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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 metalïorganic 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 MetalïOrganic 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.1ï5 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 metalïorganic 

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 metalï

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-,14ï16 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 ñstrutsò that bridge inorganic metal nodes, 

which acts as ñjointsò in the framework architecture.20  

 

Figure 1.1. Schematic representation of assembling a metalïorganic 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,21ï23 catalysis,24ï26 water 

treatment,27ï29 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 OôKeefe,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.49ï51 RE elements include yttrium, scandium, and the series 

of fifteen lanthanides. The term rare-earthò 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 MetalïOrganic 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.49ï51 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.55ï61 

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.65ï69 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.71ï73 

 

 

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]Ā6H2O.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 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, OôKeeffe, 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.71ï73 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-,61,76ï83 tri-,84ï90 tetra-,91ï97 hexa-,17,21,98ï105 hepta-,106,107 and nonanuclear21,108ï111 

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(ɛ6 O)(ɛ3 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(ɛ3 O)2(ɛ3 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(ɛ3 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 REfcu MOF, highlighting the hexanuclear RE(III) cluster node (RE = 

Y(III), and Tb(III)) and 3,3ǋ difluorobiphenyl 4,4ǋ 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 Tbsph 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 4,4ǋ,4ǌ (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 Tbsph MOFs have two pores, a larger truncated tetrahedral cage (6.5 ï 22 Å) and 

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

used to build the framework. Upon activation, the Tbsph MOFs showed BET surface areas 

ranging from 1020 ï 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,1ï3 

hydrothermal,7,116,117 electrochemical,118,119 sonochemical,120 mechanochemical,121ï123 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 
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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 ñgreenò, 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 C̄), 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. ñbleedingò) 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 mm) 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 ï 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 ï given by materials with macropores or those which are nonporous; (iii) 

Type III ï 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 ï 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 ï similar to type III, however, pore filling 

occurs at higher relative pressure; (vi) Type VI ï 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.146ï149 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 






















































































































