechanism, there 

are also examples of electrochemical sensors based on RE‐MOFs. Over recent years, these MOFs 

have been applied to detect gases103 and vapours,174 small molecules,175,176 cations,177 anions,178,179 

biomarkers,178 temperature variations,181 and pH changes.182 

In 2013, Song et al. reported a RE‐MOF that demonstrates a selective luminescence 

response to DMF vapour.174 The MOF, shown in Figure 1.14, is comprised of Eu(III)‐chain nodes 

bridged by 2’,5’‐bis(methoxymethyl)‐[1,1:4,1‐terphenyl]‐4,4‐dicarboxylic acid linkers giving 

rise to accessible open channels for solvent exchange to occur. When DMF from the synthesis is 

exchanged with water, the resulting RE‐MOF exhibits weak emission from Eu(III) due to 

quenching caused by O–H oscillations from coordinated water ligands. Once exposed to DMF 

vapour, however, a turn‐on luminescence is observed which is attributed to DMF replacing the 

terminal water ligands in the MOF. 

 

Figure 1.14. Structure of Eu2L3(H2O)4, highlighting the Eu(III)‐chain node and 2,5‐

bis(methoxymethyl)‐[1,1:4,1‐terphenyl]‐4,4‐dicarboxylic acid linker. Eu = pink, C = black, O 

= red. Hydrogen atoms omitted for clarity. 

Additionally, the RE‐MOF was found to be selective for DMF vapour, as increases in 

luminescence intensity were negligible in the presence of twelve other solvent vapours. A similar 

sensing mechanism was observed in an earlier example using Eu(BTC), a Eu(III)‐analogue of 

MOF‐76 (Figure 1.5), comprised of Eu(III)‐chain nodes and BTC linkers.176 In this example, liquid 
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DMF was found to enhance luminescence from the Eu(III) ions while liquid acetone was found to 

quench the emission. 

While replacement of terminal –OH and –OH2 ligands in RE(III)‐MOFs can give rise to 

turn‐on luminescence, analytes that hydrogen bond with these ligands can also minimize 

luminescence quenching effects caused by O–H oscillations. This mechanism was observed by 

Chen, Qian et al. in Tb‐MOF‐76 (Figure 1.5) where hydrogen bonding between terminal methanol 

ligands and F⁻ analytes was found to enhance luminescence from the MOF.179 Given that hydrogen 

bonding interactions with F− are quite strong, the MOF was selective for sensing F− vs. Cl−, Br−, 

NO3
−, SO4

2−, and CO3
2−. Using a different approach to sensing F− with a RE(III)‐MOF, Stylianou 

et al. reported SION‐105, a MOF comprised of dinuclear Eu(III)-cluster nodes bridged by tris(p‐

carboxylic acid)tridurylborane linkers, shown in (Figure 1.15), which acts as a selective, sensitive, 

and recyclable chemical sensor for detecting F− in drinking water.178  

 

Figure 1.15. Structure of SION‐105, highlighting the dinuclear Eu(III)‐cluster node and tris(p‐

carboxylic acid)tridurylborane linker. Eu = pink, C = black, O = red, B = green. Hydrogen atoms 

omitted for clarity. 

In this example, the F− interacts with the organic linker of SION‐105, which contains a 

Lewis‐acidic boron receptor. Turn‐off sensing was observed, possibly due to changes in the 

absorption spectrum of the boron‐based antenna ligand after coordination to F−. 

Another example was reported in 2012,  in which  mixed-metal MOF demonstrated 

temperature-dependent luminescence suitable as a potential ratiometric temperature sensor.34 

Demonstrated by Qian, Chen et al., an approach assembled mixed-lanthanide metal MOFs to yield 

Tb(III)/Eu(III)-DMBDC, assembled with Tb(III)/Eu(III)-chain nodes with 2,5-dimethoxy-

1,4benzenedicarboxylic acid linkers (DMBDC) (Figure 1.16), and was found to demonstrate dual 
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emission arising from both the Tb(III) and Eu(III) sensitized by the organic linkers. RE-DMBDC 

demonstrated temperature-dependent luminescence, as temperature increased, the Tb(III) emission 

decreased, while, Eu(III) emission increased. These results were consistent with energy transfer 

mechanisms that occur between Tb(III) and Eu(III) at increased temperatures. Therefore, by tuning 

the triplet energy of the linker (i.e. antenna) in the MOF, the energy transfer and temperature 

sensing, could be made more sensitive.   

 

Figure 1.16. Structure of the dual‐emitting RE‐DMBDC, highlighting the Eu/Tb(III)‐ chain node 

and 2,5‐dimethoxy‐1,4‐benzenedicarboxylic acid linker. Eu/Tb = pink, C = black, O = red. 

Hydrogen atoms omitted for clarity. 

Of the various attractive features that MOF possess, their structural flexibility allows them 

to possess a much greater magnitude of response to external stimuli than other traditional 

materials.183 MOFs have demonstrated that they undergo structural changes in response to various 

stimuli that include temperature, adsorption/desorption of guest molecules, pressure, light, and 

electric fields.  

 

1.7. Scope of Thesis  

 The following two chapters will present the design, synthesis, and characterization of a 

library of novel RE-MOFs assembled with a variety of RE-metals and a tritopic organic linker. The 

primary objective of this work is to synthesize RE-MOFs with spn topology, using RE6-cluster 

nodes as SBUs.  

Chapter 2 describes the design, synthesis and experimental investigation of the complex 

structural and physical properties of CU-45, a MOF with spn topology comprised of Y6-cluster 

nodes. It was determined that when exposed to various external stimuli, CU-45 undergoes a 
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crystalline phase-transition to give an entirely different MOF with msx topology comprised of Y-

chain nodes. This crystalline phase-transition is thoroughly investigated and discussed. 

 Chapter 3 explores the design and synthesis of lanthanide analogs of CU-45. Isostructural 

RE-MOFs, RE-CU-45, were constructed with Tb(III), Er(III), Eu(III), and Nd(III). RE-CU-45 is 

successfully characterized using PXRD, N2 sorption isotherms, TGA/DSC, and photoluminescence 

spectroscopy. Furthermore, preliminary investigations describing the use of templating agents to 

stabilize the RE6-cluster of CU-45 are discussed. 
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Chapter 2 

Exploring the stimuli-responsive structural transformation of an achiral to 

chiral rare-earth metal–organic framework 

 

 

2.1. Introduction 

Metal–organic frameworks (MOFs) are a class of multifunctional,  porous materials5,6,184–

186 with diverse structural tunability that can be used for various potential applications.187–195 In 

addition to the many important potential applications of MOFs, these beautiful network structures 

also allow for the study of various fundamental phenomena in inorganic and materials chemistry. 

MOFs are constructed from inorganic metal nodes and organic linkers (di-, tri-, tetratopic etc.) that 

assemble into 2D or 3D framework materials.196,197 MOFs with targeted structures and properties 

can be synthesized due to the seemingly endless combinations of metal nodes and organic linkers 

that can be used as building blocks.184,198 Over the years, MOFs comprised of s-,198,199 p-,12,13 

d,14,200–202 and f-block198,203,204 metals have been reported. Owing to their high and variable 

coordination numbers and geometries, the incorporation of f-block metals in MOFs has attracted 

significant interest, as unique structures can be realized. Among the f-block elements that have 

been explored, MOFs comprised of rare-earth (RE) metals have been shown to have diverse 

structures, with secondary buildings units (SBUs) that include metal ions, chains, or multinuclear 

clusters. 

The high coordination number of RE-metals, particularly when coupled with the ability to 

form multinuclear cluster nodes, allows for the synthesis of intricate structures with complex 

topologies.108,205–207 These unique structures arise, in part, from the ability to form highly connected 

(12-105,112,208,209, 18-108,210) metal nodes. On the other hand, the design and synthesis of RE-cluster 

MOFs with lower node connectivity (8-, 6-) is less commonly explored due to difficulties 

associated with stabilizing under-connected multinuclear RE-clusters.209 This is in contrast to the 

well-known Zr-based MOFs where frameworks with 4-,211 6-,212,213 and 8-connected214–217 nodes 

have been studied for various applications where metal accessibility is an asset. Herein we show 

the synthesis, isolation, and characterization of a RE-MOF, named CU-45 (CU = Concordia 

University) comprised of 6-connected hexanuclear RE-cluster nodes. Despite the challenges 

associated with synthesizing MOFs comprised of under-connected RE-clusters, CU-45 was 
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isolated and fully characterized. Interestingly, CU-45, an achiral MOF, was found to undergo a 

stimuli-responsive structural transformation to give the chiral Y-MOF-76. To the best of our 

knowledge, this is the first example of a stimuli-responsive structural transformation of an achiral 

to chiral MOF, as well as the first example of a structural transformation that involves a cluster 

SBU transforming to a chain (or rod) SBU.  

CU-45 is comprised of hexanuclear Y6-cluster nodes bridged by 1,3,5-tricarboxylic acid 

(H3BTC) linkers forming a 3,6-connected framework with spn topology (Figure 2.1, left), which 

is isostructural to the  Zr6- based MOF-808.218 During the processes of synthetic optimization and 

characterization, we serendipitously discovered that CU-45 undergoes a unique transformation to 

give Y-MOF-76 when exposed to various external stimuli such as temperature, pressure through 

manual grinding, and soaking in various solvents. Y-MOF-76 is comprised of Y(III)-chain nodes, 

bridged by H3BTC linkers, forming a chiral structure with msx topology (Figure 2.1, right).  

 

 

Figure 2.1. Schematic representation of the assembly of CU-45 (lower left) and Y-MOF-76 (lower 

right) comprised of a RE6- cluster node and RE-chain node, respectively; and the transition between 

CU-45 and Y-MOF-76 in the presence of external-stimuli. Colour scheme: RE = pink, O = red, 

and C = black. Hydrogen atoms omitted for clarity. 
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MOFs have been shown to undergo phase transitions or conformational changes related to 

flexibility through exposure to external stimuli,219–221  in response to temperature,211,214 guest 

molecules,204,211,222 acidic modulators,220 and pressure.219,223 MOF structural transformations that 

involve structural bonds breaking and/or forming in the solid state are more rare. Recently, Sun et 

al. reported a solid-state transformation of an interpenetrated to non-interpenetrated MOF, 

following the rearrangement of chain SBUs through a thermally driven single-crystal-to-single-

crystal (SCSC) transformation.224 To the best of our knowledge, there have been no reports on 

stimuli-responsive solid state achiral to chiral MOF transformations.  

To gain more understanding about this unique structural transformation, we report time-

resolved in situ variable-temperature powder X-ray diffraction (VT-PXRD), carbon solid-state 

NMR spectroscopy (13C SS-NMR), and circular dichroism (CD) spectroscopy monitoring the 

structural transformation and appearance of chirality that occur due to the unfolding of RE(III)-

metal cluster nodes to RE(III)-chain nodes. Additionally, through the use of density functional 

theory (DFT) calculations, the formation energies of both CU-45 and Y-MOF-76 were determined, 

and a mechanism for the transformation is proposed. 

 

2.2. Experimental Procedure  

2.2.1. General Materials and Methods  

All materials, chemicals and solvents were purchased from commercial suppliers. Yttrium 

(III) nitrate hydrate (99.9%), 1,3,5-benzenetricarboxylic acid (H3BTC), and trifluoracetic acid 

(TFA) were purchased from Alfa Aesar. N,N-dimethylformamide (DMF), chloroform, hexanes 

(98%), R-and S-limonene, and potassium bromide (KBr) were purchased from Sigma-Aldrich. 

Acetone, ethanol (95%), methanol, toluene, tetrahydrofuran (BHT stabilized) (THF), and 

dichloromethane (DCM) were purchased from Fisher Scientific. Liquid Nitrogen (N2) was 

purchased from Megs Speciality Gases. 

Powder X-ray diffraction (PXRD) data was collected on a Bruker D8 Advance 

diffractometer equipped with a LYNXEYE linear position sensitive detector (Bruker AXS, 

Madison, WI). CU-45 was placed onto the low-background sample holder. Data was collected 

using a continuous coupled θ/2θ scan with Ni-filtered CuKα (λ = 1.54178 Å) radiation operating 

at 40 kV and 40 mA. Variable temperature powder X-ray diffraction (VT-PXRD) measurements 

were collected on a Bruker D8 Advance instrument equipped with a LYNXEYE detector using Ni-
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filtered CuKα (λ = 1.54178 Å) radiation. The setup was equipped with Anton Paar CHC+ chamber. 

Diffractograms were collected in a stepwise fashion, and after each collection (ca. 7 min), the 

temperature in the chamber was raised in intervals of 5 °C at a rate of 1 °C min−1 and a new 

collection started.  

scXRD data were measured on a Bruker D8 Venture diffractometer equipped with a Photon 

200 detector, and an IμS microfocus X-ray source (Bruker AXS, CuKα source). All measurements 

were carried out at 298(2) K on crystals coated with a thin layer of amorphous oil. Structure 

solution was carried out using the SHELXTL package from Bruker.225 The parameters were refined 

for all data by full-matrix-least-squares on F2 using SHELXL.226,3 All the non-hydrogen atoms 

were refined with anisotropic thermal parameters. All other hydrogen atoms were placed in 

calculated positions and allowed to ride on the carrier atoms. Y-MOF-76 exhibits unresolved, 

disordered coordinated DMF and all the attempts to model the DMF met with no success. The 

structure was squeezed using PLATON Squeeze command,4 leaving oxygen atoms corresponding 

to coordinated DMF.  

Rietveld refinement227 of the crystal structure of CU-45 was performed using the program 

TOPAS Academic 6,228 using the isostructural Zr-MOF-808 as a starting model. The diffraction 

peak profile was modelled using a pseudo-Voigt function combined with a simple axial divergence 

model. The background was modelled with a 6th degree Chebyshev polynomial function. 

Coordinates of yttrium and oxygen atoms within the metal cluster were refined independently, 

subject to the crystallographic symmetry constraints, the BTC and formate ligands were refined as 

rigid bodies. The material used for PXRD data collection contained an impurity of Y-MOF-76 

framework, which was modelled as a separate crystalline phase during the refinement. 

Crystallographic parameters of CU-45 are summarized in Table A.2, and the Rietveld refinement 

is shown in Figure A2.1. 

Thermogravimetric analysis coupled with differential scanning calorimetry (TGA/DSC) 

data was collected on the Mettler Toledo TGA 5500 Discovery. Thermal stability of CU-45 

samples was tested from 25 to 800 °C under air (60.00 L/min) with consistent heating of 10 °C per 

minute.  

N2 adsorption and desorption isotherms for CU-45 were performed on Micromeritics 

TriStar II Plus automated surface area and porosity analyzer. The sample tubes were cooled with 



 30 

liquid N2 before data was collected. Drying with supercritical CO2 (scCO2) was performed using a 

Tousimis Samdri-PVT-3D manual critical-point dryer. 

Scanning electron microscopy (SEM) for CU-45 was performed on a JEOL JSM7600F 

equipped with a field effect gun.  

Proton and fluorine (1H and 19F NMR) nuclear magnetic resonance spectroscopy 

measurements were collected on a Varian VNMRS-500 MHz system equipped with a 5 mm AutoX 

DB (Dual Broadband) probe with automatic tuning by ProTune accessory. Samples (~0.2 mg) were 

digested in sulfuric acid-d2 solution (~8 drops) and sonicated for 10 minutes. After sonication, 

dimethyl sulfoxide-d6 was added to the mixture to dissolve the digested MOF sample.  

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) spectra were 

collected on a Thermo Scientific Nicolet 6700 FTIR spectrometer equipped with an MCT detector. 

The detector was cooled with liquid N2 and the samples were collected in air. Potassium bromide 

(KBr) was used to prepare samples and act as a sample background.  

13C SS-NMR spectra were acquired using cross-polarization in a VNMRS 400 widebore 

NMR spectrometer operating at 399.9 MHz for 1H and 100.5 MHz for 13C in a 4 mm Varian 

Chemagnetics double-resonance probe.  The spectrum of CU-45 was acquired in 512 scans with a 

CP contact time of 2 ms, under spinning at 13 kHz. The recycle delay was 5 s.  The same parameters 

were used for Y-MOF-76 and H3BTC, except that 1800 and 888 scans were acquired, respectively.  

The spectrum of CU-45 ground was also acquired with a CP contact time of 2 ms and a recycle 

delay of 5 s, but spinning was at 5 kHz, so TOSS was used to suppress spinning sidebands.  10000 

scans were acquired.   

Periodic DFT calculations were performed using the plane wave DFT code CASTEP 

19.1.229 and crystal structures of CU-45, Y-MOF-76, yttrium formate Y(HCOO)3, and BTC. 

Furthermore, gas phase energies of water and formic acid molecules were simulated in CASTEP 

by placing the molecules in a cubic box of 20 Å dimension, which was found to be sufficiently 

large to make the interaction between the periodic images of the molecules negligible. The 

calculations were performed using a PBE230 functional combined with Grimme D2231 dispersion 

correction. The plane wave basis set was truncated at 700 eV cutoff, and the CASTEP built-in 

ultrasoft pseudopotentials were used to attenuate the Coulomb potential in the core regions of 

electron density. The 1st electronic Brillouin zone was sampled with 2π×0.07 Å-1 Monkhorst-

Pack232 k-point grid. 
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Circular dichroism (CD) spectroscopy spectra were collected on a Jasco CD 

spectropolarimeter equipped with J-715 lamp measured from 230 to 700 nm. Samples were 

collected with dried KBr and were prepared as KBr pellets using high vacuum hydraulic press. 

Prior to pellet formation, 10 uL of chiral additive, R- and S-limonene, was added to MOF sample 

and ground and dried until limonene evaporated.  

 

2.2.2. Synthesis and Activation of CU-45, Y-MOF-76, and MOF-808 

Synthesis of CU-45. Synthesis of CU-45 (Figure 2.2a) was performed by traditional 

solvothermal methods. Y(NO3)3·6H2O (237 mg, 0.62 mmol) was added to a 6-dram vial with 0.6 

mL trifluoroacetic acid (TFA) and 12 mL of N-N-dimethylformamide (DMF) and placed in the 

sonicator for ca. 20 minutes. Subsequently, H3BTC (27 mg, 0.13 mmol) was added to the 

homogenous solution. The mixture was sonicated once more and placed in an oven at 130 C and 

left undisturbed for 120 hours. After cooling to room temperature, white crystal flakes of CU-45 

were immersed in fresh DMF, which was replaced three times (3  10 mL) throughout the day and 

soaked overnight. Afterwards, the DMF was removed via centrifugation, and the MOF sample was 

further soaked in fresh acetone, which was replaced three times (3  10 mL) throughout the day 

and soaked overnight. The product was isolated via centrifugation and left to dry for 24 hours at 

room temperature.  

To obtain permanent porosity, several activation procedures were attempted for CU-45. 

CU-45 was activated at 80, 100, 110, 120, and 130 °C for 24 hours under dynamic vacuum oven, 

however, resulting in inadequate BET surface areas. To circumvent these issues, supercritical CO2 

(scCO2) activation was attempted, although demonstrating similarly poor results. Finally, with the 

use of the SmartVac Prep (SVP) instrument and several variations in temperature (80, 100, 110, 

120, and 130 °C) and time (20 and 24 hours), activation of CU-45 was achieved at 100 °C for 20 

hours. 

Synthesis of MOF-808. Synthesis of MOF-808 (Figure 2.2b) was achieved by traditional 

solvothermal methods, which includes the addition of ZrOCl2·8H2O (32.5 mg, 0.100 mmol), 

H3BTC (21 mg, 0.100 mmol), and DMF/formic acid (5 mL/ 5 mL) in a 6-dram vial. The solution 

was placed in the sonicator for ca. 20 minutes, then placed in an oven at 130 C for two days (48 

hours). Microcrystalline powders were obtained after washing the material thoroughly with DMF 
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(3  15 mL) and soaking overnight, followed by the same washing procedure with acetone. As 

synthesized MOF-808 was activated under vacuum at 120 °C for 24 hours. 

Synthesis of Y-MOF-76. Synthesis of Y-MOF-76 (Figure 2.2c) was performed by 

traditional solvothermal methods, which involves the addition of Y(NO3)3·6H2O (229 mg, 0.600 

mmol) to a 6-dram vial with 8 mL each of water and DMF. The mixture was sonicated for ca. 20 

minutes. Subsequently, H3BTC (42 mg, 0.200 mmol) was added to the homogenous solution. The 

mixture was sonicated once more and placed in an oven at 80 C for three days (72 hours). After 

cooling to room temperature, white cotton-like crystals of Y-MOF-76 were washed with DMF (3 

 15 mL) and acetone (3  15 mL) and soaked overnight in acetone. The product was isolated via 

centrifugation and dried in air. Y-MOF-76 was activated at 100 °C for 24 hours under vacuum.  

 

Figure 2.2. Synthesis of a) CU-45, b) Y-MOF-76, and c) MOF-808 through traditional 

solvothermal conditions. Colour scheme: RE = pink, O = red, C = black, and Zr = blue. Hydrogen 

atoms omitted for clarity. 
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2.3. Results and Discussion 

CU-45 was synthesized using standard solvothermal conditions by reacting Y(NO3)3·6H2O 

and H3BTC in DMF with 0.6 mL of trifluoroacetic acid (TFA) as a modulator, at 130 °C for 

approximately five days. As expected, the powder X-ray diffraction (PXRD) pattern (Figure 2.3) 

and Rietfeld refined structure (Figure 2.1) of CU-45 resembles that of the well-known Zr6-based 

MOF-808 reported by Yaghi et al.218 One notable structural difference that cannot be discerned 

from X-ray crystallography arises from the oxidation state of the metal in the node. Owing to this 

difference in oxidation states, the hexanuclear cluster nodes comprised of Zr(IV) are known to have 

four µ3-O and four µ3-OH bridges, while the nodes comprised of Y(III) are expected to have eight 

µ3-OH bridges for charge balancing purposes. The crystal structure of CU-45 shows the expected 

Y6-cluster nodes bridged by H3BTC linkers, forming a 3,6-connected MOF with spn topology 

(Figure 2.1). 

Figure 2.3. PXRD patterns of CU-45 synthesized de novo and compared to the simulated patterns 

of MOF-808. 
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When activated at 100 °C under vacuum for 20 hours, N2 adsorption analysis of CU-45 

reveals a type I isotherm (Figure 2.4a), giving rise to a BET area of 485 m2/g. The pore size 

distribution (PSD) calculated using non-linear density functional theory (NLDFT), confirms the 

presence of an inner-pore cavity of 17.3 Å (Figure 2.4b) consistent with the ~17 Å pore observed 

in MOF-808.233 Although the nitrogen isotherm shape and PSD are consistent with the spn 

topology of CU-45, the BET area is lower than the expected value of ~1500 m2/g.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. a) N2 adsorption-desorption isotherms for CU-45-100 and CU-45-150. b) The reported 

pore-size distribution (PSD) analysis of CU-45 following activation at 100 °C. c) The reported 

pore-size distribution (PSD) analysis of CU-45 following activation. 

This observation led us to try several activation procedures including solvent exchanges 

with various low-boiling solvents, vacuum activation under different temperatures, and 

supercritical CO2 activation. Interestingly, when activated under vacuum at 150 °C, the slight 

mesoporous step (p/p0 ~0.02) corresponding to the 15.8 Å (Figure 2.4a and b) pore in the N2 

adsorption isotherm disappears, and the PSD analysis reveals a pore at 11.8 Å only (Figure 2.4c). 
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In addition, the BET area of CU-45 activated at 150 °C increases to 585 m2/g. These curious 

observations led us to evaluate the structure of CU-45 post-activation at 100 °C vs. 150 °C. PXRD 

patterns of the MOF post-activation (100 and 150 °C) reveal that the MOF undergoes a structural 

transformation, where the pattern for CU-45-100 shows two distinct phases, CU-45 and Y-MOF-

76, while CU-45-150 shows that the MOF has been completely converted to the well-known, 

chiral, rare-earth MOF-76 (Figure 2.5). 

Figure 2.5. PXRD patterns of CU-45 as synthesized, CU-45-100, and CU-45-150 with simulated 

patterns for both MOF-808 and Y-MOF-76. 

To understand more about the thermodynamics of the structural transformation, we 

performed in situ variable temperature PXRD (VT-PXRD) on CU-45. VT-PXRD was conducted 

on a fresh sample of CU-45 from 25 to 300 °C, in intervals of 5 °C between scans (over 6.5 hours 

of measurement). The results exhibit a transformation of CU-45 to an intermediate phase as is 

clearly observed between 90 and 130 °C (Figure 2.6a). The intermediate phase can be attributed to 

the loss of solvent guest molecules.234 Further heating of the material led to the formation of fully 

activated Y-MOF-76 (Figure 2.6b).  
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Figure 2.6. PXRD patterns of a) VT-PXRD analysis of CU-45 and Y-MOF-76 demonstrating the 

structural transformation occurring at elevated temperatures. b) CU-45 at elevated temperatures 

demonstrating the conversion to fully activated Y-MOF-76. 

In order to understand whether MOF-808 would behave the same, we conducted identical 

VT-PXRD analysis between 25 and 300 °C (Figure 2.7). As expected, MOF-808 shows stability 

up to 270 °C, after which crystallinity slowly declines until complete amorphization occurs at 300 

°C. This confirms that the unique achiral-to-chiral transformation of CU-45 to Y-MOF-76 is a 

consequence of the 6-connected Y6-cluster metal nodes, which are more susceptible to hydrolysis 

than the analogous 6-connected Zr6-nodes. The preference of RE-metals to form chain-nodes as 

the thermodynamic product could lead to several discoveries of stimuli-responsive structural 

transformations in RE-cluster based MOFs, particularly where the clusters are under-connected. 
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Figure 2.7. VT-PXRD analysis of MOF-808 synthesized de novo demonstrating stability of up to 

270 °C, following the slowly amorphization that occurs at 300 °C. 

In addition to the structural transformation of CU-45 to Y-MOF-76 observed upon 

activation (heating and vacuum), and upon heating alone, other external stimuli were found to give 

the same outcome. Mechanical grinding with a mortar and pestle, a technique commonly used to 

make fine powders of samples for PXRD measurements, was also found to transform the MOF. 

PXRD patterns acquired at various time intervals after manual grinding (Figure 2.8) show that the 

formation of Y-MOF-76 gradually begins even after 2 minutes of manual grinding. This 

demonstrates the importance of minimizing external pressure post-synthesis when attempting to 

isolate new MOFs where the mechanical stability of the material is not yet known.   
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Figure 2.8. PXRD patterns of CU-45 and CU-45 ground at 1 and 2 minutes respectively. 

External stimuli including pH and solvents were also tested. Fresh as-synthesized CU-45 

was prepared as previously described, however, following activation of the material, CU-45 was 

soaked in 10 mL of water, methanol, ethanol, toluene, THF, chloroform, DMF, and DCM 

overnight. The material was then washed three times with acetone (3  10 mL) and air-dried. PXRD 

patterns of CU-45 were then obtained (Figure 2.9a and 2.9b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. PXRD patterns of a) CU-45 after soaking in various organic solvents of varying 

polarity, and b) CU-45 soaking in pH 4, 7, and 9 respectively. 

a) b) 
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Partial transformation occurs in organic solvents such as methanol, ethanol, toluene, THF, 

chloroform and DMF, while nearly complete conversion occurs in water, and under acidic and 

basic conditions. This partial stability in organic solvents is somewhat surprising given the overall 

sensitivity of CU-45 to other external stimuli like mild pressure, and moderate temperatures but 

confirms that hydrolysis plays a key role in the transformation. 

Scanning electron microscopy (SEM) images were obtained to provide further evidence for 

the transformation of CU-45 to Y-MOF-76, specifically in water. Figure 2.10 shows SEM images 

obtained for CU-45 and Y-MOF-76 synthesized de novo, as well as CU-45 after soaking in water 

for 24 hours. The images show the expected, distinct morphological differences between CU-45 

and Y-MOF-76, where CU-45 demonstrates octahedron-shaped particles as observed for MOF-

808,218,235 while MOF-76,198,236,237 demonstrates rod-shaped particles. SEM images of CU-45 after 

soaking in water overnight show rod-like particles consistent with transformation to Y-MOF-76.  

 

Figure 2.10. PXRD patterns of CU-45 synthesized de novo, CU-45 in water, and Y-MOF-76 

with respective SEM images. 

The thermal stability of CU-45 was measured following activation at 100 and 150 °C for 

20 hours by thermogravimetric analysis (TGA). TGA measurements of CU-45-100 and CU-45-

150 (i.e. CU-45 activated at 100 and 150 °C) were conducted under air from 25 to 800 °C where 
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two distinct TGA curves were observed (Figure 2.11a), providing further evidence of RE-MOFs 

with structural differences.  

For both CU-45-100 and CU-45-150 (i.e. Y-MOF-76), an individual weight loss is 

observed near 100 °C, which can be assigned to loss of solvent and capping ligands. The presence 

of formate and trifluoroacetate capping ligands in CU-45 is further confirmed by 1H- (Figure 2.11b) 

and 19F-NMR spectroscopy (Figure A2.14). In contrast, no capping ligands are observed for CU-

45-150 (i.e. Y-MOF-76), consistent with the Y-chain node (Figure 2.11c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. a) TGA curves of CU-45-100 (black) and CU-45-150 (red). b) 1H NMR of CU-45 

synthesized de novo demonstrating the formate peak. c) 1H NMR of CU-45-150 synthesized de 

novo demonstrating the missing formate peak. 

To confirm that the transformation of CU-45 to Y-MOF-76 is exothermic, 

thermogravimetric analysis coupled with differential scanning calorimetry (TGA/DSC), was 

performed (Figure 2.12). The initial weight loss (ca. 100-200 °C) measured on the TGA correlates 

with a phase-transition observed by DSC (Figure 2.12). Additionally, MOF-808 synthesized de 

novo was measured to investigate the similarities and differences between CU-45 and MOF-808 

(Figure A2.6 and A2.7). An enthalpy (ΔH) of -201.21 kJ/mol can be extracted from the DSC 

corresponding to this transformation from CU-45 to MOF-76 occurring between 100-300 °C 
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(Figure 2.12). Subsequently, exothermic peaks are present in the DSC (ca. 500-600 °C) that arise 

from decomposition of the MOF into yttrium oxide (Figure A2.8). 

 

 

Figure 2.12. TGA/DSC (red/black) curves of CU-45. All TGA/DSC experiments conducted from 

25 to 800 °C under air. 

Theoretical formation energies were calculated using DFT to determine the enthalpy of the 

proposed transformation given by equation 1 (Table 1). The transformation must occur alongside 

the production of by-products since the empirical chemical formula of CU-45, [Y6(μ3-

OH)8(HCOO)(TFA)3(BTC)2]·(DMF)2(H2O)3), is not the same as Y-MOF-76, 

[Y(BTC)(H2O)1.5·(DMF)]. We hypothesized that the byproducts are most likely to include yttrium 

formate (Y(HCOO)3), yttrium hydroxide (Y(OH)3), and yttrium trifluoroacetate (Y(TFA)3), which 

was corroborated through the use of 13C SS-NMR. Formation energies confirm that the reaction 

shown in equation 1 is exothermic with ΔH of -233.68 kJ/mol, a value similar to that extracted 

from DSC. 
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Equation 1 

 

Y6(μ3 − OH)8(HCOO)(TFA)3(BTC)2 · (DMF)2(H2O)3 → 2Y(BTC)(H2O)1.5·(DMF) +

1

3
[Y(HCOO)3 +

8

3
 [Y(OH)3] + [Y(TFA)3] 

 

 

Table 1. The energy values for each species reported in equation 1 with calculated enthalpy values. 

 

 

 

 

 

 

 

 

 Energy per unit cell / eV Energy per f. u. / eV 

Y-MOF-76 -22620.06 -5655.01 

CU-45 -90141.63 -22535.41 

Y2O3 -27808.64 -3476.08 

Y(OH)3 -4893.25 -2446.62 

Y(HCOO)3 -4237.49 -4237.49 

BTC- -199340.15 -4152.92 

H2O - -471.56 

Formic Acid - -1068.18 

Enthalpy 

(ΔH / kJ mol-1) 
-223.68 
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 Carbon solid-state NMR spectroscopy (13C SS-NMR) was used to gain further information 

about the side-products produced during the transformation of CU-45 to Y-MOF-76. The 13C SS-

NMR spectra further confirm the transformation of CU-45 (Figure A2.19) to Y-MOF-76 due to the 

concomitant disappearance and appearance of signals at distinct chemical shifts attributed to each 

MOF (Figure 2.13). As observed from equation 1, the formation of Y-MOF-76 from CU-45 yields 

various by-products that include yttrium formate (Y(HCOO)3), yttrium hydroxide (Y(OH)3) and 

yttrium trifluoroacetate (Y(TFA)3). From the 13C solid state cross-polarization magic angle 

spinning (CPMAS) NMR spectra of a converted sample of CU-45 (now Y-MOF-76) (Figure A2.16 

-A2.18), signals are observed for DMF (165, 38, and 31 ppm), Y(HCOO)3 (177 ppm), and Y(TFA)3 

(ca. 161, 115, and 105 ppm). 

 

Figure 2.13. 13C SS-NMR spectra of a) CU-45 cross-polarized from 1H, b) CU-45 cross-polarized 

from 19F, and c) Y-MOF-76 (bottom) synthesized de novo. 

 

a) 

b) 

c) 
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Solid-state circular dichroism (SS-CD) spectroscopy was performed to observe the chiral 

character of Y-MOF-76 synthesized de novo (Figure 2.14a), vs. that transformed from CU-45 

(Figure 2.14c) including in the presence of chiral additives R- and S-limonene. The SS-CD 

spectrum was recorded between 230 and 700 nm using bulk sample diluted with KBr in the form 

of a pellet. CU-45 was exposed to R- and S-limonene and ground until the limonene evaporated. 

The PXRD patterns (Figure 2.14d) confirm that when exposed to chiral additives, CU-45 still 

undergoes a phase-transformation to Y-MOF-76. The CD spectra demonstrate that Y-MOF-76 

preferentially forms one enantiomer de novo, and that same enantiomer is formed during the 

transformation from CU-45, even in the presence of chiral additives (Figure 2.14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. SS-CD spectrum of a) Y-MOF-76, b) MOF-808 in R- and S-Limonene, c) CU-45 in 

R- and S-Limonene, and d) PXRD patterns of CU-45 following the addition of chiral additive R- 

and S-limonene. All SS-CD performed with background KBr pellet with R- and S- limonene. 
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2.4. Conclusions  

In conclusion, we report a novel rare-earth metal–organic framework (RE-MOF) comprised 

of hexanuclear Y6–metal clusters and tritopic BTC linkers that assemble to give CU-45. CU-45 is 

isostructural to the Zr6-based MOF-808 with spn topology. CU-45 was characterized by PXRD, 

N2 sorption, TGA, SEM, and 1H NMR spectroscopy. CU-45, an achiral MOF, was found to 

undergo a unique structural transformation to give MOF-76, a chiral MOF with msx topology 

comprised of Y-chain nodes. The structural transformation was investigated using VT-PXRD, 

TGA/DSC, SS-NMR spectroscopy, and supported by DFT calculations. It was determined that the 

structural transformation is exothermic and occurs on exposure to various external stimuli that 

include (i) temperature; (ii) pH; (iii) solvent; and (iv) manual grinding. In all cases, CU-45 converts 

to the P4322 enantiomer of MOF-76, as confirmed by SS-CD, suggesting that the transformation 

is enantioselective. This study demonstrates that RE-MOFs comprised of hexanuclear clusters with 

low connectivity can undergo unique structural transformations to generate MOFs with 

thermodynamically favoured RE-chain nodes, and that this pathway can be harnessed to 

enantioselectivity generate a chiral RE-MOF.  
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Chapter 3  

Towards enhancing the stability of CU-45: exploring mixed-metal derivatives 

and lanthanide templating  
 

 

3.1. Introduction 

In recent years, metal–organic frameworks (MOFs), a class of multi-dimensional, porous, 

and often crystalline materials, have emerged as a class of exciting new candidates for a plethora 

of potential applications in multidisciplinary fields.9,238,239 MOFs are assembled via a phenomenon 

known as reticular chemistry that involves the linking of molecular building blocks (MBBs), which 

contain metal ions, chains, or clusters and organic linkers, into highly ordered structures.82,197  

A subset of MOFs are those which contain f-block elements, which can produce beautiful 

yet complex structures and topologies. Specifically, rare-earth (RE) metals, which include yttrium 

(III), scandium (III), and the lanthanide series, have been explored to construct RE-cluster nodes 

that can be used as MOF building blocks.26,45,240 Due to their high and variable coordination 

numbers and geometries, the use of RE elements can give rise to MOFs with unusually high 

connectivity, and complex topologies, while the design and synthesis of RE-MOFs with lower 

connectivity may be more challenging.108,206,241 Assembling RE-cluster MOFs with lower node 

connectivity (e.g. 8-, 6-) is greatly desired, as the there are numerous applications that utilize open-

metal sites (OMSs) as an advantage.  

One the beneficial features of MOFs is the tunability in their design and synthesis. The 

ability to assemble multifunctional materials through a modified mixed-metal (MM) approach is 

an attractive option to construct materials that possess multiple potential functionalities.242 

Recently, the MM approach has been explored in developing MM-MOFs with dual emission that 

can be used for a wide range of luminescence applications.  In 2011, Qian, Chen et al. reported a 

mixed-metal Tb(III)/Eu(III)-MOF as a ratiometric temperature sensor.243  Qian, Chen et al. 

discovered that MM-MOFs containing Tb(III) and Eu(III) display inverse emission intensity 

changes that change as a function of temperature.  

Due to their preference to form RE-oxo/hydroxo chain nodes, constructing RE-cluster 

MOFs with lower node connectivity (e.g. 8-and 6-) is challenging task. In order to circumvent these 

stability drawbacks, framework materials can achieve structural support through the use of external 

“templating” molecules. Templating can be defined as the implementation of organic molecules or 



 47 

hydrate metal ions that provide support to a host material to facilitate crystallization.244 Generally, 

template molecules may serve numerous functions, however, recently the utilization of template 

molecules to support difficult-to-construct frameworks, such as MOFs, has been explored.244–246 

Due to the intricate nature of MOF structures and topologies, template molecules provide structure-

directing capabilities that provide support to construct these challenging frameworks.  In this work, 

we demonstrate introductory findings on the design, synthesis, and isolation of CU-45 with 

neodymium oxide (Nd2O3) as a template-directing agent to assemble CU-45-Nd2O3 with varying 

Y(III)/Nd(III) molar ratios.  

Herein, we report a library of rare-earth (RE) based hexanuclear (RE6) cluster MOFs with 

spn topology (Figure 3.1) inspired by the structure of the recently reported, CU-45 (CU = 

Concordia University), comprised of 6-connected Y6-clusters bridged by 1,3,5-

benzenetricarboxylic acid (H3BTC).218  

 

 

Figure 3.1. Schematic representation of the assembly of RE-CU-45 (lower left) comprised of a 

RE6-cluster node and H3BTC tritopic linker. RE = Y(III), Tb(III), Eu(III), or Er(III). Colour 

scheme: RE = pink, O = red, and C = black. Hydrogen atoms omitted for clarity. 
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As illustrated in Figure 3.1, RE-CU-45 is constructed from RE6-hexanuclear clusters (RE 

= Y(III), Tb(III), Er(III), and Eu(III)) with H3BTC giving rise to a 3D framework with an inner 

pore cavity of approximately 15 Å, and displaying a 3,6-connected spn net. Preliminary 

characterization of these materials was performed using powder X-ray diffraction (PXRD), 

thermogravimetric analysis (TGA), N2 sorption isotherms, pore-size distribution (PSD) analysis, 

and photoluminescence spectroscopy. These preliminary findings show promise towards (i) 

stabilizing the structure of CU-45 by incorporating Nd2O3 template directing agents and (ii) 

assembling a library of RE-MOFs with luminescent properties to provide a platform to for various 

potential applications. 

 

3.2. Experimental Procedure 

3.2.1. General Materials and Methods  

All materials, chemicals and solvents were purchased from commercial suppliers. Yttrium 

(III) nitrate hydrate (99.9%), terbium (III) nitrate pentahydrate (99.9%), europium (III) nitrate 

pentahydrate (99.9%), erbium (III) nitrate hydrate (99.9%), 1,3,5-tricarboxylic acid (H3BTC), and 

trifluoracetic acid (TFA) were purchased from Alfa Aesar. Neodymium oxide (N2O3) was 

purchased from Stream Chemicals. N,N-dimethylformamide (DMF), and potassium bromide (KBr) 

were purchased from Sigma-Aldrich. Acetone was purchased from Fisher. Liquid Nitrogen (N2) 

was purchased from Megs Speciality Gases. 

Powder X-ray diffraction (PXRD) data was collected on a Bruker D8 Advance 

diffractometer equipped with a LYNXEYE linear position sensitive detector (Bruker AXS, 

Madison, WI). CU-45 was placed onto the low-background sample holder. Data was collected 

using a continuous coupled θ/2θ scan with Ni-filtered CuKα (λ = 1.54178 Å) radiation operating 

at 40 kV and 40 mA.  

Thermogravimetric analysis coupled with differential scanning calorimetry (TGA/DSC) 

data was collected on the Mettler Toledo TGA 5500 Discovery. Thermal stability of RE-CU-45 

samples were performed from 25 to 800 °C under air (60.00 L/min) with consistent heating of 10 

°C per minute. Gas (N2) adsorption and desorption isotherms for RE-CU-45 were performed using 

a Micromeritics TriStar II Plus automated surface area and porosity analyzer. The sample tubes 

were cooled with liquid N2 before the data was collected.  
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 Photoluminescence measurements were performed on a PTI QuantaMaster 8075 

spectrofluorometer (from Horiba). MOF samples were measured by placing MOF on glass slide 

coated with grease. Solid-state emissions of Tb:Eu-CU-45 and Tb-CU-45 were obtained with an 

excitation wavelength of 365 nm. 

 

3.2.2. Synthesis and Activation of RE-CU-45 MOFs 

3.2.2.1. Synthesis and Activation Er-CU-45 and Tb-CU-45 

Synthesis of Er-CU-45. Synthesis of Er-CU-45 was performed by conventional 

solvothermal methods. Er(NO3)3·5H2O (143 mg, 0.41 mmol) was added to a 6-dram vial with 0.6 

mL of trifluoroacetic acid (TFA) and 12 mL of N-N-dimethylformamide (DMF) and the mixture 

was placed in the sonicator for ca. 20 minutes. Subsequently, H3BTC (28 mg, 0.13 mmol) was 

added to the homogenous solution. The mixture was sonicated once more and placed in an oven at 

120 C and left undisturbed for five days (120 hours). After cooling to room temperature, pink 

crystal flakes of Er-CU-45 were immersed in fresh DMF, which was replaced three times (3  10 

mL) throughout the day and soaked overnight. Afterwards, the DMF was removed via 

centrifugation, and the MOF sample was further soaked in fresh acetone, which was replaced three 

times (3  10 mL) throughout the day and soaked overnight. The product was isolated via 

centrifugation and left to dry for 24 hours at room temperature. Er-CU-45 was activated with the 

use of the SmartVac Prep at 100 °C for 20 hours.  

Synthesis of Tb-CU-45. Synthesis of Tb-CU-45 was performed by conventional 

solvothermal methods. Tb(NO3)3·5H2O (139 mg, 0.41 mmol) was added to a 6-dram vial with 0.6 

mL of trifluoroacetic acid (TFA) and 12 mL of N-N-dimethylformamide (DMF) and the mixture 

was placed in the sonicator for ca. 20 minutes. Subsequently, H3BTC (28 mg, 0.13 mmol) was 

added to the homogenous solution. The mixture was sonicated once more and placed in an oven at 

120 C and left undisturbed for five days (120 hours). After cooling to room temperature, white 

crystal flakes of Tb-CU-45 were immersed in fresh DMF, which was replaced three times (3  10 

mL) throughout the day and soaked overnight. Afterwards, the DMF was removed via 

centrifugation, and the MOF sample was further soaked in fresh acetone, which was replaced three 

times (3  10 mL) throughout the day and soaked overnight. The product was isolated via 

centrifugation and left to dry for 24 hours at room temperature. Tb-CU-45 was activated with the 

use of the SmartVac Prep at 100 °C for 20 hours.  
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3.2.2.2. Synthesis and Activation Tb:Eu-CU-45 

Synthesis of Tb:Eu-CU-45 (75:25). Tb:Eu-CU-45 (75:25) was synthesized by the addition 

of Tb(NO)3·5H2O (51 mg, 0.15 mmol) and Eu(NO)3·5H2O (33 mg, 0.05 mmol) to a 6-dram vial 

followed by the addition of trifluoracetic acid (TFA) (0.6 mL) and N,N-dimethylformamide (DMF) 

(12 mL). The heterogenous solution was placed in the sonicator (ca. 10 minutes), H3BTC (28 mg, 

0.13 mmol) was added. The mixture was sonicated again to yield a homogenous solution. The 

mixture was placed in an oven at 120 °C and left undisturbed for 3 days (72 hours). After cooling 

to room temperature, white-pink crystal flakes of Tb:Eu-CU-45 (75:25) were obtained. The 

material was washed with DMF (3  10 mL) and acetone (3  10 mL) and soaked overnight 

respectively. The final product was isolated via centrifugation and air dried until a fine white 

crystalline powder was obtained. Tb:Eu-CU-45 (75:25) was activated with the use of the SmartVac 

Prep at 100 °C for 20 hours.  

Synthesis of Tb:Eu-CU-45 (95:5). Tb:Eu-CU-45 (95:5) was synthesized by the addition 

of Tb(NO)3·5H2O (65 mg, 0.19 mmol) and Eu(NO)3·5H2O (7.5 mg, 0.01 mmol) to a 6-dram vial 

followed by the addition of trifluoracetic acid (TFA) (0.6 mL) and N,N-dimethylformamide (DMF) 

(12 mL). The heterogenous solution was placed in the sonicator (ca. 10 minutes), H3BTC (28 mg, 

0.13 mmol) was added. The mixture was sonicated again to yield a homogenous solution. The 

mixture was placed in an oven at 120 °C and left undisturbed for 3 days (72 hours). After cooling 

to room temperature, white-pink crystal flakes of Tb:Eu-CU-45 (95:5) were obtained. The material 

was washed with DMF (3  10 mL) and acetone (3  10 mL) and soaked overnight respectively. 

The final product was isolated via centrifugation and air dried until a fine white crystalline powder 

was obtained. Tb:Eu-CU-45 (95:5) was activated with the use of the SmartVac Prep at 100 °C for 

20 hours.  

3.2.2.3. Synthesis and Activation CU-45-Nd2O3 

Synthesis CU-45-Nd2O3 (90:10). CU-45-Nd2O3 (90:10) was synthesized by the addition 

of Y(NO)3·xH2O (213 mg, 0.56 mmol) to a 6-dram vial followed by the addition of Nd2O3 (20 mg, 

0.006 mmol), trifluoracetic acid (TFA) (0.6 mL), and N,N-dimethylformamide (DMF) (12 mL). 

The heterogenous solution was placed in the sonicator (ca. 10 minutes) and H3BTC (25 mg, 0.12 

mmol) was added was added. The mixture was sonicated again to yield a homogenous solution. 

The mixture was placed in an oven at 120 °C and left undisturbed for 3 days (72 hours). After 

cooling to room temperature, fine purple-white crystals of CU-45-Nd2O3 (90:10) were obtained. 
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The material was washed with DMF (3  10 mL) and acetone (3  10 mL) and soaked overnight 

respectively. The final product was isolated via centrifugation and air dried until a fine white 

crystalline powder was obtained. CU-45-Nd2O3 (90:10) was activated with the use of the SmartVac 

Prep at 100 °C for 20 hours.  

Synthesis CU-45-Nd2O3 (95:5). CU-45-Nd2O3 (95:5) was synthesized by the addition of 

Y(NO)3·xH2O (225 mg, 0.59 mmol) to a 6-dram vial followed by the addition of Nd2O3 (16 mg, 

0.003 mmol), trifluoracetic acid (TFA) (0.6 mL), and N,N-dimethylformamide (DMF) (12 mL). 

The heterogenous solution was placed in the sonicator (ca. 10 minutes) and H3BTC (26 mg, 0.123 

mmol) was added was added. The mixture was sonicated again to yield a homogenous solution. 

The mixture was placed in an oven at 120 °C and left undisturbed for 3 days (72 hours). After 

cooling to room temperature, fine purple-white crystals of CU-45-Nd2O3 (95:5) were obtained. The 

material was washed with DMF (3  10 mL) and acetone (3  10 mL) and soaked overnight 

respectively. The final product was isolated via centrifugation and air dried until a fine white 

crystalline powder was obtained. CU-45-Nd2O3 (95:5) was activated with the use of the SmartVac 

Prep at 100 °C for 20 hours.  

 

3.3. Results and Discussion 

3.3.1. Synthesis, Characterization, and Activation of RE-CU-45  

Isostructural RE-CU-45 materials were synthesized using standard solvothermal conditions 

by reacting RE-metal nitrate precursors (See section 3.2.2.1) with H3BTC in DMF with 0.6 mL of 

TFA as a modulator, at temperatures of 120 ºC for approximately 5 days. Given that these MOFs 

are isostructural to CU-45, the PXRD patterns (Figure 3.2) of RE-CU-45 (RE = Tb (III) and Er 

(III)) resemble that of the previously reported Y derivative (Chapter 2).43 The PXRD pattern shown 

in Figure 3.2. confirms the bulk crystallinity, phase purity, and spn topology of these samples.  
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Figure 3.2. PXRD patterns of RE-CU-45 isostructures constructed with Tb (III) and Er(III) 

synthesized de novo and compared to experimental pattern of Y-based CU-45. 

In addition to RE-CU-45 derivatives, mixed-metal (RE/RE)-CU-45 materials were 

synthesized using standard solvothermal conditions by reacting RE-metals with varying molar 

ratios (See section 3.2.2.1) with H3BTC in TFA and DMF at 120 °C for three days. PXRD patterns 

for Tb:Eu-CU-45 (95:5) (Figure 3.3a) and Tb:Eu-CU-45 (75:25) (Figure 3.3b) confirm bulk 

crystallinity and desired spn topology, with prominent reflections at 4.4 (2θ) and two characteristic 

smaller reflections at 8.4 and 8.6 (2θ) respectively.   
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Figure 3.3. PXRD patterns of mixed-metal RE-CU-45. a) Tb:Eu-CU-45 (95% Tb(III), 5% Eu(III)); 

b) Tb:Eu-CU-45 (75% Tb(III), 25% Eu(III)). 

RE-CU-45 isostructures were activated at 100 °C under vacuum for 20 hours, and nitrogen 

sorption analysis for Tb-, Er-, Tb:Eu-CU-45 (95:5) and (75:25) reveals Type I isotherms (Figure 

3.4a and b) for all materials, giving rise to BET surface areas of 105, 305, 55, and 75 m2/g 

respectively. While the BET surfaces are lower than that found for CU-45, and much lower than 

the expected value of ~1500 m2/g for Zr6-MOF-808, the isotherm shape and pore size distribution 

analysis is consistent with that expected. Future work should involve exploring optimal activation 

procedures for these derivatives.  
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Figure 3.4. N2 adsorption-desorption isotherms for a) Tb- and Er-CU-45, and b) Tb:Eu-CU-45 

(95:5) and (75:25). PSD analysis of c) Tb- and Er-CU-45 and d) Tb:Eu-CU-45 (95:5) and (75:25). 

 

PSD analysis (Figure 3.4c and d) confirms the presence of pores with diameters of 15.2, 

15.9, 15.9, and 15.6 Å for Tb-CU-45, Er-CU-45, Tb:Eu-CU-45 (75:25), and Tb:Eu-CU-45 (95:5) 

respectively. The PXRD, BET, and PSD analysis for these RE-CU-45 are consistent with 

previously synthesized CU-45 and confirm spn topology. 

 The thermal stabilities of Tb-CU-45 (Figure 3.5a), Tb:Eu-CU-45 (75:25) and (95:5) (Figure 

3.5b) were measured following activation at 100 °C for 20 hours by thermogravimetric analysis 

(TGA). TGA measurements of Tb-CU-45, Tb:Eu-CU-45 (75:25), and Tb:Eu-CU-45 (95:5) were 

performed under air from 25 to 800 °C where distinct TGA curves are observed for each of the 

four RE-CU-45 materials, providing evidence that these RE-MOFs possess similar thermal 

stabilities with decomposition occurring around 550 °C.  
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Figure 3.5. TGA curves of a) Tb- and Er-CU-45 and b) Tb:Eu-CU-45 (95:5) and (75:25). TGA 

measurements were performed under air from 25 to 800 °C. 

 To understand the luminescent properties of these RE derivatives of CU-45, Tb-CU-45, 

Tb:Eu-CU-45 (95:5) and (75:25) were investigated using photoluminescence spectroscopy. Tb-

CU-45 exhibited bright green emission, with the solid-state emission spectrum displaying four 

characteristic Tb(III) emissions peaks at 485, 545, 585, and 625 nm, when excited at 365 nm at 

room temperature. Emission results from the disbandment of the 5D4 excited state to the 7FJ  ground 

state of the Tb(III) metal (J = 6, 5, 4, and 3), and  the emission spectrum exhibits a strong 

characteristic peak at 545 nm that is attributed to 5D4 → 7F5 transition.247–249   

 

 

 

 

 

a) b) 
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Figure 3.6. The solid-state emission spectrum of Tb-CU-45 excited at 365 nm.  

The assembly of multiple luminescent centers with varying emission properties in a single 

material is an attractive trait due to the ability to achieve dual emission for ratiometric sensing.250 

The solid-state emission spectra of MM-CU-45 materials, Tb:Eu-CU-45 (95:5) and (75:25) are 

shown in Figure 3.7. For both MM-CU-45 materials, bright red emission is observed, regardless of 

the quantity of Tb(III) metal. The solid-state luminescence spectrum of Tb:Eu-CU-45 (95:5) 

demonstrates four emissions peaks of varying intensity at 540, 583, 623, and 655 nm, when excited 

at 365 nm at room temperature. While this material contains predominantly Tb(III) ions, the intense 

peaks can be attributed to the deactivation of 5D0 excited state to the 7FJ  ground state of the Eu(III), 

which is due to the disbandment of 5D0 excited state to the 7FJ  ground state of the Tb(III) ion (J = 

0, 1, 2, 3, and 4).243,247  
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Figure 3.7. Solid-state emission spectra of MM-CU-45, Tb:Eu-CU-45 (95:5) and (75:25) excited 

at 365 nm at room temperature. 

 

The strongest peaks observed are attributed to the 5D0 → 7F1 (583 nm) and 5D0 → 7F2 (623 

nm), additionally, characteristic transitions of 5D4 → 7F5 and 5D4 → 7F4 for Tb(III) are found at 540 

and 585 nm respectively. On the other hand, increasing the Eu(III) concentration in Tb:Eu-CU-45 

(75:25) leads emission quenching of the peak observed at 540, characteristic for 5D4 → 7F5 

transition in the Tb(III) metal, while demonstrating reduced intensity for peaks at 585, 610, and 

630 nm.  
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3.3.2. Preliminary Investigation to RE6-cluster Stabilization  

 As previously reported in Chapter 2, CU-45, a Y6-based RE-MOF undergoes a structural 

transformation in response to numerous external stimuli. It is hypothesized that embedding small 

molecules capable of taking part in intermolecular interactions with the framework material, can 

serve to stabilize the structure and prevent the transformation from taking place.72,244,245 In order to 

establish a preliminary template-directed synthesis method, neodymium oxide (Nd2O3) was used 

as structure-directing agent.  

CU-45-Nd2O3 materials were synthesized using standard solvothermal conditions (See 

Section 3.2.2.2) by reacting varying amounts of Y(NO)3·6H2O with Nd2O3, and H3BTC, in DMF 

with 0.6 mL of TFA added as a modulator at 130 °C for three days. As these templated materials 

are expected to be isostructures of CU-45, the expected PXRD patterns (Figure 3.8) confirm bulk 

crystallinity, and phase purity with characteristic reflections at approximately 4.5, 8.5 and 8.7 (2θ) 

respectively. With the addition of varying mole percent of Nd2O3 as a structure-directing template, 

CU-45-Nd2O3 (Y = 90; Nd2O3 = 10) and (Y = 95; Nd2O3 = 5), the phase purity of CU-45 was 

significantly improved. 

 

Figure 3.8. PXRD patterns of CU-45-Nd2O3 (90:10) and (95:5), utilizing Nd2O3 as structure-

directing agent. 
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To measure the porosity and BET surface areas of these materials, CU-45-Nd2O3 (90:10) 

and (95:5) were activated under vacuum for 20 hours at 100 °C. The N2 sorption isotherms (Figure 

3.9a) reveal Type I behaviour with BET surface areas of 470 m2/g for CU-45-Nd2O3 (90:10) and 

585 m2/g for CU-45-Nd2O3 (95:5). PSD analysis (Figure 3.9b) confirms the presence of inner pore 

size of 15.5 and 15.9 Å for CU-45-Nd2O3 (90:10) and (95:5) respectively. The preliminary 

synthetic procedure of implementing 10 and 5% Nd2O3 into the CU-45 framework, and PXRD, 

BET, and PSD data, demonstrate potential for developing CU-45 materials with higher 

crystallinity, phase purity, and stability.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. a) N2 sorption isotherms for CU-45-Nd2O3 (95:5) and (90:10), b) PSD analysis of CU-

45-Nd2O3 (95:5) and (90:10). 
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3.4. Conclusions 

In conclusion, we report the synthesis of five novel derivatives of the rare-earth metal–

organic framework, CU-45. RE-CU-45 (RE = Y(III), Tb(III), Er(III), and Eu(III); CU = Concordia 

University) were assembled with hexanuclear metal or MM-clusters, RE6, and commercially 

available tritopic linkers, H3BTC to construct MOFs with desirable spn topology. Additionally, the 

incorporation of a structure-directing molecule, Nd2O3, to stabilize CU-45 was investigated.  

The structural properties of RE-CU-45 and CU-45-Nd2O3 were investigated with PXRD, 

TGA, N2 sorption, BET surface area, and PSD analysis. The characterization results for all these 

materials are consistent physical and structural characteristics of CU-45 with spn topology. 

Preliminary findings show that the incorporation of structure-directing molecule, Nd2O3 increases 

the crystallinity, stability, and phase purity of CU-45.  

Furthermore, initial investigation to the MM-CU-45 luminescent properties were explored 

through solid-state photoluminescence to investigate their capabilities as luminescent sensors. 

Findings for Tb:Eu-CU-45 (95:5) and (75:25) demonstrate strong and characteristic emissions, 

providing possibility to achieve luminescent materials.  
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Chapter 4 

 Conclusions and Future Work 
 

 

4.1. General Conclusions  

Constructing MOFs with lower-connectivity RE-clusters provides a plethora of synthetic 

challenges. However, we have established a reproducible, solvothermal procedure that utilizes a 

fluorinated modulator, commercially available tritopic carboxylic acid linker, and a 6-connected 

RE-metal cluster to assemble CU-45 (CU = Concordia University). CU-45 is comprised of 

hexanuclear Y6-cluster nodes, bridged by benzene-1,3,5-tricarboxylic acid, forming a framework 

that is isostructural to Zr6-based MOF-808 with spn topology. CU-45 was successfully 

synthesized, isolated, and activated, and characterized. Exposure of CU-45 to various external 

stimuli such as pH, solvent polarity, pressure, and elevated temperatures enables a crystalline-to-

crystalline phase transformation to give a chiral MOF comprised of Y-chain nodes, Y-MOF-76. 

Theoretical and experimental results demonstrate that Y-MOF-76 is the thermodynamic product, 

while CU-45 is the kinetic product. In chapter 2, we presented detailed characterization, including 

TGA/DSC, VT-PXRD, SS-13C NMR, and SS-CD, to understand the details of this unique achiral-

to-chiral, crystalline-to-crystalline phase transition. 

Using the Y(III) analogue of CU-45 as a blueprint, four novel RE-CU-45 isostructures, with 

Tb(III), Er(III) and mixed-metals Tb(III)/Eu(III) were successfully synthesized. A preliminary 

investigation of the structural and optical properties of these frameworks was carried out using 

PXRD, N2-sorption, TGA, and photoluminescence spectroscopy. This work provides insight into 

the development of RE-CU-45 derivatives with OMSs and luminescent properties to study as a 

platform for potential sensing applications.  

In an attempt to circumvent the transformation of RE-CU-45 to MOF-76, template-directed 

synthesis was investigated. CU-45 was successfully synthesized using Nd2O3 as a templating agent, 

and the material was characterized using PXRD and N2-sorption. By implementing 5 and 10% 

mole percent of Nd2O3 in the synthesis of CU-45, highly crystalline materials are assembled, with 

superior surface areas.  
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4.2. Future Work 

Future work should focus on constructing a library of RE-CU-45 materials, and 

optimization of reaction conditions. Further exploration of the solvothermal synthesis of CU-45, 

with and without templating agents, is required to achieve higher crystallinity and phase purity. 

While the current method (Chapters 2 and 3) is successful for producing RE-CU-45, it may be of 

interest to explore the synthetic conditions further by tuning metal (M), linker (L), modulator (X), 

and solvent ratios for further optimization. 

Furthermore, to harness porosity, OMSs, and luminescent properties of CU-45, a synthetic 

procedure that stabilizes the MOF and prevents the structural transformation to MOF-76 should be 

developed. This works can provide a foundation for the synthesis of RE-MOFs with spn topology 

and varying linker configurations (e.g. 1,3,5-benzenetricarboxylic acid (H3BTB), 1,3,5-tris(4'-

carboxy[1,1'-biphenyl]-4-yl)benzene (H3BBC), and 1,3,5-triscarboxyphenylethynylbenzene 

(H3BTE)) and/or RE-metal ions in the near future.  

While the initial success of constructing five novel RE-CU-45 materials is encouraging, 

further experimental analysis needs to be performed on the Tb(III), Er(III), and Tb(III)/Eu(III) 

derivatives. First, to provide robust evidence of the incorporation of the metals, inductively coupled 

plasma mass spectrometry (ICP-MS) must be performed. Second, scanning electron microscopy 

(SEM) should be performed to obtain information on the crystalline morphology and size. When 

coupled with energy dispersive X-ray spectroscopy (EDS), information on the metal 

dispersion/incorporation in RE-CU-45 can be obtained for comparison with ICP-MS results. 

Finally, all the derivatives of CU-45 (synthesized with and without templating agents) should be 

exposed to external stimuli to ascertain whether the material transforms into various derivatives of 

MOF-76. If stabilization of CU-45 derivatives is possible, then full characterization, investigation 

of luminescent properties, and potential sensing applications should be explored. 
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Appendix 2 

 
 

Single Crystal X-Ray Diffraction (scXRD) Analysis 

 

Table A.1. Crystal data and structure refinement for Y-MOF-76 

 

Empirical formula C9H3O7Y 

Formula weight 312.02 

Temperature/K 298(2) 

Crystal system tetragonal 

Space group P4322 

a/Å 10.2435(3) 

b/Å 10.2435(3) 

c/Å 14.4778(4) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1519.15(10) 

Z 4 

ρcalcg/cm3 1.364 

μ/mm-1 5.592 

F(000) 608.0 

Radiation CuKα (λ = 1.54178) 

2θ range for data collection/° 10.58 to 145.082 

Index ranges -12 ≤ h ≤ 12, -12 ≤ k ≤ 12, -17 ≤ l ≤ 17 

Reflections collected 22798 

Independent reflections 1509 [Rint = 0.1075, Rsigma = 0.0347] 

Data/restraints/parameters 1509/63/73 

Goodness-of-fit on F2 1.128 

Final R indexes [I>=2σ (I)] R1 = 0.0418, wR2 = 0.0967 

Final R indexes [all data] R1 = 0.0562, wR2 = 0.1086 

Largest diff. peak/hole / e Å-3 1.20/-0.71 

Flack parameter 0.22(6) 
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Rietveld Refinement Analysis of CU-45 

 

Table A.2. Crystallographic parameters of the CU-45 structure determined by Rietveld refinement. 

 CU-45 

Empirical Formula Y3(OH)4(BTC)(HCOO)2 

Molecular Weight
 622.89 

Crystal system cubic 

a / Å 36.431(2) 

b / Å 36.431(2) 

c / Å 36.431(2) 

α (°) 90 

β (°) 90 

γ (°) 90 

Volume / Å3 48351(7) 

Space group Fd3̅m 

ρc (g cm-3) 0.738(9) 

Radiation type CuKα (λ = 1.54178) 

Rwp 0.095 

Rp 0.067 

RBragg 0.033 

χ2 3.46 
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Figure A2.1. Rietveld refinement of CU-45. The calculated and experimental diffraction profiles 

are shown in red and blue, respectively. The difference curve is shown in grey. 

 

 

 

Figure A2.2. Isostructural MOFs, Zr6-based MOF-808 and Y6-based CU-45. 
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Figure A2.3. TGA curve of CU-45 measured from 25 to 800 °C under air. 

 

 

Figure A2.4. DRIFTS spectrum of CU-45 performed with KBr background. 
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Figure A2.5. N2 sorption isotherm and PSD analysis of CU-45. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.6. TGA curves of CU-45 (black), MOF-808 (red), and Y-MOF-76 (blue) measured 

from 25 to 800 °C under air. 

 

 

 

 



 82 

 

 

 

 

 

 

 

 

 

 

Figure A2.7. DSC curves of CU-45 (black), MOF-808 (red), and Y-MOF-76 (blue) measured from 

25 to 800 °C under air. 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.8. PXRD pattern of CU-45 residue and yttrium oxide. 
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Figure A2.9. SEM images of CU-45 synthesized de novo. 

 

 

 

Figure A2.10. SEM images of CU-45 after soaking in water for 24 hours. 
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Figure A2.11. SEM images of Y-MOF-76 synthesized de novo. 
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Figure A2.12. solid-state CD spectrum of KBr background. 

Figure A2.13. CD spectrum of R- and S-limonene performed in hexanes. 
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The calculated electronic energies of crystalline and gas-phase reagents were used to compute 

enthalpies for several possible transformations of CU-45 into MOF-76:  

 

Y6(OH)8(BTC)2(HCOO)4 + 4 BTC → 6 Y(BTC)(H2O)  + 4 HCOOH + 2H2O 

ΔH = 113.94 kJ mol-1 
 

  
Y6(OH)8(BTC)2(HCOO)4  → 2 Y(BTC)(H2O) + 2Y2O3 + 4 HCOOH 

ΔH = 49.61 kJ mol-1 
 

  
Y6(OH)8(BTC)2(HCOO)4 → 2 Y(BTC)(H2O) + 4/3 Y(HCOO)3 + 4/3 Y2O3 + 2 H2O 

ΔH = -240.78  kJ mol-1 
 

  
Y6(OH)8(BTC)2(HCOO)4 +2 H2O → 2 Y(BTC)(H2O) + 1/3 Y(HCOO)3 +  Y2O3 + 5/3 Y(OH)3 + 3 

HCOOH 

ΔH = -223.68 kJ mol-1 
 

 

It is evident from the calculated enthalpies that the reactions yielding yttrium formate and/or 

yttrium oxide as by-products are more thermodynamically favorable and thus more likely to occur 

experimentally. 
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Figure A2.14. 19F NMR of CU-45 triflouroacetic acid as capping ligand. 
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Figure A2.15. 13C SS-NMR spectrum of H3BTC linker.  
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Figure A2.16. 19F SS-NMR of Y(TFA)3 spinning at 16.5 kHz. 

Figure A2.17. 13C SS-NMR of Y(TFA)3 cross-polarized from 19F. 
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Figure A2.18. 13C SS-NMR of Y(HCOO)3. 

 

 

 

 

 

 

 

 

 

 

 

 


