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The organic linker 1,2,4,5-benzenetetracarboxylic acid (BTC) has been widely 

used in the construction of lanthanide metal-organic frameworks (MOFs) due the high 

symmetry and versatile nature of its structure. Under identical hydrothermal reaction 

conditions, it was discovered that lanthanide BTC MOFs will form one of four unique 

structures based on its location in the series (La-Sm, Eu-Tb, Dy-Tm, Yb-Lu). This is 

uncommon in LOF materials, as in many cases the same compound can be produced for 

all of the lanthanides or two different structures may be observed for the first and second 

half of the series. Descriptions and comparisons of these structures as discussed herein, 

noticeably the decrease in coordination number and the lanthanide-oxygen bond lengths 

as the lanthanide atomic number increases. This thesis also attempts to use these 

compounds to catalyze a model mixed-aldol reaction. Two closely related BTC 

compounds from yttrium and uranium are also presented. The structure of the yttrium 

BTC MOFs was identical to that of the Eu, Gd and Tb compounds. 
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 THE FASCINATING WORLD OF THE LANTHANIDES

 

1.1 A Brief History 

 

The riveting history of the lanthanides (Ln) series (elements 57-71 on the periodic 

table) began in the eighteenth century by the discovery of two “rare-earth” compounds. In 

1787, Professor Johan Gadolin investigated a black mineral that was found in a quarry 

located in the village of Ytterby, Sweden. [1] An impure form of yttrium oxide, yttria, was 

separated from the mineral in 1794, which was later determined to contain the oxides of 

terbium, erbium, ytterbium, holmium, thulium, gadolinium, dysprosium, and lutetium.[2] 

The second rare-earth compound was actually discovered a few decades before yttria. In 

1751, Swedish chemist Axel Frederik Cronstedt came across a heavy stone in the Bastnäs 

mine of Sweden. After years of analysis, a small group of scientists were finally able to 

separate ceria, a cerium oxide from the stone in 1803.[3] Subsequently, cerium, 

lanthanum, praseodymium, neodymium, samarium, and europium were isolated from 

ceria throughout the rest of the nineteenth/early twentieth century.  During their 

discovery period, the lanthanides were (and are still) commonly referred to as the rare-

earths. However not to be confused by the term “rare”, they represent the largest naturally 

occurring group of elements in the periodic table.[4]  
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1.2  Lanthanide Chemistry 

 

1.2.1 Physical Properties of Lanthanides 

 

The lanthanides make up one of the two f-block series, where the 4f-orbital is 

filled progressively across the period. They tend to form trivalent cations (Ln3+), as this is 

the formal oxidation state in which lanthanides are usually the most stable.[5] Thus, the 

electronic configuration is generally agreed to be [Xe]4fn (n = 0-14). There are instances 

where some lanthanides are stable in the +2 or +4 oxidation states, as they can achieve 

empty, half-filled or fully-filled 4f shells.[6] Samarium, neodymium, promethium, 

europium, thulium, and ytterbium can form stable divalent ions. Cerium, praseodymium, 

dysprosium, and terbium are capable of forming stable tetravalent ions.  Another 

characteristic property of the lanthanide elements is a phenomenon called the lanthanide 

contraction (though a similar contraction occurs in the actinide series as well). As atomic 

number, Z, increases, relativistic effects become more important. As Z approaches that of 

the lanthanides, these effects create a significant orbital contraction.  Therefore, the 

metallic and ionic radii of the lanthanides decrease more than expected across the series 

from lanthanum to lutetium. This contraction continues into the fourth row of the 

transition metals and explains why the metals in row three and four tend to be very 

similar in size.  Even though the contraction is greater than expected, Ln(III) ions are all 

similar in size, varying about 15% from La to Lu.[7] 
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Table 1.1: Electronic Confguration, Oxidation States and Physical Data of the 
Lanthanides. [7]  

Z Symbol Electronic 
Configuration Ln  

Electronic 
Configuration 

Ln3+ 

Metallic 
Radius (Å) 

Possible 
Oxidation 

States 
57 La [Xe]4f05d16s2 [Xe] 4f0 1.877 +3 

58 Ce [Xe]4f25d06s2 [Xe] 4f1 1.824 +3, +4 

59 Pr [Xe]4f35d06s2 [Xe] 4f2 1.828 +3, +4 

60 Nd [Xe]4f45d06s2 [Xe] 4f3 1.822 +2, +3 

61 Pm [Xe]4f55d06s2 [Xe] 4f4 1.810 +2, +3 

62 Sm [Xe]4f65d06s2 [Xe] 4f5 1.802 +2, +3 

63 Eu [Xe]4f75d06s2 [Xe] 4f6 2.042 +2, +3 

64 Gd [Xe]4f75d16s2 [Xe] 4f7 1.802 +3 

65 Tb [Xe]4f95d06s2 [Xe] 4f8 1.782 +3, +4 

66 Dy [Xe]4f105d06s2 [Xe] 4f19 1.773 +3, +4 

67 Ho [Xe]4f115d06s2 [Xe] 4f10 1.766 +3 

68 Er [Xe]4f125d06s2 [Xe] 4f11 1.757 +3 

69 Tm [Xe]4f135d06s2 [Xe] 4f12 1.746 +2, +3 

70 Yb [Xe]4f145d06s2 [Xe] 4f13 1.940 +2, +3 

71 Lu [Xe]4f145d16s2 [Xe] 4f14 1.734 +3 

 

1.2.2 Lanthanide Coordination Chemistry 

 

The limited radial extension of the 4f valence orbitals allows ligands to approach 

the metal center in a variety of orientations. This is due to the fact that the 4f orbitals are 

highly shielded from the ligand environment by filled 5s and 5p orbitals, which extend 
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beyond the 4f orbitals. As a consequence of this shielding effect, the 4f orbitals have 

minimal interactions with ligand-based orbitals, resulting in bonding that is largely ionic 

in character.[8] This often results in the formation of complexes with distorted 

coordination geometries that are dictated primarily by steric considerations (the ligands 

surround the metal center in a way that minimizes intraligand repulsion) rather than 

directional bonding. Trivalent lanthanide ions can form complexes with coordination 

numbers (CN) ranging from 6 to as high as 12, though 8-9 are most common. The 

coordination number is essentially determined by ligand sterics. In general, the bulkier 

the ligand, the lower the coordination number tends to be.[9] 

According to Pearson’s hard/soft acid/base (HSAB) theory, trivalent lanthanide 

ions behave as hard Lewis acids due to their high positive charge and low polarizability. 

Therefore, they prefer to form complexes with ligands that behave as hard Lewis bases, 

such as those containing oxygen or nitrogen donor groups.[10] In addition, multidentate 

ligands are often used in lanthanide coordination chemistry.[11-15] Such ligands provide an 

overall entropic energy gain to the system, as well as assist in fulfilling the high 

coordination demands of the lanthanides. 

 

1.3 Metal-Organic Frameworks and Coordination Polymers 

 

Within the past few decades, microporous, network materials have sparked the 

interest of scientists around the world thanks to a relatively new class of compounds: 

coordination polymers and metal-organic frameworks. Coordination polymers (CPs) are 

solid-state materials constructed of metal clusters linked together by organic moieties 

(linkers), extending in 1-, 2-, or 3-dimensions. Metal-organic frameworks (MOFs) are 
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CPs with an open framework containing potential voids.[16] The structures of MOFs are 

influenced by a number of factors related to synthetic parameters including changes in 

pH, temperature, choice of solvent, metal ion, and organic linker.  

                           

Figure 1.1: General MOF Example. [17] The MOF-5 structure is shown as 

ZnO4 tetrahedra (blue) joined by benzenedicarboxylate linkers (O, red and C, black) to 

give an extended 3D cubic framework with interconnected pores (the yellow sphere 

represents the largest volume that can occupy the pores without coming within the van 

der Waals radius of the framework).  

1.3.1 Lanthanide-based Metal-Organic Frameworks 

 

As mentioned previously, lanthanides prefer to coordinate to hard donor groups. 

Therefore, lanthanide metal-organic frameworks (LOFs) usually consist of coordination 

bonds between the lanthanide metal center and ligands with electronegative donor 

groups, largely carboxylates.[18-21] The porosity of these materials can be tuned by ligand 

design and selection, type of metal, and network connectivity. The metal center and its 

first coordination sphere constitute the primary building units (PBU) of these materials. 
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The PBU then arranges into larger, unique polymeric subunits (such as dimers, chains or 

slabs) that are repeated throughout the entire framework, known as the secondary 

building unit (SBU).  

                   

Figure 1.2: Examples of Secondary building units present in MOFs and CPs.[22] The 

polyhedra shown here are representative of monomers, dimers, chains and slabs. 

 

Lanthanide–carboxylates form a wide variety of clusters and binding motifs (M-

O-C) which may serve as secondary building units in MOF synthesis and design. The d-

orbitals in transition metals are more available for bonding as opposed to the f orbitals in 

the lanthanides. In addition, most of the first and second row transition metals utilized in 

MOFs are smaller in size compared to the lanthanide series, leading to lower coordination 

numbers with geometries commonly seen with transition metal complexes such a 

tetrahedral, octahedral, square planar, etc.[23-25] Synthesizing LN-CPs or MOFs, on the 

other hand, can be a challenge due to the unpredictability of resulting speciation behavior 

and subsequent final structure of the LN-based SBU. Thus, most porous lanthanide 

containing materials have a vast range of structural diversity. 

Organic linker molecules with carboxylate functional groups are most common 

with lanthanide MOF materials. Aliphatic carboxylate linkers tend to produce MOF 
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structures that are dense and have low porosity, while aromatic (predominately benzene-

carboxylate and the related) linkers may result in more robust and porous MOF 

topologies.[26, 27] Many aromatic carboxylate linkers are capable of sensitizing lanthanide 

emission as will be discussed in the following chapter.[28] Examples of typical Ln-O-C 

coordination geometries is shown in Scheme 1.1.[27]  

 

                                 

Scheme 1.1: A few common linking motifs observed in Ln-CPs.
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 APPLICATIONS OF LANTHANIDE MOFS AND CPS 

 

2.1  Overview of Applications    

Metal-organic frameworks and coordination polymers have numerous potential 

applications in scientific research and industrial settings. One of the most sought out 

features of MOFs is their microporosity. Although there is no method to predictively 

measure the structural topology of MOFs, it is well known that many of these materials 

have large surface areas and high porosities that can be tuned by careful selection of the 

metal and organic linker. This allows for unique host-guest chemistry, playing an 

important role for possible applications such as gas storage/sorption,[29] chemical 

sensing,[30] and drug delivery.[31] In LOFs, their unique chemical, magnetic and optical 

properties can be coupled with porosity features to produce novel materials. 

The distinct magnetic properties are characteristic of lanthanide containing 

materials. Since the 4f electrons lie far inside the 5s and 5p orbitals, the 4f orbital is 

normally unaffected by surrounding ligands. Therefore ligand field effects are minimal 

and the observed magnetism is essentially independent of the environment. Lanthanides 

in general contain high spin numbers of the ground state, high spin-orbit coupling, and 

the strong anisotropies of the 4f orbitals produce large magnetic moments.[32] 

Paramagnetic Ln3+ ions are used as shift reagents in NMR spectroscopy.[33] The magnetic 

properties of LOFs also afford them use as single molecule magnets and MRI contrast 

agents.[34, 35] 



22 

In addition, lanthanide MOFs and CPs also exhibit remarkable optical properties. 

Luminescence in lanthanides arise from Laporte forbidden 4f-4f transitions which are 

initiated upon excitation of a donor ligand wherein an energy transfer between the 

respective ligand, or "antenna", and the metal ion takes place.  This "antenna effect" can 

result in higher quantum yields and/or longer lifetimes.[36] Similar to porosity, the optical 

properties of luminescent LOFs can be modified (enhanced or diminished) by choice of 

the metal centers and the organic linker. Molecular sensing,[30] bioimaging,[37] fluorescent 

pH sensing,[38] and display technologies[39] have taken full advantage of the impressive 

luminescence properties of these lanthanide containing materials.  

 

2.2  Catalysis 

 

The large surface areas and extremely flexible coordination behavior of 

lanthanide metal ions can create coordinatively unsaturated metal sites, which can be 

used in the development of LOFs as heterogeous catalysts.  

Catalytic reactions can be observed quite often in everyday life, from catalytic 

converters in automobiles to enzymatic activity in the body.[40] Lanthanide containing 

complexes have been long established as Lewis acid catalysts in organic synthesis. The 

catalytic performance of lanthanides is based on their high surface areas and flexible 

coordination spheres, which can be manipulated to produce coordinatively unsaturated 

metal centers.[28] When bound to a Lewis base heteroatom, the Lewis acid lanthanide 

center withdraws electron density that can promote either heterolytic bond cleavage or 

direct activation toward nucleophilic attack. The high degree of lability of the Ln-ligand 

bond allows for a rapid turnover rate in catalytic reactions.[9] Lanthanide triflates can 
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serve as conventional substitutes for aluminum chloride and ferric chloride, commonly 

exploited in carbon-carbon bond forming reactions such as Friedel-Crafts 

acylations/alkylations,[41] Diels-Alder reactions,[42] Michael’s addition,[43] and aldol 

condensations.[44] Solvated lanthanide ions themselves are also useful catalysts in 

amine/nitrile reactions as well as in biological systems.[45] Trivalent Tm, Yb, and Lu are 

catalytically active for RNA scission with the ability to cleave dinucleotides in less than 

30 minutes.[46] 

 

2.2.1 Catalytic Porous Lanthanide-based Materials 

 

Supramolecular, porous materials such as CPs and MOFs provide a versatile 

platform in the development of heterogenous catalysts, especially for reactions that occur 

in the liquid-phase. As mentioned above, metal-organic frameworks have many unique 

features that make them ideal candidates for catalytic reactions. The relatively large and 

tunable micoporosity of MOFs set them apart from other traditional catalytic materials. 

These periodic, cagelike cavities establish a controllable, post-modifiable environment 

for host-guest interactions and uniform catalytically active sites. It is possible to tailor the 

pore size/shape as well as alter the surface functionality by appropriate selection of metal 

ion and linker. Another important attribute of MOFs that allows for prospective catalytic 

activity is their high framework stability across a variety of different solvents, which can 

lead to recyclability of the catalyst and post-reaction separation.  

Many reactions have the ability to be catalyzed by LOFs such as cyanosilylation 

reactions,[47] the oxidation of sulfides,[48] and the reduction of aromatics.[49] D’Vries et al. 

developed a mild, efficient, reusuable, solvent-free catalyst for the cyanosilylation of  
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various aliphatic and aromatic aldehydes with trimethyl cyanide. This two-dimensional 

LOF consists of an Ln center (Ln= La, Nd, Pr) and a sulfonate linker synthesized under 

solvothermal reaction conditions. The Nd LOF produced the cyanohydrin trimethylsilyl 

ether products in a racemic mixture with a yield up to 95% (the highest of the three 

lanthanides used). After filtration and washing, the MOF could be recycled and reused up 

to four times with very minor loss of catalytic performance.  

 Lanthanide MOFs with 4-4’-(hexafluoroisopropylidene)bis(benzoic acid) are 

capable heterogenous redox catalysts in the oxidation of sulfides. They assist H2O2 in the 

oxidation of methyl phenyl sulfide to sulfoxide of sulfone. The LOFs made of the heavier 

lanthanides in the series generally show a higher substrate conversion while using lighter 

lanthanides MOFs as catalysts result in lower conversion, but higher selectivity. This may 

be because the lighter lanthanides typically have a higher charge density and a lesser 

ability to manipulate the coordination sphere, resulting in a faster reaction. The turnover 

frequency was reported as independent of the lanthanide identity. 

 MOFs produced by the hydrothermal synthesis of mixed sulfate/succinate/Ln (Ln 

= La, Pr, Nd, Sm) starting materials have shown optimal chemoselectivity towards the 

reduction of nitroaromatics due to the presence of acid and redox sites in lanthanide 

sulfonates. The reaction took place in a sealed autoclave that was heated to a desired 

temperature while a mixture of toluene, the nitroaromatic compound and Ln catalyst was 

stirred under a H2 atmosphere. After the reaction was complete, product was obtained 

with near complete conversion of substrate. This catalyst has also been shown to be 

effective in a one-pot reductive amination of carbonyl compounds. There also exists 
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numerous other applications of lanthanide MOFs as catalytic material in the epoxidation 

of olefins18 and various asymmetric, chiral transformations.[50, 51]
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  EXPERIMENTAL METHODS

3.1 Hydrothermal Synthesis 

Numerous methods exist for the synthesis of MOF materials including 

microwave-assisted,[52] sonochemical,[53] ionothermal,[54] sol-gel,[55] and microfluidic 

syntheses.[56] Solvothermal/hydrothermal synthesis, however, is by far the most common 

and perhaps most conventional method used for MOF synthesis.  

Hydrothermal synthesis is a technique where substances are crystallized in a 

sealed vessel from high temperature aqueous solutions under autogenous pressure. The 

reaction vessel is generally made up of a steel pressure cylinder (autoclave or 

mineralization bomb) with a carbon-free insert (iron, gold, silver, quartz, Teflon, etc.) 

that has the ability to withstand high temperatures and pressures for prolonged periods of 

time. Hydrothermal crystallization takes place in two stages. In the first stage, 

temperature and pressure promote dissolution of the precursors to allow for solution 

based reactivity. In the second stage, the crystallization stage, nucleation and particle 

growth occur.[57] Solvothermal synthesis is similar, except an organic solvent is used in 

lieu of water. 

The advantage of hydrothermal synthesis over other traditional crystal growth 

techniques is that reactions takes place in solution, thus lower temperatures are required 

compared to conventional solid-state reactions. This can lead to kinetic control of the 
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product, producing metastable phases. The hydrothermal method tends to promote the 

growth of single crystals moreso than other MOF synthetic methods.[58]  

 

3.2  Characterization 

 

There exist numerous methods for the characterization of metal-organic 

frameworks. For instance, solid-state nuclear magnetic resonance (NMR) spectroscopy 

has evolved into an important tool for studying the structure and host-guest interactions 

of absorbed species within porous materials. Fluorescence spectroscopy is widely used in 

order to obtain information about the luminescence abilities of framework compounds. 

Perhaps the most traditional and preferred methods for MOF characterization, especially 

structural determination, are X-ray related techniques such as single crystal X-ray 

diffraction and powder X-ray diffraction. Thermogravimetric analysis was also utilized in 

order to obtain data regarding the thermal stability of the MOF materials in this thesis. 

 

3.2.1 Single Crystal X-ray Diffraction 

 

X-rays (a form of electromagnetic radiation) can be produced in an X-ray tube, or 

a high voltage vacuum tube, where a metal target is hit and interacts with electrons that 

are accelerated at high speeds. There are two different atomic processes for X-ray 

generation: Bremsstrahlung and K-shell emission. Bremsstrahlung, a German term 

meaning “braking rays” is a very common method for producing x-rays, especially for 

medical and industrial purposes. In this process, electromagnetic radiation is produced 
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when an electron traveling at a high speed is slowed or stopped completely by the forces 

of any atom it encounters. In K-shell emission, also known as characteristic radiation, an 

electron of higher energy jumps down to replace a vacancy in the K-shell (innermost 

shell in the Bohr model representation comprising of the lowest energy state), during 

which an X-ray photon is emitted. This method for X-ray generation is observed in most 

diffraction techniques.    

X-ray crystallography has been proven to be a useful tool in identifying the spatial 

distribution of atoms and determining the molecular structure for molecules of all shapes 

and sizes. Single-crystal X-ray diffraction (SCXRD) is one of the oldest and perhaps 

most precise methods in identifying the structural components of crystalline substances, 

such as unit cell-dimensions, bond lengths/angles, and site ordering. The first step in the 

analysis requires an adequately large, pure single crystal to be isolated from a sample. 

The crystal is then carefully mounted atop a glass fiber or polymer loop and rotated as it 

is hit with an intense beam of monochromatic X-rays of a single wavelength. These X-

rays are either reflected, passed through the crystal, or diffracted. A detector then collects 

only the diffracted X-rays that satisfies Bragg’s Law, which is analyzed to determine unit 

cells parameters and other structural characteristics. 

 

3.2.2  Powder X-ray Diffraction 

 

Powder X-ray diffraction (PXRD), an extremely versatile analytical technique 

customarily used for phase identification of crystalline materials, was extensively relied 

upon in the research presented in this thesis. In addition, PXRD can also help determine 
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degree of crystallinity, unit cell lattice parameters, phase purity, and phase transitions of 

the analyzed sample. A typical PXRD experiment requires ~ 15 mg or less of a finely 

ground (powder) sample which is loaded into a vibrating sample holder. The sample 

holder is then inserted into the sample chamber of the instrument where X-rays are 

passed through the sample, producing a diffraction pattern. Powder XRD offers several 

advantages over other structural characterization techniques such as low cost, minimal 

sample preparation, the ability to identify the full phase of major, minor, and trace 

components, and only a small amount of sample is required for analysis. Limitations of 

PXRD include the inability to determine what elements a sample may contain if there is 

no knowledge of what the sample actually is. This technique is applicable in many 

different fields from pharmaceuticals, agriculture, mineralogy, forensic science, and 

agriculture.  

 

3.2.3 Thermogravimetric Analysis 

 

Thermogravimetric analysis (TGA) is a simple analytical technique in which the 

mass change of a substance is monitored as a function of temperature and time. This 

methods allows for the determination of composition, thermal stability, moisture content, 

phase transitions and purity of the material being analyzed. The weight change can occur 

as mass loss due to kinetic processes such as decomposition, evaporation, reduction, 

desorption, and dehydration. A change in mass can also occur due to weight gain 

processes such as oxidation and absorption. A typical TGA procedure works by placing a 

tiny amount of sample (no more than 15 mg is usually required) on a very sensitive and 
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precise microbalance. The sample is then heated (or in some cases cooled) in a furnace 

programmed for a linear temperature change over a desired period of time. An inert or 

interactive purge gas (N2, He, Ar, O2, H2) is often utilized to create a uniform 

environment while the sample is heated or cooled.  Numerous types of substances can be 

analyzed by TGA such as metals, ceramics, glass, plastics and other kinds of composite 

materials. Thermogravimetric analysis is used extensively in polymer chemistry as well 

as the pharmaceutical, energy, fossil fuel and biomedical industries.
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  LANTHANIDE BTC MOFS

 

4.1 Introduction 

 

Figure 4.1: 1,2,4,5–benzenetetracarboxylic acid. 

 

The organic linker 1,2,4,5–benzenetetracarboxylic acid (BTC) has been shown to 

be a promising linker in constructing lanthanide CPs based on hard/soft acid/based 

consideration as described in Chapter 1, and due to the versatile nature of its structure.  

Multicarboxylate linkers such as BTC and other related compounds are ideal bridging 

linkers for the construction of lanthanide–organic network materials since they form 

strong and unique interactions with the metal centers. The carboxylic acid groups present 

on the benzene ring of BTC have the ability to deprotonate partially or completely, thus 

acting as hydrogen-bond donors or acceptors, which have been shown to result in 

structures with diverse coordination modes and higher dimensions. BTC is also very 

symmetrical, which may promote crystal formation of the synthesized product.[59] Based 

on its location in the series, lanthanide BTC MOFs (without Pm) will form one of four 

structures under identical reaction conditions. This is uncommon in LOF materials. In 
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most instances, the same compound can be made across the entire series. In other cases, 

Ln ions to the left of Gd will form a different compound then Ln ions to the right of Gd, 

while Gd itself will form one of the two compounds. 

 

4.2 Experimental Section 

 

4.2.1 Hydrothermal Synthesis of Compounds 1-4 

 

Compounds 1-4 were prepared hydrothermally from a 1:1 mixture of 1,2,4,5 BTC 

(50 mg, 0.20 mmol) and lanthanide salt (nitrate/ chloride) in 5 mL of deionized water. 

The mixture was heated in a Teflon-lined stainless steel autoclave at 150 °C for three 

days. After the mixture was cooled to room temperature, the solid product was isolated 

from the mixture and rinsed three times with alternating washes of ethanol and deionized 

water. The crystallized product was dried in air at room temperature. 

 

4.2.2 Thermogravimetric Analysis 

 

The thermal stability of the synthesized LOFs was examined using a Mettler 

Toledo TGA/DSC 1 STARe System under a nitrogen atmosphere. Samples were loaded 

into an alumina pan and heated from room temperature to 600 °C at a heating rate of 5 

°C/minute. 

 



33 

4.2.3 Powder X-ray Diffraction 

 

Powder X-ray analyses were performed on a BTX II Benchtop X-ray 

Diffraction/X-ray Fluorescence instrument, utilizing a cobalt X-ray source. Diffraction 

data were collected from 5-55° 2Ɵ. The composition of compounds were analyzed by 

comparison of the recorded patterns to structures calculated from experimentally derived 

crystallographic information files (CIFs) in a large structural library known as the 

Cambridge Structural Database (CSD) provided by the Cambridge Crystallographic Data 

Centre (CCDC). 
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Scheme 4.1: BTC Binding Motifs to Ln Atoms as Observed in the Compounds Presented. 
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a                                                                b 

 

c                                                                   d    

 

e 

 

 

 

 

Scheme 4.2: Lanthanide Coordination Environments. Lanthanide coordination 

environment of Compound 1 (a), Compound 2 (b), Compound 3 (c and d), and Compound 

4 (e).  
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4.3 Lanthanide BTC MOF Structural Descriptions 

 

4.3.1 Compound 1 (La, Ce, Pr, Nd, Sm) 

 

a.                b.  

Figure 4.2: Compound 1. [Ln(BTC)]n. Ln = La, Ce, Pr, Nd, Sm a. MOF crystal structure 

b. SBU as one-dimensional chains.  

 

Compound 1 represents a 3-D framework which crystallizes in the triclinic space 

P-1.[60] Each lanthanide ion has nine coordinated oxygen atoms from six BTC ligands and 

three oxygen atoms from coordinated water molecules. The Ln-O bond lengths range 

from 2.432 Å to 2.943 Å. There are six lanthanide atoms coordinated to each BTC 

molecule. One carboxylic group is protonated while the other three are deprotonated. The 

protonated carboxylic group coordinates one Ln atom via the carbonyl oxygen. The 

carboxylate group at the meta position to the protonated carboxylic group chelates one Ln 
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atom. The remaining two carboxylate groups adopt a chelating-bridge mode linking two 

Ln atoms (Scheme 4.1a). Furthermore, the structure is comprised of two adjacent two- 

dimensional layers connected by bridging carboxylate groups, where the space between 

them is 3.712 Å. The secondary building unit consists of one-dimensional chains. 

Thermal analysis shows one significant weight loss at 373 °C resulting from the 

decomposition of the framework to Ln oxides. 

Figure 4.3: TGA of Compound 1. 
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4.3.2 Compound 2 (Eu, Gd, Tb) 

a.     b.  

Figure 4.4: Compound 2. [{Ln2(H2BTC)(BTC)(H2O)2}•4H2O]n. Ln = Eu, Gd, Tb a. 

MOF crystal structure. b. SBU as one-dimensional chains.  

 

In Compound 2, the lanthanide center is also nine coordinate where the space 

group is monoclinc P21/n.[59] The BTC linker adopts two coordination modes. In the first 

mode, one set of para carboxylate groups are protonated and the other set are 

deprotonated. The deprotonated carbonyl coordinates one lanthanide atom per oxygen 

atom for a total of four lanthanide centers (Scheme 4.1c). In the second mode, each pair 

of ortho carboxylate groups adopt a chelating bridge mode with three lanthanide atoms 

(Scheme 4.1b). Four water molecules occupy the channels within the structure. Each 

lanthanide center is coordinated by six oxygen atoms of Scheme 4.1b, two oxygen atoms 

of Scheme 4.1c and one oxygen atom from a water molecule. The lanthanide-oxygen 

bond distances range from 2.330 Å to 2.2573 Å. The secondary building unit consist of 
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zero-dimensional chains which are linked together by BTC molecules resembling 1,4-

benzenedicarboxylate forming a three-dimensional open framework in which the 

channels ( 12.050 Å X 11.196 Å) are occupied by interstitial water molecules. A thermal 

analysis of 2 reveals four significant weight losses. The two mass losses at 73 °C and 206 

°C corresponds to the loss of one uncoordinated water molecule. The weight loss at 420 

°C represents the loss of a coordinated water molecule and the framework decomposes at 

499 °C. 

 

 

Figure 4.5: TGA of Compound 2. 
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4.3.3 Compound 3 (Dy, Ho, Er, Tm) 

a.  b.  

Figure 4.6: Compound 3. [{Ln4(BTC)3(H2O)8}•8H2O]n. Ln = Dy, Ho, Er, Tm. a. MOF 

crystal structure b. tetrameric SBU 

 

Compound 3 crystallizes in the triclinic space group, P-1 and forms a tetranuclear, 

three-dimensional network.[59] There are three different coordination modes the BTC 

linker adopts. In one mode, a pair of para carboxylate groups coordinate one Ln per 

oxygen atom. The other pair of para carboxylate groups coordinate only one Ln atom per 

carboxylate group (Scheme 4.1d). The second BTC coordination mode consists of a pair 

of para carboxylate groups that coordinate one Ln atom per oxygen, while the other pair 

chelate one lanthanide atom per carboxylate group (Scheme 4.1e). In the final mode of 

BTC coordination, each pair of ortho carboxylate groups adopt a chelating bridge mode 
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with three lanthanide atoms (Scheme 4.1b). The lanthanide centers contain two different 

coordination environments of 9 and 8 coordinate oxygen atoms. The nine coordinate 

environment consists of one oxygen atoms of Scheme 4.1d, two oxygen atoms of Scheme 

4.1e, four oxygen atoms of Scheme 4.1b and one oxygen atom from two separate water 

molecules. In this environment, the Ln-O bong lengths range from 2.297 Å to 2.462 Å. 

The eight coordinate lanthanide environment is composed of two oxygen atoms of 

Scheme 4.1d, two of Scheme 4.1e, two of Scheme 4.1b and one oxygen atom from two 

separate coordinated water molecules. Tetrameric units make up the secondary building 

unit of the overall three-dimensional framework which contains open channels with 

dimensions of 9.140 Å X 7.094 Å. Uncoordinated water molecules occupy these 

channels. The TGA reveals the loss of one uncoordinated water molecule at 68 °C, loss 

of three uncoordinated and one coordinated water molecule at 145 °C and the loss of one 

coordinated water molecule at 279 °C. A final weight loss is observed at 500 °C 

corresponding to the decomposition of the overall framework.  
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Figure 4.7: TGA of Compound 3. 

 

4.3.4 Compound 4 (Yb, Lu) 

a.             b.  

Figure 4.8: Compound 4. [{Ln4(BTC)3(H2O)8}•24H2O}]n. Ln = Yb, Lu. a. MOF crystal 

structure. b. monomeric SBU. 

 

Compound 4 is a three-dimensional polymer, crystallizing in the monoclinic 

space group C2/m with large pores and two types of channels that contain guest water 
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molecules.[59] One channel accommodates four water molecules with a dimension of 15.2 

Å X 5.6 Å. The other channel contains only one water molecule with a dimension of 8.47 

Å X 3.4 Å. The BTC compound adopts two coordination modes where all the carboxylic 

groups are deprotonated. In the first coordination mode, each carboxylate group chelates 

in a bidentate fashion to one Ln atom (Scheme 4.1f). In the other mode, one pair of meta 

carboxylate groups adopt a bidentate chelating bridge with one lanthanide ion and the 

other pair of meta carboxylate groups coordinate one lanthanide atom per oxygen atom 

(Scheme 4.1g). Each lanthanide center is coordinated by eight oxygen atoms where the 

Ln-O bond lengths range from 2.217 Å to 2.420 Å. Four oxygen atoms are from two 

chelating carboxylate groups of Scheme 4.1f and Scheme 4.1g each, two oxygen atoms of 

monodentate coordinating oxygen atoms of different BTC linkers of Scheme 2g and 

oxygen atoms from two coordinated water molecules. The secondary building unit is 

comprised of zero-dimensional monomers. The TGA for 4 again shows four significant 

weight losses. The losses at 66 °C and 152 °C correspond to the loss of four and two 

uncoordinated water molecules, respectively. A weight loss at 224 °C represents the loss 

of two coordinated water molecules and the framework decomposes to Ln oxides at 511 

°C. 
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Figure 4.9: TGA of Compound 4. 

 

4.4 Structural Analysis 

 

The effects of lanthanide contraction are clearly observed as there are a few 

noticeable differences between the four lanthanide-BTC structures synthesized in this 

thesis. One difference being the decrease in both coordination number and the lanthanide-

oxygen bond lengths as the lanthanide atomic number increases. Compounds 1 and 2 are 

nine coordinate, Compound 3 contains nine and eight coordinated lanthanide 

environments and Compound 4 is eight coordinate. These trends can be attributed to a 

reduction in ionic size across the lanthanide series. As the ionic radii decrease, fewer 

atoms can occupy the coordination sphere of the lanthanide ion. The smaller lanthanides 

(Compounds 2, 3 and 4) exhibited a greater degree of hydration within the pores of the 

framework, as well as a higher number of coordinated water molecules to the lanthanide 

metal center. A decrease in the size of the lanthanide renders BTC binding less 
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competitive with water due to the bulkiness of the BTC linker amongst the carboxylate 

groups. This also explains the decrease in carboxylate group denticity of the heavier 

lanthanides.  

Table 4.1: Comparisons of Compound 1-4. 

Compound Coordination 
Number 

Number of 
Coordinated 

Water 
Molecules 

Carboxylate 
Group 

Lanthanide - 
Oxygen 
Bond 

Distances 
(Å) 

Aqua 
Lanthanide - 

Oxygen 
Bond 

Distances 
(Å) 

SBU 

1 9 0 
2.432 - 

2.943 - chains 

2 9 1 
2.330 - 

2.573 2.370 chains 

3 9/8 2 
2.223 – 

2.488 

2.391 – 
2.462 (9 

coordinate 
Ln center) 

2.295 – 
2.395 (8 

coordinate 
Ln center) 

tetramers 

4 8 2 
2.218 – 

2.420 
2.317 – 
2.339  

monomers 
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4.5 Catalysis 

 

 

Scheme 4.3: Mixed-Aldol Condensation.  

 

It is known that metal-organic frameworks are active catalysts in various organic 

transformations. The BTC MOFs in this thesis were explored for their capabilities to 

catalyze a mixed aldol condensation reaction (also known as the Claisen-Schmidt 

condensation). This particular reaction was selected due to the presence of chiral carbon 

centers and the production of a variety of possible products, which may serve as a 

platform to study the structure-activity relationships of LOFs synthesized within the 

group. 

 Aldol condensations are traditionally carried out in the presence of acidic or basic 

catalysts, such as sulfuric acid or more commonly, sodium hydroxide. However waste 

water production has created environmental concerns with the use of such catalysts. 

Since some Ln salts are capable of promoting aldol transformations and Ln MOFs can be 

utilized as heterogenous catalysts where they can be easily recovered/recycled, the ability 



47 

of the BTC LOFs to serve as heterogenous catalysts in a mixed-aldol reaction was 

assessed.  

In the reaction of benzaldehyde and 2-butanone, benzaldehyde acts as the 

electrophile as it can only function as an electron density acceptor due to the lack of alpha 

hydrogen atoms. Thus, the carbonyl in benzaldehyde will undergo nucleophilic attack by 

the enol formed from 2-butanone, followed by protonation to produce two β-hydroxyl 

carbonyls: an internal and terminal ketol. These products often undergo subsequent E2 

elimination to produce α,β-unsaturated carbonyls with both E and Z isomers and water.  

Numerous reaction conditions were attempted in order to achieve the expected 

product(s). A 1:1 mixture of benzaldehyde and 2-butanone were stirred for 24 hours at 

both room temperature and a 0 °C ice bath with either 1% or 5% BTC MOF catalyst 

(Compounds 1 and 3; Ln = Nd and Er) with and without a nitrogen atmosphere. The 

MOF catalyst was separated by centrifugation. Afterward the solvent was removed under 

reduced pressure leaving a clear, liquid product. The reaction at room temperature with 

5% catalyst under a nitrogen atmosphere appeared to be the most successful in 

transformations of the starting materials. NMR and ESI MS analysis revealed some 

conversion of starting materials, however it was not possible to elucidate the final 

product(s). This reaction and its mechanism are being currently explored in greater detail 

by other members of the group.
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  OTHER CLOSELY RELATED BTC COMPOUNDS

 

5.1 Rare-Earth BTC MOFs 

 

BTC syntheses were also conducted with yttrium and uranium. These metals were 

chosen due to commonalities with the lanthanides as both elements are commonly 

classified as rare-earths. Many of the lanthanides were isolated from impure yttrium 

oxide during their discovery, therefore it is not unusual that yttrium share many similar 

physical and chemical properties as the lanthanides. Comparable to the lanthanides, the 

actinides are also f-block elements. Uranium and thorium are perhaps the only relatively 

stable actinides in the series. However, thorium was unavailable for use in this study. 

 

5.2 Experimental Section 

 

5.2.1 Synthesis of Compound 5 

 

Coumpound 5 was prepared hydrothermally from a 1:1 mixture of 1,2,4,5-BTC 

(50 mg, 0.20 mmol) and yttrium salt (nitrate or chloride) in 5 mL of deionized water. The 

mixture was heated in a Teflon-lined stainless steel autoclave at 150 °C for three days. 

After the mixture was cooled to room temperature, the solid product was isolated from 
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the mixture and rinsed three times with alternating washes of ethanol and deionized 

water. The crystallized product was dried in air at room temperature. 

 

5.2.2 Synthesis of Compound 6 

 

Coumpound 6 was synthesized hydrothermally from a 1:1 mixture of 1,2,4,5-BTC 

(50 mg, 0.20 mmol) and uranium salt (nitrate or acetate) in 5 mL of deionized water. The 

mixture was heated in a Teflon-lined stainless steel autoclave at 150 °C for three days. 

After the mixture was cooled to room temperature, the solid product was isolated from 

the mixture and rinsed three times with alternating washes of ethanol and deionized 

water. The crystallized product was dried in air at room temperature.  

 

5.2.3 Single Crystal X-ray Diffraction 

 

Single crystals were mounted on glass fibers for X-ray diffraction data were 

collected at 100 K on a Bruker AXS SMART diffractometer equipped with an APEXII 

CCD detector using Mo Kα radiation. Data processing was performed using the Bruker 

program SAINT and corrected for absorption using the SADABS program. The 

structures of Compounds 5 and 6 were solved using the SIR92 program and refined using 

SHELX-97 within the WINGX software suite. Single crystal data were collected by Dr. 

Benny Chan of The College of New Jersey and refined in-house.  
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Table 5.1: Crystallographic Data for Compounds 5 and 6.  

compound 5 6 
empirical formula C10H10O11Y C10HO4U 
Fw (g/mol) 395.09 423.10 
crystal class monoclinic orthorhombic 
space group P21/n Pbcn 
a (Å) 10.6974 (10) 12.8605 (13) 
b (Å) 7.1142 (7) 12.7388 (13) 
c (Å) 17.1166 (16) 9.9289 (10) 
α (deg) 90.000 90.000 
β (deg) 97.2870 (10) 90.000 
γ (deg) 90.000 90.000 
R(int) 0.0554 0.0719 
R1 0.033 0.0571 
wR2 0.0758 0.0931 

 

5.3  Results and Discussion 

5.3.1 Structural Description of Compound 5     

 

Figure 5.1: Compound 5. [{Y2(H2BTC)(BTC)(H2O)2}•4H2O]n.  
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Compound 5 is a three-dimensional coordination polymer which crystallizes in 

the monoclinic space group P21/n. This compound is the exact same structure as 

Compound 2 (see Section 4.3.2 for structural description). This is interesting because the 

ionic radius of yttrium (121.5 pm) is closer to that of Dy (122.3 pm) and Ho (121.2 pm), 

both of which form Compound 3 with the BTC linker. This occurrence may be 

rationalized by the increased ability of Y to participate in covalent bonding. Therefore, 

when predicting which BTC lanthanide compound it might form, the metallic radius may 

become more important than the ionic radius. Yttrium has a metallic radius of 181 pm 

which falls between the metallic radii of Eu (185 pm) and Gd (180 pm). 

 

 Scheme 5.1: Ionic and Metallic Radii of Y and Selected Lanthanides 
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Figure 5.2: TGA of Yttrium BTC MOF. 

 

Thermal analysis of Compound 5 revealed two weight losses. The first weight 

loss of 7.27% from 267 °C to 284 °C corresponds to the loss of bound water molecules. 

The final weight loss of 47% from 525 °C to 538 °C represents the decomposition of the 

framework to yttrium oxide. Compared to the TGA of Compound 2, there was no loss of 

uncoordinated water molecules for the Y compound. The higher temperature of the 

release of water molecules and decomposition indicate stronger intermolecular forces in 

the Y system. 
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5.3.2 Structural Description of Compound 6 

 

a.    b.  

 

c.        d.  

Figure 5.3: Compounds 6. [{(UO2)2(BTC)(H2O)}•H2O]n. a. MOF crystal structure b. 

monomeric SBU c. BTC coordination environment d. Uranium coordination environment 

 

Compound 6 crystallizes in the orthorhombic space group Pbcn. [61] The SBU 

consists of monomeric units connected by the bridging carboxylate groups of the BTC 

linker to form an extended three-dimensional compound. Each BTC unit is fully 

deprotonated where both pairs of ortho carboxylate groups bridge one uranium atom, 
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while the carbonyl oxygen atoms coordinate two distinct uranyl centers. The seven 

coordinate uranium environments consist of two uranyl oxygen atoms, two oxygen atoms 

from a pair of ortho bridging carboxylate groups of the BTC linker, two oxygen atoms 

from discrete BTC linkers and one oxygen atom from a coordinated water molecule.  

 Unlike the yttrium compound, the uranium MOF does not resemble any of the 

lanthanide structures. The uranium compound has a lower coordination number and its 

structure is more symmetrical than the lanthanide BTC MOFs. The difference between 

the two systems may be attributed to the fact that the oxidation state is +6 of the uranium 

compound versus +3 for the lanthanide compounds. Another major difference between 

the uranium compound and the lanthanide BTC systems is the presence of the uranyl 

cations, which forms when uranium is in the 6+ oxidation state. The uranyl cation, UO2, 

is a linear ion with oxygen atoms in the axial positions. This limits both the number and 

position of additional ligands that may coordinate to the uranium metal center equatorial 

positions, which may explain why the U BTC compound has a lower coordination 

number and less denticity compared to the lanthanide BTC compounds.  
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Figure 5.4. TGA of Uranium BTC MOF.  

 

Thermogravimetric analysis for Compound 6 shows three weight losses. The first 

weight loss of 1.70% from 63 °C to 82 °C corresponds to loss of uncoordinated water 

molecules. The second weight loss of 4.21% from 189 °C to 209 °C corresponds to the 

loss of coordinated water molecules. The final weight loss of 24.9% from 464 °C to 475 

°C represents the decomposition of the framework to uranium oxide.
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 SUMMARY/CONCLUSIONS 

 

The hydrothermal synthesis of lanthanide salts with 1,2,4,5-benzenetetracarboxylic 

acid yields four distinct, isostructural metal-organic frameworks: Compound 1 (La, Ce, 

Pr, Nd, Sm), Compound 2 (Eu, Gd, Tb), Compound  3 (Dy, Ho, Er, Tm), and Compound 

4 (Yb, Lu). This occurrence is relatively unusual as in many cases, lanthanide MOFs can 

produce the same structure across the series under identical reaction conditions. In other 

cases, the first half of the lanthanide series will form one structure and the second half 

will form another. Comparisons of the four structures reveal the role of the lanthanide 

contraction. A decrease in ionic radius across the lanthanide series result in decreasing 

coordination number, lanthanide-oxygen bond distances and carboxylate group denticity. 

These compounds were used in attempts to catalyze a mixed-aldol reaction. While 

various reaction conditions were explored, it appeared that the catalytic reaction at room 

temperature with 5% BTC catalyst under a nitrogen atmosphere may have had some 

effect.  Attempts to elucidate the catalyzed product were unsuccessful. Two closely 

related BTC compounds of yttrium and uranium were also hydrothermally synthesized 

and their structures presented. The structure of the yttrium compound was surprisingly 

identical to that of the Eu, Gd, and Tb BTC MOFs as a result of the difference in bonding 

behavior between Y and the lanthanides.  The uranium compound was not as closely 

related to the BTC LOFs due to the oxidation state of the U ion being +6 as opposed +3 

such as the lanthanides, and the presence of the linear uranyl cation.
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