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Abstract 

 

Synthesis, Design, and Applications of Lanthanide-based 

Metal-Organic Structures  

by 

Ana Rosa Kareh Chatenever 

 

This work focuses on lanthanide-based inorganic-organic structures. The properties of 

lanthanide-based metal organic frameworks (Ln-MOFs) and layered rare earth 

hydroxides (LREHs) are reviewed and compared. Three distinct projects are 

presented herein: 1) the solvothermal syntheses of a series of Ln-MOFs with the 

ligand biphenyl-4,4-dicarboxylate (BPDC), 2) the solvothermal syntheses of a series 

of Ln-MOFs with the ligand 2,6-naphthalenedicarboxylate (NDC), and 3) the 

hydrothermal syntheses of a series of neodymium-based LREHs with increasing a,w-

alkanedisulfonate (ADS) carbon chain lengths. 

 

The first project, which we refer to as Ln-BPDC (structures SLUG-43–48), is an 

isomorphous series of six anionic frameworks with the general structure  

[Ln(BPDC)2–][NH2(CH3)2+] (Ln = La, Ce, Nd, Eu, Gd, Er). The Ln(III) metal centers 

exhibit eight-coordinate binding to six different BPDC2- ligands. The anionic 



 xiii 

framework is charge-balanced by a dimethylammonium cation. The materials all 

possess the same 3-D structure and crystallize in the orthorhombic space group Pbcn. 

All exhibit thermal stability up to 300 °C and decompose to Ln2O3 after 800 °C. The 

Eu-BPDC structure exhibits strong fluorescence in the 612-620 nm range and a 

quantum yield of 2.11%.  

 

The second project, we refer to as Ln-NDC (structures SLUG-49–52). This project 

consists of four neutrally charged structures that each crystallize in distinct space 

groups. Their formulas are [La6(NDC)9(DMF)3×6 DMF], [Nd2(NDC)3(DMF)2], 

[Eu2(NDC)3(DMF)2×DMF], and [Gd4(NDC)6(DMF)4]. The Ln(III) centers exhibit 

different coordination numbers (ranging from seven to nine), the NDC ligand exhibits 

multiple binding modes, and DMF solvent molecules are found either coordinated or 

floating within the structures. Despite these differences, the NDC-based structures 

exhibit similar thermal decomposition profiles and infrared spectra. The Eu-NDC 

structure exhibits a sharp red-orange luminescence at 613 nm and a quantum yield of 

3.56%.  

 

Lastly, the Nd-ADS project (structures SLUG-28–30) consists of three LREHs made 

of [Nd2(OH)4(OH2)22+] layers with interlamellar a,w-[–O3S(CH2)nSO3–] anions (n = 2 

to 4). These LREHs show an increase in thermal stability with increasing 

alkanedisulfonate chain length. As an initial example of anion exchange, all three 

materials show exchange for adipate, –O2C(CH2)4CO2–.  

 



 xiv 

Several insights on the structural differences between Ln-MOFs and LREHs are 

proposed. In comparing the mentioned projects, we suggest the differences between 

the isomorphous Ln-BPDC series and the diversity of structures in the Ln-NDC series 

are due to the rigidity of the NDC ligand and the synthesis temperatures. The 

dimensionality of lanthanide-based materials (3-D or 2-D) are affected by reaction 

pH. This work expands the chemistry of lanthanide MOFs and LREHs. 
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Chapter 1 

 

Introduction to Lanthanide Metal-Organic Frameworks 

 

Abstract 

Metal-organic frameworks (MOFs) are three-dimensional, crystalline materials. The 

choice of metal and organic linker can be carefully tailored to produce desired 

applications such as ion exchange/adsorption, sensing, catalysis, or gas storage. 

Lanthanide-based structures such as MOFs and layered rare earth hydroxides 

(LREHs) are relatively new classes of materials that have the advantage of high 

coordination numbers and potential luminescent applications for optical sensing. The 

luminescent properties of lanthanide-based MOFs and layered metal hydroxides are 

described and reviewed herein. 

 

1.1.   Metal-Organic Frameworks (MOFs) 

1.1.1.   Structural Properties 

Metal-organic frameworks (MOFs) are a growing class of robust, crystalline, three-

dimensional porous materials.1,2 They are constructed by metal nodes, or MxOy 

clusters referred to as secondary building units (SBUs), connected by organic linkers 

which give rise to extended frameworks (Figure 1.1.1).3,4 The first MOFs were 

reported in the early 1990s by various groups, and were based on transition metals 

(e.g. Zn, Cd, Cu) and the organic linker 4,4’-bipyridine.5–7 Currently there are over 



 
2 

20,000 articles and reviews on the topic of MOFs and thousands of new structures 

have been reported.8,9 The seemingly endless combinations of metal and linker allow 

for high surface areas and tunable pore sizes, as demonstrated in the isoreticular MOF 

(IRMOF) series (Figure 1.1.2).10 Isoreticular refers to structures having the same 

framework topology while varying the organic component. In the IRMOF series, 

SBUs of Zn4O tetrahedra remain constant while the organic linkers are modified to 

increase the pore volume of the framework. 

 

 

Figure 1.1.1. Simplified schematic of a three-dimensional MOF, constructed from 

metal nodes and organic linkers.3 
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Figure 1.1.2. Crystallographic images of IRMOF-n (n = 1, 8, 10, 14, 16), showing 

the tunable pore sizes (represented by yellow spheres) of MOFs by varying the 

organic linker and retaining the same Zn4O SBU (Zn = blue, O = red, C = black, H 

omitted for clarity).10 

 

The oxidation state of the metal used as well as the charge of the organic linker/ligand 

will lead to anionic, neutral, or cationic structures.11 Anionic and cationic frameworks 

have potential applications in ion exchange, which will be discussed in section 1.1.3. 

The Oliver group has reported a variety of anionic, neutral, and cationic lanthanide-

based structures (Table 1.1.1, Figure 1.1.3).11–13 SLUG-7 is a two-dimensional 

anionic material composed of nine-coordinate gadolinium(III) aquacarbonate layers 

which are charge-balanced by ammonium. SLUG-8 is a three-dimensional neutral 
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structure, closely related to SLUG-7, but is more condensed and is coordinated by 

ammonia and water. SLUG-27 is a cationic two-dimensional material consisting of 

seven- and eight-coordinate erbium(III) aquahydroxide layers with a,w-

ethanedisulfonate in the interlamellar space, either doubly-bound, singly-bound, or 

floating. Extra-framework species in MOFs include charge-balancing ions or solvent 

molecules that help template the pores during synthesis. These species are also 

referred to as ‘guest’ species, while the metal-organic framework is referred to as the 

‘host’ structure. As has hopefully been demonstrated by this section, MOFs have the 

possibility to be carefully designed for their desired structural properties.  

 

Table 1.1.1. Examples of anionic, neutral, and cationic rare earth structures published 

by the Oliver group11–13 

Name Formula Charge on 
Frame-work 

Extra-Framework 
Species 

SLUG-7 [Gd(CO3)2H2O–] 
[NH4+] 

Anionic NH4+ 

SLUG-8 Gd2(CO3)3(NH3)(H2O) Neutral N/A 
SLUG-27 [Er12(OH)29(H2O)57+] 

[–O3SCH2CH2SO3–]3.5 
· 5H2O 

Cationic –O3SCH2CH2SO3– 
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Figure 1.1.3. Crystallographic images of the anionic, neutral, and cationic structures 

of A) SLUG-7, B) SLUG-8, and C) SLUG-27, respectively. The unit cell of each 

structure is outlined. (SLUG-7 and SLUG-8: Gd = purple, C = gray, N = blue, O = 

red, H = light gray; SLUG-27: Er = blue, O = red, S = yellow, C = teal).  

 

1.1.2.   Synthesis Methods 

A variety of synthesis methods of MOFs have been reported: hydro/solvothermal, 

microwave-assisted, mechanochemical, electrochemical, and sonochemical.14–16 Here 

we will focus on hydro/solvothermal methods. Hydrothermal and solvothermal 

syntheses refer to high temperature conditions in a conventional autoclave and are the 

most often practiced synthesis techniques. When water is the reaction solvent, the 

term ‘hydrothermal’ is used and for any other solvent the term ‘solvothermal’ is 

employed. The use of a Teflon-lined steel autoclave allows a reaction to take place in 

a closed vessel under autogenous pressure above the boiling point of the solvent. 



 
6 

These conditions mimic the high temperature, high pressure conditions of natural 

geologic processes under which minerals form.17 In fact, two naturally occurring 

metal oxalate (C2O42-) minerals: stepanovite [NaMgFe(C2O4)3·8-9 H2O] and 

zhemchuzhnikovite [NaMg(Fe0.4Al0.6)(C2O4)3·8 H2O], which were discovered in a 

Siberian coal mine, exhibit MOF structures.18 Metal oxalate minerals are the largest 

group of organic minerals. Each oxalate oxygen has a coordination number of four, 

which typically results in layered structures.19 The choice of synthesis solvent plays 

many roles: structure direction, solubility, and pH determination.20 This effect is 

nicely demonstrated by the characterization of four different structures synthesized 

from magnesium nitrate hexahydrate and 3,5-pyridinedicarboxylic acid in four 

different solvents [dimethylformamide (DMF), DMF/methanol, ethanol/water, and 

DMF/ethanol] (Figure 1.1.4).21 The choice of solvent affected the dimensionality of 

the structures and the connectivity of the frameworks. As also demonstrated by this 

work, combinations of solvents with different polarities can be used to ensure 

dissolution of the starting materials. The final pH of a reaction mixture can influence 

the oxidation state of the metal, the extent of solubility of the reagents, and the extent 

of deprotonation of the organic linker, thus controlling the final structural 

framework.20  
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Figure 1.1.4. Four different structures as a result of differing solvent systems.21 

 

Other factors to consider when synthesizing MOFs are the temperature, synthesis 

time, and reagent ratios. By cycling the reaction temperature, a phenomenon known 

as crystal ripening occurs: at high temperatures, small crystals formed in solution will 

dissolve more readily than larger crystals; as the temperature cools, the dissolved 

small crystals then redeposit onto the larger ones previously formed resulting in larger 

crystals (crystal growth).15,22 The ratio of metal to organic linker starting material is 

important because it can affect the dimensionality of the structures, simply due to 

availability of reagents when the frameworks are ordered.20 These parameters must be 

fine-tuned for each synthesis in a trial and error process in order to optimize the final 

conditions.  

 

Another synthesis technique in MOFs is postsynthetic modification (PSM). This term 

refers to the modification of an assembled or synthesized MOF which preserves the 

lattice structure.23 Types of PSM include the removal or exchange of guest molecules, 



 
8 

removal of auxiliary ligands to leave behind an unsaturated metal center, 

functionalization of the organic linker, and metal doping.23,24 One of the reasons for 

PSM instead of pre-synthesis is due to the fact that not all functionalizations are 

compatible with high temperature and pressure solvothermal conditions.24 These 

modifications provide MOFs with specialized functionalities and applications. 

Multiple examples of possible ligand functionalizations are provided in Figure 

1.1.5.25 The dibromination and triazolation reactions in Figure 1.1.5a-b are ‘proof of 

concept’ syntheses that demonstrate the wide possibilities of PSM.26,27 The diamine 

and aminoalcohol functionalized MOFs in Figure 1.1.5c-d demonstrated an increased 

ability in selective CO2 uptake compared to the parent UiO-66-type MOF.28 Lastly, 

the amino/sulfo modification on a MIL-101 framework in Figure 1.1.5e was shown to 

produce an efficient acid-base catalyst for tandem deacetalization-Knoevenagel 

condensation reactions.29 The area of MOF PSM is still growing, and is 

demonstrating the usefulness of these modifications on the potential applications of 

MOFs. 
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Figure 1.1.5. Various two-step tandem PSMs to introduce functional groups on the 

organic linker such as: a) -dibromine, b) -triazole, c) -diamine, d) a-amino-b-

hydroxy, and e) -sulfonic acid.25–29 
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1.1.3.   Applications 

The intrinsic pore volume of MOFs lends itself to various applications (Figure 1.1.6): 

ion exchange/adsorption, sensing, catalysis, and gas storage.3,30–37 The applications of 

ion exchange/adsorption and sensing are particularly attractive for the selective 

removal or detection of hazardous pollutants in water, respectively. Exposed metal 

nodes in MOFs can act as adsorptive sites or heterogeneous catalysts for organic 

reactions. MOFs are appealing candidates for gas storage because their high pore 

volumes and surface areas allow the storage of gases at lower pressures than 

conventional pressurized tanks. Examples of the various applications of MOFs and 

their chemistry will be discussed herein.  

 

 

Figure 1.1.6. The many applications of MOFs. 
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As was discussed in section 1.1.1, the combination of metal and organic linker can 

lead to an anionic or cationic framework that is charge-balanced by an extra-

framework ion. MOFs can be deliberately designed to exchange their extra-

framework ion for or adsorb a potentially hazardous pollutant. In designing the MOF, 

it is important that the exchanged ‘guest’ species is relatively benign and does not 

pose a risk if it is released in water. Some pollutants that have been targeted by MOFs 

for ion exchange/adsorption are heavy metal cations such as Pb2+, Cd2+, and Hg2+, 

and oxyanions such as perchlorate (ClO4-) and dichromate (Cr2O72-).38 A 

postsynthetically-modified MOF {[Zn3L3(BPE)1.5]n, L = 4,4’-azoxydibenzoate, BPE 

= bis(4-pyridyl)ethylene} was reported to have 99% removal efficiency for Pb2+ ions 

from water against background ions, with an uptake capacity of 616 mg Pb2+/g 

adsorbent.39 The selective uptake of Pb2+ is attributed to the decoration of the 

framework with O- groups. Two MOFs {FJI-H9: [Me2NH2+][Ca2(thb2-)2(CH3COO-) 

(DMA)], thb = 2,5-thiophenedicarboxylate, DMA = dimethylacetamide and FJI-H12: 

[Co3(Timt)4(NCS)6(H2O)14(EtOH)]n, Timt = 2,4,6-tri(1-imidazolyl)-1,3,5-triazine} 

from the Hong group were reported to exhibit over 99% and 86% removal of Cd2+ 

and Hg2+ ions, respectively.40,41 These removals correspond to uptake capacities of 

286 mg Cd2+/g and 439 mg Hg2+/g, respectively. The propensity of FJI-H9 and FJI-

H12 for Cd2+ and Hg2+ is due to the dangling sulfurs from the thiophenyl and NCS- 

ligands, respectively. The studies showed that although the two MOFs exhibited 

uptake of both Cd2+ and Hg2+, FJI-H9 preferred Cd2+ and FJI-H12 preferred Hg2+. 

The authors make the argument that the selectivity is dictated by the shape of the pore 
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channels of the respective MOFs.40  Thus far, these three examples of heavy metal ion 

remediation have been for ion adsorption (by the organic linker) but not exchange. 

Other factors that make MOFs attractive candidates for pollutant remediation (other 

than their selectivity) are their reusability/regenerability. Colinas from the Oliver 

group reported anion exchange of NO3- for ClO4- from the two dimensional material 

[Ag-4,4’-bipyridine+][NO3-] in 99% efficiency (353 mg ClO4-/g), and the ability for 

regeneration of the original material at least seven times with a minimal drop in 

exchange efficiency.42 The cationic framework MONT-1 {[Ag(µ3-abtz)+](NO3-) 

(H2O)0.125]n, abtz = 1-(4-aminobenzyl)-1,2,4-triazole} showed a 99% ion exchange of 

NO3- for Cr2O72- (211 mg Cr2O72-/g) and regenerability of up to five times, retaining 

73% in exchange efficiency.43 The MONT-1 material was regenerated by adding the 

dichromate exchanged samples to a 200-fold molar nitrate solution; after 24 hours, 

almost 95% of the dichromate ions were released back into solution and MONT-1 

was regenerated. This section hopefully demonstrates the ability of MOFs to act as 

robust ion adsorbents of hazardous aqueous species. 

 

MOFs can be employed as two different types of sensors: luminescent or 

electromechanical.35 Luminescent MOFs can be ‘turn-on’ or ‘turn-off’ sensors, which 

refer to the luminescence of an otherwise non-emissive framework or the quenching 

or shift in signal of an initially luminescence framework upon uptake of an analyte, 

respectively. A post-synthetically functionalized Zr-terephthalate-based MOF (UiO-

66@N3) was shown to be a selective turn-on probe for hydrogen sulfide (H2S) 

detection within living cells.44 Hydrogen sulfide is an important biological signaling 
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molecule, and its real-time detection could give insight into its physiological role. A 

Cd-based MOF {[Cd3(L)(2,2’-bipyridine)2·4 DMA]n, L = hexa[4-

carboxyphenyl)oxamethyl]-3-oxapentanate, DMA = dimethylacetamide} was 

reported to have recyclable turn-off capabilities in the presence of benzene (C6H6) 

and nitrobenzene (C6H5NO2) vapors.45 The samples were regenerated by heating 

under vacuum at 80 °C for three hours. Further examples of luminescent lanthanide-

based MOFs as sensors will be discussed in section 1.3.2. Electromechanical sensing 

MOFs are still in their inception. Thin films of the MOF HKUST-1 

{[Cu3(BTC)2(H2O)3]n, BTC = 1,3,5-benzenetricarboxylate} were reported to be 

grown on a microcantilever surface.46 The cantilever incorporated a built-in 

piezoresistive sensor for stress-based detection. The slight distortions in the MOF 

crystal structure when water, methanol, or ethanol vapors were adsorbed could be 

measured and correlated with the concentrations of the adsorbed molecules. In 

another study, a thin film of HKUST-1 was grown on a quartz crystal microbalance 

surface.47 The MOF was exposed to pyridine (C5H5N) vapors and analysis of the 

measurements resulted in determination of the diffusion coefficient of the gas. These 

examples show the ‘proof of concept’ of MOFs as electrochemical sensors. An ideal 

MOF sensor should be sensitive to only one analyte. Because many of these examples 

of sensors show responses to multiple analytes, more work in fine-tuning the 

specificity of analyte detection is needed.  

 

The role of MOFs as catalysts is usually due to unsaturated metal nodes within the 

framework that can stabilize an incoming organic molecule for a reaction. One of the 
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first reports of MOF catalysis was the use of Cd(4,4’-bipyridine)2(NO3)2 for the 

cyanosilylation of various aldehydes.6 Other organic transformations that have been 

reported with MOF catalysts are alkene oxidation, oxidative coupling, ketal 

formation, and esterification.48–51 The pores of MOFs may also aid catalysis by 

orienting molecules, stabilizing transition states, or excluding larger molecules.33  

 

MOFs can be used to either store gases for alternative fuels (H2, CH4) or separate gas 

(CO2) for clean air. In order to increase the pore volume of MOFs for gas adsorption, 

long organic linkers with multiple benzene rings are typically employed.32 The Cu-

based MOF, NU-100, was reported to have a substantial surface area of 6,143 m2/g 

and storage capacities of 164 mg H2/g and 2,315 mg CO2/g.52 A sol-gel synthesis of 

the MOF HKUST-1 was reported to have a surface area of 1,193 m2/g and storage 

capacity of 177 mg CH4/g.53 The Department of Energy (DOE) has published 

technical targets for hydrogen and methane storage in vehicles outlining parameters 

such as kg H2/kg system, system cost, durability and operability conditions, etc.54 

MOFs are potential candidates for hydrogen and methane storage systems, but no 

material that meets all the DOE criteria has yet to be reported. 

 

1.1.4.   Characterization Techniques 

Due to the inherent crystallinity and porosity of MOFs, several analytical techniques 

are suitable for characterizing their structures: X-ray diffraction (XRD), microscopy, 

thermogravimetric analysis (TGA), Fourier-Transform infrared spectroscopy (FTIR), 

and gas adsorption analysis.33,55 X-rays are a powerful tool because the wavelength 
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(typically 1.5418 Å for Cu-Ka X-ray source) of this electromagnetic radiation is the 

same order of magnitude as the atomic spacing in crystalline solids. Crystals are 

solid, repeating units with long-range atomic order. Single crystal X-ray diffraction 

(SCXRD) is perhaps the most valuable technique used because it allows the ordered 

atomic structure of crystalline materials to be solved. Crystals suitable for SCXRD 

must be single (as the name implies) and on the order of at least ~ 50 micrometers. 

The diffraction pattern produced by SCXRD is then solved and refined. This 

technique requires access to a single crystal facility and the skills of a 

crystallographer in solving and refining the final structure. 

 

Another XRD technique is powder X-ray diffraction (PXRD). This is a simpler 

technique to use which gives limited but useful information on the structure. When X-

rays interact with a randomly oriented, homogenously ground powder sample, they 

diffract and produce a fingerprint powder pattern. The use of Bragg’s law (2d sinq = 

nl) allows for the relative determination of d-spacing within a two-dimensional or 

three-dimensional structure, as well as insight on additional reflections and structural 

information (Figure 1.1.7).55 The values of d and q are inversely proportional, thus in 

a PXRD pattern, a smaller q value corresponds to a larger d-spacing. PXRD is a quick 

and practical technique that can be used to verify a synthesis or known mineral phase. 
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Figure 1.1.7. Derivation of Bragg’s law, depicting incident X-rays (1, 2) interacting 

with the d-spacing of atoms and their resulting reflections (1’, 2’).55 

  

Optical microscopy and scanning electron microscopy (SEM) are useful techniques 

for visualizing the crystal morphology and surface texture of a sample. Different 

crystal morphologies from a synthesis can indicate multiple crystal structures present. 

Transmission electron microscopy (TEM) is capable of identifying the structures of 

nanocrystalline MOFs and the distribution of nanoparticles within a sample.56 These 

microscopy techniques have different resolution limits: ~ 1 µm for optical, ~ 10 nm 

for SEM, and ~ 1 nm for TEM. SEM and TEM both utilize an electron beam as the 

source of imaging. In the case of SEM, electrons are bombarded against the sample, 

and result in secondary (ionized) and backscattered (reflected) electrons. These types 

of electrons are independently detected and provide insight into the sample’s atomic 

composition and topography, respectively. In TEM, electrons pass through the sample 
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to produce high resolution images. A combination of these microscopy techniques 

complements the data from XRD. 

 

TGA reveals the thermal stability of a structure, i.e. how much temperature the 

framework can withstand before collapsing. TGA data is typically graphed as percent 

mass loss of a sample versus temperature. The analysis usually first shows the 

decomposition of guest and/or coordinated molecules and then the loss of the organic 

linker. The final product after heating to ~ 600 °C is typically a metal oxide. In 

conjunction with variable temperature (VT)-PXRD, information about how the 

structure changes as it is heated can be revealed.  

 

FTIR uses infrared electromagnetic radiation to probe bond vibrations within 

molecules. These vibrations occur at characteristic frequencies (wavenumbers, cm-1) 

and thus certain bonds or functional groups can be identified using this technique. 

FTIR is particularly useful for identifying functional groups on the organic linker, as 

well as demonstrating ion exchange.  

 

Gas adsorption isotherms can give pore volume measurements and surface area 

measurements of MOFs. There are a few different methods for gas adsorption 

volumetry. Simply, a general procedure is as follows: a known volume of pure, inert 

gas (such as N2) is admitted to a calibrated and confined volume containing the 

adsorbent (MOF).57 As adsorption takes place, the pressure in the confined volume 

falls until equilibrium is established. First, a monolayer of adsorbed molecules comes 
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into contact with the surface layer of the adsorbent. The gas molecules continue to fill 

the pore volume so more than one layer of molecules is in direct contact with the 

adsorbent surface. The amount of gas adsorbed is the difference in the volume of the 

container and the volume that the sample takes up in the container. The adsorption 

isotherm can then be classified into one of eight characteristic types, which is related 

to pore structure and size (e.g. micropore/mesopore/macropore) (Figure 1.1.8).57 

Because new characteristic types of isotherms have been identified since the original 

six types, two additional isotherms have been added to the types I to VI. Type I 

isotherms are indicative of microporous solids with relatively small external surfaces. 

Type II isotherms are produced by the physisorption of gases on nonporous or 

microporous solids. Type III isotherms are representative of no identifiable 

monolayer formation. The adsorbent-adsorbate interactions are relatively weak and 

the adsorbed molecules are clustered around favorable sites on the surface of a 

nonporous or macroporous solid. Type IV isotherms are given by mesoporous 

adsorbents. Type V isotherms are attributed to relatively weak adsorbent-adsorbate 

interactions, similar to those in type III isotherms. The adsorbed molecules cluster 

around favorable sites on the surface and continue to fill the pores of microporous or 

mesoporous adsorbents. Lastly, Type VI isotherms describe a layer-by-layer 

adsorption on a highly uniform, nonporous surface. The hysteresis loops observed in 

the type IV(a) and V isotherms occur when the adsorption and desorption curves do 

not coincide. This can result due to network effects such as pore blocking. Further 

calculations using the Brunauer-Emmett-Teller (BET) method can yield internal 

surface area measurements of the framework.  
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Figure 1.1.8. Classification of the eight different types of physisorption isotherms.57  
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1.2.   Rare Earth Elements 

1.2.1.   Rare Earth History, Properties, and Chemistry 

The rare earth elements (REEs) or rare earth metals (REMs) are comprised of the d-

block elements scandium (Sc) and yttrium (Y) and the fifteen lanthanoid elements in 

the first row of the f-block on the periodic table (Figure 1.2.1). The lanthanoid 

elements range from lanthanum (La) to lutetium (Lu). The term ‘lanthanoid’ meaning 

‘like lanthanum’ is preferred by the International Union of Pure and Applied 

Chemistry (IUPAC) as opposed to ‘lanthanide’ when referring to the neutral 

elements.58 In this work, ‘lanthanide’ will be used to refer to the 3+ ions of the 

lanthanoids. The history of the REEs can be traced back to the late 18th century to a 

mine in Ytterby, a village on the Swedish island of Resarö.59 Chemist and 

mineralogist Johan Gadolin is credited with discovering the first RE oxide, yttria 

(Y2O3), in a mineral that was later named after him as gadolinite.60 Subsequent work 

revealed that gadolinite contained the oxides of at least 10 additional REEs.61 It was 

not until the early 20th century that the periodic table of the elements was rearranged 

by number of protons rather than atomic mass, due to the work of Henry Moseley 

with X-ray spectroscopy. It was due to this new way of organizing the periodic table 

that left a gap for the fourteen elements between lanthanum and hafnium to be 

recognized and discovered. In fact, the term lanthanoid originates from the Greek 

word lanthaneien, which means “lying hidden”.62 By 1907, all of the lanthanoid 

elements with the exception of radioactive promethium had been identified.59 The 

REEs were so difficult to separate from minerals due to the chemical similarities 
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among the elements. These metals are often found in the 3+ oxidation state and have 

similar sizes and chemical properties.  

 

 

Figure 1.2.1. Periodic table of the elements. The rare earth elements are outlined in 

green, and the lanthanoids that will be discussed in this work are highlighted in blue. 

 

Some basic properties of the lanthanoids are presented in Table 1.2.1. As can be seen 

from their electron configurations, the lanthanides (with the exception of La3+) 

contain electrons in the f orbitals (Figure 1.2.2).63 The 4f orbitals lie close to the 

nucleus, compared to the surrounding 5s and 5p orbitals. As a result, the 4f orbitals 

are typically not involved in bonding, and the lanthanoids first lose the higher energy 

6s2 and 5d1 electrons to result in a 3+ oxidation state. The fact that the 4f orbitals are 

‘buried’ also gives rise to the lanthanide contraction, a term used to describe the 

decrease in atomic radius from La to Lu. The 5s and 5p orbitals penetrate the 4f 

subshell and are not shielded from the increasing nuclear charge of the lanthanoids, 

thus resulting in the contraction of atomic radius.59     
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Table 1.2.1. Basic properties of the lanthanoids. The elements that will be discussed 

in this work are highlighted in blue 

 
 

Element 
 
 

 
 

Symbol 

 
Atomic 
Number 

 
Electron 

Configuration 
of Ln3+ 

 
Atomic 
Mass 

Effective 
Ionic 

Radius64 
(Å) 

(C.N. = 8) 
Lanthanum La 57 [Xe] 138.91 1.160 

Cerium Ce 58 [Xe]4f 1 140.12 1.143 
Praseodymium Pr 59 [Xe]4f 2 140.91 1.126 

Neodymium Nd 60 [Xe]4f 3 144.24 1.109 
Promethium Pm 61 [Xe]4f 4 (145) 1.093 
Samarium Sm 62 [Xe]4f 5 150.36 1.079 
Europium Eu 63 [Xe]4f 6 151.96 1.066 

Gadolinium Gd 64 [Xe]4f 7 157.25 1.053 
Terbium Tb 65 [Xe]4f 8 158.93 1.040 

Dysprosium Dy 66 [Xe]4f 9 162.50 1.027 
Holmium Ho 67 [Xe]4f 10 164.93 1.015 
Erbium Er 68 [Xe]4f 11 167.26 1.004 
Thulium Tm 69 [Xe]4f 12 168.93 0.994 

Ytterbium Yb 70 [Xe]4f 13 173.05 0.985 
Lutetium Lu 71 [Xe]4f 14 174.97 0.977 
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Figure 1.2.2. Depiction of the seven f orbitals. The general set is made of the orbitals: 

fx(x2-3y2), fy(x2-z2), fxz2, fz3, fyz2, fxyz, and fy(3x2-y2).59,63  

 

The light emissive properties of a lanthanide ion are governed by two conditions: 1) 

the ease in which its excited states can be populated and 2) the minimization of non-

radiative energy transfer paths.65 To meet the first requirement, sensitization of the 

ion via the surroundings is often used (this will be further discussed in section 1.3.1 

as the ‘antenna effect’). The second requirement refers to the energy gap between the 

lowest lying excited state of the metal ion and the highest sublevel of its ground state 

(Figure 1.2.3: the difference between labeled energy states).66 The smaller this gap, 

the easier it is to close by non-radiative deactivation processes, such as through 

vibrations of bound ligands. The sizeable energy gaps belonging to Eu3+ and Tb3+ 

correspond to energy differences which fall in the visible region (corresponding to 

wavelengths of approximately 620 nm and 550 nm, respectively). The other 
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lanthanides have emissions which correspond to near-infrared or ultraviolet 

wavelengths. Lanthanide luminescence will be further discussed in section 1.3. 

 

 

Figure 1.2.3. Partial electronic energy level diagrams of the lanthanides, showing 

possible f-f transitions.66  

 

The lanthanides are classified as ‘hard’ acids and therefore show a preference in 

binding to ‘hard’ bases such as oxygen and fluorine rather than ‘soft’ bases with 

elements such nitrogen, phosphorus, or sulfur.59 Due to the size of the lanthanides, 

they adopt high coordination numbers in their compounds (usually 8-9, but up to 

12).61 As a result of these two characteristics, the lanthanides are often found 
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coordinated to hydroxide and water molecules, which are able to fill up the lanthanide 

coordination sphere without being too bulky of a ligand. Terminal and bridging 

oxygen coordination has been observed.67 Coordination to O-donor ligands such as 

carboxylates, alkoxides, nitrates, and sulfates are also well documented.68  

 

1.2.2.   Lanthanide MOFs 

One of the first lanthanide-based MOFs to be reported was by Yaghi and his group in 

1999: the structure of Tb(bdc)NO3·2 DMF (bdc = 1,4-benzenedicarboxylate) was 

reported and briefly characterized.69 In this structure, there are two distinct Tb3+ 

centers, each one coordinated by eight oxygens from a combination of 

benzenedicarboxylates, nitrates, and DMF molecules. Due to the similar characteristic 

properties of the lanthanides, it is not uncommon for lanthanide MOFs to be 

isomorphous, meaning that the structures crystallize in the same space group, have 

the same unit cell dimensions, and the positions of atoms within the structure are the 

same except for a replacement of one or more atoms.70 An example of this effect is 

the isomorphous series of fourteen structures (based on lanthanides = La – Lu, with 

the exception of Pm) with the general formula [Ln(TC)3(H2O)2][HPy·TC]n (TC = 2-

thiophenecarboxylate; HPy = pyridinium).71 Each lanthanide center is coordinated by 

eight carboxylate oxygens. The authors also demonstrated achieving luminescent 

color-tuning from red to green by varying the Eu3+:Tb3+ ratio in a series of 

heterobimetallic structures. However, isomorphous structures will not always form 

with lanthanides under similar reaction conditions. For example, under similar 

reaction conditions, combinations of lanthanide nitrate salts (Ln = La, Pr, Nd, Sm, Eu, 
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Gd, Dy, Er) and the ligand 4,8-disulfonyl-2,6-naphthalenedicarboxylic acid produced 

three distinct structures (Figure 1.2.4).72 The authors characterized the eight structures 

but do not discuss possible reasons for the structural diversity reported. The authors 

also report that syntheses with lanthanide nitrate salts of Tb, Ho, and Yb with the 

ligand were explored, but no suitable products were obtained. In chapter 4 of this 

work, some insights into the structural diversity of lanthanide-based structures will be 

presented. 

 

Figure 1.2.4. Structural diversity of lanthanides with the ligand 4,8-disulfonyl-2,6-

naphthalenedicarboxylic acid under similar reaction conditions.72  
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1.2.3.   Layered Rare Earth Hydroxides (LREHs) 

Layered rare earth hydroxides (LREHs) are a subclass of layered double hydroxides 

(LDHs). LDHs have the general formula [M2+1-xM3+x(OH)2]x+ [An-x/n·y H2O]x-, where 

M is a divalent or trivalent metal, respectively, x is in the range of 0.2 to 0.33, and A 

is an n-valent anion.73 LDHs thus consist of two-dimensional cationic layers with 

anions in the interlamellar space, which are held by electrostatic forces and hydrogen 

bonding (Figure 1.2.6).73,74 The first family of LREH structures was reported by 

Monge and her group in 2006.75 LREHs have the general formula 

[RE4(OH)10(H2O)4]nAn, where RE is a rare earth trivalent ion, and A is an intercalated 

anion (Figure 1.2.7).75 LREHs are similar to LDHs in that they consist of cationic 

metal aquahydroxy layers intercalated by anions, such as halides (Cl-, Br-), nitrate, 

sulfate, organodicarboxylates, and organodisulfonates.76 LREHs have applications in 

anion exchange, as the anions between the cationic layers are electrostatically bound 

and can be readily exchanged. Typically, LREHs are not as robust as MOFs. This is 

evidenced by qualitative but not quantitative characterizations of anion exchange.77–79 

For example, structures of RE(OH)2.5Cl0.5⋅0.8 H2O (RE = Eu, Tb) were reported to 

readily exchange the interlayer chloride ions for various anions {NO3-, SO42-, 

dodecylsulfonate (C12H25OSO3−)}.77 The anion exchange was characterized with 

PXRD and FTIR. The authors show that this exchange is possible, but do not quantify 

the extent of anion uptake by the materials.  
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Figure. 1.2.6. General structure of a LDH, showing the anions in the interlamellar 

spaces between the cationic layers.73 
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Figure 1.2.7. Structure of LREH: [RE4(OH)10(H2O)4]2+ layers intercalated with 

organic linker anthraquinonedisulfonate [RE(OH)7H2O = blue polyhedra, 

RE(OH)6H2O = green polyhedra].75 

 

1.3.   Luminescent Lanthanide MOFs 

1.3.1.   Luminescence Background and Pathways 

Luminescence is the emission of light by a substance that has not been heated. There 

are two types of luminescence: fluorescence and phosphorescence (Figure 1.3.1).80 

High energy light (usually ultraviolet light) excites an electron from the singlet 
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ground state to an excited singlet state. In the case of fluorescence, the electron falls 

back to a lower energy state, resulting in the emission of a photon of visible light. The 

electron in the excited orbital is the opposite spin of the second electron in the ground 

state orbital; this is called a spin-allowed transition and occurs rapidly.81 In the case 

of phosphorescence, the excited electron will migrate to a lower energy triplet state 

(this migration is known as intersystem crossing, which results in the reversal of the 

electron spin orientation) before returning to the ground state and emitting light. The 

process of intersystem crossing occurs due to spin-orbit coupling. The electron in this 

excited triplet state is the same spin as the ground state electron, which makes this a 

spin-forbidden transition.81 It is because of this forbidden transition at a lower energy 

state that phosphorescence usually has a longer lifetime than fluorescence (typically 

on the order of milliseconds or seconds versus nanoseconds, respectively) and emits 

at longer wavelengths.  
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Figure 1.3.1. Jablonski diagram depicting the general schematic for fluorescence 

and phosphorescence pathways.80 

 

In an insightful review on luminescent MOFs, Allendorf et al. describe five distinct 

modes for generating MOF luminescence (Figure 1.3.2).80 The five possible modes 

are as follows: 1) conjugated organic linkers can directly emit light after absorbing in 

the UV or visible region; 2) framework metal ions (such as Ln3+) in proximity to an 

organic fluorophore can produce an antenna effect and emit sharp luminescence; 3) 

adsorbed lumiphores can be entrapped in a MOF pore and luminesce in an otherwise 

non-emissive framework; 4) lumiphores can be covalently bound to the MOF 

framework; 5) exciplex formation can produce broad luminescence due to p-p 

interactions between adjacent conjugated linkers or between a linker and guest 
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molecule. The focus in this work will be on the luminescence emitted from lanthanide 

ions via the antenna effect. 

 

 

Figure 1.3.2. Five possible pathways of luminescence in MOFs (metal SBU = 

blue polyhedra; organic linker = yellow rectangle; guest species = red circle; light 

emission = green wavy arrows; electron transfer = black arrows).80 

 

The antenna effect is further illustrated in Figure 1.3.3. Recall the two conditions for 

lanthanide luminescence: 1) the ease in which the excited states can be populated and 

2) the minimization of non-radiative energy transfer paths.65 Conjugated organic 

linkers such as those with benzene rings are excellent sensitizers which are capable of 
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transferring their excited energy to the lanthanide ion (activator). The electron in the 

excited lanthanide energy state may undergo radiative (photoluminescence) or non-

radiative (dropping to a lower energy state without photoluminescence) de-activation.  

 

 

Figure 1.3.3. Schematic of the antenna effect. An organic linker is excited with 

incident, high energy light (hni) and the energy is transferred to a lanthanide ion 

excited state which photoluminesces at a longer wavelength (hnPL). 

 

Solid state luminescence is arguably advantageous over solution luminescence due to 

the predictability of structure. In the case of MOFs, the organic linkers are stabilized 

within the framework which reduce the non-radiative decay rate.66 This also results in 

a bound organic linker which can readily charge transfer to the emitting lanthanide. In 

a crystalline solid, the ligand-ligand interactions are also rigidly controlled and can 

affect the luminescence of a MOF. Luminescent materials can be characterized in 
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three ways: solid state luminescence spectroscopy, quantum yield, and fluorescence 

lifetime. Solid state luminescence spectroscopy reveals the atomic transitions that 

occur within the lanthanide emitter. The wavelengths of emitted light can be 

correlated with the electronic energy diagram and specific transitions can be 

identified. In Eu3+-containing materials, the most intense transition typically occurs at 

~ 620 nm and corresponds to the 5D0 ® 7F2 transition.82 The quantum yield or 

quantum efficiency of a luminescent material is defined as the ratio of photons 

emitted to photons absorbed. In a study of 41 different Eu3+ and Tb3+ chelates with 

aromatic ligands, the highest quantum yields reported were 0.38 and 0.58 for each 

metal, respectively.83 These luminescence experiments were conducted in aqueous 

solution and the study also reported lower quantum yields for Ln3+ chelates with less 

than nine coordinating atoms as a result of water molecules filling empty coordination 

sites. The luminescence lifetime is a measurement of the average time the molecule 

stays in its exited state before emitting a photon. The lifetimes of lanthanide emissive 

transitions sensitized through the antenna effect are usually on the order of a 

millisecond.80 

 

1.3.2.   Applications of Luminescent Lanthanide MOFs 

The applications of MOFs as luminescent and electromechanical sensors were 

previously described in section 1.1.3. Here, new applications of luminescent 

lanthanide-based MOFs such as white light emission and thermometry will be 

described. Combinations of Eu3+ and Tb3+ within a framework have proven to be an 

attractive area for luminescent applications in order to tailor luminescence emissions.  



 
35 

Solid-state white light emitting materials have been sought after due to their broad 

applications in displays and lighting.84 White light can be produced by the 

combination of primary color emissions of red, green, and blue from different 

compounds. Qian and his group exploited this idea by constructing a MOF with Eu3+ 

and Tb3+ (red and green emitters, respectively) and a known blue emitter, the organic 

linker pyridine-2,6,-dicarboxylic acid (PDA).85 The MOF La2(PDA)3(H2O)5 was 

doped with 1-2% molar amounts of Eu3+ and Tb3+ into the framework, and resulted in 

an isomorphous structure with a white light emission very close to pure white light.  

 

The use of lanthanide MOFs as colorimetric luminescent temperature probes are 

advantageous due to their fast response, high sensitivity, and noninvasiveness.84 Two 

types of isomorphous heterobimetallic Eu3+/Tb3+ structures were reported based on 

the dicarboxylate ligands 6-(4-carboxyphenyl)-nicotinic acid and [2,2’-bipyridine]-

5,5’-dicarboxylic acid.86 Each material contains a ratio of Eu0.05Tb0.95 with each 

ligand and resulted in a color change from green at 25 K to red at 300 K. The 

lanthanide ions are sensitized by the ligands, and Eu3+ is further sensitized by the Tb3+ 

ions within the framework, as the excited Tb3+ electrons are transferred to the lower 

lying Eu3+ excited states. The authors reported that the material with the latter ligand 

has a higher temperature-sensitive range due to the higher activation energy of the 

deactivation channel between the ligand and Tb3+. The applications of luminescent 

lanthanide MOFs continue to grow, and by understanding their structures, we can 

gain insight into their functions and properties.  
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1.4.   Concluding Remarks 

In this chapter, we reviewed the structural details, applications, and characterization 

techniques of metal-organic frameworks. We discussed the properties and chemistry 

of the lanthanoid elements, as well as their applications in luminescent metal-organic 

frameworks and layered rare earth hydroxides. These types of inorganic-organic 

hybrid structures based on lanthanide metals are relatively new and thus there are 

many possibilities for novel structures and applications to be explored. Combinations 

of sensitizers and lanthanide emitters will continue to evolve and as a result, new and 

exciting applications of luminescent lanthanide-based materials will likely emerge. 
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Chapter 2 

 

Experimental Methods of Lanthanide Metal-Organic 

Structures 

 

2.1.   Solvothermal Syntheses of Ln-BPDC MOFs (SLUG-43 – 48) 

Lanthanum (III) nitrate hexahydrate [La(NO3)3⋅6H2O, Alfa Aesar, 99%], cerium (III) 

nitrate hexahydrate [Ce(NO3)3⋅6H2O, Spectrum, 99%], neodymium (III) nitrate 

hexahydrate [Nd(NO3)3⋅6H2O, Alfa Aesar, 99.9%], europium (III) nitrate hexahydrate 

[Eu(NO3)3⋅6H2O, Strem Chemicals, 99.9%], gadolinium (III) nitrate hexahydrate 

[Gd(NO3)3⋅6H2O, Strem Chemicals, 99.9%], erbium (III) nitrate pentahydrate 

[Er(NO3)3⋅5H2O, Acros Organics, 99.9%], 4-(4’-carboxy)phenylbenzoic acid 

[HO2C(C6H4)2CO2H, Combi-Blocks, 98%] and N,N-dimethylformamide 

[(CH3)2NCHO, Macron Fine Chemicals, Analytical Reagent] were used as-received. 

 

[Ln(BPDC)2–][NH2(CH3)2+] (Ln = La, Ce, Nd, Eu, Gd, Er which we denote as 

SLUG-43, -44, -45, -46, -47, and -48, respectively, for the University of California, 

Santa Cruz – structure number) were synthesized under solvothermal conditions. A 

mixture of Ln(NO3)3⋅xH2O (0.200 g), 4,4’-H2BPDC (0.226 g), and 10.0 mL DMF 

was stirred until homogeneous, transferred into an autoclave and heated statically 

under autogenous pressure for 3 days at 140 to 150 °C, then slow cooled to room 
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temperature at a rate of 0.1 °C/min. After vacuum filtering and rinsing with ethanol, 

lustrous, block-shaped crystals suitable for single crystal X-ray diffraction (SCXRD) 

were collected among a powder of smaller crystals of the same phase. 

 

2.2.   Solvothermal Syntheses of Ln-NDC MOFs (SLUG-49 – 52) 

Lanthanum (III) nitrate hexahydrate [La(NO3)3⋅6H2O, Alfa Aesar, 99%], neodymium 

(III) nitrate hexahydrate [Nd(NO3)3⋅6H2O, Alfa Aesar, 99.9%], europium (III) nitrate 

hexahydrate [Eu(NO3)3⋅6H2O, Strem Chemicals, 99.9%], gadolinium (III) nitrate 

hexahydrate [Gd(NO3)3⋅6H2O, Strem Chemicals, 99.9%], 2,6-

naphthalenedicarboxylic acid [HO2C(C10H6)CO2H], TCI America, > 98%] and N,N-

dimethylformamide [(CH3)2NCHO, Macron Fine Chemicals, Analytical Reagent] 

were used as-received. 

 

[Ln2(NDC)2(DMF)2⋅x DMF] (Ln = La, Nd, Eu, Gd, which we denote as SLUG-49, -

50, -51, and -52, respectively, for the University of California, Santa Cruz – structure 

number) were synthesized under solvothermal conditions. A mixture of 

Ln(NO3)3⋅xH2O (0.200 g or equimolar amount of other metal salt), 2,6-H2NDC 

(0.197 g) and 10.0 mL DMF was stirred until homogeneous, transferred into an 

autoclave and heated statically under autogenous pressure for 3 days at 110 to 125 °C, 

then slow cooled to room temperature at a rate of 0.1 °C/min. After vacuum filtering 

and rinsing with ethanol, lustrous, block-shaped crystals suitable for SCXRD were 

collected among a powder of smaller crystals of the same phase. 
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2.3.   Hydrothermal Syntheses of Nd-ADS LREHs (SLUG-28 – 30) 

Neodymium (III) nitrate hexahydrate [Nd(NO3)3·6H2O, Alfa Aesar, 99.9%], 1,2-

ethanedisulfonate disodium salt [NaO3S(CH2)2SO3Na, EDS-Na2, Acros Organics, 

99%], 1,3-propanedisulfonate disodium salt [NaO3S(CH2)3SO3Na, PDS-Na2, Sigma-

Aldrich], 1,4-butanedisulfonate disodium salt [NaO3S(CH2)4SO3Na, BDS-Na2, 

Oakwood Chemical] and sodium hydroxide pellets (NaOH, Fisher Chemical, 99%) 

were used as-received for the syntheses. Adipic acid [HO2C(CH2)4CO2H, TCI 

America, 99%] was used as-received for the anion exchange reactions. 

 

[Nd2(OH)4(OH2)22+][–O3S(CH2)2SO3–] (which we denote as SLUG-28 for 

University of California, Santa Cruz – structure number), [Nd2(OH)4(OH2)22+]         

[–O3S(CH2)3SO3–] (SLUG-29) and [Nd2(OH)4(OH2)22+][–O3S(CH2)4SO3–] (SLUG-

30) were synthesized under hydrothermal conditions. A reactant mixture of 

Nd(NO3)3·6H2O (2.43 g, 5.55 mmol), the respective α,ω-alkanedisulfonate [EDS-Na2 

(1.30 g, 5.55 mmol) / PDS-Na2 (1.37 g, 5.55 mmol) / BDS-Na2 (1.45 g, 5.55 mmol)] 

and H2O (10.0 mL, 555 mmol) was adjusted to pH = 7 with NaOH. The mixture was 

stirred at room temperature until homogenous before transferring to a 23 mL capacity 

Teflon-lined stainless steel autoclave. The autoclave was heated statically at 150 °C 

for 3 days under autogenous pressure followed by slow cooling (0.1 °C·min–1) to 

room temperature. Vacuum filtration and rinsing with water/ethanol afforded a white 

powder of small crystals for all three compounds. Beige-colored rod-shaped crystals 

suitable for single crystal XRD analysis were obtained for SLUG-28 from a 1 : 1 : 
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0.75 : 100 molar ratio of Nd(NO3)3·6H2O : EDS-Na2 : 4,4’-bipyridine (C10H8N2) : 

H2O, respectively. 

 
Anion exchanges with SLUG-28, -29, and -30 were carried out by placing ~ 200 mg 

of the respective SLUG-n material in 50 mL H2O containing an eight-fold molar 

excess (with respect to SLUG-28, -29, or -30) of adipic acid. The reaction mixture 

was allowed to slowly stir at room temperature for 24 hours. The solid products were 

isolated via vacuum filtration and rinsed with H2O and ethanol. 

 

2.4.   Characterization Methods 

2.4.1.   Single Crystal X-ray Diffraction 

Pale yellow, almost colorless, crystals of SLUG-43 (La-BPDC), SLUG-44 (Ce-

BPDC), SLUG-46 (Eu-BPDC), SLUG-47 (Gd-BPDC), SLUG-49 (La-NDC), SLUG-

50 (Nd-NDC), SLUG-51 (Eu-NDC), and SLUG-52 (Gd-NDC) were secured to a 

Mitegen micromount using Paratone oil. Their SCXRD data was collected at 100 K 

using a Rigaku Oxford Diffraction (ROD) Synergy-S X-ray diffractometer equipped 

with a HyPix-6000HE hybrid photon counting (HPC) detector and microfocused Mo-

Kα1 radiation (λ = 0.71073 Å). For all samples, data collection strategies to ensure 

completeness and desired redundancy were determined using CrysAlisPro.1 Data 

processing was performed using CrysAlisPro and included numerical absorption 

corrections determined via face-indexing for all samples, applied using the SCALE3 

ABSPACK scaling algorithm.2 All structures were solved via intrinsic phasing 

methods using ShelXT and refined using ShelXL in the Olex2 graphical user 

interface.3–5 Space groups were unambiguously verified by PLATON.6 The final 
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structural refinement included anisotropic temperature factors on all non-hydrogen 

atoms. All hydrogen atoms were attached via the riding model at calculated positions 

using suitable HFIX commands. 

 

An arbitrary sphere of data was collected on a colorless rod-like crystal of SLUG-28 

(Nd-EDS), having approximate dimensions of 0.134 × 0.078 × 0.022 mm3, on a 

Bruker APEX-II diffractometer using a combination of ω- and φ-scans of 0.5°.7 Data 

were corrected for absorption and polarization effects and analyzed for space group 

determination.8 The structure was solved by dual-space methods and expanded 

routinely.3 The model was refined by full-matrix least-squares analysis of F2 against 

all reflections.4 All non-hydrogen atoms were refined with anisotropic atomic 

displacement parameters. Unless otherwise noted, hydrogen atoms were included in 

calculated positions. Atomic displacement parameters for the hydrogens were tied to 

the equivalent isotropic displacement parameter of the atom to which they are bonded 

[Uiso(H) = 1.5Ueq(C) for methyl, 1.2Ueq(C) for all others].  

 

2.4.2.   Powder X-ray Diffraction 

Powder X-ray diffraction (PXRD) patterns were obtained on a Rigaku Miniflex II 

Plus diffractometer with Cu-Kα radiation (l = 1.5418 Å) from 2° to 35° or 60° (2q) at 

a rate of 2° per minute and a step size of 0.02°. 
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2.4.3.   Fourier-Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectroscopy of the materials was collected on a 

PerkinElmer spectrophotometer using KBr pellets. 

 

2.4.4.   Thermogravimetric Analysis  

Thermogravimetric analysis (TGA) was performed on a TA Q500 Thermoanalyzer. 

Samples were heated in a platinum pan at a ramp rate of 10 °C/min under nitrogen 

flow. The samples for ex situ variable temperature (VT-) PXRD were heated in a tube 

furnace to the designated temperature at a rate of 2 °C/min in air. 

 

2.4.5.   Photoluminescence 

Steady-state photoluminescence spectrum was obtained at room temperature on an 

Edinburgh Instruments FLS980 spectrophotometer. Absolute PLQE measurements of 

both bulk and microscopic crystals were performed on FLS 920 spectrophotometer 

with an integrating sphere (BaSO4 coating) using single photon counting mode. The 

focal length of the monochromator was 300 mm. Samples were excited at 320 nm 

(Eu-BPDC, SLUG-46) or 362 nm (Eu-NDC, SLUG-51) using a 450W Xenon lamp 

with 3 mm excitation slit width and detected by a Hamamatsu R928p photomultiplier 

tube. The emission was obtained using 0.2 nm scan step, 0.2 s scan dwell time, and 

0.1 mm emission slit width. The PLQEs were calculated by the equation: φ = k𝑓/k𝑎, 

in which k𝑓 means the number of emitted photons and k𝑎 means the number of 

absorbed photons.  
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Chapter 3 

 

Characterizations and Luminescent Properties of 

Lanthanide Metal-Organic Structures 

 

Abstract 

In this chapter, the three projects Ln-BPDC, Ln-NDC, and Nd-ADS are presented. 

The Ln-BPDC (SLUG-43–48) project consists of six anionic, isomorphous MOFs 

with the formula [Ln(BPDC)2–][NH2(CH3)2+] (Ln = La, Ce, Nd, Eu, Gd, Er). The 

materials all possess the same 3-D structure and crystallize in the orthorhombic space 

group Pbcn. All exhibit thermal stability up to 300 °C and decompose to Ln2O3 after 

800 °C. The Eu-BPDC structure exhibits strong fluorescence in the 612-620 nm range 

and a quantum yield of 2.11%. The Ln-NDC (SLUG-49–52) project consists of four 

neutral structures that each crystallize in distinct space groups. Their formulas are 

[La6(NDC)9(DMF)3×6 DMF], [Nd2(NDC)3(DMF)2], [Eu2(NDC)3(DMF)2×DMF], and 

[Gd4(NDC)6(DMF)4]. The NDC-based structures exhibit similar thermal 

decomposition profiles and infrared spectra. The Eu-NDC structure exhibits a sharp 

red-orange luminescence at 613 nm and a quantum yield of 3.56%. Lastly, the Nd-

ADS (SLUG-28–30) project consists of three LREHs made of [Nd2(OH)4(OH2)22+] 

layers with interlamellar a,w-[–O3S(CH2)nSO3–] anions (n = 2 to 4). These LREHs 

show an increase in thermal stability with increasing alkanedisulfonate chain length. 
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As an initial example of anion exchange, all three materials show exchange for 

adipate, –O2C(CH2)4CO2–. This work expands the chemistry of lanthanide MOFs and 

LREHs. 

 

3.1.   Ln-BPDC MOFs (SLUG-43–48) 

3.1.1.   Structures 

SLUG-43 through 48 were synthesized solvothermally in high yield [80% to 89% 

based on Ln(III)] at a synthesis temperature range of 140 to 150 °C. Below this 

optimal temperature range, no crystalline product formed. Longer synthesis times 

resulted in higher crystallinity and slightly higher yield. The crystals were colorless 

blocks among a powder of the same phase. Single crystal structures of the MOFs 

based on La, Ce, Eu and Gd (SLUG-43, -44, -46 and -47, respectively) were obtained 

and solved (Figures 3.1.1 – 3.1.4). The crystal data for these structures are 

summarized in Table 3.1.1. The experimental PXRDs match the theoretical PXRD 

calculated from the single crystal data, verifying that this series of MOFs is 

isostructural. The similarity of the PXRD patterns for SLUG-45 and -48 (based on Nd 

and Er, respectively, Figure 3.1.5) support that they are isomorphous despite forming 

crystals too small for SCXRD analysis. 
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Figure 3.1.1. Crystallographic projections of SLUG-43 (La): A) View along the c-

axis, showing the metal centers surrounded by BPDC2– ligands and the charge-

balancing dimethylammonium ions (La – green; O – red; C – black; N – light blue; H 

– pink); B) View along the a-axis of one layer of isolated LaO8 centers (C, N, and H 

omitted for clarity); C) ORTEP (Oak Ridge thermal ellipsoid plot) diagram of SLUG-

43 and its atomic numbering scheme. Thermal ellipsoids are calculated at 50% 

probability. 
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Figure 3.1.2. Crystallographic projections of SLUG-44 (Ce): A) View along the c-

axis, showing the metal centers surrounded by BPDC2– ligands and the charge-

balancing dimethylammonium ions (Ce – yellow; O – red; C – black; N – light blue; 

H – pink); B) View along the a-axis of one layer of isolated CeO8 centers (C, N, and 

H omitted for clarity); C) ORTEP (Oak Ridge thermal ellipsoid plot) diagram of 

SLUG-44 and atomic numbering scheme. Thermal ellipsoids are calculated at 50% 

probability. 
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Figure 3.1.3. Crystallographic projections of SLUG-46 (Eu): A) View along the c-

axis, showing the metal centers surrounded by BPDC2– ligands and the charge-

balancing dimethylammonium ions (Eu – orange; O – red; C – black; N – light blue; 

H – pink); B) View along the a-axis of one layer of isolated EuO8 centers (C, N, and 

H omitted for clarity); C) ORTEP (Oak Ridge thermal ellipsoid plot) diagram of 

SLUG-46 and atomic numbering scheme. Thermal ellipsoids are calculated at 50% 

probability. 
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Figure 3.1.4. Crystallographic projections of SLUG-47 (Gd): A) View along the c-

axis, showing the metal centers surrounded by BPDC2– ligands and the charge-

balancing dimethylammonium ions (Gd – purple; O – red; C – black; N – light blue; 

H – pink); B) View along the a-axis of one layer of isolated GdO8 centers (C, N, and 

H omitted for clarity); C) ORTEP (Oak Ridge thermal ellipsoid plot) diagram of 

SLUG-47 and atomic numbering scheme. Thermal ellipsoids are calculated at 50% 

probability. 
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Table 3.1.1. Crystal Data and Structure Refinement for SLUG-43, -44, -46 and -47 

Material SLUG-43 SLUG-44 SLUG-46 SLUG-47 

Empirical 
Formula 

LaO8C30H24N CeO8C30H24N EuO8C30H24N GdO8C30H24N 

Formula 
Weight 

(g⋅mol–1) 

665.42 666.62 678.46 683.75 

Temperature 
(K) 

100 100 100 100 

Crystal 
System 

Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

Space Group Pbcn Pbcn Pbcn Pbcn 

a, b, c (Å) 28.1888(18), 
11.7883(12), 

7.7777(8) 

28.0397(16), 
11.7767(6), 
7.7568(4) 

27.844(2), 
11.7069(5), 
7.7599(4) 

27.8139(14), 
11.7109(6), 
7.7452(4) 

a, b, g (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 

Volume (Å3) 2584.5(4) 2561.4(2) 2529.5(2) 2522.8(2) 

Z 8 8 8 8 

rcalc (g⋅cm–3) 1.71 1.729 1.785 1.800 

µ (mm–1) 1.709 1.833 2.541 2.686 

F(000) 1328 1332 1352 1356 

Crystal 
Dimensions 

(mm) 

0.017 ´ 0.049 
´ 0.149 

0.033 ´ 0.183 
´ 0.239 

0.014 ´ 0.070 
´ 0.098 

0.046 ´ 0.065 
´ 0.090 

Index Ranges -34 £ h £ 35, 
-14 £ k £ 13, 

-9 £ l £ 9 

-34 £ h £ 35, 
-14 £ k £ 14, 

-8 £ l £ 9 

-34 £ h £ 23,  
-13 £ k £ 14,  

-9 £ l £ 9 

-34 £ h £ 34, 
-14 £ k £ 14, 

-9 £ l £ 9 

Reflections 
Collected 

8123 9025 8262 9912 

Unique Data 2567 
[Rint = 0.0849] 

2611 
[Rint = 0.0357] 

2565 
[Rint = 0.0349] 

2574 
[Rint = 0.0319] 

Data / 
Restraints / 
Parameters 

2567 / 0 / 187 2611 / 0 / 187 2565 / 0 / 187 2574 / 0 / 187 
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Goodness of 
Fit on F2 

1.005 1.081 1.200 1.065 

Final R 
Factors 

[I > 2s (I)] 

R1 = 0.0514 
wR2 = 0.1162 

R1 = 0.0339 
wR2 = 0.0740 

R1 = 0.0407 
wR2 = 0.0768 

R1 = 0.0232 
wR2 = 0.0520 

Largest 
Residual 

Peak/Hole 
(e⋅Å–3) 

2.02 / -0.90 1.22 / -0.85 1.35 / -0.82 0.872 / -0.339 

 

 

 

Figure 3.1.5. PXRD patterns of the isomorphous series SLUG-43-48 (La, Ce, Nd, 

Eu, Gd and Er, respectively), with the theoretical pattern for SLUG-43 (La) shown at 

the bottom. 
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The SCXRD studies reveal that the asymmetric unit of SLUG-43-48 contains one 

Ln(III) ion, two BPDC2– ligands and one dimethylammonium cation. The Ln(III) ion 

is eight-coordinated by the oxygens from six different BPDC2– ligands in a distorted 

square antiprismatic coordination geometry. The average Ln-O bond distance is 

2.44(6) Å, well within the covalent range based on a search of the Cambridge 

Structural Database. The ligand BPDC2– is known to adopt up to seven different 

coordination modes.1 In the present MOFs, all BPDC2– ligands exhibit the same type 

of binding mode (Figure 3.1.6). One end of the ligand participates in h2 binding to 

one Ln(III) ion, while the other end µ-2 bridges between two Ln(III) ions, creating a 

three-dimensional framework. The Ln(III) ions are independent with no inorganic 

connectivity, but are centered about layers in the yz plane (Figure 3.1.1B). The 

dimethylammonium cations are electrostatically coordinated to each Ln(III) ion, 

balancing the net negative charge from each [Ln3+(BPDC2–)2]– unit.  

 

 

Figure 3.1.6. Binding mode for all BPDC2– ligands in SLUG-43–48. 

 

3.1.2.   Thermal Characterization 

The SLUG-43–48 materials decompose similarly (Figures 3.1.7–3.1.12). Ln-BPDC 

begins to decompose at approximately 300 °C (Figure 3.1.7A). The first mass loss of 
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19.4% corresponds to a loss of dimethylammonium and likely the hydrocarbon 

portion of one of the linkers, with a theoretical mass loss of 19.7%. The VT-PXRD 

shows a low angle peak with two higher order reflections after the sample was heated 

to 375 °C (Figure 3.1.7B). It is possible that the Ln polyhedra have condensed into a 

layered structure. The second decomposition event at ~ 400 °C of 35.8% agrees well 

with the loss of an additional BPDC2– ligand (theoretical mass loss of 35.4%). The 

final decomposition event at ~ 600 °C of 18.5% agrees with the loss of the remaining 

organic (theoretical mass loss of 18.9%). As expected, the final solid is Ln2O3, 

confirmed by both PXRD after TGA heating and VT-PXRD (Figure 3.1.7B, top 

pattern). As a representative sample, SLUG-46 (Eu) was heated to 1000 °C to obtain 

a complete decomposition profile (Figure 3.1.10A). 

 

 

Figure 3.1.7. A) Thermogravimetric trace of SLUG-43 (La); B) Ex situ VT-PXRD of 

SLUG-43 (La), with asterisks denoting peaks due to the aluminum sample holder. 

 

A B 
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Figure 3.1.8. A) Thermogravimetric trace of SLUG-44 (Ce); B) Ex situ VT-PXRD of 

SLUG-44 (Ce), with asterisks denoting peaks due to the aluminum sample holder. 

 

 

Figure 3.1.9. A) Thermogravimetric trace of SLUG-45 (Nd); B) Ex situ VT-PXRD of 

SLUG-45 (Nd), with asterisks denoting peaks due to the aluminum sample holder. 

 

A B 

A B 
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Figure 3.1.10. A) Thermogravimetric trace of SLUG-46 (Eu); B) Ex situ VT-PXRD 

of SLUG-46 (Eu), with asterisks denoting peaks due to the aluminum sample holder. 

 

 

Figure 3.1.11. A) Thermogravimetric trace of SLUG-47 (Gd); B) Ex situ VT-PXRD 

of SLUG-47 (Gd), with asterisks denoting peaks due to the aluminum sample holder. 

 

A B 

A B 
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Figure 3.1.12. A) Thermogravimetric trace of SLUG-48 (Er); B) Ex situ VT-PXRD 

of SLUG-48 (Er), with asterisks denoting peaks due to the aluminum sample holder. 

 

3.1.3.   Vibrational Spectroscopy 

All six materials have very similar IR spectra, owing to their isomorphous topology 

(Figure 3.1.13). Broad N-H stretching bands are visible centered around ~ 3130 and 

3400 cm–1 due to the dimethylammonium countercations.2,3 Four sharp peaks in the 

1400 to 1650 cm–1 region are attributed to (C- - -O)2 stretching from the carboxylate in 

the BPDC2– ligands. The sharp peak at ~ 770 cm–1 is due to the characteristic C-H 

deformation of 1,4-disubstituted aromatics. The PXRD and FTIR of the free ligand 

H2BPDC are shown in Figure 3.1.14, to demonstrate the differences with the 

synthesized materials. We posit that the luminescence of SLUG-46 (Eu) is due to a 

ligand-to-metal charge transfer (LMCT) process. FTIR of Eu-BPDC sample after 

heating to 375 °C (Figure 3.1.15) shows the partial loss of the peaks at 3100 cm–1 and 

1650 cm–1, corresponding to N-H and (C- - -O)2 stretching, respectively. 

 

A B 
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Figure 3.1.13. FTIR spectra of SLUG-43-48, further underscoring their isomorphous 

nature. 
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Figure 3.1.14. Characterizations of the free ligand H2BPDC: A) PXRD pattern of 

H2BPDC; B) FTIR spectrum of H2BPDC. 

 

 

Figure 3.1.15. FTIR spectrum of the intermediate structure after heating SLUG-46 

(Eu) to 375 °C. 
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3.1.4.   Photoluminescence Spectroscopy 

The Eu(III)-based MOF, SLUG-46, exhibits intense luminescence in the visible red-

orange region (Figure 3.1.16–3.1.17). These emission bands are due to 5D0 ® 7FJ (J = 

1, 2, 4) electronic transitions. The 5D0 ® 7F3 transition is weakly observed at 660 nm. 

These electronic transitions are known to be the most notable for Eu(III) complexes.4 

The intense 5D0 ® 7F2 transition is hypersensitive and indicates that Eu(III) is not at a 

site with a center of symmetry. SLUG-46 displays a quantum efficiency of 2.11%. As 

expected, none of the SLUG-43 (La), -44 (Ce), -45 (Nd), -47 (Gd) or -48 (Er) 

materials were fluorescent. The photoluminescence of SLUG-46 is quenched after the 

material is heated to 375 °C (Figure 3.1.17). As the organic is evolved, the LMCT 

process is likely disrupted and as a result, Eu(III) no longer emits light. 
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Figure 3.1.16. Solid-state fluorescence emission spectrum of SLUG-46 (Eu), excited 

at 320 nm. 
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Figure 3.1.17. Optical image of SLUG-46 (Eu) and post-heating samples, illuminated 

under 254 nm light. The photoluminescence is quenched after heating to 375 °C, 

signifying a disruption of the LMCT process. 

 

3.1.5.   Other Investigations 

A variety of synthesis conditions and ion exchanges were attempted with the Ln-

BPDC materials. These investigations are presented in the Appendix (Table A1, A5), 

and include exchanges with ammonium bicarbonate (NH4HCO3), 

tetramethylammonium bromide [(CH3)4NBr], lead(II) nitrate [Pb(NO3)2], sodium 

perchlorate (NaClO4), potassium permanganate (KMnO4), and perfluorooctanoic acid 

(PFOA, HO2C8F15). 

  

675 °C 800 °C As-synthesized 275 °C 375 °C 475 °C    575 °C 
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3.2.   Ln-NDC MOFs (SLUG-49–52) 

3.2.1.   Structures 

SLUG-49 through 52 were synthesized solvothermally in good yields [70% to 85% 

based on Ln(III)] at a synthesis temperature of 110 to 125 °C. Below this optimal 

temperature, no crystalline product formed. Higher temperatures produced different 

crystal phases which could not be isolated. The crystals were colorless blocks among 

a powder of the same phase. Single crystal structures of the MOFs based on La, Nd, 

Eu, and Gd (SLUG-49 through 52) were obtained and solved (Figures 3.2.1–3.2.4) 

and the crystal data for these structures are summarized in Table 3.2.1. All four 

structures are neutral in charge and each crystallizes in a distinct space group and 

structure. Throughout the four structures, there are two distinct binding modes of the 

NDC ligand, which we refer to as type I and type II (Figure 3.2.5).  
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Figure 3.2.1. Crystallographic projections of SLUG-49 (La): A) View along the a-

axis, highlighting the binding modes of NDC and 3-dimensionality of the structure; 

B) View along the b-axis, showing the three crystallographically distinct La centers 

and floating DMF molecules within the pores (La – green; O – red; C – black; N – 

light blue; H – omitted for clarity). 
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Figure 3.2.2. Crystallographic projection of SLUG-50 (Nd): A) View along the a-

axis of the 3-dimensional structure; B) View along the c-axis, highlighting the various 

binding modes and pi stacking of NDC ligands, as well as the bound DMF molecules 

(Nd – purple; O – red; C – black; N – light blue; H – omitted for clarity). 
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Figure 3.2.3. Crystallographic projections of SLUG-51 (Eu): A) View along the a-

axis of the 3-dimensional structure; B) View along the c-axis, highlighting the various 

binding modes and pi-stacking of NDC ligands, as well as the bound and floating 

DMF molecules (Eu – orange; O – red; C – black; N – light blue; H – omitted for 

clarity). 
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Figure 3.2.4. Crystallographic projections of SLUG-52 (Gd); A) View along the a-

axis of the 3-dimensional structure; B) View along the b-axis, showing the various 

binding modes of the NDC ligands and the bound DMF molecules (Gd – yellow; O – 

red; C – black; N – light blue; H – omitted for clarity). 
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Table 3.2.1. Crystal Data and Structure Refinement for SLUG-49, -50, -51 and -52 

Material SLUG-49 SLUG-50 SLUG-51 SLUG-52 
Empirical 
Formula 

La6C135H115O47
N9 

NdC21H16O7.5
N 

Eu2C45H39O15
N3 

Gd4C84H64O28
N4 

Formula 
Weight 

(g⋅mol–1) 
3448.81 546.59 1165.71 2206.39 

Temperature 
(K) 100(2) 100(2) 100.01(10) 120(2) 

Crystal 
System Triclinic Monoclinic Monoclinic Orthorhombic 

Space Group P1% C2/c P21/n Pca21 

a, b, c, (Å) 
13.2526(8) 
14.3785(8) 
19.9214(10) 

12.4204(5) 
21.5953(7) 
16.3081(6) 

11.9185(3) 
21.8730(5) 
16.5342(4) 

19.4366(9) 
8.7643(4) 
45.084(2) 

a, b, g (°) 
70.927(5) 
74.630(5) 
75.542(5) 

90 
102.907(4) 

90 

90 
100.476(2) 

90 

90 
90 
90 

Volume (Å3) 3403.5(4) 4263.7(3) 4238.51(18) 7679.9(6) 
Z 1 8 4 4 

rcalc (g⋅cm–3) 1.683 1.703 1.827 1.908 
µ (mm–1) 14.980 2.480 3.009 3.500 
F(000) 1706 2152 2304 4304 

Index Ranges 
-12 £ h £ 15 
-16 £ k £ 17 
-23 £ l £ 23 

-16 £ h £ 16 
-27 £ k £ 29 
-22 £ l £ 21 

-14 £ h £ 14 
-26 £ k £ 27 
-20 £ l £ 20 

-25 £ h £ 24 
-11 £ k £ 11 
-59 £ l £ 60 

Reflections 
Collected 32919 4360 30302 19057 

Unique Data 9215 
[Rint = 0.0589] 

3954 
[Rint = 0.0296] 

6543 
[Rint = 0.0249] 

13636 
[Rint = 0.0918] 

Data / 
Restraints / 
Parameters 

11945 / 56 / 
1042 

4360 / 38 / 
316 8660 / 0 / 592 19057 / 25 / 

1089 

Goodness of 
Fit on F2 1.043 1.075 1.025 0.875 

Final R 
Factors 

[I > 2s(I)] 

R1 = 0.0434 

wR2 = 0.1043 

R1 = 0.0254 

wR2 = 0.0675 

R1 = 0.0220 

wR2 = 0.0462 

R1 = 0.0536 

wR2 = 0.1267 

Largest 
Residual 

Peak/Hole 
(e⋅Å–3) 

1.121 / -1.196 1.043 / -0.640 0.639 / -0.720 2.065 / -1.440 
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Figure 3.2.5. Two binding modes of the NDC ligand in SLUG-49 through 52.  

I) NDC µ2-bridging four lanthanide metal ions; II) NDC bidentate bridging to one 

lanthanide metal ion and one of the oxygens from each carboxylate group also 

bridges to a second metal. 

 

The SCXRD data reveals the La-based structure (SLUG-49) crystallizes in the P1% 

space group. There are three distinct La3+ ions in the asymmetric unit of SLUG-49, 

each of which is coordinated to eight or nine oxygens. The first La3+ center is nine-

coordinate: coordinated to seven oxygens from NDC ligands via type I coordination, 

one bridging oxygen, and an oxygen from a DMF molecule. The second type of La3+ 

center is coordinated by six oxygens from NDC via type I coordination, one oxygen 
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from a DMF molecule, and one terminal oxygen. The third La3+ center is coordinated 

to four NDC ligands via type I coordination, one bridging oxygen, 1 terminal oxygen, 

and two DMF molecules. SLUG-49 contains 6 disordered floating DMF molecules 

per formula unit. The Nd- and Eu-based structures (SLUG-50 and-51, respectively) 

are the most similar to each other. Both are in the monoclinic crystal system, but the 

structures crystallize in the C2/c and P21/n space groups, respectively. SLUG-50 

contains a nine-coordinate Nd3+ center, surrounded by four NDC ligands with type I 

coordination, one NDC ligand with bidentate type II coordination, one bridging type 

II coordination, one DMF molecule, and one µ2-bridging oxygen. SLUG-51 is 

characterized by an eight-coordinate Eu3+ center. Here, Eu3+ is surrounded by four 

NDC ligands with type I coordination, one bidentate type II coordination, one 

bridging type II coordination, and one DMF molecule. Another difference between 

these two structures is that SLUG-51 contains a floating DMF molecule in addition to 

the bound DMF found in SLUG-50. Lastly, the Gd-based SLUG-52 structure 

crystallizes in the Pca21 space group. Gd3+ is seven-coordinate, surrounded by six 

NDC ligands with type I coordination and one DMF molecule. Syntheses with the 

lanthanides cerium and erbium were also attempted but no crystals large enough for 

SCXRD could be isolated.  

 

As evidenced by the SCXRD data, this group of structures is not isomorphous. The 

PXRD patterns of SLUG-49 through 52 are shown in Figure 3.2.6. Comparisons of 

the theoretical PXRDs with the as-synthesized materials are presented in Figures 

3.2.7 – 3.2.10. One possible reason behind the diversity of these structures is due to 
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the rigidity of the NDC ligand. As NDC molecules coordinate to the Ln(III) centers, 

effects such as pi-stacking and an abundance of available coordinating DMF 

molecules compete to fill the coordination sphere of the lanthanides. These factors 

will be further discussed in chapter 4.2. 

 

 

Figure 3.2.6. PXRD patterns of SLUG-49 through 52. 
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Figure 3.2.7. Comparison of the theoretical PXRD of SLUG-49 (La) (bottom) with 

as-synthesized (top). 
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Figure 3.2.8. Comparison of the theoretical PXRD of SLUG-50 (Nd) (bottom) with 

as-synthesized (top). 
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Figure 3.2.9. Comparison of the theoretical PXRD of SLUG-51 (Eu) (bottom) with 

as-synthesized (top). 
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Figure 3.2.10. Comparison of the theoretical PXRD of SLUG-52 (Gd) (bottom) with 

as-synthesized (top). 

 

3.2.2.   Thermal Characterization 

The four materials exhibit similar decomposition profiles, which can be characterized 

by the loss of DMF solvent, the loss of coordinated DMF molecules, and finally the 

loss of the organic NDC linker (Figures 3.2.11–3.2.14). In the case of SLUG-49 (La), 

a 12.7% mass loss by 210 °C is observed (Figure 3.2.11A). This corresponds nicely 

with the loss of six free DMF solvent molecules, which corresponds to a theoretical 

mass loss of 12.7%. An additional 7.8% mass is lost by 292 °C, which corresponds to 
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a theoretical mass loss of 7.3% of the three coordinated DMF molecules and an 

unknown intermediate in the VT-PXRD (Figure 3.2.11B). Lastly, there is a loss of 

51.4% mass by 600 °C, which can be attributed to the loss of the organic NDC linkers 

(theoretical mass loss of 52.6%). VT-PXRD pattern shows that the final phase is 

La2O3 (Figure 3.2.11B, top pattern). 

 

 

Figure 3.2.11. A) Thermogravimetric trace of SLUG-49 (La); B) Ex situ VT-PXRD 

of SLUG-49 (La). 

 

In the case of SLUG-50 (Nd), a mass loss of 3.0% is observed at 180 °C due to the 

evolution of solvent DMF molecules. At 290 °C, an additional 13.1% mass loss is 

observed which corresponds to the loss of coordinated DMF molecules (theoretical 

loss of 13.4%). By 600 °C, the observed mass loss of 39.7% corresponds to the 

theoretical mass loss of 41% of the organic component. 

 

A B 
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Figure 3.2.12. A) Thermogravimetric trace of SLUG-50 (Nd); B) Ex situ VT-PXRD 

of SLUG-50 (Nd). 

 

SLUG-51 (Eu) is observed to lose 5.5% at 180 °C, which is attributed to the DMF 

solvent molecule, with a theoretical mass loss of 6.2%. At 310 °C, a mass loss of 

12.4% is observed, which matches nicely with the theoretical loss of 12.5% and 

corresponds to the loss of two coordinated DMF molecules. By 600 °C, a mass loss of 

29.5% is observed. This last loss corresponds to the loss of the organic component, 

with a theoretical mass loss of 38%. It is evident from the TGA and VT-PXRD 

(Figure 3.2.13) that not all of the organic component has been completely 

decomposed by 600 °C.  

 

A B 
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Figure 3.2.13. A) Thermogravimetric trace of SLUG-51 (Eu); B) Ex situ VT-PXRD 

of SLUG-51 (Eu). 

 

By 172 °C, SLUG-52 (Gd) is observed to lose 6.1%, corresponding to the mass loss 

of two free DMF solvent molecules, a theoretical loss of 6.6%. The second mass loss 

is 10.3%, which is attributed to the loss of three coordinated DMF molecules, with a 

theoretical loss of 9.9%. At the final decomposition at 600 °C, a mass loss of 37.7% 

is observed. This corresponds to the partial loss of the organic component, which 

again is not completely decomposed (Figure 3.2.14). 

 

 

A B 
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Figure 3.2.14. A) Thermogravimetric trace of SLUG-52 (Gd); B) Ex situ VT-PXRD 

of SLUG-52 (Gd). 

 

3.2.3.   Vibrational Spectroscopy 

Although SLUG-49 through 52 display different structures, their IR spectra are very 

similar owing to their similar components: NDC ligands, and bound and floating 

DMF molecules (Figure 3.2.15). Between the range of 1680 to 1620 cm–1, two bands 

are observed which correspond to the C=O stretch of DMF.2 The peaks at ~ 1600  

cm–1 correspond to asymmetrical (C- - -O)2 stretching from the carboxylate group on 

NDC. The sharp peaks near 1400 cm–1 are attributed to the C-N stretch of DMF. The 

bands between 790 and 770 cm–1 correspond to C-H bands on the b-substituted 

naphthalenes. The PXRD and FTIR of the free ligand H2NDC are shown in Figure 

3.2.16, to demonstrate the differences with the synthesized materials. 

 

A B 
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Figure 3.2.15. FTIR spectra of SLUG-49 through -52. 
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Figure 3.2.16. Characterizations of the free ligand 2,6-H2NDC: A) PXRD pattern of 

H2NDC; B) FTIR spectrum of H2NDC. 

 

3.2.4.   Photoluminescence Spectroscopy 

The Eu(III)-based MOF, SLUG-51, exhibits intense luminescence in the visible red-

orange region (Figure 3.2.17). These emission bands are due to 5D0 ® 7FJ (J = 1, 2, 4) 

electronic transitions. The 5D0 ® 7F3 transition is weakly observed at 660 nm. These 

electronic transitions are known to be the most notable for Eu(III) complexes.4 

SLUG-51 displays a quantum efficiency of 3.56%. This fluorescence is due to a 

ligand to metal charge transfer process that is well-characterized in europium-based 

compounds. As expected, none of the SLUG-49 (La), SLUG-50 (Nd), or SLUG-52 

(Gd) materials were fluorescent. The photoluminescence of SLUG-51 is quenched 

after the material is heated to 500 °C (Figure 3.2.18). As the organic is evolved, the 

LMCT process is likely disrupted and as a result, Eu(III) no longer emits light. 
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Figure 3.2.17. Solid state fluorescence emission spectrum of SLUG-51 (Eu), excited 

at 362 nm. 

 



 
95 

 

Figure 3.2.18. Optical image of SLUG-46 (Eu) and post-heating samples, illuminated 

under 254 nm light. The photoluminescence is quenched after heating to 500 °C, 

signifying a disruption of the LMCT process. 

 

3.2.5.   Other Investigations 

A variety of synthesis conditions and ion exchanges were attempted with the Ln-NDC 

materials. These investigations are presented in the Appendix (Table A2, A5), and 

include exchanges with ammonium bicarbonate (NH4HCO3), ammonium nitrate 

(NH4NO3), sodium nitrate (NaNO3), tetramethylammonium bromide [(CH3)4NBr], 

lead(II) nitrate [Pb(NO3)2], sodium perchlorate (NaClO4), perfluorooctanoic acid 

(PFOA, HO2C8F15), malonic acid [CH2(CO2H)2], succinic acid [(CH2)2(CO2H)2], 

glutaric acid [(CH2)3(CO2H)2], suberic acid [(CH2)6(CO2H)2], and sebacic acid 

[(CH2)8(CO2H)2]. 

600 °C As-synthesized 200 °C 300 °C 400 °C    500 °C 
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3.3.   Nd-ADS LREHs (SLUG-28–30) 

3.3.1.   Structures 

SLUG-28, -29 and -30 were all synthesized hydrothermally in high yields [80 to 86% 

based on Nd(III)]. The single crystal structure of SLUG-28 was obtained and solved 

(Figure 3.3.1) and the crystal data for this structure is summarized in Table 3.3.1. 

SCXRD reveals that SLUG-28 crystallizes in the triclinic space group P-1. SLUG-28 

is composed of layers of nine-coordinate neodymium polyhedra linked by six µ3-OH 

groups and two µ2-OH2 groups. One sulfonate oxygen from the organosulfonate 

completes the neodymium coordination sphere and covalently connects the inorganic 

layers together (Figure 3.3.1A). The PXRD patterns of SLUG-28, -29, and -30 

demonstrate a clear decrease in low angle (001) peak as the carbon chain length of the 

organosulfonate increases (Figure 3.3.2). The structures of SLUG-29 and -30 are 

isostructural to those of a lanthanum-based material that was solved by Rietveld 

refinement of PXRD data.5 
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Figure 3.3.1. Crystallographic projections of SLUG-28: A) View along the a-axis, 

showing the cationic inorganic layers connected by ethanedisulfonate ligands (Nd – 

purple; O – red; C – black; S – yellow; H omitted for clarity); B) View along the c-

axis, showing a top-down view of one inorganic layer. 
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Table 3.3.1. Crystallographic Data and Structure Refinement for SLUG-28 

Material SLUG-28 
Empirical Formula Nd2C2H12O12S2 

Formula Weight (g mol–1) 580.72 
Temperature (K) 120(2) 
Crystal system Triclinic 
Space group P-1 
a, b, c (Å) 7.396(3), 7.403(3), 12.251(5) 
a, b, g (°) 86.666(5), 76.969(5), 63.435(5) 

Volume (Å3) 583.8(4) 
Z 2 

rcalc (g·cm-3) 2.712 
µ (mm-1) 9.142 
F (000) 544 

Crystal dimensions (mm) 0.134 ´ 0.078 ´ 0.022 
Index ranges -9 £ h £ 9 

-9 £ k £ 9 
-16 £ l £ 16 

Reflections Collected 2903 
Unique Data 2177 

[Rint = 0.0228] 
Data / restraints / parameters 2903 / 18 / 228 

Goodness of fit on F2 1.021 
Final R factors 

[I > 2s (I)] 
R1 = 0.0195 

wR2 = 0.0355 
Largest Residual Peak/Hole (e⋅Å–3) 0.802 / -0.780 
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Figure 3.3.2. PXRD patterns of SLUG-28 to 30, with the theoretical pattern for 

SLUG-28 and main Miller indices shown at the bottom. 

 

3.3.2.   Thermal Characterization 

Thermogravimetric analysis of SLUG-28 displayed three decomposition events 

(Figure 3.3.3A). The first decomposition was at approximately 175 °C, which likely 

corresponds to the loss of the µ2-OH2 groups (Table 3.3.2). It can be inferred from the 

VT-PXRD that the loss of water results in a free sulfonate oxygen atom filling the 

empty coordination site, decreasing the spacing between the inorganic layers (Figure 

3.3.3B, 200 °C at which ~ 80% of the material has transformed at this temperature 
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based on the area of first peaks). The second mass loss event at ~ 250 °C is attributed 

to the loss of two µ3-OH groups; the theoretical mass loss of 5.86% matches nicely 

with the observed loss of 5.80% (Table 3.3.2). The last decomposition around 375 °C 

corresponds to the loss of the organic component and one of the sulfonates, resulting 

in the formation of Nd2O2SO4 (PDF 00-048-1829). SLUG-29 and SLUG-30 (Figures 

3.3.4A, 3.3.5A respectively) exhibit similar thermal profiles compared to SLUG-28. 

SLUG-29 maintains the same three decomposition events as SLUG-28 but at slightly 

higher temperatures, likely due to the greater amount of van der Waals interaction by 

the longer chains. It also loses an additional 4.53% mass after the loss of the organic. 

This extra mass loss matches nicely with the theoretical loss of the additional carbon. 

Likewise, the decomposition events of SLUG-30 occur at higher temperatures than 

those of SLUG-28 and -29. Additionally, SLUG-30 loses the hydrocarbons of the 

butanedisulfonate abruptly at ~ 450 °C but the sulfonates remain a part of the 

Nd2O2SO4 layers.6 The observed weight losses reasonably match the theoretical mass 

losses in all cases, except for the loss of the sulfonate in SLUG-30 (Table 3.3.2). 
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Figure 3.3.3. A) Thermogravimetric trace of SLUG-28 (Nd-EDS); B) Ex situ VT-

PXRD of SLUG-28 (Nd-EDS). 

 

 

Figure 3.3.4. A) Thermogravimetric trace of SLUG-29 (Nd-PDS); B) Ex situ VT-

PXRD of SLUG-29 (Nd-PDS). 

A B 

A B 
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Figure 3.3.5. A) Thermogravimetric trace of SLUG-30 (Nd-BDS); B) Ex situ VT-

PXRD of SLUG-30 (Nd-BDS). 

 

Table 3.3.2. Observed and Theoretical Mass Losses of Major Decomposition Events 

Material SLUG-28 SLUG-29 SLUG-30 
Observed Theoretical Observed Theoretical Observed Theoretical 

Loss of 
two H2O 

6.56% 6.20% 6.07% 6.06% 4.36% 5.92% 

Loss of 
two OH 

5.80% 5.86% 5.29% 5.72% 6.70% 5.59% 

Loss of 
(CH2)nSO3– 

17.93% 18.62% 20.38% 20.57% 12.92% 22.37% 

 

 

3.3.3.   Anion Exchange  

The anion exchange capability of these materials was investigated using α,ω-

dicarboxylates of varying chain length as well as several oxyanions. All three 

materials showed exchange capabilities for adipate [–O2C(CH2)4CO2–].  As expected, 

the PXRD of the three exchanged materials have similar powder patterns (Figure 

3.3.6). Attempts to intercalate other α,ω-alkanedicarboxylates such as succinate        

A B 
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[–O2C(CH2)2CO2–], suberate [–O2C(CH2)6CO2–], sebacate [–O2C(CH2)8CO2–], and 

terephthalate [–O2C(C6H4)CO2–] as well as oxyanions such as perchlorate (ClO4–), 

chromate (CrO42–), and permanganate (MnO4-) have been unsuccessful. It is likely 

that the solubility of these anions plays a role in facilitating anion exchange between 

the alkanedisulfonates and adipate (Table 3.3.3). As the chain length of the 

aforementioned α,ω-alkanedicarboxylates increases, their solubility in water 

decreases. We speculate that the solubility of adipic acid, which is between that of 

succinate and suberate, allows for partial dissolution which promotes solvent-

mediated ion exchange (Table 3.3.3). The solubility of succinate is so great that the 

material may be too unstable to form. The carbon chain length of adipate is preferred 

over succinate perhaps due to its ability to intercalate the [Nd2(OH)4(OH2)22+] layers. 

 

Table 3.3.3. Solubility Values of various α,ω-Alkanedicarboxylates7 

Alkanedicarboxylate Solubility 
(g / kg H2O) 

Temperature 
(°C) 

Succinate 
 

83.5 25 

Adipate 
 

15 15 

Suberate 
 

2.43 25 

Sebacate 
 

1 20 

Terephthalate 
 

0.065 25 
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Figure 3.3.6. PXRD patterns of SLUG-28, -29 and -30 exchanged with adipate. 

 

3.3.4.   Vibrational Spectroscopy 

The FTIR spectra of SLUG-28 through 30 are similar owing to their similar 

components. The FTIR spectra of SLUG-28 and SLUG-28-adipate highlight the 

sulfonate stretch (1200 cm–1) and carboxylate stretch (1700 cm–1), respectively, 

supporting that exchange has occurred (Figure 3.3.7). 
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Figure 3.3.7. FTIR of SLUG-28 as-synthesized (bottom) and after exchange with 

adipate (top). 

 

3.3.5.   Other Investigations 

A variety of synthesis conditions and ion exchanges were attempted with the Nd-ADS 

materials. These investigations are presented in the Appendix (Table A3, A5), and 

include exchanges with malonic acid [CH2(CO2H)2], succinic acid [(CH2)2(CO2H)2], 

glutaric acid [(CH2)3(CO2H)2], adipic acid [(CH2)4(CO2H)2], suberic acid 

[(CH2)6(CO2H)2], sebacic acid [(CH2)8(CO2H)2], terephthalic acid [C6H4(CO2H)2], 

sodium nitrate (NaNO3), sodium chloride (NaCl), sodium chlorate (NaClO3), 
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potassium chromate (K2CrO4), potassium permanganate (KMnO4), and 

perfluorooctanoic acid (PFOA, HO2C8F15). 
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Chapter 4 

 

Insights on 3-Dimensional and Layered Lanthanide Metal-

Organic Structures 

 

Abstract 

In comparing the three projects of this thesis [SLUG-43 through 48 (Ln-BPDC), 

SLUG-49 through 52 (Ln-NDC), and SLUG-28 through 30 (Nd-ADS)], two main 

questions arise: 1) what conditions contribute to forming three-dimensional MOFs 

versus two-dimensional LREHs? and 2) why are the NDC-based materials not 

isomorphous like those of Ln-BPDC? In this chapter, the factors contributing toward 

the dimensionality of lanthanide-based materials will be discussed. A reason for the 

lack of isomorphous nature of the NDC-based series is also proposed.  

 

4.1.   2-D and 3-D Lanthanide-based Materials 

In this work, we have seen three-dimensional lanthanide-MOF structures and two-

dimensional LREH structures (Figure 4.1.1). As mentioned in chapter 1.2.1, the 

lanthanides are hard acids and prefer to react with hard bases such as oxygen.1 

Additionally, the high coordination number of the lanthanides favors the coordination 

sphere to be filled with small molecules such as hydroxide or water.2 With this 

information in hand, it allows us to identify factors that contribute toward the 
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dimensionality of Ln-MOFs versus LREHs. The general formula of LREHs 

{[RE4(OH)10(H2O)4]nAn} demonstrates the propensity of hydroxide ions and water 

molecules to fill the coordination sphere of the lanthanide ions. The process of 

hydroxide molecules reacting with lanthanide ions is solution is known as 

alkalization. Methods of homogenous alkalization, in which a reagent undergoes 

hydrolysis to slowly produce hydroxide ions, are well documented in LREH 

syntheses by the Sasaki group.3–7  Another synthetic strategy to produce LREHs is the 

hydrothermal treatment of rare earth reagents to transform them to the hydroxide 

forms. In either case, hydroxide ions and water molecules surround the rare earth ion 

to produce a positively charged layer; these layers are charge-balanced by 

interlamellar anions. These anions have been demonstrated to be small molecules 

such as halides, nitrate, and sulfate, and longer organic chains with terminal 

disulfonate functionalities.8  

 

In our syntheses of SLUG-28 through 30, we employed a slightly different synthesis 

technique: solid NaOH pellets were added to a reagent solution of water, Nd(NO3)3·6 

H2O, and disodium a,w-alkanedisulfonate to raise the pH from ~ 4 to ~ 7. The 

addition of NaOH produced a gel-like solution, and the solution was transferred to an 

autoclave, where it was heated hydrothermally. This synthesis procedure is similar to 

that of the sol-gel method. In a general sol-gel process, a metal ion can form a variety 

of different oxyhydroxyl species depending on the pH.9 A metal ion that is soluble in 

an acidic aqueous environment can form an insoluble polymeric and cationic species 

coordinated to hydroxide ions and water molecules as the pH is increased. Sol-gel 
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methods are typically used in zeolite and ceramic syntheses. In our syntheses, the 

addition of NaOH provides a rich hydroxide source for the layered 

[Nd2(OH)4(OH2)22+][–O3S(CH2)nSO3–] (n = 2 – 4) materials to form. Thus, the 

dimensionality of MOFs versus LREHs can be dictated by controlling the pH of the 

solution. The starting solutions of Ln-BPDC and Ln-NDC are approximately at pH ~ 

4 in DMF as the solvent. This acidic and solvothermal environment keeps hydroxide 

ions and water molecules in low concentrations. Under these conditions, the ligands 

can coordinate to the metal ions and form three-dimensional MOF structures. 
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Figure 4.1.1. Representative crystallographic images of the three different projects 

presented in this work: 1) Ln-BPDC; 2A) La-NDC, 2B) Nd-NDC, 2C) Eu-NDC, 2D) 

Gd-NDC; 3) Nd-EDS 
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4.2.   Conditions contributing toward Isomorphism 

The second question that arises when comparing these projects concerns the 

difference between the Ln-BPDC and Ln-NDC structures. The Ln-BPDC series is 

isomorphous, meaning that the structures crystallize in the same space group and the 

only difference between the structures is the replacement of lanthanide ions.10 In the 

case of the Ln-NDC materials, each structure crystallizes in a different space group, 

and the lanthanide ions are surrounded by different coordination numbers and binding 

modes of the organic linker and solvent. 

 

One apparent difference in these structures is the extraframework ion/molecule. In the 

case of Ln-BPDC, the anionic framework is charge-balanced by a 

dimethylammonium cation [NH2(CH3)2+]. In the Ln-NDC series, the neutral 

frameworks contain coordinated and floating dimethylformamide molecules [DMF, 

OCHN(CH3)2]. Both of these sets of materials were synthesized solvothermally in 

DMF. An explanation for this difference is the reaction temperature. The Ln-BPDC 

materials were synthesized at temperatures between 140 and 150 °C, while the Ln-

NDC materials were synthesized at temperatures between 110 and 125 °C. The 

boiling point of DMF is approximately 153 °C.11 DMF is known to decompose to 

dimethylammonium and formic acid through a hydrolysis reaction.12,13 The higher 

temperatures of the Ln-BPDC syntheses likely promotes the decomposition of DMF 

to the dimethylammonium cation, which charge-balances the anionic frameworks. At 

the lower synthesis temperatures of Ln-NDC, DMF is not decomposed, and thus acts 

as a coordinating or floating solvent molecule in the structures. At lower synthesis 
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temperatures for the Ln-BPDC series, no crystalline product formed. At higher 

synthesis temperatures for the Ln-NDC series, a different crystal phase which could 

not be isolated was formed. 

 

Another argument that can be made to explain the differences in structures is due to 

the rigidity of the organic linker. BPDC has a freedom of rotation between the two 

aromatic phenyl rings. This allows for twisting of the BPDC ligand to coordinate to 

two different metal centers on one carboxylate end, and bidentate coordination to 

another lanthanide metal on the other carboxylate end (Figure 4.2.1, 1). This freedom 

of rotation between phenyl rings is evidenced in the single crystal data of the Ln-

BPDC series. Slight variations in the torsion angles between the rings ranging from 

29 to 32 degrees are observed. The fused rings of NDC, by contrast, are rigid and 

multiple coordination modes are observed (Figure 4.2.1, 2A-B). The rigidity of the 

NDC ligand is likely responsible for the different structures that form. When a 

lanthanide ion is first coordinated to a carboxyl group from the ligand, the lack of 

rotation of NDC hinders the possibilities of other lanthanides coordinating on the 

other end. Thus, DMF solvent molecules can compete with NDC to fill the lanthanide 

coordination sphere. DMF has been shown to have a greater coordinating ability 

toward lanthanides than toward transition metals.14 This possibly explains the various 

coordination numbers and binding modes of the lanthanides observed in the Ln-NDC 

series.  
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Figure 4.2.1. Comparison of the coordination modes and rigidity of 1) BPDC and 

2A-B) NDC ligands. 

 

The NDC ligands are observed to undergo p-p stacking. This is most evident in the 

Nd-NDC and Eu-NDC structures (Figure 4.1.1, 2B-C). These intermolecular forces 

likely play a role in establishing the long-range order among these structures and 

stabilizing various lanthanide coordination spheres. So as NDC ligands and DMF 

molecules compete for coordination with the lanthanides, the p stacking of the NDC 

ligands stabilizes these structures and allow for different structures to form in the Ln-

NDC series. 
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4.3.   Conclusions 

In this section, the three projects of this thesis were compared, and various factors 

identified to explain the differences in dimensionality and structure among the 

projects. The main factor identified in controlling the dimensionality of Ln-MOFs 

versus LREHs is pH. Lanthanides are hard acids with large coordination numbers. 

When hydroxide ions and water molecules are readily available in solution (at an 

intermediate pH), they will fill the lanthanide coordination sphere and form layered, 

two-dimensional materials. Factors of reaction temperature, ligand rigidity, and 

ligand p stacking are possibly responsible for the disparity between the Ln-BPDC and 

Ln-NDC series. The decomposition of DMF into dimethylammonium is dependent on 

the reaction temperature. At lower temperatures, DMF is more likely to act as a 

coordinating solvent. The increased rigidity of the NDC ligand in comparison with 

BPDC perhaps explains the different lanthanide coordination numbers and binding 

modes in the Ln-NDC series. Effects of the p stacking of the ligands likely contribute 

toward stabilizing the structures.  
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Chapter 5 

 

Summary and Future Work 

 

5.1.   Summary 

Three projects have been presented in this thesis: 1) an anionic, isomorphous series of 

six lanthanide MOFs based on the linker 4,4’-biphenyldicarboxylate, 2) a neutral 

series of four lanthanide MOFs based on the linker 2,6-naphthalenedicarboxylate 

which crystallize in distinct space groups, and 3) a series of three cationic, Nd-based 

LREHs with increasing chain length a,w-alkanedisulfonates with a potential 

application in anion exchange. All structures were characterized via XRD, TGA, and 

IR. The solid state luminescence and quantum efficiency of the Eu(III)-based 

materials were additionally characterized.  

 

5.2.   Future Work 

There is future work that can be proposed for each of the three projects presented in 

this thesis. Generally, it would be possible for all three projects to be expanded to 

include the remaining lanthanide ion series. The lanthanides La, Ce, Nd, Eu, Gd, and 

Er were chosen because they were readily available in the Oliver lab chemical 

inventory.  
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5.2.1.   Ln-BPDC and Ln-NDC Projects 

The projects containing Ln-BPDC and Ln-NDC currently do not have applications. 

The Ln-BPDC framework is anionic in charge, which would make it a possible 

candidate for cation exchange. Based on the previously reported Tb-BPDC material, 

the Ln-BPDC series would be a candidate for UO22+ ion exchange in exchange for 

NH2(CH3)2+.1 With post-synthetic modification, the neutral Ln-NDC series could 

potentially be transformed into an ionic framework.2,3 Otherwise, there would be the 

possibility of exchanging floating DMF molecules in the Ln-NDC series with other 

neutral, small molecules.  

 

In this work, four crystal structures of Ln-BPDC (Ln = La, Ce, Eu, Gd) and four 

crystal structures of Ln-NDC (Ln = La, Nd, Eu, Gd) were presented. Crystals of Nd-

BPDC, Er-BPDC, Ce-NDC, and Er-NDC large enough for SCXRD were unable to be 

successfully grown. Conditions for growing these crystal structures can be improved 

so that the series may be completed. Longer synthesis times and temperature cycling 

in the respective optimal temperature ranges would be suggested. 

 

Due to their luminescent properties, the materials Eu-BPDC (SLUG-46) and Eu-NDC 

(SLUG-51) have potential applications as sensors. It would be of interest to attempt to 

synthesize a more cost-effective sensor. Europium is a particularly costly element, 

typically $400 per 25 grams. By contrast, cerium is the most earth-abundant 

lanthanoid, and the 26th most abundant element (roughly $18 per 25 grams).4 Given 

the disparity of these abundances and prices, it would be of financial interest to 
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synthesize a heterobimetallic Ln-MOF. This would be especially plausible for the 

isomorphous Ln-BPDC series, but more challenging for the Ln-NDC series, since the 

latter does not crystallize in the same space group for each structure. Additionally, it 

would be worthwhile to explore preparing films of Eu-BPDC and Eu-NDC, 

respectively. To be employed as a sensor, it would be useful to have a MOF anchored 

to a solid support that could be immersed in solution and easily retrieved.5 MOF thin 

films have been grown by multiple methods.6 Perhaps the most straightforward and 

promising technique would be via in-situ crystallization from a mother solution. A 

substrate is added to a MOF reagent mixture, and the mixture is heated as a whole as 

usually required. The substrate(s) should be inserted face down or vertically into the 

solution to avoid sedimentation. This technique has been successfully used to grow a 

variety of MOF films. The chosen substrate must be compatible with the growing 

MOF, thus there are reports of metal oxides, metal slices, textiles, and glass slides 

used as substrates. 

 

5.2.2.   Nd-ADS Project 

The crystal structure of SLUG-28 (Nd-EDS) was solved via SCXRD. We were able 

to make claims about SLUG-29 (Nd-PDS) and SLUG-30 (Nd-BDS) based on the 

change in d-spacing in comparing the three PXRD patterns. It would be useful to 

grow crystals of Nd-PDS and Nd-BDS in order to complete this series and be able to 

further compare the details of the structures. Crystals of SLUG-28 were obtained 

from a synthesis which used 4,4’-bipyridine as a pH modifier (chapter 2.3). Similar 

syntheses with SLUG-29 and -30 reagents did not produce crystals of the intended 
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materials. Therefore, other homogenous alkalization strategies should be explored for 

their potential to yield single crystals. 

 

Attempts to synthesize LREHs with lanthanides other than Nd were attempted, but no 

structures were formed. Therefore, reaction conditions can be optimized to synthesize 

Ln-EDS, -PDS, and -BDS structures. The hydroxide source used for the synthesis of 

Nd-EDS was NaOH. Other, perhaps less harsh bases can be explored in these 

syntheses.  

 

The three structures SLUG-28 through 30 were shown to exchange their a,w-

alkanedisulfonates for adipic acid. This exchange was characterized qualitatively 

through XRD and IR, but it would be of interest to characterize this exchange 

quantitatively to report an uptake value in mg g-1. A possible technique to do this 

would be with GC-MS.  
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Appendix 

 

Tables of Synthesis Conditions and Exchanges  

 

 

 
List of abbreviations:  

 
Adipic acid = hexanedioic acid 
ADS = a,w-alkanedisulfonate 

BDS = butane-1,4-disulfonate, disodium salt 
BPDC = biphenyl-4,4’-dicarboxylic acid 
BTC = 1,3,5-benzenetricarboxylic acid 

CPB = 4-(4-carboxy)phenyl benzoic acid (BPDC) 
CTAB = cetyl trimethylammonium bromide 
EDS = ethane-1,2-disulfonate, disodium salt 
EDSA = 1,2-ethanedisulfonic acid dihydrate 

Glutaric acid = pentanedioic acid 
Malonic acid = propanedioic acid 

NDC = 2,6-naphthalenedicarboxylic acid 
PDS = propane-1,3-disulfonate, disodium salt 

PFOA = perfluorooctanoic acid 
RT = room temperature 

Sebacic acid = decanedioic acid 
Suberic acid = octanedioic acid 
Succinic acid = butanedioic acid 

Terephthalic acid = benzene-1,4-dicarboxylic acid 
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Table A1. SLUG-43 through 48 (Ln-BPDC) Syntheses 
 

Sample 
ID 

Reagents Weight/Volume 
Used 

Temperature 
(°C) 

Time 
(days) 

AK2_05a Nd(NO3)3 × 6 H2O 
CPB 
H2O 

0.2021 g 
0.1115 g 
10 mL 

150 3 

AK2_05c Er(NO3)3 × x H2O 
CPB 
H2O 

0.2041 g 
0.1099 g 
10 mL 

150 3 

AK2_05e La(NO3)3 × 6 H2O 
CPB 
H2O 

0.2004 g 
0.1129 g 
10 mL 

150 3 

AK2_28d 
 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2021 g 
0.2247 g 
10 mL 

140 3 

AK2_28e 
 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2003 g 
0.2262 g 
10 mL 

140 3 

AK2_28f 
 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2029 g 
0.2260 g 
10 mL 

140 3 

AK2_28g 
 
 

Er(NO3)3 × x H2O 
CPB 
DMF 

0.2015 
0.2247 g 
10 mL 

140 3 

AK2_35a 
 
 

Ce(NO3)3 × 6 H2O 
CPB 
DMF 

0.1998 g 
0.2264 g 
10 mL 

140 4 

AK2_35b 
 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2007 g 
0.2266 g 
10 mL 

140 4 

AK2_35c 
 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2034 g 
0.2262 g 
10 mL 

140 4 

AK2_35d 
 
 

Er(NO3)3 × x H2O 
CPB 
DMF 

0.2008 g 
0.2255 g 
10 mL 

140 4 

AK2_37a 
 
 

Eu(NO3)3 × 6 H2O 
CPB 
DMF 

0.2018 g 
0.2262 g 
10 mL 

142 3 

AK2_37b 
 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2030 g 
0.2262 g 
10 mL 

142 3 
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AK2_37c 
 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2013 g 
0.2269 g 
10 mL 

142 3 

AK2_37d 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2006 g 
0.2250 g 
10 mL 

142 3 

AK2_38a 
 

Eu(NO3)3 × 6 H2O 
CPB 
DMF 

0.2010 g 
0.2266 g 
10 mL 

142 6 

AK2_38b 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2009 g 
0.2264 g 
10 mL 

142 6 

AK2_38c 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2019 g 
0.2264 g 
10 mL 

142 6 

AK2_38d 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2015 g 
0.2269 g 
10 mL 

142 6 

AK2_42a Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2006 g 
0.2247 g 
10 mL 

140 – 150 6 

AK2_42b Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2006 g 
0.2254 g 
10 mL 

140 – 150 6 

AK2_45a 
 

Eu(NO3)3 × 6 H2O 
CPB 
DMF 

0.2005 g 
0.2281 g 
10 mL 

145 7 

AK2_45b 
 

Eu(NO3)3 × 6 H2O 
CPB 
DMF 

0.2009 g 
0.2265 g 
10 mL 

145 7 

AK2_52a 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2001 g 
0.2265 g 
10 mL 

146 19 

AK2_52b 
 

Ce(NO3)3 × 6 H2O 
CPB 
DMF 

0.2008 g 
0.2265 g 
10 mL 

146 19 

AK2_52c 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2007 g 
0.2266 g 
10 mL 

146 19 

AK2_52d 
 

Eu(NO3)3 × 6 H2O 
CPB 
DMF 

0.2008 g 
0.2265 g 
10 mL 

146 19 
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AK2_52e 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2001 g 
0.2265 g 
10 mL 

146 19 

AK2_52f 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2002 g 
0.2267 g 
10 mL 

146 19 

AK2_54a 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2006 g 
0.2263 g 
10 mL 

200  

AK2_54b 
 

Ce(NO3)3 × 6 H2O 
CPB 
DMF 

0.2008 g 
0.2263 g 
10 mL 

200  

LW1_10a 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2001 g 
0.1128 g 
10 mL 

175 3 

LW1_10c 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2000 g 
0.115 g 
10 mL 

175 3 

LW1_10e 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2006 g 
0.1103 g 
10 mL 

175 3 

LW1_22a 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2025 g 
0.0567 g 
10 mL 

150 3 

LW1_22b 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2019 g 
0.0541 g 
10 mL 

150 3 

LW1_22c 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2036 g 
0.0553 g 
10 mL 

150 3 

LW1_25a 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2022 g 
0.1145 g 
10 mL 

125 3 

LW1_25c 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2037 g 
0.1131 g 
10 mL 

125 3 

LW1_25e 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2016 g 
0.1111 g 
10 mL 

125 3 

LW1_30c 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.204 g 
0.106 g 
10 mL 

55 3 
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LW1_31b 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2019 g 
0.1069 g 
10 mL 

150 3 

LW1_32a 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.203 g 
0.104 g 
10 mL 

125 3 

LW1_32b 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.202 g 
0.105 g 
10 mL 

100 3 

LW1_32d 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.214 g 
0.103 g 
10 mL 

100 3 

LW1_43a 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2008 g 
0.1181 g 
10 mL 

125 3 

LW1_43b 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2016 g 
0.1124 g 
10 mL 

125 3 

LW1_43c 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2035 g 
0.1112 g 
10 mL 

125 3 

LW1_47a 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2020 g 
0.1139 g 
10 mL 

150 3 

LW1_47b 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2008 g 
0.2210 g 
10 mL 

150 3 

LW1_47c 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2042 g 
0.1113 g 
10 mL 

150 3 

LW1_47d 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2002 g 
0.2270 g 
10 mL 

150 3 

LW1_47e 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2018 g 
0.1135 g 
10 mL 

150 3 

LW1_58e 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2002 g 
0.1158 g 
10 mL 

125 3 

LW1_58f 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2006 g 
0.2282 g 
10 mL 

125 3 
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LW1_58g 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2009 g 
0.1155 g 
10 mL 

125 3 

LW1_58h 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2002 g 
0.2279 g 
10 mL 

125 3 

LW1_63d 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2033 g 
0.2254 g 
10 mL 

150 3 

LW1_63e 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2039 g 
0.2262 g 
10 mL 

150 3 

LW1_63f 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2026 g 
0.2276 g 
10 mL 

150 3 

LW1_63g 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2005 g 
0.2267 g 
10 mL 

150 3 

LW1_67d 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2041 g 
0.2225 g 
10 mL 

145 3 

LW1_67e 
 

Ce(NO3)3 × 6 H2O 
CPB 
DMF 

0.2015 g 
0.2289 g 
10 mL 

145 3 

LW1_67f 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2014 g 
0.2259 g 
10 mL 

145 3 

LW1_67g 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2007 g 
0.2268 g 
10 mL 

145 3 

LW1_67h 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2041 g 
0.2271 g 
10 mL 

145 3 

LW1_71a 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2004 g 
0.2239 g 
10 mL 

150 3 

LW1_71c 
 

Ce(NO3)3 × 6 H2O 
CPB 
DMF 

0.2006 g 
0.2268 g 
10 mL 

150 3 

LW1_71e 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2010 g 
0.2275 g 
10 mL 

150 3 
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LW1_71g 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2005 g 
0.2265 g 
10 mL 

150 3 

LW1_75d 
 

La(NO3)3 × 6 H2O 
CPB 
DMF 

0.2014 g 
0.2229 g 
10 mL 

115 3 

LW1_75e 
 

Ce(NO3)3 × 6 H2O 
CPB 
DMF 

0.2007 g 
0.2231 g 
10 mL 

115 3 

LW1_75f 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2011 g 
0.2247 g 
10 mL 

115 3 

LW1_75g 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2004 g 
0.2241 g 
10 mL 

115 3 

LW1_76d 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2003 g 
0.2286 g 
10 mL 

155 3 

LW1_76f 
 

Gd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2021 g 
0.2252 g 
10 mL 

145 3 

LW1_78d 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2016 g 
0.2283 g 
10 mL 

160 3 

LW1_87a 
 

Eu(NO3)3 × 6 H2O 
CPB 
DMF 

0.2049 g 
0.2249 g 
10 mL 

144 6 

LW1_87b 
 

Eu(NO3)3 × 6 H2O 
CPB 
DMF 

0.2006 g 
0.2221 g 
10 mL 

144 6 

LW1_92c 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2006 g 
0.2330 g 
10 mL 

135 – 155 5 

JM1_05a Eu(NO3)3⸱6 H2O 
CPB 
DMF 

0.2008 g 
0.2259 g 
10 mL 

135 – 155 6 

JM1_05b Gd(NO3)3⸱6 H2O 
CPB 
DMF 

0.1995 g 
0.2258 g 
10 mL 

135 – 155 6 

JM1_09a Nd(NO3)3⸱6 H2O 
CPB 
DMF 

0.1996 g 
0.2249 g 
10 mL 

125 – 135 6 
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JM1_09b Er(NO3)3⸱6 H2O 
CPB 
DMF 

0.1995 g 
0.2255 g 
10 mL 

125 – 135 6 

JM1_11a Nd(NO3)3⸱6 H2O 
CPB 
DMF 

0.1997 g 
0.2249 g 
10 mL 

115 – 125 7 

JM1_11b Er(NO3)3⸱6 H2O 
CPB 
DMF 

0.1999 g 
0.2254 g 
10 mL 

115 – 125 7 

JM1_23c Er(NO3)3⸱6 H2O 
CPB 
DMF 

0.1996 g 
0.2255 g 
10 mL 

145 5 

JM1_25a Er(NO3)3⸱6 H2O 
CPB 
DMF 

0.2000 g 
0.2250 g 
10 mL 

175 5 

JM1_30b Er(NO3)3⸱6 H2O 
CPB 
DMF 

0.2005 g 
0.2250 g 
10 mL 

145 – 155 5 

JM1_31 Nd(NO3)3⸱6 H2O 
CPB 
DMF 

0.2003 g 
0.2256 g 
10 mL 

145 – 155 4 

JM1_77a La(NO3)3⸱6 H2O 
CPB 
DMF 

0.2009 g 
0.2243 g 
10 mL 

130 5 

JM1_77b La(NO3)3⸱6 H2O 
CPB 
DMF 

0.1996 g 
0.2246 g 
10 mL 

130 5 

SW1_07a 
 

Eu(NO3)3 × 6 H2O 
CPB 
DMF 

0.2015 g 
0.2268 g 
10 mL 

132 6 

SW1_12d 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2016 g 
0.2262 g 
10 mL 

135 – 155 6 

SW1_12e 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2014 g 
0.2267 g 
10 mL 

135 – 155 6 

SW1_14a 
 

Nd(NO3)3 × 6 H2O 
CPB 
DMF 

0.2017 g 
0.2268 g 
10 mL 

140 – 150 6 

SW1_14b 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2015 g 
0.2267 g 
10 mL 

140 – 150 6 
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SW1_32a 
 

Ce(NO3)3 × 6 H2O 
CPB 
DMF 

0.2015 g 
0.2269 g 
10 mL 

150 3 

SW1_32b 
 

Er(NO3)3 × 5 H2O 
CPB 
DMF 

0.2017 g 
0.2269 g 
10 mL 

150 3 

 
 

  



 
132 

Table A2. SLUG-49 through 52 (Ln-NDC) Syntheses 
 

Sample 
ID 

Reagents Weight/Volume 
Used 

Temperature 
(°C) 

Time 
(days) 

AK2_05b 
 
 

Nd(NO3)3 × 6 H2O 
NDC 
H2O 

0.2033 g 
0.0986 g 
10 mL 

150 3 

AK2_05d 
 
 

Er(NO3)3 × x H2O 
NDC 
H2O 

0.2027 g 
0.0981 g 
10 mL 

150 3 

AK2_05f 
 
 

La(NO3)3 × 6 H2O 
NDC 
H2O 

0.2008 g 
0.0999 g 
10 mL 

150 3 

AK2_19a 
 
 

La(NO3)3 × 6 H2O 
NDC 

CTAB 
DMF 

0.2014 g 
0.1008 g 
0.0478 g 
10 mL 

125 3 

AK2_19b 
 
 

La(NO3)3 × 6 H2O 
NDC 
PFOA 
DMF 

0.2001 g 
0.1002 g 
0.0501 g 
10 mL 

125 3 

AK2_22a 
 

La(NO3)3 × 6 H2O 
NDC 
PFOA 
H2O 

0.202 g 
0.108 g 
0.195 g 
10 mL 

150 3 

AK2_22b 
 

La(NO3)3 × 6 H2O 
NDC 
PFOA 
H2O 

0.202 g 
0.104 g 
0.383 g 
10 mL 

150 3 

AK2_22c 
 
 

La(NO3)3 × 6 H2O 
NDC 
PFOA 
DMF 

0.207 g 
0.101 g 
0.190 g 
10 mL 

150 3 

AK2_22d 
 
 

La(NO3)3 × 6 H2O 
NDC 
PFOA 
DMF 

0.207 g 
0.107 g 
0.382 g 
10 mL 

150 3 

AK2_28a 
 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2021 g 
0.2044 g 
10 mL 

140 3 

AK2_28b 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2032 g 
0.2044 g 
10 mL 

140 3 
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AK2_28c 
 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2022 g 
0.2056 g 
10 mL 

140 3 

LW1_10b 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2009 g 
0.0990 g 
10 mL 

175 3 

LW1_10d 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2004 g 
0.1000 g 
10 mL 

175 3 

LW1_10f Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2014 g 
0.0985 g 
10 mL 

175 3 

LW1_20b 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2052 g 
0.0987 g 
10 mL 

150 3 

LW1_20c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2054 g 
0.0489 g 
10 mL 

150 3 

LW1_24b 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2046 g 
0.0504 g 
10 mL 

140 – 160 3 

LW1_24c 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2084 g 
0.0509 g 
10 mL 

140 – 160 3 

LW1_25b 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2078 g 
0.1145 g 
10 mL 

125 3 

LW1_25d 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2013 g 
0.1027 g 
10 mL 

125 3 

LW1_26b 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2058 g 
0.1076 g 
10 mL 

125 3 

LW1_30d 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.209 g 
0.112 g 
10 mL 

150 3 

LW1_32c La(NO3)3 × 6 H2O 
NDC 
DMF 

0.208 g 
0.114 g 
10 mL 

125 3 

LW1_35a 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2041 g 
0.0511 g 
10 mL 

125 5 
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LW1_35b 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2041 g 
0.0759 g 
10 mL 

125 5 

LW1_40a 
 

La(NO3)3 × 6 H2O 
NDC 

Triethylamine 
HNO3 
DMF 
H2O 

0.6655 g 
0.2774 g 

60 µL 
30 µL 
8 mL 

1.6 mL 

110 < 1 

LW1_42a 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2013 g 
0.1102 g 
10 mL 

125 3 

LW1_42b 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2004 g 
0.1102 g 
10 mL 

125 3 

LW1_42c 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2018 g 
0.1113 g 
10 mL 

125 3 

LW1_42d 
 

La(NO3)3 × 6 H2O 
NDC 

Triethylamine 
HNO3 
DMF 

0.2012 g 
0.1104 g 

64 µL 
32 µL 
10 mL 

125 3 

LW1_42e 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2010 g 
0.2256 g 
10 mL 

125 3 

LW1_47f 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2074 g 
0.1018 g 
10 mL 

150 3 

LW1_47g 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2044 g 
0.2050 g 
10 mL 

150 3 

LW1_47h 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2007 g 
0.1039 g 
10 mL 

150 3 

LW1_51a 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2011 g 
0.2030 g 
10 mL 

125 3 

LW1_51b 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2000 g 
0.2029 g 
10 mL 

125 3 
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LW1_51c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.1999 g 
0.2028 g 
10 mL 

125 3 

LW1_58a 
 

La(NO3)3 × 6 H2O 
NDC 
DMF 

0.2011 g 
0.2036 g 
10 mL 

125 3 

LW1_58b 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2000 g 
0.2049 g 
10 mL 

125 3 

LW1_58c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2004 g 
0.2059 g 
10 mL 

125 3 

LW1_58d 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2025 g 
0.2049 g 
10 mL 

125 3 

LW1_63a 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2039 g 
0.2119 g 
10 mL 

150 3 

LW1_63b 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2035 g 
0.2115 g 
10 mL 

150 3 

LW1_63c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2044 g 
0.2120 g 
10 mL 

150 3 

LW1_67a 
 

Nd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2026 g 
0.2125 g 
10 mL 

145 3 

LW1_67b 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2005 g 
0.2169 g 
10 mL 

145 3 

LW1_67c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2009 g 
0.2142 g 
10 mL 

145 3 

LW1_71b 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2006 g 
0.2182 g 
10 mL 

150 3 

LW1_71d 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2013 g 
0.2173 g 
10 mL 

150 3 

LW1_71f 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2013 g 
0.2192 g 
10 mL 

150 3 
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LW1_75a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2008 g 
0.2221 g 
10 mL 

115 3 

LW1_75b 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2009 g 
0.2228 g 
10 mL 

115 3 

LW1_75c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2015 g 
0.2228 g 
10 mL 

115 3 

LW1_76a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2009 g 
0.2153 g 
10 mL 

155 3 

LW1_76b 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2007 g 
0.2169 g 
10 mL 

155 3 

LW1_76c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2006 g 
0.2187 g 
10 mL 

155 3 

LW1_76e 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2016 g 
0.2162 g 
10 mL 

145 3 

LW1_78a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2010 g 
0.2121 g 
10 mL 

160 3 

LW1_78b 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2012 g 
0.2136 g 
10 mL 

160 3 

LW1_78c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2008 g 
0.2169 g 
10 mL 

160 3 

LW1_84a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2014 g 
0.2205 g 
10 mL 

130 3 

LW1_84b 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2014 g 
0.2206 g 
10 mL 

130 3 

LW1_84c 
 

Gd(NO3)3 × 6 H2O 
NDC 
DMF 

0.2010 g 
0.2210 g 
10 mL 

130 3 

LW1_84d 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2003 g 
0.2214 g 
10 mL 

130 3 
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LW1_87c 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2013 g 
0.2147 g 
10 mL 

144 6 

LW1_87d 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2013 g 
0.2152 g 
10 mL 

144 6 

LW1_88a 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2023 g 
0.2138 g 
10 mL 

150 3 

LW1_88b 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2013 g 
0.2153 g 
10 mL 

150 3 

LW1_88c 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2005 g 
0.2157 g 
10 mL 

150 3 

LW1_92a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2015 g 
0.2174 g 
10 mL 

135 – 155  5 

LW1_92b 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2019 g 
0.2175 g 
10 mL 

135 – 155  5 

JM1_15a Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.2001 g 
0.2169 g 
10 mL 

147 7 

JM1_15b Gd(NO3)3⸱6 H2O 
NDC 
DMF 

0.2001 g 
0.2032 g 
10 mL 

147 7 

JM1_15c Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.2003 g 
0.2025 g 
10 mL 

147 7 

JM1_16a Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.1994 g 
0.2185 g 
10 mL 

110 7 

JM1_16b Gd(NO3)3⸱6 H2O 
NDC 
DMF 

0.2007 g 
0.2038 g 
10 mL 

110 7 

JM1_16c Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.2004 g 
0.2029 g 
10 mL 

110 7 

JM1_18a Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.2007 g 
0.2044 g 
10 mL 

168 7 
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JM1_18b Gd(NO3)3⸱6 H2O 
NDC 
DMF 

0.2007 g 
0.2037 g 
10 mL 

168 7 

JM1_18c Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.1994 g 
0.2023 g 
10 mL 

168 7 

JM1_19a Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.2003 g 
0.218 g 
10 mL 

127 7 

JM1_19b Gd(NO3)3⸱6 H2O 
NDC 
DMF 

0.2006 g 
0.2039 g 
10 mL 

127 7 

JM1_19c Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.1999 g 
0.2025 g 
10 mL 

127 7 

JM1_23a Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.2008 g 
0.2178 g 
10 mL 

145 7 

JM1_23b Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.2010 g 
0.2024 g 
10 mL 

145 7 

JM1_30a Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.1994 g 
0.2020 g 
10 mL 

145 – 155 5 

JM1_38a Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.2005 g 
0.202 g 
10 mL 

110 – 125 6 

JM1_38b Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.1998 g 
0.201 g 
10 mL 

110 – 125 6 

JM1_38c Eu(NO3)3⸱6 H2O 
NDC 
DMF 

0.1997 g 
0.201 g 
10 mL 

110 – 125 6 

JM1_38d Eu(NO3)3⸱6 H2O 
NDC 
DMF 

0.2007 g 
0.201 g 
10 mL 

110 – 125 6 

JM1_39a Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.2005 g 
0.202 g 
10 mL 

110 – 125 6 

JM1_39b Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.2008 g 
0.2009 g 
10 mL 

110 – 125 6 

JM1_43a Nd(NO3)3⸱6 H2O 
NDC 
DMF 

0.201 g 
0.205 g 
10 mL 

110 – 125 5 
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JM1_43b Nd(NO3)3⸱6 H2O 
NDC 
DMF 

0.199 g 
0.205 g 
10 mL 

110 – 125 5 

JM1_43c La(NO3)3⸱6 H2O 
NDC 
DMF 

0.119 g 
0.203 g 
10 mL 

110 – 125 5 

JM1_43d La(NO3)3⸱6 H2O 
NDC 
DMF 

0.200 g 
0.204 g 
10 mL 

110 – 125 5 

JM1_43e Gd(NO3)3⸱6 H2O 
NDC 
DMF 

0.201 g 
0.205 g 
10 mL 

110 – 125 5 

JM1_43f Gd(NO3)3⸱6 H2O 
NDC 
DMF 

0.200 g 
0.205 g 
10 mL 

110 – 125 5 

JM1_44a Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.2003 g 
0.2021 g 
10 mL 

110 – 125 4 

JM1_44b Er(NO3)3⸱6 H2O 
NDC 
DMF 

0.1999 g 
0.2027 g 
10 mL 

110 – 125 4 

JM1_44c Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.2001 g 
0.2046 g 
10 mL 

110 – 125 4 

JM1_44d Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.2006 g 
0.2044 g 
10 mL 

110 – 125 4 

JM1_49a La(NO3)3⸱6 H2O 
NDC 
DMF 

0.2008 g 
0.2039 g 
10 mL 

110 – 125 9 

JM1_49b Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.2007 g 
0.2048 g 
10 mL 

110 – 125 9 

JM1_49c Nd(NO3)3⸱6 H2O 
NDC 
DMF 

0.2007 g 
0.2048 g 
10 mL 

110 – 125 9 

JM1_49d Eu(NO3)3⸱6 H2O 
NDC 
DMF 

0.2018 g 
0.2010 g 
10 mL 

110 – 125 9 

JM1_49e Gd(NO3)3⸱6 H2O 
NDC 
DMF 

0.2009 g 
0.2040 g 
10 mL 

110 – 125 9 

JM1_52a La(NO3)3⸱6 H2O 
NDC 
DMF 

0.200 g 
0.204 g 
10 mL 

110 – 125 11 
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JM1_52b Ce(NO3)3⸱6 H2O 
NDC 
DMF 

0.201 g 
0.202 g 
10 mL 

110 – 125 11 

JM1_52c Nd(NO3)3⸱6 H2O 
NDC 
DMF 

0.200 g 
0.205 g 
10 mL 

110 – 125 11 

JM1_52d Eu(NO3)3⸱6 H2O 
NDC 
DMF 

0.201 g 
0.201 g 
10 mL 

110 – 125 11 

JM1_52e Gd(NO3)3⸱6 H2O 
NDC 
DMF 

0.200 g 
0.204 g 
10 mL 

110 – 125 11 

JM1_75a Eu(NO3)3⸱6 H2O 
NDC 
DMF 

0.196 g 
0.200 g 
10 mL 

110 – 125 7 

JM1_75b Eu(NO3)3⸱6 H2O 
NDC 
DMF 

0.201 g 
0.201 g 
10 mL 

110 – 125 7 

JM1_78a La(NO3)3⸱6 H2O 
NDC 
DMF 

0.1999 g 
0.1991 g 
10 mL 

130 5 

JM1_78b La(NO3)3⸱6 H2O 
NDC 
DMF 

0.1999 g 
0.1991 g 
10 mL 

130 5 

SW1_03a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2007 g 
0.2012 g 
10 mL 

143 6 

SW1_03b 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2002 g 
0.2018 g 
10 mL 

143 6 

SW1_03c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2006 g 
0.2015 g 
10 mL 

143 6 

SW1_05a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2008 g 
0.2014 g 
10 mL 

132 6 

SW1_05b 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2001 g 
0.2018 g 
10 mL 

132 6 

SW1_05c 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2003 g 
0.2017 g 
10 mL 

132 6 
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SW1_05d 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2004 g 
0.2019 g 
10 mL 

132 6 

SW1_07b 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2002 g 
0.2014 g 
10 mL 

132 6 

SW1_12a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2001 g 
0.2017 g 
10 mL 

135 – 155  6 

SW1_12b 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2003 g 
0.2015 g 
10 mL 

135 – 155  6 

SW1_12c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2005 g 
0.2016 g 
10 mL 

135 – 155  6 

SW1_18a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2003 g 
0.2018 g 
10 mL 

125 – 140  6 

SW1_18b 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2002 g 
0.2018 g 
10 mL 

125 – 140 6 

SW1_18c 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2007 g 
0.2019 g 
10 mL 

125 – 140 6 

SW1_29a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2008 g 
0.2015 g 
10 mL 

175 6 

SW1_29b 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2004 g 
0.2016 g 
10 mL 

175 6 

SW1_31a 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2003 g 
0.2017 g 
10 mL 

110 – 125  6 

SW1_31b 
 

Ce(NO3)3 × 6 H2O 
NDC 
DMF 

0.2003 g 
0.2016 g 
10 mL 

110 – 125 6 

SW1_31c 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2000 g 
0.2015 g 
10 mL 

110 – 125 6 

SW1_31d 
 

Eu(NO3)3 × 6 H2O 
NDC 
DMF 

0.2003 g 
0.2019 g 
10 mL 

110 – 125 6 
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SW1_31e 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2008 g 
0.2019 g 
10 mL 

110 – 125 6 

SW1_31f 
 

Er(NO3)3 × 5 H2O 
NDC 
DMF 

0.2001 g 
0.2019 g 
10 mL 

110 – 125 6 
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Table A3. SLUG-28 through 30 (Ln-ADS) Syntheses 

Sample 
ID 

Reagents Weight/Volume 
Used 

Temperature 
(°C) 

Time 
(days) 

AK1_65a 
 
 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

0.1257 g 
0.0677 g 
0.0252 g 

8 mL 

175 3 

AK1_65b Nd(NO3)3 × 6 H2O 
PDS 

4,4’-bipyridine 
H2O 

0.1198 g 
0.0678 g 
0.0241 g 

8 mL 

175 6 

AK1_66a Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4256 g 
1.3014 g 
0.6504 g 
10 mL 

175 6 

AK1_69a Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4328 g 
1.2996 g 
0.6501 g 
10 mL 

175 3 

AK1_69b 
 
 
 

Nd(NO3)3 × 6 H2O 
PDS 

4,4’-bipyridine 
H2O 

2.4328 g 
1.3775 g 
0.6501 g 
10 mL 

175 11 

AK1_71a Nd(NO3)3 × 6 H2O 
EDS 
Urea 
H2O 

2.4371 g 
1.2997 g 
13.9943 g 

10 mL  

175 4 

AK1_71b Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

3.1931 g 
1.3014 g 
0.6499 g 

10mL 

175 4 

AK1_73a Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4603 g 
1.3354 g 
0.6773 g 
10 mL 

175 3 

AK1_73b Nd(NO3)3 × 6 H2O 
PDS 

4,4’-bipyridine 
H2O 

2.4335 g 
1.3793 g 
0.8630 g 
10 mL 

175 3 

AK1_77a Nd(NO3)3 × 6 H2O 
EDS 
Urea 
H2O 

2.4367 g 
1.3090 g 
0.9256 g 
10 mL 

175 4 
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AK1_83a Nd(NO3)3 × 6 H2O 
EDS 
Urea 
H2O 

2.5600 g 
1.3037 g 
1.0052 g 
10 mL 

175 2 

AK1_83b Nd(NO3)3 × 6 H2O 
EDS 
Urea 
H2O 

2.4328 g 
1.3023 g 
1.0094 g 
10 mL 

150 2 

AK1_85a Nd(NO3)3 × 6 H2O 
EDS 
Urea 
H2O 

2.4543 g 
1.3010 g 
0.2929 g 
10 mL 

175 3 

AK1_85b 
 
 

Nd(NO3)3 × 6 H2O 
EDS 
Urea 
H2O 

2.4588 g 
1.3023 g 
0.2384 g 
10 mL 

150 3 

AK1_92a Nd(NO3)3 × 6 H2O 
EDS 
Urea 
H2O 

2.433 g 
1.292 g 
0.501 g 
10 mL 

175 3 

AK1_97a 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4319 g 
1.3014 g 
0.6514 g 
10 mL 

175 3 

AK1_99a 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.433 g 
1.300 g 
1 pellet 
10 mL 

175 3 

AK1_99b 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.432 g 
1.300 g 
2 pellets 
10 mL 

175 3 

AK1_104a 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4318 g 
1.3011 g 
0.0559 g 
10 mL 

175 3 

AK1_104b Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

1.2044 g 
0.6933 g 
0.0664 g 
10 mL 

175 3 

AK1_108a 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4300 g 
1.3000 g  
0.1141 g 
10 mL 

150 3 
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AK1_108b 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4330 g 
1.3007 g 
0.1312 g 
10 mL 

200 3 

AK1_111a 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4300 g 
1.3002 g 
0.2228 g 
10 mL 

150 2 

AK1_111b 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4303 g 
1.3003 g 
0.2547 g 
10 mL 

175 2 

AK1_115a 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4300 g 
1.3001 g  
0.2921 g 
10 mL 

150 3 

AK1_115b 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4301 g 
1.3000 g 
0.3416 g 
10 mL 

175 3 

AK1_117a 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4296 g 
1.2991 g 
0.4446 g 
10 mL 

150 3 

AK1_117b 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4297 g 
1.2994 g 
0.4303 g 
10 mL 

175 3 

AK1_121a 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4300 g 
1.3004 g 
0.3910 g 
10 mL 

130 3 

AK1_121b Nd(NO3)3 × 6 H2O 
PDS 

NaOH 
H2O 

2.4303 g 
1.3772 g 
0.3825 g 
10 mL 

175 3 

AK1_122a 
 

Nd(NO3)3 × 6 H2O 
PDS 

NaOH 
H2O 

2.4320 g 
1.3770 g 
0.2504 
10 mL 

175 3 

AK1_122b Nd(NO3)3 × 6 H2O 
PDS 

NaOH 
H2O 

2.4331 g 
1.2709 g  
0.2890 g 
10 mL 

175 3 
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AK1_125a 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4328 g 
1.3006 g 
0.4435 g 
10 mL 

150 3 

AK1_125b 
 

Nd(NO3)3 × 6 H2O 
PDS 

NaOH 
H2O 

2.4310 g 
1.3776 g 
0.4277 g 
10 mL 

175 3 

AK1_129a 
 

Nd(NO3)3 × 6 H2O 
PDS 

NaOH 
H2O 

2.4326 g 
1.3779 g 
0.5014 g 
10 mL 

150 3 

AK1_129b 
 

Nd(NO3)3 × 6 H2O 
PDS 

NaOH 
H2O 

2.4323 g 
1.3778 g 
0.5772 g 
10 mL 

150 3 

AK1_131a 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4333 g 
1.3006 g 
0.4491 g 
10 mL 

150 3 

AK1_135a 
 

Nd(NO3)3 × 6 H2O 
BDS 

NaOH 
H2O 

2.4346 g 
1.4525 g 
0.5207 g 
10 mL 

150 3 

AK1_137a 
 

Nd(NO3)3 × 6 H2O 
PDS 

NaOH 
H2O 

2.4331 g 
1.3744 g 
0.4999 g 
10 mL 

175 4 

AK1_137b 
 

Nd(NO3)3 × 6 H2O 
BDS 

NaOH 
H2O 

2.4354 g 
1.4514 g 
0.4798 g 
10 mL 

175 4 

AK1_147a 
 

Nd(NO3)3 × 6 H2O 
PDS 

4,4’-bipyridine 
H2O 

2.4327 g 
1.3777 g 
0.6501 g 
10 mL 

175 3 

AK1_147b 
 

Nd(NO3)3 × 6 H2O 
PDS 

4,4’-bipyridine 
H2O 

2.4327 g 
1.3776 g 
0.6494 g 
10 mL 

175 3 

AK1_151a Nd(NO3)3 × 6 H2O 
BDS 

4,4’-bipyridine 
H2O 

2.4379 g 
1.4457 g 
0.6479 g 
10 mL 

175 3 
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AK1_152a 
 

Nd(NO3)3 × 6 H2O 
BDS 

4,4’-bipyridine 
H2O 

2.4300 g 
1.4515 g 
0.6488 g 
10 mL 

175 3 

AK1_152b Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4352 g 
1.3040 g 
0.6496 g 
10 mL 

175 3 

AK1_153a 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4375 g 
1.3075 g 
0.6461 g 
10 mL 

175 3 

AK1_153b 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4353 g 
1.3055 g 
0.6497 g 
10 mL 

175 3 

AK2_05g Nd(NO3)3 × 6 H2O 
BDS 

4,4’-bipyridine 
H2O 

2.433 g 
1.455 g 
0.650 g 
10 mL 

175 3 

AK2_09c 
 

Nd(NO3)3 × 6 H2O 
EDS 

NaOH 
H2O 

2.4333 g 
1.3000 g 
0.4524 g 
10 mL 

150 3 

AK2_09d 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4334 g 
1.3001 g 
0.6503 g 
10 mL 

175 3 

AK2_09e 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4332 g 
1.3008 g 
0.6500 g 
10 mL 

175 3 

AK2_18a 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4337 g 
1.3000 g 
0.6501 g 
10 mL 

175 3 

AK2_18b 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4335 g 
1.2999 g 
0.6501 g 
10 mL 

175 3 

AK2_23a 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4339 g 
1.3004 

0.6500 g 
10 mL 

175 3 
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AK2_23b 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4345 g 
1.3003 g 
0.6495 g 
10 mL 

175 3 

AK2_23c 
 

Nd(NO3)3 × 6 H2O 
EDSA 

4,4’-bipyridine 
H2O 

2.4330 g 
1.3000 g 
0.6494 g 
10 mL 

175 3 

AK2_23d 
 

Nd(NO3)3 × 6 H2O 
EDSA 

4,4’-bipyridine 
H2O 

2.4341 g 
1.30000 g 
0.6522 g 
10 mL 

175 3 

AK2_25a 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4335 g 
1.2996 g 
0.6548 g 
10 mL 

175 3 

LW1_50a 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4342 g 
1.2996 g 
0.6505 g 
10 mL 

175 3 

LW1_50b 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4341 g 
1.3001 g 
0.6504 g 
10 mL 

175 3 

LW1_50c 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

2.4345 g 
1.3003 g 
0.5601 g 
10 mL 

175 3 

LW1_50d 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

1.9459 g 
1.0402 g 
0.5208 g 

8 mL 

175 3 

LW1_50e 
 

Nd(NO3)3 × 6 H2O 
EDS 

4,4’-bipyridine 
H2O 

1.9468 g 
1.0408 g 
0.5202 g 

8 mL 

175 3 

JM1_55a Nd(NO3)3⸱6 H2O 
EDS 
H2O 

2.423 g 
1.304 g 
10 mL 

150 4 

JM1_55b Nd(NO3)3⸱6 H2O 
PDS 
H2O 

2.436 g 
1.365 g 
10 mL 

150 4 
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JM1_55c Nd(NO3)3⸱6 H2O 
BDS 
H2O 

2.439 g 
0.680 g  
10 mL 

150 4 

JM1_59a Nd(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.4261 g 
1.2982 g 
10.0 mL 
0.3610 g 

150 4 

JM1_59b La(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.4314 g 
1.2999 g 
10 mL 

0.3793 g 

150 4 

JM1_60a Nd(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.4305 g 
1.3013 g 
10 mL 

0.3475 g 

150 7 

JM1_60b Gd(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.4297 g 
1.3001 g 
10 mL 

0.3627 g 

150 7 

JM1_67a Nd(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.400 g 
1.308 g 
10 mL 
0.361 g 

150 5 

JM1_67a Nd(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.413 g 
1.291 g 
10 mL 
0.341 g 

150 5 

JM1_69a Ce(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.4296 g 
1.3010 g 
10 mL 

0.3745 g 

155 4 

JM1_69b Ce(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.4297 g 
1.3014 g 
10 mL 

0.3705 g 

155 4 

JM1_71a Nd(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

0.1996 g 
0.2004 g 
10 mL 

0.0967 g 

150 4 

JM1_71b Nd(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

0.2010 g 
0.2006 g 
10 mL 

0.1010 g 

150 4 



 
150 

JM1_73a Nd(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.000 g 
1.001 g 
10 mL 

5 drops, 1.0 M 

150 5 

JM1_73b Nd(NO3)3⸱6 H2O 
EDS 
H2O 

NaOH 

2.001g 
1.001g 
10mL 

5 drops, 1.0 M 

150 5 
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Table A4. Exploratory Ln Syntheses 
 

Sample ID Reagents Weight/Volume 
Used 

Temperature 
(°C) 

Time 
(days) 

AK1_140a Nd(NO3)3 × 6 H2O 
Adipic acid 

NaOH 
H2O 

2.4375 g 
0.8111 g 
0.4483 g 
10 mL 

150 3 

AK1_141a 
 

Nd(NO3)3 × 6 H2O 
Adipic acid 

NaOH 
H2O 

2.4370 g 
0.8217 g 
0.4480 g 
10 mL 

RT 4 

AK1_141b 
 

Nd(NO3)3 × 6 H2O 
Adipic acid 

NaOH 
H2O 

2.4312 g 
0.8232 g 
0.5221 g 
10 mL 

150 3 

AK1_141c 
 

Nd(NO3)3 × 6 H2O 
Adipic acid 

NaOH 
H2O 

2.4363 g 
0.8165 g 
0.4350 g 
10 mL 

175 3 

AK1_145a Nd(NO3)3 × 6 H2O 
Adipic acid 

NaOH 
H2O 

1.2169 g 
2.7372 g 
0.2394 g 
10 mL 

RT 3 

AK1_149a 
 

Nd(NO3)3 × 6 H2O 
4,4’-bipyridine 

NaOH 
H2O 

0.7299 g 
0.1348 g 
0.0932 g 
10 mL 

150 4 

AK1_149b 
 

Nd(NO3)3 × 6 H2O 
4,4’-bipyridine 

NaOH 
H2O 

1.3240 g 
0.1977 g 
0.3224 g 
10 mL 

150 4 

AK1_154a 
 

Nd(NO3)3 × 6 H2O 
4,4’-bipyridine 

H2O 

0.2017 g 
0.0736 g 
10 mL 

150 4 

AK1_154b 
 
 

Nd(NO3)3 × 6 H2O 
BTC 
H2O 

0.2023 g 
0.0960 g 
10 mL 

150 4 

AK1_154c 
 

La(NO3)3 × 6 H2O 
4,4’-bipyridine 

H2O 

0.2069 g 
0.0740 g 
10 mL 

150 4 

AK1_154d 
 

La(NO3)3 × 6 H2O 
BTC 
H2O 

0.2069 g 
0.0981 
10 mL 

150 4 
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AK1_154e 
 
 

Er(NO3)3 × x H2O 
4,4’-bipyridine 

H2O 

0.2035 g 
0.0720 g 
10 mL 

150 4 

AK1_154f 
 

 

Er(NO3)3 × x H2O 
BTC 
H2O 

0.2030 g 
0.0975 g 
10 mL 

150 4 

AK2_05h 
 

Nd(NO3)3 × 6 H2O 
BTC 
H2O 

0.2011 g 
0.0960 g 
10 mL 

RT 1 

AK2_05i Er(NO3)3 × x H2O 
BTC 
H2O 

0.2009 g 
0.0988 g 
10 mL 

RT 1 

AK2_05j La(NO3)3 × 6 H2O 
BTC 
H2O 

0.2005 g 
0.0973 g 
10 mL 

RT 1 

AK2_08a 
 

La(NO3)3 × 6 H2O 
4,4’-bipyridine 

DMF 

0.2527 g 
0.1033 g 
10 mL 

150 3 

AK2_08b 
 

La(NO3)3 × 6 H2O 
BTC 
DMF 

0.2607 g 
0.1439 g 
10 mL 

150 3 

AK2_08c 
 

Nd(NO3)3 × 6 H2O 
4,4’-bipyridine 

DMF 

0.2548 g 
0.1031 g 
10 mL 

150 3 

AK2_08d 
 

Nd(NO3)3 × 6 H2O 
BTC 
DMF 

0.2416 g 
0.1603 g 
10 mL 

150 3 

AK2_08e 
 

Er(NO3)3 × x H2O 
4,4’-bipyridine 

DMF 

0.2185 g 
0.1109 g 
10 mL 

150 3 

AK2_08f 
 

Er(NO3)3 × x H2O 
BTC 
DMF 

0.2579 g 
0.1616 g 
10 mL 

150 3 

AK2_16a Er(NO3)3 × x H2O 
BTC 
DMF 

0.2035 g 
0.1011 g 
10 mL 

140 – 160 4 

AK2_20a 
 

La(NO3)3 × 6 H2O 
Benzene-1,3-

disulfonic acid 
DMF 

0.2000 g 
0.1304 g 

 
10 mL 

150 3 

AK2_20b 
 

Nd(NO3)3 × 6 H2O 
Benzene-1,3-

disulfonic acid 
DMF 

0.1999 g 
0.1287 g 

 
10 mL 

150 3 
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AK2_20c 
 

Gd(NO3)3 × 6 H2O 
Benzene-1,3-

disulfonic acid 
DMF 

0.2009 g 
0.1250 g 

 
10 mL 

150 3 

AK2_20d 
 

Er(NO3)3 × x H2O 
Benzene-1,3-

disulfonic acid 
DMF 

0.2002 g 
0.1276 g 

 
10 mL 

150 3 

AK2_55a 
 

Gd(NO3)3 
Fe(NO3)3 
Cr(NO3)3 

NaOH 

7.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.3993 g 

240 2 

AK2_55b 
 

Gd(NO3)3 
Fe(NO3)3 
Cr(NO3)3 

NaOH 

7.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.4005 g 

240 2 

AK2_58a Gd(NO3)3 
Fe(NO3)3 
Cr(NO3)3 

NaOH 

7.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.3646 g 

220 2 

AK2_58b Gd(NO3)3 
Fe(NO3)3 
Cr(NO3)3 

NaOH 

7.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.4111 g 

220 2 

AK2_58c Gd(NO3)3 
Fe(NO3)3 
Cr(NO3)3 

NaOH 

7.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.3744 g 

220 2 

AK2_58d Gd(NO3)3 
Fe(NO3)3 
Cr(NO3)3 

NaOH 

7.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.3869 g 

220 2 

AK2_65a Gd(NO3)3 
AlCl3 
MgCl2 
KOH 

8.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.5636 g 

230 2 

AK2_65b Gd(NO3)3 
AlCl3 
MgCl2 
KOH 

8.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.5607 g 

230 2 

AK2_65c Gd(NO3)3 
AlCl3 
MgCl2 
KOH 

8.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.5610 g 

230 2 



 
154 

AK2_65d Gd(NO3)3 
AlCl3 
MgCl2 
KOH 

4.5 mL, 0.4 M 
1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.5582 g 

230 2 

LW1_03a 
 

Nd(NO3)3 × 6 H2O 
4,4’-bipyridine 

H2O 

0.2085 g 
0.0728 g 
10 mL 

RT 3 

LW1_03b 
 

Er(NO3)3 × 5 H2O 
4,4’-bipyridine 

H2O 

0.2043 g 
0.0715 g 
10 mL 

RT 3 

LW1_03c 
 

La(NO3)3 × 6 H2O 
4,4’-bipyridine 

H2O 

0.2018 g 
0.0727 g 
10 mL 

RT 3 

LW1_04a 
 

Nd(NO3)3 × 6 H2O 
4,4’-bipyridine 

Methanol 

0.2010 g 
0.0724 g 
10 mL 

RT 2 

LW1_04b 
 

Er(NO3)3 × 5 H2O 
4,4’-bipyridine 

Methanol 

0.2030 g 
0.0715 g 
10 mL 

RT 2 

LW1_04c 
 

La(NO3)3 × 6 H2O 
4,4’-bipyridine 

Methanol 

0.2001 g 
0.0738 g 
10 mL 

RT 2 

LW1_06a 
 

Nd(NO3)3 × 6 H2O 
BTC 
H2O 

0.2011 g 
0.0960 g 
10 mL 

RT 2 

LW1_06b 
 

Er(NO3)3 × x H2O 
BTC 
H2O 

0.2009 g 
0.0988 g 
10 mL 

RT 2 

LW1_06c 
 

La(NO3)3 × 6 H2O 
BTC 
H2O 

0.2005 g 
0.0973 g 
10 mL 

RT 2 

LW1_14a 
 

Er(NO3)3 × x H2O 
BTC 
DMF 

0.2036 g 
0.0991 g 
10 mL 

150 3 

LW1_14c 
 

Er(NO3)3 × x H2O 
BTC 
DMF 

0.2047 g 
0.0997 g 
10 mL 

175 3 

LW1_14d 
 

Er(NO3)3 × x H2O 
BTC 
DMF 

0.2009 g 
0.0505 g 
10 mL 

150 3 

LW1_14e 
 

Er(NO3)3 × x H2O 
BTC 
DMF 

0.2005 g 
0.0496 g 
10 mL 

175 3 
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LW1_16a 
 

La(NO3)3 × 6 H2O 
4,4’-bipyridine 

Methanol 

0.2046 g 
0.0750 
10 mL 

RT 3 

LW1_16b 
 

La(NO3)3 × 6 H2O 
BTC 
DMF 

0.2003 g 
0.0990 g 
10 mL 

175 3 

LW1_16c 
 

La(NO3)3 × 6 H2O 
BTC 
DMF 

0.2006 g 
0.0497 g 
10 mL 

150 3 

LW1_16d 
 

La(NO3)3 × 6 H2O 
BTC 
DMF 

0.2008 g 
0.0500 g 
10 mL 

175 3 

LW1_19a 
 

Nd(NO3)3 × 6 H2O 
BTC 
DMF 

0.204 g 
0.098 g 
10 mL 

175 3 

LW1_19b 
 

Nd(NO3)3 × 6 H2O 
BTC 
DMF 

0.200 g 
0.051 g 
10 mL 

150 3 

LW1_19c 
 

Nd(NO3)3 × 6 H2O 
BTC 
DMF 

0.202 g 
0.049 g 
10 mL 

175 3 

LW1_19d 
 

Er(NO3)3 × 5 H2O 
4,4’-bipyridine 

DMF 

0.208 g 
0.074 g 
10 mL 

175 3 

LW1_19e 
 

Er(NO3)3 × 5 H2O 
4,4’-bipyridine 

DMF 

0.201 g 
0.036 g 
10 mL 

150 3 

LW1_19f 
 

Er(NO3)3 × 5 H2O 
4,4’-bipyridine 

DMF 

0.208 g 
0.039 g 
10 mL 

175 3 

LW1_22d 
 

Er(NO3)3 × 5 H2O 
BTC 
DMF 

0.2012 g 
0.0993 g 
10 mL 

125 3 

LW1_24a 
 

Er(NO3)3 × 5 H2O 
BTC 
DMF 

0.2082 g 
0.1016 g 
10 mL 

RT 5 

LW1_26a 
 

Er(NO3)3 × 5 H2O 
BTC 
DMF 

0.2082 g 
0.1016 g 
10 mL 

100 3 

LW1_26c 
 

Er(NO3)3 × 5 H2O 
BTC 
DMF 

Ethanol 

0.2017 g 
0.1052 g 
10 mL 
2 mL 

55 5 
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LW1_27a 
 

Er(NO3)3 × 5 H2O 
BTC 
DMF 

0.2039 g 
0.1004 g 
10 mL 

150 2 

LW1_30a 
 

Gd(NO3)3 × 6 H2O 
4,4’-bipyridine 

DMF 

0.203 g 
0.078 g 
10 mL 

55 3 

LW1_30b 
 

Gd(NO3)3 × 6 H2O 
BTC 
DMF 

0.205 g 
0.101 g 
10 mL 

150 3 

LW1_31a Gd(NO3)3 × 6 H2O 
4,4’-bipyridine 

DMF 

0.2015 g 
0.0289 g 
10 mL 

150 3 

LW1_35c 
 

Er(NO3)3 × 5 H2O 
BTC 

4,4’-bipyridine 
DMF 

0.2036 g 
0.0454 g 
0.0792 g 
10 mL 

150 5 

LW1_36a 
 

La(NO3)3 × 6 H2O 
BTC 

4,4’-bipyridine 
DMF 

0.2086 g 
0.0476 g 
0.799 g 
10 mL 

150 4 

LW1_36b 
 

Nd(NO3)3 × 6 H2O 
BTC 

4,4’-bipyridine 
DMF 

0.2104 g 
0.0450 g 
0.0798 g 
10 mL 

150 4 

LW1_36c 
 

Gd(NO3)3 × 6 H2O 
BTC 

4,4’-bipyridine 
DMF 

0.2022 g 
0.0343 g 
0.0809 g 
10 mL 

150 4 

LW1_64a 
 

La(NO3)3 × 6 H2O 
PFOA 
H2O 

0.2029 g 
0.1247 g 
10 mL 

150 3 

JM1_45a Gd(NO3)3 
NaOH 
AlCl3 
MgCl2 

7.5 mL, 0.4 M 
0.4191 g 

1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

220 5 

JM1_45b Gd(NO3)3 
NaOH 
AlCl3 
MgCl2 

7.5 mL, 0.4 M 
0.3860 g 

1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

220 5 

JM1_45c Gd(NO3)3 
NaOH 
AlCl3 
MgCl2 

7.5 mL, 0.4 M 
0.4206 g 

1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

220 5 
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JM1_45d Gd(NO3)3 
NaOH 
AlCl3 
MgCl2 

7.5 mL, 0.4 M 
0.4203 g 

1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

220 5 

JM1_53a Fe(NO3)3 
Cr(NO3)3 

NaOH 
0.4M Dy(NO3)3 

1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.4245 g 
7.5 mL, 0.4 M 

230 2 

JM1_53b Fe(NO3)3 
Cr(NO3)3 

NaOH 
Dy(NO3)3 

1.25 mL, 0.4 M 
1.25 mL, 0.4 M 

0.4245 g 
7.5 mL, 0.4 M 

230 2 

SW1_26a 
 

Ce(NO3)3 × 6 H2O 
CPB 
NDC 
DMF 

0.2005 g 
0.1187 g 
0.0999 g 
10 mL 

140 – 150  5 

SW1_26b 
 

Nd(NO3)3 × 6 H2O 
CPB 
NDC 
DMF 

0.2008 g 
0.1175 g 
0.0983 g 
10 mL 

140 – 150  5 

SW1_26c 
 

La(NO3)3 × 6 H2O 
CPB 
NDC 
DMF 

0.2006 g 
0.1191 g 
0.0997 g 
10 mL 

140 – 150 5 

SW1_27a 
 

Ce(NO3)3 × 6 H2O 
CPB 
NDC 
DMF 

0.200 g 
0.119 g 
0.099 g 
10 mL 

135 – 155  6 

SW1_27b 
 

Nd(NO3)3 × 6 H2O 
CPB 
NDC 
DMF 

0.200 g 
0.118 g 
0.098 g 
10 mL 

135 – 155 6 

SW1_27c 
 

La(NO3)3 × 6 H2O 
CPB 
NDC 
DMF 

0.201 g 
0.119 g 
0.099 g 
10 mL 

135 – 155 6 
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Table A5. Attempted Ion Exchanges with Ln-Materials 

Sample ID Reagents Weight/Volume 
Used 

Temperature Time 
(days) 

AK1_118a Nd-EDS 
Succinic acid 

H2O 

0.1010 g 
1.0220 g 
50 mL 

RT < 1 

AK1_118b 
 

Nd-EDS 
Succinic acid 

H2O 

0.1010 g 
1.0222 g 
50 mL 

RT < 1 

AK1_118c 
 

Nd-EDS 
Succinic acid 

H2O 

0.1013 g 
1.0218 g 
50 mL 

RT 1 

AK1_119a Nd-EDS 
Succinic acid 

Methanol 

0.096 g 
1.000 g 
10 mL 

RT < 1 

AK1_123a 
 

Nd-EDS 
Succinic acid 

H2O 

0.0542 g 
0.3547 g 
10 mL 

RT 1 

AK1_123b 
 

Nd-EDS 
Adipic acid 

H2O 

0.0606 g 
0.4598 g 
10 mL 

RT 1 

AK1_125c 
 

Nd-EDS 
Adipic acid 

H2O 

0.1020 g 
0.2511 g 
10 mL 

RT < 1 

AK1_125d 
 

Nd-EDS 
Adipic acid 

H2O 

0.1010 g 
0.5034 g 
10 mL 

RT < 1 

AK1_125e 
 

Nd-EDS 
Adipic acid 

H2O 

0.1038 g 
0.2515 g 
10 mL 

RT < 1 

AK1_125f 
 

Nd-EDS 
Adipic acid 

H2O 

0.1015 g 
0.5030 g 
10 mL 

RT < 1 

AK1_125g 
 

Nd-EDS 
Sebacic acid 

H2O 

0.1011 g 
1.0446 g 
10 mL 

RT 1 

AK1_127a 
 

Nd-PDS 
Adipic acid 

H2O 

0.1019 g 
0.2455 g 
10 mL 

RT < 1 

AK1_127b 
 

Nd-PDS 
Adipic acid 

H2O 

0.1029 g 
0.0250 g 
10 mL 

RT < 1 
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AK1_127c 
 

Nd-EDS 
Adipic acid 

H2O 

0.1009 g 
0.0254 g 
10 mL 

RT < 1 

AK1_127d 
 

Nd-PDS 
Sebacic acid 

H2O 

0.1029 g 
1.2407 g 
10 mL 

RT 1 

AK1_128a 
 

Nd-EDS 
Glutaric acid 

H2O 

0.1006 g 
0.9090 g 
10 mL 

RT 1 

AK1_128b 
 

Nd-PDS 
Glutaric acid 

H2O 

0.1001 g 
0.8887 g 
10 mL 

RT 1 

AK1_130a 
 

Nd-EDS 
Adipic acid 

H2O 

0.4032 g 
1.0065 g 
10 mL 

RT < 1 

AK1_130b 
 

Nd-EDS 
Glutaric acid 

H2O 

0.2013 g 
0.5919 g 
10 mL 

RT < 1 

AK1_131b 
 

Nd-EDS 
Terephthalic acid, 

disodium salt 
H2O 

0.5056 g 
1.8018 g 

 
10 mL 

RT < 1 

AK1_131c 
 

Nd-EDS 
NaNO3 

H2O 

0.3009 g 
0.4407 g 
10 mL 

RT < 1 

AK1_131d 
 

Nd-EDS 
K2CrO4 

H2O 

0.3009 g 
1.0046 g 
10 mL 

RT < 1 

AK1_131e 
 

Nd-EDS 
KMnO4 

H2O 

0.3062 g 
0.8268 g 
10 mL 

RT < 1 

AK1_131f 
 

Nd-EDS 
NaClO3 × H2O 

H2O 

0.3076 g 
0.7406 g 
10 mL 

RT < 1 

AK1_132a 
 

Nd-EDS 
Terephthalic acid, 

disodium salt 
H2O 

0.1998 g 
0.7148 g 

 
10 mL 

RT 1 

AK1_132b 
 

Nd-EDS 
NaNO3 

H2O 

0.2000 g 
0.2888 g 
10 mL 

RT 1 

AK1_132c 
 

Nd-EDS 
NaClO3 × H2O 

H2O 

0.2001 g 
0.4806 g 
10 mL 

RT 1 
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AK1_132d 
 

Nd-EDS 
K2CrO4 

H2O 

0.2001 g 
0.6606 g 
10 mL 

RT 1 

AK1_132e 
 

Nd-EDS 
KMnO4 

H2O 

0.2001 g 
0.5364 g 
10 mL 

RT 1 

AK1_133a 
 

Nd-EDS 
Suberic acid 

H2O 

0.0994 g 
0.2994 g 
10 mL 

RT 1 

AK1_133b 
 

Nd-EDS 
Terephthalic acid, 

disodium salt 
Methanol 

0.1062 g 
0.3955 g 

 
10 mL 

RT 1 

AK1_133c 
 

Nd-EDS 
KMnO4 

Methanol 

0.1006 g 
0.2742 g 
10 mL 

RT 1 

AK1_133d 
 

Nd-EDS 
K2CrO4 

Methanol 

0.1062 g 
0.3447 g 
10 mL 

RT 1 

AK1_134a 
 

Nd-EDS 
Terephthalic acid, 

disodium salt 
Acetonitrile 

0.1001 g 
0.3685 g 

 
10 mL 

RT 1 

AK1_134b 
 

Nd-EDS 
K2CrO4 

Acetonitrile 

0.1023 g 
0.3294 g 
10 mL 

RT 1 

AK1_134c 
 

Nd-EDS 
KMnO4 

Acetonitrile 

1.004 g 
0.2796 g 
10 mL 

RT 1 

AK1_137c 
 

Nd-EDS 
Adipic acid 

H2O 

0.1002 g 
0.1270 g 
10 mL 

RT 1 

AK1_137d 
 

Nd-PDS 
Adipic acid 

H2O 

0.1004 g 
0.1231 g 
10 mL 

RT 1 

AK1_137e 
 

Nd-BDS 
Adipic acid 

H2O 

0.1003 g 
0.1215 g 
10 mL 

RT 1 

AK1_138a 
 

Nd-EDS 
Adipic acid 

H2O 

0.1512 g 
0.3025 g 
10 mL 

RT 1 

AK1_138b 
 

Nd-PDS 
Adipic acid 

H2O 

0.1517 g 
0.2950 g 
10 mL 

RT 1 
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AK1_138c Nd-BDS 
Adipic acid 

H2O 

0.1547 g 
0.2880 g 
10 mL 

RT 1 

AK2_10c 
 

Nd-EDS 
PFOA 
H2O 

0.0545 g 
0.3556 g 
30 mL 

RT 1 

AK2_48a 
 

Er-CPB 
NH4HCO3 

H2O 

0.0400 g 
0.2251 g 
50 mL 

RT 1 

AK2_48b 
 

Er-CPB 
NH4HCO3 

DMF 

0.0402 g 
0.2252 g 
50 mL 

RT 1 

AK2_49a Er-NDC 
Pb(NO3)2 

0.0250 g 
50 mL, 100 ppm 

RT 1 

AK2_71a 
 

Nd-EDS 
Adipic acid 

H2O 

0.0304 g 
0.0100 g 
50 mL 

RT 1 

AK2_71b 
 

Nd-PDS 
Adipic acid 

H2O 

0.0308 g 
0.0100 g 
50 mL 

RT 1 

AK2_71c 
 

Nd-BDS 
Adipic acid 

H2O 

0.0309 g 
0.0101 g 
50 mL 

RT 1 

LW1_11c Nd-EDS 
PFOA 
H2O 

0.100 g 
0.071 g 
50 mL 

RT < 1 

LW1_27b 
 

Er-BTC 
NaClO4 

H2O 

0.0254 g 
0.1997 g 
50 mL 

RT 1 

LW1_27c 
 

Er-BTC 
PFOA 
H2O 

0.0255 g 
0.2083 g 
50 mL 

RT 1 

LW1_27d 
 

Er-BTC 
Adipic acid 

H2O 

0.0259 g 
0.2074 g 
50 mL 

RT 1 

LW1_32e 
 

La-NDC 
NaClO4 

H2O 

0.0319 g 
0.1242 g 
50 mL 

RT < 1 

LW1_32f 
 

La-NDC 
Adipic acid 

H2O 

0.0301 g 
0.1253 g 
50 mL 

RT < 1 

LW1_32g 
 

La-NDC 
PFOA 
H2O 

0.0319 g 
0.1283 g 
50 mL 

RT < 1 
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LW1_34a 
 

La-NDC 
Malonate, 

disodium salt 
H2O 

0.0405 g 
0.1036 g 

 
50 mL 

RT 1 

LW1_34b 
 

La-NDC 
Succinate, 

disodium salt 
H2O 

0.0413 g 
0.1006 g 

 
50 mL 

RT 1 

LW1_34c 
 

La-NDC 
Glutaric acid, 
disodium salt 

H2O 

0.0401 g 
0.1009 g 

 
50 mL 

RT 1 

LW1_34d 
 

La-NDC 
Sebatic acid, 
disodium salt 

H2O 

0.401 g 
0.1020 g 

 
50 mL 

RT 1 

LW1_40b 
 

La-NDC 
PFOA 
H2O 

0.0312 g 
0.1288 g 
50 mL 

RT 1 

LW1_40c 
 

La-NDC 
PFOA 
H2O 

0.0323 g 
0.1274 g 
50 mL 

RT 1 

LW1_45a 
 

La-NDC 
PFOA 
H2O 

0.0303 g 
0.1171 g 
50 mL 

RT 1 

LW1_45b 
 

La-NDC 
PFOA 
H2O 

0.0335 g 
0.1162 g 
50 mL 

RT 1 

LW1_45c 
 

La-NDC 
PFOA 
H2O 

0.0328 g 
0.1156 g 
50 mL 

RT 1 

LW1_48a 
 

La-NDC 
PFOA 
H2O 

0.0297 g 
0.1001 g 
50 mL 

RT 2 

LW1_48b 
 

La-NDC 
PFOA 
H2O 

0.0308 g 
0.0506 g 
50 mL 

RT 2 

LW1_48c 
 

La-NDC 
PFOA 
H2O 

0.0305 g 
0.0299 g 
50 mL 

RT 2 

LW1_49a 
 

Nd-NDC 
PFOA 
H2O 

0.0302 g 
0.1256 g 
50 mL 

RT 1 
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LW1_49b 
 

Er-NDC 
PFOA 
H2O 

0.0308 g 
0.1256 g 
50 mL 

RT 1 

LW1_55a 
 

La-NDC 
PFOA 
H2O 

0.0305 g 
0.0054 g 
50 mL 

RT 2 

LW1_55b 
 

Nd-NDC 
PFOA 
H2O 

0.0299 g 
0.0053 g 
50 mL 

RT 2 

LW1_55c 
 

Er-NDC 
PFOA 
H2O 

0.0306 g 
0.0051 g 
50 mL 

RT 2 

LW1_55d La-NDC 
PFOA 
H2O 

0.0306 g 
0.1251 g 
30 mL 

40 1 

LW1_56a 
 

La-NDC 
NH4NO3 

H2O 

0.0259 g 
0.1076 g 
50 mL 

RT 2 

LW1_56b 
 

La-NDC 
NH4NO3 

H2O 

0.0259 g 
0.0582 g 
50 mL 

RT 2 

LW1_56c 
 

La-NDC 
NaNO3 

H2O 

0.0249 g 
0.1021 g 
50 mL 

RT 2 

LW1_56d 
 

La-NDC 
NaNO3 

H2O 

0.0262 g 
0.0517 g 
50 mL 

RT 2 

LW1_60a 
 

La-CPB 
NaClO4 

H2O 

0.0321 g 
0.1036 g 
50 mL 

RT 1 

LW1_60b 
 

Nd-CPB 
NaClO4 

H2O 

0.0302 g 
0.1064 g 
50 mL 

RT 1 

LW1_60c 
 

Gd-CPB 
NaClO4 

H2O 

0.0316 g 
0.1061 g 
50 mL 

RT 1 

LW1_60d 
 

Er-CPB 
NaClO4 

H2O 

0.0314 g 
0.1015 g 
50 mL 

RT 1 

LW1_60e 
 

La-CPB 
PFOA 
H2O 

0.0318 g 
0.1038 g 
50 mL 

RT 1 

LW1_60f 
 

Nd-CPB 
PFOA 
H2O 

0.0313 g 
0.1015 g 
50 mL 

RT 1 
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LW1_60g 
 

Gd-CPB 
PFOA 
H2O 

0.309 g 
0.1031 g 
50 mL 

RT 1 

LW1_60h 
 

Er-CPB 
PFOA 
H2O 

0.0304 g 
0.1016 g 
50 mL 

RT 1 

LW1_62a 
 

La-NDC 
PFOA 
H2O 

0.0303 g 
0.1261 g 
50 mL 

33 4 

LW1_62b 
 

La(NO3)3 × 6 H2O 
PFOA 
H2O 

0.0317 g 
0.1267 g 
50 mL 

RT 1 

LW1_62c 
 

Gd-NDC 
PFOA 
H2O 

0.0313 g 
0.1027 g 
50 mL 

RT 2 

LW1_69a 
 

La-CPB 
KMnO4 

H2O 

0.0305 g 
0.1048 g 
50 mL 

RT 1 

LW1_69b 
 

Nd-CPB 
KMnO4 

H2O 

0.0310 g 
0.1012 g 
50 mL 

RT 1 

LW1_69c 
 

Gd-CPB 
KMnO4 

H2O 

0.0312 g 
0.1009 g 
50 mL 

RT 1 

LW1_69d 
 

Er-CPB 
KMnO4 

H2O 

0.0311 g 
0.1021 g 
50 mL 

RT 1 

LW1_74a 
 

Ce-NDC 
PFOA 
H2O 

0.0303 g 
0.1008 g 
50 mL 

RT 1 

LW1_74b 
 

Ce-CPB 
PFOA 
H2O 

0.0308 g 
0.1008 g 
50 mL 

RT 1 

LW1_74c 
 

Ce-CPB 
PFOA 
H2O 

0.304 g 
0.1002 g 
50 mL 

RT 1 

LW1_77a 
 

Ce-CPB 
PFOA 
H2O 

0.0304 g 
0.1012 g 
50 mL 

RT 6 

LW1_77b 
 

Nd-NDC 
PFOA 
H2O 

0.0302 g 
0.1001 g 
50 mL 

RT 6 

LW1_77c 
 

Er-NDC 
PFOA 
H2O 

0.0303 g 
0.1002 g 
50 mL 

RT 6 
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LW1_77d 
 

Ce-NDC 
PFOA 
H2O 

0.0305 g 
0.1009 g 
50 mL 

RT 6 

LW1_77e 
 

Nd-CPB 
PFOA 
H2O 

0.0308 g 
0.1008 g 
50 mL 

RT 6 

LW1_77f 
 

Er-CPB 
PFOA 
H2O 

0.0301 g 
0.1001 g 
50 mL 

RT 6 

LW1_80e 
 

La-NDC 
Suberic acid 

H2O 

0.0316 g 
0.1262 g 
50 mL 

RT 1 

LW1_80f 
 

Nd-NDC 
Suberic acid 

H2O 

0.0316 g 
0.1249 g 
50 mL 

RT 1 

LW1_80g 
 

Gd-NDC 
Suberic acid 

H2O 

0.0303 g 
0.1279 g 
50 mL 

RT 1 

LW1_80h 
 

La-CPB 
Suberic acid 

H2O 

0.0321 g 
0.1255 g 
50 mL 

RT 1 

LW1_80i 
 

Nd-CPB 
Suberic acid 

H2O 

0.0322 g 
0.1271 g 
50 mL 

RT 1 

LW1_82a 
 

La-NDC 
PFOA 
H2O 

0.0302 g 
0.1261 g 
50 mL 

RT 1 

LW1_82b 
 

La-NDC 
PFOA 
H2O 

0.0312 g 
0.1332 g 
50 mL 

RT 1 

LW1_85a 
 

Eu-CPB 
PFOA 
H2O 

0.0301 g 
0.1252 g 
50 mL 

RT 1 

JM1_24a Er-CPB 
NH4HCO3 

H2O 

0.070 g 
0.227 g 
50 mL 

RT 1 

JM1_31a Ce-NDC 
Pb(NO3)2 

H2O 

0.0401 g 
0.5009 g 
50 mL 

RT 1 

JM1_31b Ce-NDC 
NH4HCO3 

H2O 

0.0399 g 
0.5007 g 
50 mL 

RT 1 

JM1_31c Eu-NDC 
Pb(NO3)2 

H2O 

0.0393 g 
0.5016 g 
50 mL 

RT 1 



 
166 

JM1_31d Eu-NDC 
NH4HCO3 

H2O 

0.0402 g 
0.5002 g 
50 mL 

RT 1 

JM1_32a Er-NDC 
Pb(NO3)2 

H2O 

0.0396 g 
0.5000 g 
50 mL 

RT 1 

JM1_32b Er-NDC 
NH4HCO3 

H2O 

0.0404 g 
0.5000 g 
50 mL 

RT 1 

JM1_33 Er-CPB 
NH4HCO3 

H2O 

0.0402 g 
0.2283 g 
50 mL 

RT 1 

JM1_37a Ce-NDC 
Pb(NO3)2 

0.0250 g 
50 mL, 100 ppm 

RT 1 

JM1_37b Eu-NDC 
Pb(NO3)2 

0.0245 g 
50 mL, 100 ppm 

RT 1 

JM1_37c Er-NDC 
Pb(NO3)2 

0.0248 g 
50 mL, 100 ppm 

RT 1 

JM1_42b Ce-NDC 
Pb(NO3)2 

0.0249 g 
50 mL, 50 ppm 

RT 1 

JM1_42d Eu-NDC 
Pb(NO3)2 

0.0253 g 
50 mL, 50 ppm 

RT 1 

JM1_42f Er-NDC 
Pb(NO3)2 

0.0250 g 
50 mL, 50 ppm 

RT 1 

JM1_57a Nd-EDS 
Adipic Acid 

H2O 

0.0298 g 
0.0499 g 
50 mL 

RT 1 

JM1_57b Nd-EDS 
Adipic Acid 

H2O 
NaCl 

0.0304 g 
0.0506 g 
10 mL 

0.0505 g 

RT 1 

JM1_65a Nd-EDS 
Adipic acid 

H2O 

0.3995 g 
0.7003 g 
50 mL 

RT 1 

JM1_65b Nd-EDS 
Succinic acid 

H2O 

0.6507 g 
0.3997 g  
50 mL 

RT 1 

SW1_06a 
 

Eu-NDC 
PFOA 
H2O 

0.0301 g 
0.1253 g 
50 mL 

RT 1 

SW1_06b 
 

Eu-CPB 
PFOA 
H2O 

0.0307 g 
0.1253 g 
50 mL 

RT 1 

SW1_10a 
 

Nd-NDC 
PFOA 

0.0025 g 
50 mL, 1 ppm 

RT 1 
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SW1_10b 
 

Nd-NDC 
PFOA 

0.0026 g 
50 mL, 1 ppm 

RT 1 

SW1_10c 
 

La-NDC 
PFOA 

0.0025 g 
50 mL, 1 ppm 

RT 1 

SW1_10d 
 

La-NDC 
PFOA 

0.0027 g 
50 mL, 1 ppm 

RT 1 

SW1_10e 
 

Eu-CPB 
PFOA 

0.0026 g 
50 mL, 1 ppm 

RT 1 

SW1_10f 
 

Eu-CPB 
PFOA 

0.0026 g 
50 mL, 1 ppm 

RT 1 

SW1_15a 
 

Ce-NDC 
PFOA 

0.0505 g 
50 mL, 1 ppm 

RT 1 

SW1_15b 
 

Eu-NDC 
PFOA 

0.0501 g 
50 mL, 1 ppm 

RT 1 

SW1_15c 
 

Er-NDC 
PFOA 

0.0508 g 
50 mL, 1 ppm 

RT 1 

SW1_15d 
 

Nd-CPB 
PFOA 

0.0511 g 
50 mL, 1 ppm 

RT 1 

SW1_20a 
 

Eu-CPB 
Pb(NO3)2 

H2O 

0.0502 g 
0.2444 g 
50 mL 

RT 1 

SW1_20b 
 

Eu-CPB 
(CH3)4NBr 

H2O 

0.0506 g 
0.1138 g 
50 mL 

RT 1 

SW1_24a 
 

Eu-CPB 
Pb(NO3)2 

H2O 

0.0504 g 
1.2204 g 
50 mL 

70 1 

SW1_24b 
 

Eu-CPB 
(CH3)4NBr 

H2O 

0.0508 g 
0.5675 g 
50 mL 

70 1 

 
 




