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Abstract 
 
 

Metal-Organic Frameworks: Synthesis of s-block / f-block Materials and a New 

Methodology in Thin Film Fabrication 

by 

Yashar Abdollahian 

 

 Many priority pollutants listed by the U.S. Environmental Protection Agency 

(EPA) found in wastewater are anionic in charge and are difficult to remediate.  This 

is either due to high mobility in wastewater, radioactivity, or being in the presence of 

other inorganic oxyanions (carbonate, nitrate, etc.) in much higher concentrations that 

would impede immobilization.  Several anions that are EPA priority pollutants 

include: perchlorate, pertechnetate, arsenate, arsenite, and chromate.  In order to 

remediate these pollutants, highly selective cationic materials must be made in order 

to exchange them out of wastewater. 

 Anion exchange resins are the current standard material used to remediate 

anionic pollutants.  These inexpensive polymers have poor selectivity towards these 

pollutants in the presence of other anions and are very unstable in different chemical 

and thermal environments.  Inorganic extended materials show much promise in 

addressing the shortcomings of anion exchange resins but many of the available 

materials are neutral or anionic in charge (eg. zeolites), thus rendering them 

ineffective towards efficient anion uptake capacities.  Layered double hydroxides 
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(LDHs) are a class of materials that are cationic in charge and have been extensively 

studied for their anion uptake capacities from wastewater.  However, LDHs have a 

high propensity to uptake carbonate, even after calcining the material to remove the 

anion from the interlamellar space.  This severely diminishes the potential 

remediation of other anions in wastewater since carbonate is present in the parts per 

thousand.   

 The use of s-block metals in synthesizing metal-organic frameworks (MOFs) 

has been relatively unexplored.  By exploring potential MOF structures using barium, 

higher coordination geometries are possible and may lead to unique structural 

environments that could prove successful in efficient anion exchange.  We have 

successfully synthesized two barium-containing MOFs with formulas 

Ba2F2[O3SC2H4SO3] (denoted SLUG-13) and Ba[O3SC2H4SO3] (denoted SLUG-14).  

Both structures are 2D layered materials with inorganic sheets pillared by 1,2-

ethanedisulfonate ligands that were characterized with powder X-ray diffraction 

(PXRD).  Thermal analysis showed that these materials are stable up to 325 °C and 

375 °C for SLUG-13 and SLUG-14, respectively.  Although they did not show any 

activity in anion exchange, SLUG-13 showed promising catalytic activity in acid 

catalyzed ketal formations.   

 Little has been studied on the use of f-block metals in MOFs using 

alkanedisulfonates as the organic component.  We have shown the first isoreticular 

synthesis of three structures with formulas Nd2(OH)4(OH2)2[O3SC2H4SO3] (denoted 

SLUG-28), Nd2(OH)4(OH2)2[O3SC3H6SO3] (denoted SLUG-29), and 

Nd2(OH)4(OH2)2[O3SC4H8SO3] (denoted SLUG-30).  Powder X-ray diffraction 
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analysis showed that their structures are all composed of the same neodymium 

oxohydroxo layers pillared by alkanedisulfonates of increasing carbon length.  

Thermal analysis of the three structures showed similar decomposition characteristics.  

These structures are unique examples of the use of sulfonates with rare earth metals 

and further expand the class of f-block MOFs. 

 MOF thin films have been of tremendous interest because of their applications 

in optical coatings, heterogeneous catalysis, chemical separations, and sensor devices.  

Recently, there have been reports of their semiconducting properties and their 

potential applications in photovoltaic cells.  Most current methods of fabricating a 

MOF film involve tedious procedures and expensive components, none of which have 

been done on a conductive substrate to further explore their semiconducting 

capabilities.  We have developed a novel methodology in the facile synthesis of four 

isoreticular metal-organic framework (IRMOF) thin films on a conductive substrate 

using ZnO nanowires as a template.  The method allows for the growth of IRMOF 

single crystals on a bed of nanowires with excellent coverage of the substrate and 

without using unstable self-assembled monolayers as the nucleation source.  We have 

also used microwaves to dramatically reduce the synthesis time of these films to 

produce IRMOF films of high crystallinity in 10 minutes.  
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Chapter 1  
 

Cationic Metal Organic Frameworks 
for Applications in Anion Exchange 

 

Abstract 

A large number of pollutants found in wastewater sources are anionic and are 

difficult to remediate in the presence of other competing anions.  These pollutants can 

be in the form of inorganic oxyanions or organic pharmaceutical drugs.  In order to 

filter out these compounds, materials need to be developed that can selectively trap 

them in solution.  Metal organic frameworks are promising materials because of the 

tunability in their design and function.  A cationic charge can be instilled in the 

framework by introducing neutral organic ligands and weakly coordinating anions to 

balance the metal’s cationic charge.  When compared to current anion exchanging 

materials (polymer resins, layered double hydroxides, and zeolites), they have high 

uptake capacities and potentially high selectivity for EPA priority pollutants in the 

presence of competing anions. 

1.1 Wastewater Pollution 

Roughly 2.5% of the world’s water supply is freshwater that can be used by 

humans, but only 1% of the water supply can be readily used by humans due to the 

rest being inaccessible (Figure 1.1).1  These available sources of drinking water 



2 
 

around the world are becoming increasingly scarce due to anthropogenic activities 

that pollute surface and groundwater with toxic inorganic and organic chemicals.  

Toxic species are typically generated from agricultural runoff, industrial byproducts, 

and domestic use.  The U.S. Environmental Protection Agency (US EPA) and World 

Health Organization (WHO) have developed a series of thresholds for many common 

pollutants found in current and potential sources of drinking water.2  These limits 

were set in place to ensure proper control on the quality of available drinking water.  

Two particular classes of wastewater contaminants that are of notable interest are 

inorganic oxyanions and organic pharmaceuticals.  Both the EPA and WHO have 

listed these contaminants as priority pollutants.   

 

Figure 1.1 Global distribution of water 

 

1.1.1 Inorganic Oxyanions  

Perchlorate  

Perchlorate is a common component used in rocket propellants, fireworks, and 

explosive devices in the form of ammonium perchlorate (NH4ClO4).
3  It is generally 
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found in freshwater supplies due to discharging from rocket fuel manufacturing plants 

and dismantling of military weaponry using perchlorate propellants.  Some recent use 

of potassium perchlorate accounts for a small fraction of the perchlorate found in 

wastewater, but the majority of perchlorate is present due to the unregulated disposal 

of ammonium perchlorate several decades ago.  The greatest presence of perchlorate 

in the United States exists in Lake Mead and the Colorado River, where two 

perchlorate-manufacturing facilities dumped more than 1000 pounds of perchlorate 

per day from the late 1950s up until the late 1990s.4  Early methods of perchlorate 

detection all relied on the anion’s ability to form complexes with organic dyes in 

order to detect them using gravimetric analysis, liquid-liquid extraction, and 

spectrophotometry.  The problem with these methods is due to interferences with 

other competing anions (phosphate, nitrate, and chlorate).  It wasn’t until 1997 when 

more sensitive analytical techniques using ion chromatography were developed that 

the true extent of perchlorate contamination was realized.  California, Utah, and 

Nevada are the three significantly affected states, with concentrations ranging from 8 

parts per billion to 3.7 parts per thousand in common drinking water sources that feed 

from the Colorado River.  Exposure to perchlorate results in a decrease in thyroid 

hormone output.  Many reports have determined this decrease to be a result of 

interference with the cellular iodide pump that helps regulate metabolism.  The pump 

is size selective for anions present and will preferentially take in larger anions versus 

smaller ones.  Because of perchlorate’s larger size relative to iodide, it interferes with 

the uptake of iodide that would normally be converted to organic iodide and regulate 

metabolism.   
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Pertechnetate 

 No naturally occurring technetium exists today because all isotopes of 

technetium are radioactive.  The longest living isotope was Tc-98 with a half-life of 

4.2 x 106 years.  When compared to the age of the solar system of 4.5 billion years, 

the half-life of Tc-98 is relatively short.5  Aside from a minute amount of technetium 

that can be found as a spontaneous fission product in naturally occurring uranium 

ores, it is nearly an entirely man-made element that has been increasing in occurrence 

due to anthropogenic sources.  The only isotope of technetium found today (Tc-99) is 

generated by induced fission of enriched uranium, nuclear weapon tests and from 

discharges in low-level radioactive wastes.  Every nuclear facility generates Tc-99 in 

6% yield from fission and produces 40 kg every year.6  These sources typically 

release Tc-99 in nearby water sources through leeching from the vitrification process 

and rapidly oxidize to form the highly stable and highly soluble pertechnetate anion 

(TcO4
-). Although it is a soft β–emitter with a maximum energy of 292 keV and a 

half-life of 213,000 years, it has been accepted that its radioactivity is of lesser impact 

to humans because of its fast clearance rate from the body, which has led to its use in 

nuclear medicine.7  Of greater concern is its impact in the environment because it’s 

mobility in water and solubility has accounted for its bioaccumulation in plants and 

subsequently animals.8   

 

Arsenate and Arsenite 

Arsenic is predominantly in the pentavalent and trivalent forms in wastewater 

as arsenate and arsenite, respectively.9  The presence of arsenic in water is primarily a 
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result of industrial and agricultural use and subsequent disposal in local water 

supplies, as well as natural sources from arsenic-containing mineral deposits.  The 

lethal dose of arsenic for humans has been estimated to be 1-3 mg As/kg.  

Concentrations in freshwater are generally less than 10 ppb, but in rare cases it can 

exceed well above 50 ppb.  The most notable case was in Bangladesh in the early 

1990s where tens of millions of people were exposed to arsenic from contaminated 

deep tube wells.10  The use of tube wells in Bangladesh exposed the population to 

naturally occurring arsenic in groundwater deposits with arsenic levels of > 50 ppb, 

well above the 10 ppb limit set by the WHO.  It was estimated that roughly 43,000 

people died annually from arsenic poisoning.  Once in the body, it’s proposed that 

arsenate may replace phosphate due to their similar structure and properties.11  In 

vitro studies have shown that arsenate can react with glucose to form glucose-6-

arsenate, which closely resembles glucose-6-phosphate.12  This can then serve as a 

substrate for glucose-6-phosphate dehydrogenase and can inhibit hexokinase.  

Arsenite may react with critical thiols in proteins and inhibit their activity.  An 

example is the interaction of arsenite with pyruvate dehydrogenase (PDH).  Lipoic 

acid is a dithiol cofactor that is required for the enzymatic activity of PDH.  It is 

proposed that arsenite binds to lipoic acid and subsequently inhibits PDH, ultimately 

decreasing production of ATP.13  In addition, there is a large range of proposed 

cancer-causing mechanisms as a result of arsenic exposure. 
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Chromate 

Chromium’s rich chemistry has led it to be one of the most widely used 

elements in metallurgy, manufacturing of pigments and dyes, chemical synthesis, 

wood preservation, and refractory production.  Improper disposal and leeching of 

chromium into the environment forms a complex array of compounds that undergo 

numerous chemical and biological reactions.  In India alone, it is estimated that 

annually roughly 2000 to 3200 tons of chromium byproducts are disposed into the 

environment from leather tanning industries, with concentrations ranging between 

2000 to 5000 ppm.14  Cr(VI) and Cr(III) are the most common oxidation states of 

chromium found in nature.  In neutral aqueous solution, chromium is predominantly 

in the form of the hexavalent chromate ion (CrO4
2-).  While trivalent chromium is 

considered an essential nutrient and much less carcinogenic to humans since it tends 

to bind to plasma proteins with slow penetration of cellular membranes, hexavalent 

chromate is considered 10-100 times more toxic as it readily enters cellular 

membranes through nonselective anion channels used by SO4
2- and PO4

3-.15  Once 

inside the cell, chromate undergoes rapid reduction via metal-reactive thiols from 

glutathione and cysteine residues to form Cr(III) in order to maintain a concentration 

gradient for Cr(VI).  Reduction of Cr(VI) results in many genotoxic effects through 

oxidative stress from newly generated hydroxyl radicals.  

 

1.1.2 Anionic Pharmaceuticals 

 Pharmaceutical drug remediation from wastewater has been of growing 

importance over the past decade with the exponential use of these chemicals and a 
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continually aging population.  Municipal wastewater treatment plants generally do 

not possess the proper equipment to deal with complex pharmaceutical metabolites 

excreted from humans, as well as drugs that have been disposed of improperly.  

Current estimates show that many pharmaceutical drugs are commonly in the ppb 

range in wastewater, although some have been observed in the ppm range.16  

Pharmaceutical drugs come in many forms, some of which form anions once the 

drugs enter the water supply.  One such drug is Ibuprofen, which is a non-steroidal 

anti-inflammatory drug (NSAID) used for pain relief, treatment of fever, and joint 

disorders.  Because it is a very popular over-the-counter drug and roughly 70 % to 80 

% of a therapeutic dose of 600 mg is excreted out of the body, it has been found in 

high concentrations in wastewater relative to other pharmaceuticals.17  Up to 1.35 

ppm was detected in the Colorado River and California State Water Project, post 

filtration of the wastewater.  Another example is Diatrizoate, which is used as an X-

ray contrasting agent for imaging organs or blood vessels during diagnostic tests.18  

Typically 200 g of Diatrizoate is administered to a patient and then completely 

excreted within a day.  Although it is considered safe for humans, the fate of the 

compound in aquatic environments is not fully understood.  In Germany, it was found 

that surface waters near hospitals contained roughly 1.20 ppm of Diatrizoate, with no 

significant removal of the compound from wastewater treatment plants.   
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1.2 Anion Separation 

 The most common materials used for anion separations are ion exchange 

resins.19  These materials consist of organic polymeric chains with charged functional 

groups that allow for the capture of particular ions.  Anion exchange resins typically 

contain quaternary ammonium groups that serve as the cationic moiety that would 

bind to anions flushed through the resin.  Although anion exchange resins are 

inexpensive and easy to mass produce, they cannot be reused for subsequent 

filtrations because the anion would remain locked within the resin.  In addition, their 

low chemical and thermal stability limits their use in harsh environments.  In order to 

help meet the requirements set by the EPA and WHO, tremendous research has been 

conducted in the discovery of new materials that are highly stable both chemically 

and thermally, and can also be recovered after many filtration cycles.  Inorganic 

extended materials make up a good portion of this research because they potentially 

match the criteria needed in order to remediate wastewater pollutants.  Typical 

extended materials are neutral or anionic in charge.  These include zeolites, minerals, 

clays, and various metal oxides.  The neutral or anionic charge is a result of a 

formally positive metal surrounded by anionic ligands that would instill a neutral or 

net negative charge to the overall framework.   

Zeolites are a subclass of these materials that have been extensively studied 

because of their robustness and numerous applications ranging from separations, 

catalysis, and water purification.20  Their structure is composed of a porous silica or 

aluminosilicate network that possesses an inherent anionic charge to the framework, 

thus allowing charge balancing cations to rest within the pores of the frameworks 
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(Figure 1.2).  These cations are typically held by electrostatic forces in the framework 

and allow for the possibility of cation exchange.  Zeolites are often used as water 

softening agents by exchanging the sodium originally present in the pores with 

calcium that is commonly found in freshwater sources.  Research has been done in 

post-synthetically modifying zeolites to make them capable of anion exchange by 

incorporating tethered organic ligands to the walls of the pores that possess a terminal 

cationic functional group that can capture anions passing through the material.21  The 

main issues with this technique are that there are many work-up procedures to 

generate the functionalized material, making it less cost effective when scaling up, as 

well as decreased stability due to the organic functionality.   
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Figure 1.2 Examples of various zeolites 
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1.2.1 Layered Double Hydroxides  

 Layered double hydroxides (LDHs) are 2-D hydroxide extended structures 

that possess an inherent cationic charge in the framework and contain charge 

balancing anionic guests between the lamellar sheets (Figure 1.3).22  All LDHs are 

isomorphous to that of brucite [Mg(OH)2], which is composed of M(OH)6 edge-

sharing octahedra forming an infinite layer that is neutral in charge.  By partially 

substituting divalent metal centers with trivalent metals, an overall net positive charge 

is introduced into the framework.  This yields the general formula [M2+
1-

xM
3+

x(OH)2][A
n-

x/n·mH2O], where M2+ and M3+ are metals with similar ionic radii, the 

value of x is equal to the molar ratio of M3+/(M2++M3+) and An- are n-valent anions 

residing between the cationic layers.   Recently there have been reports of lanthanide-

containing LDHs that bring a host of new properties to the materials.23  The charge 

balancing anions, as well as water molecules, that intercalate the hydroxide layers 

hold the structure together via hydrogen bonding or electrostatically.   
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Figure 1.3 Schematic of LDH structure 

The most common method used to synthesize LDHs is coprecipitation of 

aqueous solutions of M2+ and M3+ containing the charge-balancing anion as 

precursors.24  The ratio of the two metal ions is varied to achieve the desired 

properties of the material (Table 1.1).  In order for the structure to form, 

supersaturation must be achieved.  This can be done in conditions of low or high 

supersaturation.  Low supersaturation involves the slow mixing of the reagents of a 

particular ratio into a reactor containing an aqueous solution of the desired anion.  An 

alkali solution is then added in order to maintain a constant pH.  High supersaturation 

requires addition of the metal precursors directly to an alkali solution containing the 

desired anion.  Crystals of higher quality and size are formed using low 

supersaturation.  Regardless of which supersaturation method used, the resulting 

products undergo thermal treatment to improve yields and crystallinity, followed by a 
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slow aging process of heating the mixture at 333 K - 353 K for several hours or at 

room temperature within several days.25  Hydrothermal synthesis of LDHs is used as 

an alternative to coprecipitation in order to achieve higher crystallinity in the resulting 

material.  This can be accompanied with the addition of urea as a pH modifier.  Many 

published reports have shown that urea’s unique properties allow for controlled pH 

modification as it slowly hydrolyzes to form carbonate and ammonium ions.26  The 

products form as hexagonal platelets of high crystal quality and homogeneity.   

 LDHs are regularly characterized using powder X-ray diffraction (PXRD) in 

order to gain insight as to the structural characteristics of the material (Figure 1.4).  

LDHs typically exhibit (0 0 l) reflections and at low angles.  As different anions are 

introduced in the structure, the basal spacings of the layers increase or decrease 

depending on the size of anion used.  The ratio of M2+/M3+ can be elucidated using 

the (1 1 0) plane, which is with respect to the hexagonal axes.27  Because this 

particular reflection is independent of the layer stacking, it can be used to calculate 

the crystallographic parameter a using the formula a = 2d110.  Fourier transform 

infrared spectroscopy (FTIR) and Raman spectroscopy are used to understand the 

coordination environment of the lattice as well as the interaction of the framework to 

the interlayer anions.27  Depending on how the anion is arranged within the layers, 

vibrational spectroscopy can differentiate between electrostatically bound and 

coordinating anions with the framework.  Thermogravimetric analysis (TGA) 

measures the weight loss of the material as the sample is heated in order to gain 

insight on the thermal properties of the LDH.  At lower temperatures, the loss of the 
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anion is first observed, which is then followed by the decomposition of the layers to 

their respective metal oxides.   

Table 1.1 List of frequently reported LDHs 

M2+ M3+ 
Interlayer 

anion 
Chemical composition Reference 

Ca Al CO3 [Ca0.66Al0.33(OH)2](CO3)0.17·nH2O 28 

Ca Al NO3 [Ca0.66Al0.33(OH)2](NO3)0.33·0.66H2O 29 

Ca Al OH [Ca0.66Al0.33(OH)2](OH)0.33·nH2O 28 

Cd Al CO3 [Cd0.67Al0.33(OH)1.67](CO3)0.33·0.5H2O 30 

Cd Al NO3 [Cd0.67Al0.33(OH)1.67](NO3)0.67·0.5H2O 30 

Co Al Cl [Co0.66Al0.33(OH)2]Cl0.33·nH2O 31 

Co Al OH [Co0.75Al0.25(OH)2](OH)0.13·nH2O 28 

Cu Al [Fe(CN)6] [Cu0.88Al0.5(OH)2][Fe(CN)6]0.31·1.25H2O 28, 32 

Cu Cr C6H4-1,4-
(CO2)2 

[Cu0.6Cr0.4(OH)2][C6H4-1,4-(CO2)2]0.2·0.6H2O 32-33 

Cu Cr Cl [Cu0.69Cr0.31(OH)2]Cl0.31·0.61H2O 28, 34 

Cu Cr Dodecyl-
sulfate 

[Cu0.66Cr0.33(OH)2](dodecylsulfate)0.33·nH2O 28 

Li Al Br [Li0.33Al0.66(OH)2]Br0.33·nH2O 35 

Li Al Cl [Li0.33Al0.66(OH)2]Cl0.33·nH2O 36 

Li Al Cl (rhomb) [Li0.33Al0.66(OH)2]Cl0.33·nH2O 37 

Li Al CO3 [Li0.33Al0.66(OH)2](CO3)0.16·nH2O 38 

Li Al NO3 [Li0.33Al0.66(OH)2](NO3)0.33·nH2O 35 

Li Al OH [Li0.33Al0.66(OH)2](OH)0.33·nH2O 35b 

Li Al SiO(OH)3 [Li0.33Al0.66(OH)2][(OH)3SiO]0.33·nH2O 39 

Li Al SO4 [Li0.33Al0.66(OH)2](SO4)0.17·nH2O 35b 

Mg Al Cl [Mg0.66Al0.33(OH)2]Cl0.33·nH2O 31 

Mg Al CO3 [Mg0.66Al0.33(OH)2](CO3)0.17·nH2O 40 

Mg Al Fe(CN)6 [Mg0.741Al0.259(OH)2][Fe(CN)6]0.067(CO3)0.002·1.05
H2O 

41 

Mg Al NO3 [Mg0.66Al0.33(OH)2](NO3)0.33·nH2O 42 

Mg Al SiO(OH)3 [Mg0.75Al0.25(OH)2][(OH)3SiO]0.25·nH2O 39 

Mg Cr CO3 [Mg0.71Cr0.29(OH)2](CO3)0.145·0.5H2O 43 

Mg Cr Fe(CN)6 [Mg0.56Cr0.44(OH)2][Fe(CN)6]0.15·0.7H2O 43 

Mg Cr Oxalate [Mg0.61Cr0.39(OH)2](C2O4)0.0975·0.5H2O 43 

Mg Fe CO3 [Mg0.75Fe0.25(OH)2](CO3)0.125·0.5H2O 44 

Mg Al, 
Fe 

CO3 [Mg0.74Fe0.11Al0.15(OH)2](CO3)0.13·0.70H2O 45 

Mg V CO3 [Mg0.52V0.48(OH)2](CO3)0.24·0.86H2O 46 

Mn Al Cl [Mn0.66Al0.33(OH)2]Cl0.33·nH2O 47 

Ni Al Cl [Ni0.75Al0.25(OH)2]Cl0.25·nH2O 48 

Ni Al CO3 [Ni0.75Al0.25(OH)2](CO3)0.125·nH2O 44b 
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M2+ M3+ 
Interlayer 

anion 
Chemical composition Reference 

Ni Al NO3 [Ni0.67Al0.33(OH)2](NO3)0.20(CO3)0.066·0.7H2O 48 

Ni Fe CO3 [Ni0.75Fe0.25(OH)2](CO3)0.125·0.38H2O 44b 

Ni Fe SO4 [Ni0.7Fe0.3(OH)2](SO4)0.17·nH2O 28 

Ni V CO3 [Ni0.82V0.18(OH)2](CO3)0.09·0.96H2O 49 

Zn Al Cl [Zn0.66Al0.33(OH)2]Cl0.33·0.66H2O 28 

Zn Al CO3 [Zn0.75Al0.25(OH)2](CO3)0.13·nH2O 28 

Zn Al NO3 [Zn0.66Al0.33(OH)2](NO3)0.33·0.66H2O 29a 

Zn Cr Br [Zn0.66Cr0.33(OH)2]Br0.33·0.66H2O 50 

Zn Cr Cl [Zn0.66Cr0.34(OH)2]Cl0.34·0.71H2O 51 

Zn Cr ClO4 [Zn0.66Cr0.33(OH)2](ClO4)0.33·0.66H2O 50 

Zn Cr F [Zn0.66Cr0.33(OH)2]F0.33·0.66H2O 50 

Zn Cr HPO4 [Zn0.66Cr0.33(OH)2](HPO4)0.17·0.66H2O 50 

Zn Cr I [Zn0.66Cr0.33(OH)2]I0.33·0.66H2O 50 

Zn Cr NO3 [Zn0.66Cr0.33(OH)2](NO3)0.33·0.66H2O 52 

Zn Cr SO4 [Zn0.66Cr0.33(OH)2](SO4)0.17·0.66H2O 50 

Zn Cr n-CaH2a+1SO4 [Zn0.66Cr0.33(OH)2](n-CaH2a+1SO4)0.33·0.66H2O 50 

 

 

 

Figure 1.4 Typical PXRD pattern of an LDH. 

 
Much research has been done on the reversible anion exchange properties of 

LDHs due to their unique cationic nature and weak interactions between the cationic 

layers and interlamellar anions, allowing for facile removal of anionic guest 

molecules.  In addition, their cost effective synthesis and regenerability makes LDHs 



16 
 

a much more attractive alternative to anion exchange resins.  Exchange is typically 

carried out by exposing the LDH to a solution containing the target anion and stirred.  

The most common oxyanions studied include arsenate, arsenate, chromate, 

perchlorate, phosphate, selenite, selenate, borate, nitrate, perrhenate, pertechnetate, 

iodate, molybdate, and vanadate.  Table 1.2 lists the known adsorption capacities of 

notable anions.   

 

Table 1.2 Adsorption capacities of various oxyanions with LDHs.24b 

Oxyanion Type of LDH 
Adsorption capacity 

(mg/g) 

Arsenite Uncalcined Mg-Al chloride-LDH 0.086 

Arsenite Calcined Mg-Fe LDH 87.5 

Arsenate Uncalcined Mg-Al LDH 32.6 

Arsenate Calcined Mg-Al LDH 202 

Chromate Uncalcined Mg-Al LDH 5-40 

Chromate Calcined Mg-Al LDH 120 

Phosphate Uncalcined Mg-Al LDH 28.8 

Phosphate Calcined Mg-Al LDH 81.6 

Borate Uncalcined Mg-Al LDH 14 

Selenite Uncalcined Mg-Al LDH 270 

Selenite Calcined Mg-Al-Zr LDH 29 

 

It is also possible to tune the uptake of anions by systematically altering the 

ratio of M2+/M3+.  Studies conducted on chromate uptake were measured versus the 

ratio of Mg/Al in LDHs of varying compositions.53  It was found that the LDH with 

33% aluminum content had a slightly larger basal spacing between the layers 

compared to the LDH with 25% aluminum content.  In addition, LDHs with 33% 

aluminum content had a higher uptake of chromate than LDHs containing 25% 

aluminum.  This was attributed to the different ways the nitrate anions between the 
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layers were oriented. The LDH with 25% aluminum content oriented the nitrate 

anions parallel to the layers and the LDH with 33% aluminum arranged the nitrate 

anions in a bilayer, where they would stand perpendicular to the layers.  As a result of 

the increase in basal spacing, chromate anions had a greater chance of entering the 

LDH due to the increased available space and the nitrate being a better leaving group 

when oriented perpendicular to the layers.   

Although LDHs have many properties that would make them good candidates 

for wastewater treatment of harmful oxyanions, they do have several disadvantages.  

LDHs exhibit a unique quality in that if the sample is calcined up to 450 °C to remove 

interlayer species, it will then enter a metastable state of high basicity.54  When 

exposed to another solution containing anionic species, it will re-intercalate available 

anions to reach a stable state.  This has been known as the “memory effect” of LDHs.  

In some cases this is a positive outcome in that it can generate higher adsorption 

capacities than their uncalcined analogues (Table 1.2), but the major downside is that 

LDHs have a high affinity for carbonate and would preferentially re-intercalate 

carbonate versus other anions present in solution.  This is a very limiting factor for 

their use in pollutant remediation of wastewaters since carbonate can be found in the 

parts per thousand in freshwater supplies.  In addition to poisoning the structure with 

carbonate, there can be competitive effects from other anions that could be present in 

solution (e.g. SO4
2-, HPO4

2-, NO3
-).   

Another disadvantage with using LDHs for anion exchange is the limited pH 

range that would allow uptake of anions.24b  This is a result of the material’s pH of 

point of zero charge (pHpzc).
55  Little research has been done on LDHs and their 
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respective pHpzc values, but studies have shown that the oxyanion adsorption 

capacities of LDHs tend to decrease with increasing pH.  A low pH environment (pH 

< pHpzc) promotes a positive charge on the LDH surface and favors adsorption of 

oxyanions in solution, but at very low pH (pH << pHpzc) the structure loses stability 

due to its basicity.  At high pH (pH >> pHpzc) there is a negative surface charge on the 

LDH, as well as an additional competitive effect between the target anions and OH- 

present in solution.     

 

1.2.2 Metal-Organic Frameworks 

Metal organic frameworks (MOFs) are a rapidly expanding class of materials 

that have been changing the face of solid-state chemistry ever since their discovery.  

MOFs are a subset of extended compounds and are comprised of metal atoms or 

clusters linked to organic molecules, which form scaffold-type structures that vary in 

size and structural dimension.  Both the inorganic building block and overall MOF 

dimensionality can be 1-D chains, 2-D layers or 3-D frameworks.  Aside from strong 

covalent bonding, architectures can also be defined by strong cumulative hydrogen 

bonding, π-π stacking interactions or electrostatic bonding.  Structural versatility of 

the frameworks and in turn chemical properties can be tuned by the size and shape of 

the organic molecules that link the metal clusters.  This flexibility in design has 

engendered a vast library of structures, including materials that have been reported to 

have some of the highest porosity known.   

Understanding the synthesis of MOFs requires the concept of secondary 

building units (SBUs).  The term SBU is borrowed from zeolite structure analysis, 
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describing the tetrahedral AlO4 and SiO4 units that can arrange to form numerous 

zeolite structures based on different binding geometries between the tetrahedral 

SBUs.  These units are generally formed in situ, as opposed to being introduced 

directly to the reaction mixture.  When characterizing the SBUs in MOFs, they are 

composed of inorganic clusters or coordination spheres that are of a particular 

geometric shape.  The SBUs are bound to organic ligands to form higher dimensional 

architectures.   

The geometry of an SBU can be used to predict the overall topology of the 

MOF (Figure 1.5).56  The most widely known example is that of MOF-5 developed 

by Yaghi and coworkers.  It’s structure consists of Zn4O13 SBUs that are joined by 

1,4-benzenedicarboxylate (BDC) ligands.  The combination of octahedral SBUs with 

linear BDC ligands forms an overall three dimensional cubic scaffold structure.  By 

changing the structure of the SBU and maintaining the same linear ligand, the overall 

structure can be dramatically different.  An example of this is the structure of MIL-

101.  It is composed of Cr3O13F SBUs coordinated to BDC ligands to form large three 

dimensional cage-like networks with pentagonal and hexagonal shaped apertures.  If 

the ligand is altered to 1,3,5-benzentricarboxylate (BTC), a paddlewheel SBU is 

formed when in the presence of copper.  The resultant MOF (HKUST-1) forms a 

cubic lattice with an intersecting system of 9 x 9 Å square pores.  The flexibility in 

structural design is further exemplified by the series of iso-reticular metal organic 

frameworks (IRMOFs) (Figure 1.6).57  These materials all have the same framework 

topology to that of MOF-5 but only vary in design of the organic ligands.  IRMOFs 1-

7 all vary in functionality by the addition of pendant groups and IRMOFs 8-16 vary 
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in length.  Although the ligands differ from one another in sometimes very dramatic 

ways, they all maintain the same linear connectivity to that of the BDC ligand in 

MOF-5, thus maintaining the same net topology.  These properties allow MOFs to 

have potential applications in gas storage, separations, heterogeneous catalysis, 

sensing, and drug delivery.  By tuning the structural design of a MOF, one can 

produce a cationic MOF that can target particular anions in solution for exchange. 

 

Figure 1.5 Examples of SBUs and their respective topologies in MOFs 
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Figure 1.6 Structures of IRMOFs 1-16. 

1.3 Synthesis of Cationic MOFs 

 The design of a MOF involves selection of a particular metal cation and an 

organic component whose properties would be tailored for the target application.  

Predictability in generating a designed MOF is difficult to achieve due to a whole 

host of variables involved in the synthesis of these materials (e.g. temperature, pH, 

solvent selection, etc.).  Regardless, some degree of rational design can be utilized by 

understanding the structural and chemical characteristics of known structures and 

applying that knowledge towards generating new materials.  A number of different 

synthetic methods can be utilized to synthesize MOFs.  Some of these techniques 

include recrystallization, reflux, precipitation, and vapor diffusion.  The most 

common method is solvothermal synthesis, which involves mixing reagents and 

heating the mixture in a Teflon-lined steel autoclave at a constant-pressure 
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environment.  Typically water is used as a solvent in the reaction mixture because the 

reduced viscosity of water at relatively high temperatures enhances diffusion 

processes so that crystal growth from solution is favored.  This method is 

advantageous over other forms of crystal growth because it is one of the few synthetic 

methods that produce good single crystals needed for X-ray diffraction analysis.  In 

addition, solvothermal synthesis can be used post-synthetically to increase crystal 

size. 

1.3.1 Metals 

 The type of metal used plays a vital role in the structure of the material.  Its 

charge and atom size both influence the connectivity of the ligands around it, as well 

as the types of anions that can be present in the structure.  MOFs have been 

successfully synthesized using a wide variety of metals in stable oxidation states.  

These include alkali metals, alkaline-earth metals, transition metals, main group 

metals, and rare earth metals.  Although selection of ligand is crucial to generate a 

cationic MOF, this section will focus mainly on metals that have been used to 

generate cationic MOFs. 

d-block 

 First row transition metals are the most widely used metals in the synthesis of 

a MOF.  Many structures have been developed structurally mimic that of an LDH.  

Cheetham and coworkers developed two cationic MOFs composed of cobalt oxide 

layers intercalated with 1,2-ethanedisulfonate (EDS) anionic ligands (Figure 1.7).58  

The first structure consists of [Co3O4]
2+ layers that are pillared by EDS in a 

perpendicular orientation relative to the layers.  The oxygen atoms on the sulfonates 
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are covalently bound to the layers, effectively balancing the charge of the cationic 

layers and making the whole structure neutral.  The other structure they developed 

consists of [Co7O12]
2+ layers with EDS held in a parallel fashion with respect to the 

cationic layers through hydrogen bonding.  A similar structure using copper was 

developed by our group, with structural formula [Cu4(OH)6][O3SCH2CH2SO3]·2H2O 

(Figures 1.8 and 1.9).59  The [Cu4(OH)6]
2+ layers are weakly bound to EDS molecules 

through a single oxygen atom from the sulfonates to the copper centers in the layer.  

The bonds between the EDS oxygen and copper atoms are elongated due to a d9 Jahn-

Teller distortion, with bond lengths ranging from 2.409(3) Å to 2.488(4) Å.  This 

weak interaction allows the EDS molecules to exchange out of the material easily, 

making it a fantastic material for anion exchange applications.  Indeed it was found 

that the material has a 5-fold higher adsorption capacity for permanganate compared 

to calcined LDHs.   
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Figure 1.7 Crystallographic views of Co3(OH)4(O3SCH2CH2SO3) (top) and 
Co7(OH)12(O3SCH2CH2SO3) (bottom) (Co – turquoise, O – red, H – blue, S – 
yellow). 
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Figure 1.8 Crystallographic views of SLUG-26 along a-axis (left) and b-axis (right) 
(Cu – blue, O – red, S – yellow, C – gray, H – light gray). 

 

 

Figure 1.9 Crystallographic view of SLUG-26 of a single [Cu4(OH)6]
2+ layer.  

Projection is along the c-axis (Cu – blue, O – red, S – yellow, C – gray, H – light 
gray). 
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Cationic MOFs containing lower d-block metals tend to form 1-D structures.  An 

example is that of Ag2(4,4′-bipy)2(O3SCH2CH2SO3)·4H2O (Figure 1.10).60  This 

structure is composed of 1-D Ag-bipy chains that undergo π-π stacking with one 

another.  Intercalated between the chains are EDS molecules where one sulfonate 

oxygen atom interacts electrostatically with two silver atoms in the cationic layer.  

The weak interaction is confirmed by the significantly longer Ag-O bond lengths 

(2.711(7) and 2.759(9) Å) relative to the standard Ag-O covalent bond length of 

roughly 2.45−2.55 Å.    

 

Figure 1.10 Crystallographic a-projection (left) and b-projection (right) of SLUG-21. 
Hydrogen atoms omitted for clarity (Ag – purple, C – gray, S – yellow, O – red, N – 
blue). 

 
p-block 

 Cationic MOFs utilizing heavy p-block elements typically form 2-D 

structures.  This could be in part due to the inert pair effect that is intrinsic with 

elements like Pb2+, Sb3+, and Bi3+.  It allows for an unsaturated coordination geometry 

that can potentially induce the formation of positively charged frameworks.  The 



27 
 

structure (Pb3F5)(NO3) (denoted BING-5, for Binghamton University structure – 5) is 

composed of cationic (Pb3F5)
+ layers with nitrate anions between the triple layers 

(Figure 1.11).61  Each triple layer contains a neutral Pb2F4 layer connected to two 

cationic Pb2F3 outer layers, where lead is 8-coordinate in the neutral layer and 5-

coordinate distorted square pyramidal in the outer layers.  Unlike most porous 

structures that use oxygen as a bridging atom in zeolites and clays, this structure 

displays an unusual property of utilizing fluorine as a bridging atom that coordinates 

tetrahedrally to four lead atoms.  It’s believed that this is a consequence of the large 

radius and softness of the lead atoms.  Although it is not considered a MOF since 

there are no organic ligands present, it does showcase the inert pair effect as the 5-

coordinate lead atoms have their inert lone pair pointing toward the interlamellar 

space and preventing coordination of the nitrate anions to the layers.   

Another material that displays similar properties to that of BING-5 is the 

structure [Sb4O4(OH)2][O3SCH2CH2SO3]·H2O (denoted SLUG-5).62  The framework 

is composed of pyramidal units of SbO3 covalently bonded together through Sb-O-Sb 

interactions with an inert electron pair pointed into the interlamellar space (Figure 

1.11).  EDS molecules pillar the lamellar region and interact with the [(Sb4O4(OH)2]
2+ 

layers through electrostatic interactions with an Sb-O bond distance of 2.451(2) Å, 

well outside the accepted Sb-O covalent bond range of 1.9 Å to 2.2 Å.   A lead 

fluoride structure also utilizing EDS anions was synthesized by our group with 

structural formula [(Pb2F2)(O3SCH2CH2SO3)] (denoted SLUG-6).63  It contains 

cationic layers of [Pb2F2]
2+ covalently bound to two out of the three EDS oxygen 

atoms (Figure 1.11).  Although the interaction between the EDS molecules and 
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cationic layers are strong, the material still undergoes exchange in the presence of 

either succinate or glutarate.  It is hypothesized that the material undergoes solvent-

mediated anion exchange through a process of exfoliation of the cationic layers 

followed by recrystallization with the dicarboxylate anions (Figure 1.12).  Isoreticular 

analogues of SLUG-6 were also synthesized using 1,3-propanedisulfonate (PDS) and 

1,4-butanedisulfonate (BDS).64  Using PXRD analysis, the synthesis of each analogue 

was tracked.  As the carbon length of the alkanedisulfonate ligand was increased, the 

basal spacing of the layers expanded from 10.57 Å for EDS to 12.08 Å and 13.23 Å 

for PDS and BDS, respectively.  

 

 

Figure 1.11 Crystal structures of BING-5 (left) (Pb – grey, F – green, N – blue, O – 
red), SLUG-5 (middle) (Sb – green-blue, S – yellow, C – grey, O – red, H – white), 
and SLUG-6 (right) (Pb – green-blue, F – green, S –yellow, C – grey, O – red, H – 
white). 
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Figure 1.12 In-situ optical micrographs of a single crystal of SLUG-6 in sodium 
succinate solution for 10 min (a), 30 min (b), 60 min (c), 90 min (d), 120 min (e), and 
240 min (f). Scale bar is 20 μm. 

f-block 

 Cationic MOFs containing f-block metals encompass the largest portion of 

cationic materials published to date.  They are of notable interest due to their large 

atom size, leading to unique coordination geometries, as well as their notable 

luminescent behavior.  Their structures are typically 2-D layered systems of 

[M2(OH)5]
+ intercalated with various anions.  The first cationic frameworks published 

using rare earth metals were by Monge and coworkers.65  Isostructural frameworks 

containing either Yb3+, Y3+, Dy3+, or Ho3+ templated with 2,6-naphthalenedisulfonate 

(NDS) or 2,6-anthraquinonedisulfonate (ADS) were synthesized and characterized 

with XRD.  All structures exhibited 8- and 9-coordinate metals bridged by μ3-

hydroxyl groups that formed the cationic [M2(OH)5]
+ layers (M = Yb3+, Y3+, Dy3+, or 

Ho3+) with NDS or ADS pillaring the lamellar space via hydrogen bonding 

interactions between the sulfonate oxygen atoms and hydroxylated layers.  
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Figure 1.13 Crystallographic view of [Y4(OH)10][O3SC10H6SO3] along the c-axis (Y 
– turquoise, O – red, S – yellow, C – gray, H – light gray). 

Cationic materials have also been observed to form unique 3-D frameworks 

that are incredibly rare.  One of the first cationic 3-D structures discovered is that of 

the mineral francisite, [Cu3BiSeO8][Cl].  Although not a MOF, it is a 3-D porous 

cationic framework that is composed of 8-coordinate Bi3+, 4-coordinate Cu2+, and 3-

coordinate Se4+.  Within the pores of the network reside chloride ions that can readily 

exchange with fluoride ions.  Attempts with larger anions proved unsuccessful due to 

collapse of the framework.  An analogue of francisite was synthetically made using 

lower d-block and p-block metals with structural formula Te4M3O15Cl (M = Ta5+ or 

Nb5+).66  The porous structure is composed of 8-membered rings of MO6 octahedra 

and TeO3 units, with each ring connected together through corner-sharing MO6 

octahedra (Figure 1.14).  Within the channels are chloride anions balancing the 

cationic charge of the network.  As with the mineral francisite, anion exchange is not 
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possible with the structure.  The authors found that the inert pair of the Te4+ cations 

that point toward the center of the channels prevents the mobility of the chloride ions 

(Figure 1.15).   

 

Figure 1.14 Crystallographic projection of Te4Nb3O15Cl along b-axis. 

 

Figure 1.15 Diagram of 8-member ring channel depicting lone pairs of each of the 
four Te4+ ions impeding movement of the Cl- anion. 
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The use of rare earth metals in the development of porous cationic materials 

has generated a growing library of 3-D networks that would normally be difficult to 

synthesize with most other metals.  A synthetic cationic inorganic framework that has 

been shown to have exceptional anion exchange properties is that of 

[ThB5O6(OH)6][BO(OH)2]·2.5H2O (denoted NDTB-1, for Notre Dame thorium 

borate-1).67  This structure forms an unusual supertetrahedral network of twelve 

coordinate Th4+ encompassed by neutral BO3 moieties and BO4 anions (Figure 1.16).  

The borate polyhedra polymerize to form B10O14 clusters that bridge the thorium 

centers to form large hexagonal voids that are 9.4 Å x 7.8 Å in size.  Anion exchange 

studies with the material showed that it has significant uptake affinities for MnO4
-, 

CrO4
2-, Cr2O7

2-, ReO4
- and TcO4

-.   

 

Figure 1.16 Crystallographic view along [110] of NDTB-1.  Disordered BO3 anions 
and water within channels are removed for clarity. 
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Figure 1.17 Fragment of NDTB-1 showing supertetrahedral geometry (left) and basic 
topology of the framework based on the Th atoms (right) (Th – yellow, B – green). 

One of the only known 3-D cationic MOF structures using rare earth metals is 

that of [Ln(H2O)4(PDC)]4[XMo12O40]·2H2O (Ln = La, Ce or Nd, X = Si or Ge, and 

PDC = pyridine-2,6-dicarboxylate).68  The structure is made up of interpenetrated 

cationic [Ln(H2O)4(PDC)]4
4+ networks that are templated with [XMo12O40]

4- Keggin-

type anions (Figure 1.18).  The Keggin anions are composed of a central XO4 (X = Si 

or Ge) unit surrounded by twelve MoO6 octahedra that form four groups of three 

edge-sharing octahedral Mo3O13 subunits.  Lanthanides are considered oxophillic and 

indeed preferentially bind to the carboxylate groups of the PDC ligands.  Four of the 

nine-coordinate lanthanides are bonded to four PDC ligands, generating a tetranuclear 

cyclic unit of [Ln(H2O)4(PDC)]4
4+.  Interestingly, two of the tetranuclear clusters 

chelate one Keggin anion and link the clusters together to form an overall zeolite-like 

3-D network that resembles the structure of the mineral gismondine (Figure 1.19).   
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Figure 1.18 Structure of tetranuclear unit of [Ln(H2O)4(PDC)]4+ (top).  View of the 
hydrogen bonding interactions between Keggin anion cluster and two tetranuclear 
units of (bottom)         (Ln – green, O – red, N – blue, C – gray, H – white, Si – 
yellow, Mo – turquoise). 

 

Figure 1.19 View of the [Ln(H2O)4(PDC)]4
4+ gismondine-like four-connected 3-D 

43•62•8 topology network along [001] direction (left).  Crystallographic view of the 
channels along [100] direction with channels occupied by Keggin anions 
[SiMo12O40]

4− (right). 
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s-block 

Relatively few MOFs containing s-block metals have been investigated due to 

their propensity to form ionic bonds, as well as generally possessing low oxidation 

states.69  One would expect that applying hard/soft principles towards connectivity of 

the alkali or alkaline earth metal to a neutral or anionic ligand would lead to designed 

structures, but this is not the case for reasons not fully understood.  It must be noted 

that water molecules play a key role in structure formation with s-block MOFs since 

water is highly attracted to s-block ions.   

Shimizu and coworkers have done extensive studies with alkaline earth metals 

and their interactions with sulfonate-containing ligands.70  They found that as they 

moved down group 2, the metals would form fewer bonds with water and more with 

the sulfonate groups.  One notable structure is that of the barium containing MOF that 

is templated by 1,3,5-tris(sulfomethyl)-benzene.71  The framework forms a layered 

network of Ba2+ ions bridged by sulfonate oxygens and pillared by the mesitylene 

cores (Figure 1.20).  This generates channels that allow chloride ions to occupy.  

Exchange studies were conducted with the material and it was found to undergo facile 

exchange with fluoride ions.  Other anions larger in size relative to chloride were not 

possible due to limitations in channel size.  Kennedy and coworkers systematically 

explored the interactions of s-block metals (Li, Na, Mg, Ca, K, Rb and Ba) with 

sulfonated monoazo dyes in order to elucidate the effect of packing on the properties 

of sulfonated dyes.72  One of the structures they synthesized can be classified as true 

cationic alkali metal-containing MOF with formula [Na(H2O)4][O3SC14H14N3].  The 

structure forms an interesting 1-D polymer of Na atoms bridging with water 
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molecules (Figure 1.21).  The polymers hydrogen bond with the sulfonated ligands 

and thus forms an overall herringbone-type 2-D layered structure.   

 

Figure 1.20 Crystallographic view along a-axis of [Ba2(1,3,5-tris(sulfomethyl)-
benzene)(H2O)5][Cl] with chloride ions within the channels.  Hydrogen atoms 
omitted for clarity (Ba – purple, O – red, S – yellow, C – gray, Cl – green). 

 

Figure 1.21 Crystallographic projection of [Na(H2O)4][O3SC14H14N3] along the a-
axis.  Hydrogen atoms omitted for clarity (Na – purple, O – red, S – yellow, C – gray, 
N – blue). 
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1.3.2 Ligands 

 A large number of published MOFs use carboxylate-terminated ligands 

because of their strong connectivity to metals and numerous possible binding 

geometries in the framework.  This allows for the synthesis of materials of high 

chemical and thermal stability.  However, for cationic MOFs to be used in anion 

exchange, carboxylate-terminated ligands are not desirable because they typically 

form the scaffold of the material.  This renders them ineffective for anion exchange 

because the structure would be reliant on their presence to hold the framework 

together.  If exchanged out, the materials would degrade and form undesirable side 

products.  In addition, carboxylate ligands are anionic in nature and will produce 

neutral frameworks since they will balance the metal’s positive charge.  N-donor 

ligands are prime candidates for generating cationic frameworks for anion exchange 

since they generally do not contribute to the charge of the scaffold framework itself, 

thus leaving the cationic charge of the material to the metal ion or cluster.  This in 

turn would necessitate the use of a counter-ion to balance the positive charge of the 

framework. Anion selection will be discussed in further detail in the following 

section.  The geometry of the pyridine-based ligand directly influences the overall 

structure of the cationic MOF.  Rigid ligands are usually favored over the more 

flexible ones because flexible ligands can give rise to numerous varieties of structural 

geometries, which would make rational design of a MOF more difficult to achieve.73  

Conjugated aromatic moieties on the ligands help introduce rigidity to the ligand and 

give rise to more predictable coordination geometries.   Figure 1.22 shows several N-

donor ligands that can introduce different geometries to the framework.  Using ligand 



38 
 

(1) generates 1-D chains as well as 2-D layered systems depending on the type of 

metal used.  Ligand (2) can form 2-D polymers as well as helical networks. Structures 

3 and 4 both produce 3-D diamondoid networks since the N-donor sites are in a 

tetrahedral arrangement.  

Sulfonate-containing ligands are also of interest due to their generally 

spherical shape and numerous connective modes possible (Figure 1.23).70  Of greater 

importance is the softness of the group that makes it a weaker coordinating moiety 

relative to other commonly implemented functional groups.  This enables organic 

ligands containing sulfonate groups to potentially behave as both templating agents 

and charge-balancing anions that could exchange out for other anions.  Our group has 

synthesized numerous structures containing organosulfonates as ligands that serve as 

both pillaring agents in the framework and labile guest molecules for applications in 

anion exchange. 

 

Figure 1.22: Examples of N-donor ligands used in MOFs (4,4’-bipyridine (1); 2,4,5-
tri(pyridyl)-1,3,5-triazine (2); Hexamethylenetetramine (3); tetra(4-
cyanophenyl)methane (4)). 
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Figure 1.23 Possible coordination modes of SO3
- anions. 

1.3.3 Anions 

As mentioned earlier, most extended materials are either neutral or anionic in 

nature.  When designing a MOF for anion exchange, a greater understanding of the 

interactions of the extra-framework anion with the structure is necessary.  To generate 

a truly cationic framework, anions must be present with weaker, non-covalent 

bonding interactions with the positively charged network.  Custelcean et. al. have 

classified these interactions into four categories:  (i) Ideally, the anions can behave as 

a spectator and have little to no interaction with the overall structure other than 

balancing charge.  This is desirable because of the weak interaction and typically 

would not have an impact in structural degradation if exchanged out of the host 

structure.  (ii) The anions can serve as structure directing agents that promote the 

formation of the MOF into a particular morphology based on how the anion is 

shaped.  Bonding interactions in this environment are usually stronger than 

Coulombic, as the anion would need to be able to pull the structural components into 

a particular conformation.  (iii) The anion can become a direct structural component 

of the framework using moderately-coordinating interactions to hold the structure 

together.  (iv) Anions could form secondary building units (SBUs) that are small 
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components of a larger aggregate forming a hierarchical structure around the shape of 

the SBU.74  Extensive studies of SBUs have been done by Yaghi et. al. that go into 

detail as to how the shape of the SBU can influence overall structure of the material.75   

 Anions can then be classified by their coordination strength, which influences 

the types of interactions with the structure as stated above.  Brisse et al. have 

classified a series of common anions by coordination strength and examples of 

structures formed (Table 1.3).76  It can be seen that selection of the type of anion 

plays a crucial role in affording a cationic material.  As the coordination strength 

increases, the structure becomes more neutral in charge and in turn makes the 

material less viable as an anion exchanger.   

 

Table 1.3 List of anions and their roles in various cationic structures 

Coordination 
Strength 

Anions 
Structural 

Charge 
Examples 

Non-
coordinating 

BF4
-, PF6

-, SbF6
-, Cl- Cationic 

[Ba2(1,3,5-
tris(sulfomethyl)-

benzene)-
(H2O)5]Cl 

Weakly 
coordinating 

CF3SO3
-, ClO4

-, TcO4
-, Ph4B

- Cationic Cu (bipy) ClO4 

Fairly 
coordinating 

NO3
-, CO3

2- Cationic LDHs 

Moderately 
coordinating 

Organosulfonate anions 
(1,2-ethanedisulfonate,  

2,6-naphthalenedisulfonate,  
2,6-anthraquinonedisulfonate, 

etc.) 

Cationic/Neutral 
SLUG-21, 
SLUG-26, 
SLUG-36 

Strongly 
coordinating 

Organocarboxylate anions 
(terephthalate, succinate, 

glutarate, etc.) 
Neutral 

MOF-5,  
HKUST-1 
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1.3.4 Anion Uptake and Selectivity 

 One of the biggest obstacles in anion exchange is competition between other 

anions present in the matrix.  This is especially true in polluted wastewaters because 

they typically contain a great deal of other competing anions (CO3
2-, NO3

-, etc) at 

much higher concentrations than the pollutant anion.  The difficulty of selectively 

trapping anions from solution is further exacerbated by solvation effects of highly 

polar water molecules that would prevent separation of the target anion.  Therefore 

the solvating effects of water with different anions must be further understood in 

order to engineer materials that would selectively uptake anions from an aqueous 

environment.  In the late 19th century, Franz Hofmeister published findings on the 

effectiveness of different anions on precipitating egg-white globulin.77  He 

determined that there was a general trend in how different anions would interact with 

water: 

ClO3
- < NO3

- < Cl- ≈ CrO4
2- < HCO3

- < Tartrate < Citrate < Acetate < PO4
3- < SO4

2- 

A great deal of research was devoted to the solvation of different anions and it was 

later found there were numerous competitive effects that occur between the anion and 

the surrounding solvent.78  What would later be known as the “Hofmeister series” is 

now understood to mirror the degree of extraction of the anion from aqueous media:  

PO4
3- < CO3

2- < SO4
2- < CrO4

2- < F- < Cl- < NO3
- < CF3SO3

- < TcO4
- < ClO4

- < Ph4B
- 

This is dictated by the Gibbs free energy of hydration and charge density of the 

anions (Table 1.4).  As the hydration free energy decreases, it becomes increasingly 

difficult for the anion to be exchanged out due to the increasing hydration energy 

barrier.  It can be seen in Table 1.4 that the ionic radius of the anion, as well as its 
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charge generally influences the free energy of hydration for the ion.79  These values 

are proportional to their hydration potential (Z2/r), where Z is the charge of the anion 

and r is its ionic radius.  This provides valuable insights as to how to design a material 

that can selectively capture anions from solution.  Materials that possess the uptake 

strength of anions that follow the Hofmeister series in decreasing hydration energy 

are considered to exhibit normal Hofmeister bias.  Conversely, if they follow the 

reverse order or no particular order, they are considered to show anti-Hofmeister and 

non-Hofmeister bias, respectively.  It is also worth noting that in the context of 

anionic pollutant trapping, the more toxic anions (TcO4
- and ClO4

-) have higher 

solvation energies and are easier to extract from solution.  This is important for both 

the incoming and outgoing anion.  

1.3.5 Application of Cationic MOFs towards pollutant remediation 

The use of cationic MOFs to remediate toxic anions in wastewater is very 

promising due to the tunability of their structures and high stability in different 

chemical environments.  This allows the possibility of designing a material that can 

selectively target toxic anions in solution in the presence of other anions that would 

otherwise poison a material.  This is a significant advantage over LDHs, in that LDHs 

exhibit anti-Hofmeister bias towards anions: 

CO3
2- > SO4

2- > OH- > F- > Cl- > Br- > NO3
- > I- 

Our group has developed several cationic MOFs that show excellent uptake of many 

toxic oxyanions.  One such material with structural formula Ag2(4,4’-

bipy)2(O3SCH2CH2SO3)·4H2O consists of silver-bipyridine 1-D chains that are 

pillared by 1,2-ethanedisulfonate anions (Figure 1.10).  Anion exchange studies 
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showed 292 mg/g of permanganate and 602 mg/g of perrhenate uptake, which are 

both over 5-fold higher than that of LDHs.  In addition, the exchange with 

permanganate and perrhenate were both done in aqueous solution containing a 100 

fold excess of nitrate, a common competing anion found in freshwater sources. 

Table 1.4 List of anions and their respective ionic radii (r) and Gibbs free energy of 
hydration (ΔGh°). Adapted from ref 79. 

Anion 
Ionic 

Radius 
(r) 

ΔGh
° 

Hydration 
Potential  

 [nm] [kJ/mol] [nm-1] 

Ph4B
- 0.421 42 2.38 

ClO4
- 0.225 -214 4.44 

TcO4
- 0.250 -251 4.00 

CF3SO3
- 0.230 — 4.35 

I- 0.220 -275 4.55 

SCN- 0.209 -280 4.79 

ClO3
- 0.209 -287 4.79 

N3
- 0.180 -287 5.56 

CN- 0.187 -305 5.35 

NO3
- 0.200 -306 5.00 

Br- 0.196 -321 5.10 

NO2
- 0.187 -339 5.35 

Cl- 0.181 -347 5.53 

HCO3
- 0.207 -368 4.83 

OAc- 0.194 -373 5.16 

OH- 0.152 -439 6.58 

F- 0.126 -472 7.94 

HPO4
2- 0.200 — 20.00 

CrO4
2- 0.229 -958 17.47 

SO4
2- 0.218 -1090 18.35 

CO3
2- 0.189 -1315 21.16 

AsO4
3- 0.248 — 36.29 

PO4
3- 0.230 -2773 39.13 
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1.4 Conclusions 

 Metal organic frameworks have great potential as anion exchanging materials 

with high adsorption capacities, recyclability and high stability in different 

environments.  Diversity in their design and in turn their selectivity towards particular 

anions can be tailored by varying their components to meet those requirements.  

Relative to current anion exchanging materials (LDHs, ion exchange resins, zeolites) 

MOFs have good chemical and thermal stability, do not exhibit the memory effect of 

LDHs, possess high surface area and pore volumes, and can be selective towards EPA 

priority pollutants.  In addition to anion exchange, these materials have potential 

applications in gas storage, separations, heterogeneous catalysis, solid state batteries, 

and drug delivery.  Although full rational design has not been achieved in the 

synthesis of a cationic MOF, knowledge of published structures provides valuable 

information in the design of a MOF for anion exchange.  Insight into anion selection 

and hydration in aqueous media also provides tools for synthesizing MOFs with 

selectivity towards target anions.  This chapter has highlighted numerous published 

materials, both by other authors and our group, that meet the criteria of a high surface 

area cationic framework.  In the following chapters, there will be further analysis of 

known systems to generate new materials for potential use in anion exchange, as well 

as sensing of target pollutants in wastewater.   
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Chapter 2  
 

Solvothermal Synthesis and 
Characterization of Two Inorganic-
Organic Hybrid Materials Based on 

Barium 
 

Abstract 

Two metal-organic frameworks containing barium were synthesized 

hydrothermally and investigated for their catalytic properties.  Ba2F2[O3SC2H4SO3] 

has barium fluoride layers linked by organic 1,2-ethanedisulfonate molecules.  

Ba[O3SC2H4SO3] has discrete barium centers arranged in layers and connected 

covalently by ethanedisulfonate bridges.  Thermogravimetric analysis showed that 

Ba2F2[O3SC2H4SO3] is stable to ca. 325 ºC and Ba[O3SC2H4SO3] to ca. 375 ºC.  

These materials expand the metal-organic frameworks available for group II metals 

bound to organodisulfonate linkers and are potentially useful for a range of 

heterogeneous acid catalysis reactions. 

2.1 Introduction 

Metal-organic frameworks (MOFs) are a rapidly expanding class of materials 

that have been changing the face of solid-state chemistry ever since their discovery.  

MOFs are a subset of extended compounds and are comprised of metal atoms or 

clusters linked to organic molecules, which form scaffold-type structures that vary in 
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size and structural dimension.  They exhibit a wide range of structural diversity.  Both 

the inorganic building block and overall MOF dimensionality can be 1-D chains, 2-D 

layers or 3-D frameworks.80  Aside from strong covalent bonding, architectures can 

also be defined by strong cumulative hydrogen bonding, π–π stacking interactions or 

electrostatic bonding.  Structural versatility of the frameworks and in turn chemical 

properties can be tuned by the size and shape of the organic molecules that link the 

metal clusters. 

There have been several reports on the use of group II metals in MOFs 

composed of organosulfonates.  Shimizu and coworkers have prepared materials 

composed of barium based compounds coordinated to organosulfonates.  Examples 

include a layered barium structure pillared by 4,5-dihydroxybenzene-1,3-disulfonate 

into a 3D network that has been found to adsorb hydrogen sulfide81 and an extended 

network consisting of 1,3,5-tris-(sulfomethyl)-benzene coordinated to barium.71   Cai 

et al. synthesized a series of 2D lamellar structures of group I and II metals with 1,5-

naphthalenedisulfonate.82  It was observed that as the size of the group II cation 

increases, there is an increase in coordination strength to the sulfonate group due to 

the decrease in charge/radius ratio.  Platero-Prats et al. developed a series of alkaline 

earth MOFs based on 2,6-anthraquinone disulfonate that all showed significant 

activity in the styrene hydrogenation of toluene.83 

 Relatively few examples of extended materials that contain ethanedisulfonate 

(EDS) anions are known.  Cheetham and co-workers described a structure analogous 

to layered double hydroxides (LDH) consisting of cobalt hydroxide layers 

electrostatically bound to EDS anions.58  Other structures involving EDS mainly form 
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covalently bonded frameworks of the EDS anion with the metal oxide layer.58, 84  

Recently we synthesized a structure composed of discrete lead fluoride layers 

covalently bonded to EDS molecules between the layers,63 as well as two EDS 

frameworks with weakly bound EDS molecules that can be anion-exchanged for 

various anions such as nitrate, perchlorate or permanganate.59, 85  To date, no 

structures have been reported using barium and EDS. 

 Herein we report two new MOFs that have been synthesized hydrothermally 

using barium fluoride as the metal source and 1,2-ethanedisulfonate as the organic 

linker.  The structures show high thermal stability for a MOF and catalytic activity in 

the acid catalyzed ketal formation of 2-ethyl-2-methyl-[1,3]-doxolane from 2-

butanone and ethylene glycol. 

2.2 Experimental  

2.2.1 Synthesis of Ba2F2[O3SC2H4SO3].   

We denote this material as SLUG-13, for the University of California Santa 

Cruz mascot, structure number 13.  The compound was synthesized by mixing a 

1:1:200 molar ratio of barium fluoride (Alfa Aesar, 99%), 1,2 ethanedisulfonic acid 

(EDSA, TCI America, 95% min.) and deionized water, respectively.  The total 

volume of the reaction mixture was scaled to 10 mL of water and then poured into a 

Teflon-lined steel autoclave.  The autoclave was heated statically for 3 d at 150 ºC.  

Colorless plates that formed at the bottom of the autoclave were recovered by 

filtration and rinsed with deionized water.  The average yield was 45% (0.45 g) based 
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on barium fluoride. Elemental analysis found (%): C, 5.26; N, 1.03; H, 0.09. Calcd 

(%): C, 4.79; N, 0.80; H, 0.00. 

2.2.2 Synthesis of Ba[O3SC2H4SO3]  

 SLUG-14 was synthesized with the same starting materials and solvent, but 

with a 1:2:200 molar ratio of barium fluoride, EDSA and deionized water, 

respectively.  Other barium precursors (barium nitrate, barium hydroxide, barium 

iodide and barium chloride) can also be used in equimolar amounts to generate 

SLUG-14.  The mixture was also heated statically for three days at 150 ˚C in a 

Teflon-lined steel autoclave, resulting in colorless plates.  An average yield of 48% 

(0.44 g) was achieved based on barium fluoride. Elemental analysis found (%): C, 

7.34; N, 1.32; H, 0.07. Calcd (%): C, 7.38; N, 1.24; H, 0.00. 

2.2.3 Catalysis   

In a round bottom flask, 100 mg of the as-synthesized catalyst, 70 mmol of 2-

butanone, and 70 mmol of ethylene glycol were introduced into 80 mmol of toluene. 

The reaction was refluxed at 110 °C under Dean−Stark conditions for 12 h.  The 

catalyst was isolated by filtration and reused on subsequent runs without further 

treatment.  All product yields were determined by 1H NMR, while powder X-ray 

diffraction (PXRD) data of the catalyst was collected after catalysis in order to verify 

that the extended structure remained intact. 

2.2.4 Instrumental   

PXRD data were obtained using a Rigaku Miniflex Plus X-ray diffractometer 

equipped with a copper X-ray tube [λ(Cu-Kα) = 1.54056Ǻ].  Thermogravimetric 
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analysis (TGA) was carried out using a TA Instruments 2050 thermogravimetric 

analyzer with N2(g) purge, where samples were heated from ambient temperature to 

600 ˚C at a rate of 5 ˚C per minute.  A suitable crystal was selected and mounted on a 

goniometer head using an Olympus SZX-16 Trinocular stereo-zoom microscope 

outfitted with polarizing lenses.  Single crystal X-ray diffraction (SCXRD) data were 

collected on a Bruker APEX-II diffractometer [λ(Mo-Kα) = 0.71073Ǻ] with a three-

circle D8 goniometer and an APEX-II CCD area detector, which used a combination 

of ω- and φ-scans of 0.3˚.  An empirical absorption correction based on comparison 

of redundant and equivalent reflections was applied using SADABS.86  The structure 

was solved by direct methods and refined using SHELXTL.87  All non-hydrogen 

atoms were refined anisotropically for SLUG-13.  Only barium was refined 

anisotropically for SLUG-14.  Relevant crystallographic data for SLUG-13 and 

SLUG-14 are shown in Table 2.1.  1H NMR data were collected with a Varian 500 

MHz Unity Plus NMR Spectrometer. 

2.3 Results and Discussion 

SLUG-13 forms over a range of temperatures but only under a strict ratio of 

starting reagents.  A metal to EDS ratio of less than one resulted in the formation of 

SLUG-14.  Lower yield of SLUG-13 was formed if the synthesis temperature was 

changed from the optimum 150 ˚C (100 to 125 ˚C and 175 to 200 ˚C were tested).  

SLUG-14 yield also decreased outside the optimum 150 ˚C, while metal to EDS 

ratios greater than 1:2 all gave similar yields of SLUG-14.  Both SLUG-13 and 

SLUG-14 are stable in buffered aqueous solution in a pH range of 2-11.  All attempts 

using other alkane/aryldisulfonates and similar reaction conditions to obtain 
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polytypes or new structure types were unsuccessful, underscoring the strong affinity 

of the barium layers for EDS.  

 SLUG-13 is comprised of [Ba2F2]
2+ layers pillared by EDS2– molecules 

(Figures 2.1 to 2.3).  Each barium atom is coordinated by four intralayer fluorides and 

four oxygen atoms from the sulfonate groups on the EDS molecules.  The 

arrangement of these atoms results in a chain of face-sharing square-antiprisms.  Each 

fluoride atom is in a distorted tetrahedral geometry, with barium atoms at the apices.  

The average Ba–O distance is 2.837(2) Å, which is within the covalent range 

obtained from a search of the Cambridge Structural Database (CSD: 2.808 ± 0.119 

Å).  Elemental analysis of SLUG-13 is consistent with the structural formula.  

Analyzed percentages of C, H, and N were 5.26 %, 1.03 %, and 0.09 %, compared 

with the values of 4.79 %, 0.80 %, and 0.00 % calculated from the structure solution, 

respectively.  Upon analysis of the PXRD data, a minor amount of the mineral form 

of barium fluoride (ICDD card # 4-0452) was detected (Figure 2.4).  Interestingly, 

SLUG-13 can be alternatively described as single layers of frankdicksonite pillared 

by EDS molecules. 
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Table 2.1 Crystallographic Information, Data Collection and Refinement Parameters 
for SLUG-13 and SLUG-14. 

Compound SLUG-13 SLUG-14 

Chemical formula C2H4Ba2F2O6S2 C2H4BaO6S2 

Formula Mass 500.85 325.51 

Crystal system Monoclinic Orthorhombic 

a/Å 10.814(3) 6.2590(17) 

b/Å 6.6286(17) 8.266(2) 

c/Å 6.7946(17) 7.411(2) 

α/° 90.00 90.00 

β/° 106.293(2) 90.00 

γ/° 90.00 90.00 

Unit cell volume/Å3 467.5(2) 383.42(18) 

Temperature/K 150(2) 150(2) 

Space group P2(1)/c Pmn2(1) 

No. of formula units per 
unit cell, Z 

2 2 

No. of reflections 
measured 

4022 3668 

No. of independent 
reflections 

1152 1042 

Rint 0.0322 0.0527 

Final R1 values (I > 2σ(I)) 0.0218 0.0335 

Final wR(F2) values (I > 
2σ(I)) 

0.0704 0.0837 

Final R1 values (all data) 0.0233 0.0345 

Final wR(F2) values (all 
data) 

0.0714 0.0838 

Goodness of fit on F2 1.211 1.220 
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Table 2.2 Selected bond lengths (Å) and angles (°) of SLUG-13 

    

Ba(1)–F(1)a 2.644(2) Ba(1)–O(1) 2.825(3) 

Ba(1)–F(1)b 2.673(2) Ba(1)–O(2)c 2.709(3) 

Ba(1)–F(1) 2.650(2) Ba(1)–O(3)e 2.781(3) 

Ba(1)–F(1)d 2.761(2) Ba(1)–O(1)f 3.031(3) 

    

F(1)a-Ba(1)-F(1) 80.16(5) F(1)a-Ba(1)-F(1)b 125.38(3) 

F(1)-Ba(1)-F(1)b 69.96(8) F(1)a-Ba(1)-O(2)c 134.64(7) 

F(1)-Ba(1)-O(2)c 145.14(7) F(1)b-Ba(1)-O(2)c 86.03(8) 

F(1)a-Ba(1)-F(1)d 83.75(7) F(1)-Ba(1)-F(1)d 124.54(4) 

F(1)b-Ba(1)-F(1)d 77.68(3) O(2)c-Ba(1)-F(1)d 71.10(8) 

F(1)a-Ba(1)-O(3)e 132.94(8) F(1)-Ba(1)-O(3)e 77.40(8) 

F(1)b-Ba(1)-O(3)e 83.98(7) O(2)c-Ba(1)-O(3)e 75.22(9) 

F(1)d-Ba(1)-O(3)e 142.44(8) F(1)a-Ba(1)-O(1) 62.82(8) 

F(1)-Ba(1)-O(1) 141.56(7) F(1)b-Ba(1)-O(1) 140.22(7) 

O(2)c-Ba(1)-O(1) 72.24(8) F(1)d-Ba(1)-O(1) 64.03(7) 

O(3)e-Ba(1)-O(1) 120.08(9) F(1)a-Ba(1)-O(1)f 71.54(8) 

 
Symmetry transformations used to generate equivalent atoms: 
a x, –y + 1/2, z + 1/2.  b –x + 2, –y, –z.  c x, –y – 1/2, z – 1/2. 
d –x + 2, y – 1/2, –z + 1/2.  e x, y, z – 1.  f x, –y + 1/2, z – 1/2. 
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Figure 2.1 Bonding and geometry around the barium center of SLUG-13.  Thermal 
displacement ellipsoids are shown at 50 % probability 

 

Figure 2.2 End-on view of SLUG-13 along b-axis (Ba – purple; F – green; S – 
yellow; O – red; C – gray; H – white) 
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Figure 2.3 View of [Ba2F2]
2+ layer down crystallographic a-axis

 

Figure 2.4 Ex-situ PXRD of SLUG-13 at varying temperatures.  Asterisks indicate 
barium fluoride peaks of frankdicksonite.  Triangles indicate barium disulfate peaks.  
Circles indicate barium sulfate peaks.  Bars at the bottom indicate the theoretical 
pattern of SLUG-13. 
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 The structure of SLUG-14 (Figures 2.5 to 2.7) is an extended three-

dimensional lattice consisting of barium arranged in layers and connected to oxygen 

atoms from the EDS molecules.  In this case, each barium atom is coordinated by 

eight oxygens to form a distorted square-antiprism (Figure 2.5).  The barium-oxygen 

bond lengths range from 2.721(3) to 2.875(4) Å, again within the Ba–O covalent 

range obtained from the CSD as mentioned earlier.  Elemental analysis of C, H, and 

N produced 7.34 %, 1.32 %, and 0.07 % compared to the calculated values of 7.38 %, 

1.24 %, and 0.00 %, respectively.   

 

 

Figure 2.5 ORTEP diagram and atom labelling scheme of SLUG-14.  Thermal 
displacement ellipsoids are shown at 50 % probability. 
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Figure 2.6 End-on view of the layers along the crystallographic c-axis of SLUG-14 
(Ba – purple; S – yellow; O – red; C – gray; H – white). 

 

Figure 2.7 View down the crystallographic b-axis of one layer of discrete bariums 
capped by sulfonate groups.  Light blue atoms and bonds represent sulfonate groups 
under the plane of the barium layer, while the yellow/red sulfonate groups are above 
the barium layer. 
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Table 2.3 Selected bond lengths (Å) and angles (◦) of SLUG-14. 

    

Ba(1)-O(3)#1 2.721(4) Ba(1)-O(3)#2 2.721(4) 

Ba(1)-O(1)#3 2.730(4) Ba(1)-O(1)#3 2.730(4) 

Ba(1)-O(4)#5 2.762(6) Ba(1)-O(2)#6 2.788(7) 

Ba(1)-O(1)#7 2.869(4) Ba(1)-O(1) 2.869(4) 
    

O(3)a-Ba(1)-O(3)b 89.35(19) O(3)a-Ba(1)-O(2)f 78.20(14) 

O(3)a-Ba(1)-O(1)c 46.25(13) O(3)b-Ba(1)-O(2)f 78.20(14) 

O(3)b-Ba(1)-O(1)c 80.45(13) O(1)c-Ba(1)-O(2)f 68.27(12) 

O(3)a-Ba(1)-O(1)d 80.45(13) O(1)d-Ba(1)-O(2)f 68.27(12) 

O(3)b-Ba(1)-O(1)d 146.25(13) O(4)e-Ba(1)-O(2)f 123.05(19) 

O(1)c-Ba(1)-O(1)d 90.36(16) O(3)a-Ba(1)-O(1)g 70.86(12) 

O(3)a-Ba(1)-O(4)e 133.03(10) O(3)b-Ba(1)-O(1)g 104.87(12) 

O(3)b-Ba(1)-O(4)e 133.03(10) O(1)c-Ba(1)-O(1)g 142.85(14) 

O(1)c-Ba(1)-O(4)e 72.49(12) O(1)d-Ba(1)-O(1)g 101.96(7) 

O(1)d-Ba(1)-O(4)e 72.49(12) O(4)e-Ba(1)-O(1)g 78.03(14) 
 
Symmetry transformations used to generate equivalent atoms: 
a –x – 1, –y + 1, –z.  b –x, y + 3/2, –z + 1/2.  c –x, y + 5/2, –z + 1/2. 
 d –x – 1, –y + 2, –z.  e x, y + 1, z.  f x, y, z + 1.  g x, –y – 1/2, z – 1/2. 
 

 

TGA analysis of SLUG-13 shows thermal stability to about 325 ˚C (Figure 

2.9).  At approximately 400 ˚C, an intermediate structure forms.  Based on the 

theoretical weight percent loss of 37.4 % (experimental weight loss 34.3 %), the 

intermediate is presumably BaS2O7 (ICDD # 21-0086).  Ex-situ PXRD of SLUG-13 

at 390 ˚C shows that there is good agreement between the experimental data and the 

theoretical pattern of barium disulfate (Figure 2.4).  Once heated beyond 460 ˚C, the 

intermediate structure decomposes to phase pure barium sulfate (ICDD # 24-1035), as 

indicated by the PXRD spectra of the ex-situ heated sample at 550 ˚C (Figure 2.4).  

The theoretical weight loss after decomposition of the intermediate is 16.0 %, which 

is consistent with the experimental weight loss of 17.2 % (Figure 2.9).    
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 The TGA trace for SLUG-14 shows that SLUG-14 transforms to a mixed 

phase of barite (ICDD # 1-089-7357), and witherite (ICDD # 45-1471) by 

approximately 406 ˚C (Figure 2.10), which is confirmed with the variable 

temperature PXRD spectra (Figure 2.8).  In this case, no intermediate structure is 

detected between the start and end of the decomposition.  Calculation of the 

theoretical weight losses of barite (28.3 %) and witherite (39.4 %) resulted in lower 

values than the observed experimental weight loss of 40.86 %.  We attribute this to 

the loss of volatile EDS fragments during heating, resulting in a greater mass loss 

than expected.   

 

Figure 2.8 Ex-situ PXRD of SLUG-14 at varying temperatures.  Triangles indicate 
barite peaks.  Circles indicate witherite peaks.  Asterisks indicate sample holder 
peaks.  Bars at the bottom indicate the theoretical pattern of SLUG-14. 
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Figure 2.9 TGA of SLUG-13 shows the material is stable to ca. 325 ºC, with an 
intermediate present at ca. 400 ºC. 

 

Figure 2.10 TGA spectrum of SLUG-14 shows stability up to ca. 375 ºC. 
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 Catalytic studies were performed to assess whether SLUG-13 or 14 had any 

potential activity, with ketal formation as an initial example.  This reaction plays a 

key role in many organic reactions as well as in drug design for the protection of 

carbonyl groups.88  A Lewis acid catalyst is used to activate the carbonyl oxygen in 

order to substitute the ketone with glycol.  Common homogeneous catalysts like 

iodine and toluenesulfonate typically achieve yields of 56-94 %, but require 

additional workup procedures to remove the catalyst from solution.  SLUG-13 

showed some degree of catalytic activity in the reaction of 2-butanone with ethylene 

glycol to form 2-ethyl-2-methyl-(1,3)-dioxolane.  The product was tested and 

confirmed by 1H NMR after twelve hours of reflux, resulting in 37 % conversion 

efficiency (Figure 2.11).  To confirm that SLUG-13 is indeed catalyzing the reaction, 

the catalyst was removed from solution after 12 hours and the reaction was continued 

for 12 hours.  Subsequent 1H NMR analysis showed that there was only ca. 1 % 

additional conversion without the catalyst present, thus indicating that SLUG-13 is 

indeed catalyzing the reaction.  Although conversion efficiency was significantly 

lower with subsequent cycles, no additional work-up procedures were required to 

separate the catalyst from the reaction mixture.  PXRD analysis shows no 

decomposition or loss of crystallinity after three reaction cycles (Figure 2.12).  We 

speculate that the relatively low yields are attributed to the limited space between the 

barium layers of SLUG-13, thus allowing only the active sites on the surface to 

catalyze the reaction.  Attempts to try to increase the conversion efficiency have not 

been successful.  SLUG-14 showed even lower catalytic activity after 12 hours of 

reflux (ca. 3 %). 
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Figure 2.11 1H NMR spectra of ketal formation product with SLUG-13 as the 
catalyst: 1.16-1.11 ppm (3H) for 2-butanone; 1.05-1.01 ppm for ketal product.  
Integration of the ketal peak areas were used to determine yields. 

 
Figure 2.12 PXRD of SLUG-13 after three reaction cycles of the ketal formation of 
2-ethyl-2-methyl-(1,3)-dioxolane.  Bars at the bottom indicate the theoretical pattern 
of SLUG-13. 
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2.4 Conclusions 

Two new MOFs containing barium have been characterized and analyzed 

herein.  Their discovery represents significant progress in constructing new extended 

structures with group II metals that contain extended cationic moieties, which is one 

of the goals of our research.  Attempts thus far using larger disulfonate ligands have 

not been successful.  Carbon chains with electron-withdrawing groups may prevent 

covalent bonding to the cationic layers, allowing anion exchange or removal for 

introducing porosity.  In addition, altering the shape of the organosulfonate templates 

combined with varying group II metals may lead to MOFs with tunable catalytic 

properties. 
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Chapter 3  
 

Synthesis of Isoreticular Neodymium-
based Metal-Organic Frameworks with 

Alkanedisulfonate Linkers 
 

Abstract 

 Herein we report the first study of isoreticular metal-organic frameworks 

based on neodymium and alkanedisulfonates of increasing carbon length.  The three 

hydrothermally synthesized structures are composed of the same cationic 

[Nd2(OH)4(OH2)2]
2+ layers pillared by ethanedisulfonate, propanedisulfonate or 

butanedisulfonate.  The materials were characterized using variable temperature 

powder X-ray diffraction and thermogravimetric analysis.  All three structures have 

high thermal stability and exhibit similar decomposition characteristics.   

3.1 Introduction 

 
Metal-organic frameworks (MOFs) have garnered much interest in the past 

decade because of the growing list of potential applications stemming from their 

tunability in structural design.  Their structures are composed of inorganic atoms or 

clusters connected to organic linkers to form higher dimensional networks.  Varying 

the inorganic and organic moieties allow for structural versatility and a continuously 

growing library of MOFs that have applications in gas storage, catalysis, sensing, ion 

exchange, and chemical separations.  Typically, transition metals are used as the 
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metal source when synthesizing a MOF.  Recently, the use of f-block metals has 

caught much interest because of their higher coordination geometries as well as 

notable luminescent, magnetic, and catalytic properties.23, 89  An example is the 

microporous material Eu(BTC)·1.5H2O (BTC = benzene-1,3,5-tricarboxylate) 

synthesized by Chen et al.90  The material is composed of Eu atoms bridged by BTC 

molecules forming a 3D structure.  Within the 1D channels reside free and terminal 

water molecules that cap the Eu atoms.  Upon thermally activating the structure to 

remove the guest water molecules, the material possesses open coordination sites with 

which guest molecules can interact.  Utilizing europium’s notable luminescence in the 

visible region allows for efficient sensing of various organic small molecules.   

 Most reports on the use of lanthanides in MOFs use organic ligands with 

carboxylate functionalities.  Very little has been reported on the synthesis of MOFs 

using lanthanides and organosulfonates.91  A large fraction of published reports on 

lanthanide MOFs using disulfonated ligands are by Gandara and coworkers, where 

they systematically synthesized a family of materials consisting of disulfonated 

naphthalene ligands and various rare earth metals (La, Nd, Pr, Sm, and Eu).92  Their 

research has shed light on the various coordination environments rare earth metals 

can have in the presence of arenedisulfonates.  In addition, they showed that these 

materials have high catalytic activity in the oxidation of linalool to yield cyclic 

hydroxyl ethers.  The catalytic activity of these materials could then be tailored by 

altering the reactions conditions to generate 8-coordinate square antiprismatic rare 

earth polyhedra, allowing coordination of incoming reagents with the exposed ninth 

coordination site.   
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 Herein we report the hydrothermal synthesis of three new 2D isoreticular 

MOFs containing neodymium and alkanedisulfonates of varying carbon lengths.  All 

three structures share the same layer topology and only differ in basal spacing 

between the cationic inorganic layers.  In addition, the three structures have high 

thermal stability and show similar thermal degradation characteristics relative to one 

another.  To our knowledge, this is the first known report to explore the isostructural 

formation of a rare earth metal with 2-, 3- and 4-carbon length alkanedisulfonates. 

3.2 Experimental 

3.2.1 Synthesis of Nd2(OH)4(OH2)2[O3SC2H4SO3] 

SLUG-28 (denoted for the University of California Santa Cruz mascot, 

structure number 28) was synthesized by combining a 1 : 1 : 0.75 : 100 molar ratio of 

neodymium nitrate (Alfa Aesar, 99.9 %), 1,2-ethanedisulfonic acid disodium salt 

(EDS, Acros Organics), 4,4’-bipyridine (bipy, Acros Organics), and MilliQ water, 

respectively.  The mixture was transferred to a Teflon-lined steel autoclave and 

heated statically for 3 days at 175 °C.  Beige colored plate crystals were filtered and 

rinsed with ethanol and deionized water.  

 

3.2.2 Synthesis of Nd2(OH)4(OH2)2[O3SC3H6SO3] 

SLUG-29 was synthesized by combining a 1 : 1 : 0.75 : 100 molar ratio of 

neodymium nitrate, 1,3-propanedisulfonic acid disodium salt (PDS, Acros Organics), 

4,4’-bipyridine, and MilliQ water, respectively.  The mixture was transferred to a 
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Teflon-lined steel autoclave and heated statically for 3 days at 175 °C.  Beige colored 

plate crystals were filtered and rinsed with ethanol and deionized water.   

3.2.3 Synthesis of Nd2(OH)4(OH2)2[O3SC4H8SO3] 

SLUG-30 was synthesized by combining a 1 : 1 : 0.75 : 100 molar ratio of 

neodymium nitrate, 1,4-butanedisulfonic acid disodium salt (BDS, TCI America, > 

98.0 %), 4,4’-bipyridine, and MilliQ water, respectively.  The mixture was transferred 

to a Teflon-lined steel autoclave and heated statically for 3 days at 175 °C.  Beige 

colored plate crystals were filtered and rinsed with ethanol and deionized water.   

3.2.4 Instrumental 

PXRD data were obtained using a Rigaku SmartLab X-ray diffractometer 

equipped with a copper X-ray tube [λ(Cu-Kα) = 1.54056Ǻ].  Variable temperature 

PXRD (VTPXRD) was performed using an Anton Parr DHS1100 domed hot stage 

attachment for the Rigaku SmartLab.  Samples were heated at a rate of 5 ˚C per 

minute and soaked for 30 sec at each temperature set point prior to collecting data.  

All XRD scans were done at a scan rate of 3˚ per minute and a scan step of 0.02˚.  

Thermogravimetric analysis (TGA) was carried out using a TA Instruments 2050 

thermogravimetric analyzer with Ar(g) purge, where samples were heated from 

ambient temperature to 600 ˚C at a rate of 5 ˚C per minute.  A suitable crystal was 

selected and mounted on a goniometer head using an Olympus SZX-16 Trinocular 

stereo-zoom microscope outfitted with polarizing lenses.  Single crystal X-ray 

diffraction (SCXRD) data were collected on a Bruker APEX-II diffractometer [λ(Mo-

Kα) = 0.71073Ǻ] with a three-circle D8 goniometer and an APEX-II CCD area 

detector, which used a combination of ω- and φ-scans of 0.3˚.  An empirical 
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absorption correction based on comparison of redundant and equivalent reflections 

was applied using SADABS.86  The structure was solved by direct methods and 

refined using SHELXTL.87  All bond lengths and bond angles are listed in the 

Appendix.  Only neodymium and non-sulfonate oxygen atoms were refined 

anisotropically for all three materials.  Due to crystallographic disorder of the 

organodisulfonates, hydrogens were omitted in the refinement of the structures.  

Relevant crystallographic data for SLUG-28, -29, and -30 are shown in Table 3.1.   

 

3.3 Results and Discussion 

SLUG-28, -29, and -30 all form under the same reaction conditions and are 

highly crystalline.  The three materials are composed of layers of 9-coordinate 

neodymium polyhedra face-sharing in a staggered arrangement (Figure 3.2).  The 

polyhedra are linked by seven μ3-OH groups and two μ2-OH2 groups, with one 

sulfonate oxygen from the organosulfonate filling the neodymium coordination 

sphere and connecting the inorganic layers together.  The average Nd-O bond 

distance is 2.505 ± 0.128 Ǻ, which is within the covalent range based the Cambridge 

Structure Database (CSD: 2.45(4) Ǻ].  Strong hydrogen bonding interactions also 

occur between the free sulfonate oxygen atoms and the water molecules on the layers 

(Figure 3.3), with a calculated O---H bond distance of 1.86 Ǻ.  PXRD analysis of the 

structures confirms the increase in spacing between the inorganic layers from 11.89 Å 

when intercalated with EDS to 13.05 Å and 13.95 Å for PDS and BDS, respectively 

(Figure 3.1).  Interestingly, the layer geometry of the three materials are isostructural 

to a published material that is composed of nine-coordinate europium atoms forming 
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a face-capped square antiprisms.93  Their europium hydroxide layers are connected 

with terephthalate anions via monodentate Eu-O bonds.   

 

Figure 3.1 PXRD patterns of SLUG-28, -29, and -30 (left). PXRD patterns showing 
increase of basal spacing between layers (right). Red bars at the bottom indicate the 
theoretical patterns. 

 

Figure 3.2 ORTEP diagram of bonding environment around the neodymium centers.  
Thermal displacement ellipsoids are shown at 50 % probability. 
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Figure 3.3 Side view of a staggered [Nd2(OH)4(OH2)2]
2+ layer. (Nd – green; S – 

yellow; O – red; C – gray; H – white). 

.  

Figure 3.4 Top-down view of a [Nd2(OH)4(OH2)2]
2+ layer.  Hydrogens omitted for 

clarity          (Nd –green; S – yellow; O – red; C – gray; H – white). 
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Figure 3.5 View along the a-axis of SLUG-28. (Nd – green; S – yellow; O – red; C – 
gray; H – white). 

 

Figure 3.6 View along the b-axis of SLUG-29. (Nd – green; S – yellow; O – red; C – 
gray; H – white). 
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Figure 3.7 View along the b-axis of SLUG-29. (Nd – green; S – yellow; O – red; C – 
gray; H – white). 
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Table 3.1 Crystallographic Information, Data Collection and Refinement Parameters 
for SLUG-28, SLUG-29, and SLUG-30. 

Compound SLUG-28 SLUG-29 SLUG-30 

Chemical formula C2H12Nd2O12S2 C3H14Nd2O12S2 C4H16Nd2O12S2 

Formula Mass 580.72 594.75 608.78 

Crystal system Triclinic Monoclinic Monoclinic 

a/Å 3.8841(4) 26.637(3) 28.412(4) 

b/Å 6.2823(7) 3.8696(4) 3.8788(6) 

c/Å 12.2138(13) 6.3317(7) 6.3032(9) 

α/° 99.6110(10) 90.00 90.00 

β/° 99.1560(10) 101.544(2) 101.0920(10) 

γ/° 89.9950(10) 90.00 90.00 

Unit cell volume/Å3 290.00(5) 639.42(12) 681.67(17) 

Temperature/K 296(2) 296(2) 296(2) 

Space group P-1 C2 C2 

No. of formula 
units per unit cell, Z 

1 2 2 

No. of reflections 
measured 

3275 2146 2566 

No. of independent 
reflections 

1412 940 1093 

Rint 0.0199 0.0316 0.0236 

Final R1 values (I > 
2σ(I)) 

0.0339 0.0280 0.0199 

Final wR(F2) values 
(I > 2σ(I)) 

0.0987 0.0803 0.0511 

Final R1 values (all 
data) 

0.0344 0.0295 0.0209 

Final wR(F2) values 
(all data) 

0.0995 0.0823 0.0518 

Goodness of fit on 
F2 

1.061 1.162 1.025 
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Thermogravimetric analysis (TGA) of SLUG-28 and -30 displayed three 

decomposition events (Table 3.2).    The first was at approximately 170 °C, which 

corresponds to the loss of the μ2-OH2 groups in the layers (Figures 3.8 and 3.12).  It 

can be inferred from the published europium analogue and variable temperature 

powder X-ray diffraction (VT-PXRD) that the loss of water results in a free sulfonate 

oxygen atom filling the empty coordination site and decreasing the spacing between 

the inorganic layers (Figures 3.9 and 3.13).  This process is also reflected in the 

decrease in basal spacing of the layers by approximately one angstrom.  The second 

mass loss event is the loss of two μ3-hydroxyl groups at 220 °C, which reasonably 

matches the observed weight loss (Table 3.2).  The last decomposition is the loss of 

the organic component, resulting in the formation of Nd2O3.  This occurred starting at 

325 °C for SLUG-28 and 400 °C for SLUG-30, which is consistent with the increase 

in thermal stability as the alkyl chain length increases for each organodisulfonate.   

SLUG-29 had a slightly different thermal decomposition profile relative to 

SLUG-28 and SLUG-30.  It maintains the same three decomposition events but forms 

an unknown third intermediate at approximately 425 °C that could not be identified 

with VTPXRD due to the highly amorphous nature of the intermediate (Figures 3.10 

and 3.11).  In addition, the loss of water occurs ~ 25 °C sooner relative to SLUG-28 

and SLUG-30.  This could be due to the odd number of carbons in the ligand that 

could potentially force one of the two sulfonates to point in a direction opposite to the 

interlayer water molecules.  This would prevent the free oxygen atoms of the 

sulfonate to hydrogen bond with the inorganic layer and in turn facilitate the loss of 

water at cooler temperatures.  We speculate that the observed mass loss of 4.067 % is 
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consistent with the loss of CO, but further studies with mass spectrometry are needed.  

Attempts to synthesize single crystals of all intermediates have failed thus far. 

 

Table 3.2 Observed and theoretical mass losses of major decomposition events 

Material 
Loss of two waters Loss of two hydroxyls Loss of organics 

 Observed  Theoretical Observed   Theoretical  Observed  Theoretical 

SLUG-28 5.82 % 6.20 %  5.43 % 5.86 % 15.56 % 15.87 % 
SLUG-29* 5.14 % 6.06 %  4.65 % 5.72 % 15.66 % 15.50 % 
SLUG-30 5.85 % 5.92 %  5.11 % 5.59 % 19.08 % 19.75 % 

* = not including fourth mass loss at 460 °C 

 

 

 

 
Figure 3.8 TGA of SLUG-28 shows the formation of two intermediates at ~ 200 °C 
and 300 °C, respectively. 
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Figure 3.9 VT-PXRD of SLUG-28 run in air. 

 
Figure 3.10 TGA of SLUG-29 shows the formation of three intermediates at 200 °C, 
275 °C and 425 °C, respectively. 
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Figure 3.11 VT-PXRD of SLUG-29. 

 
Figure 3.12 TGA of SLUG-30 shows the formation of two intermediates at 200 °C 
and 250 °C, respectively. 
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Figure 3.13 VT-PXRD of SLUG-30. 

3.4 Conclusions 

We have presented the first study of isoreticular MOFs using neodymium and 

organodisulfonates of increasing length.  They further expand the class of f-block 

MOFs that could have numerous applications in anion exchange, heterogeneous 

catalysis, and sensors.  Careful tuning of the reaction conditions could potentially 

allow for weaker electrostatic interactions between the anion and inorganic layers, 

which would prove advantageous in anion exchange applications.  Also, the use of 

larger disulfonated ligands with aromatic or extended conjugated moieties may lead 

to more rigid and open frameworks that would allow access into the galleries between 

the cationic inorganic layers.   
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Chapter 4  
 

IRMOF thin films templated by 
oriented zinc oxide nanowires 

 

Abstract 

We present a new method in the synthesis of metal-organic framework (MOF) 

thin films using zinc oxide nanowires as the substrate. This facile method involves 

growing zinc oxide nanowires on a substrate (glass, transparent conducting oxide 

glass, Si wafer), followed by immersing the nanowire substrate in an isoreticular 

metal-organic framework (IRMOF) precursor solution.  The resulting 25 micron-thick 

film is highly crystalline and covers the entire substrate.  Growth of the IRMOF on 

the nanowire substrate allows for the film to be used in potential applications in 

sensing, membranes, photovoltaics, catalysis, and gas storage.  We have also 

successfully used microwaves to rapidly produce these films with comparable film 

quality to our original method.    

4.1 Introduction 

Metal organic frameworks (MOFs) are a widely studied class of materials 

because of their high porosity and vast structural diversity.  This versatility leads to 

chemical properties that can be tuned by choice of size/shape of the organic linker 

and/or the metal clusters.  Main properties of interest are gas storage,94 catalysis,62, 95 

ion exchange59, 96 and sensing.97  Recently there has been growing interest in MOF 



79 
 

thin films.98  Growth or immobilization of a MOF on a substrate would be of great 

interest because it may lead to new applications in thin film devices such as sensors 

and membranes.99 

The method of MOF thin film growth is dictated by the choice of substrate 

and the MOF composition.  Common substrates for film growth are native oxide 

surfaces and self-assembled monolayers (SAMs).  Reports on the growth of MOF 

films involve one of five methods: (i) growth/deposition from a solvothermal solution 

containing the MOF precursors;100 (ii) deposition of MOF colloids;101 (iii) liquid 

phase epitaxy;102 (iv) electrochemical deposition;103 (v) gel-layer synthesis.104  

Solvothermal synthesis is the simplest route to MOF film growth, but has little 

control over the thickness of the film.  Liquid phase epitaxy solves this issue by 

sequentially exposing a functionalized substrate to separate precursor solutions of the 

MOF building blocks, resulting in relatively smooth and oriented films of controllable 

thickness.  The main drawback to this method is the long period of time needed to 

achieve reasonable film thickness. 

Extensive research has been conducted on iso-reticular metal-organic 

frameworks (IRMOFs), first developed by Yaghi et al., due to their facile synthesis 

and potential applications.57  Most reports deal with bulk materials, with very few 

reports on the fabrication of IRMOF thin films.  Films of IRMOF-1 [Zn4O(BDC)3, 

BDC = benzenedicarboxylate] have been achieved either by growth from the mother 

liquor solution on a carboxylate-terminated SAM or via solvothermal growth on an 

alumina support.100, 105  Zhang et al. have shown the first example of IRMOF-1 films 

grown on zinc oxide nanowires.106  The films are composed of bowl-rod hierarchical 
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nanowire arrays that are functionalized with 11-mercaptoundecanoic acid as the 

nucleation sites for MOF growth.  This procedure, although novel, requires a fair 

amount of workup procedures to produce the nanowire arrays and still utilize SAMs 

as the binding agent for the MOF. 

Herein we report the facile synthesis of four different IRMOF thin films on 

zinc oxide (ZnO) nanowires that were pre-grown on a transparent conductive oxide 

substrate.  The films cover the entire substrate and are the first examples of 

templating micron-thick IRMOF films with a nanowire array without the use of 

SAMs.  Films of IRMOF-1 were also fabricated using microwaves in order to 

demonstrate growth versatility.  The synthesis of the films using these methods paves 

the way towards inexpensive and potentially large-scale applications of IRMOF thin 

films. 

4.2 Experimental 

4.2.1 Synthesis Procedures 

ZnO Nanowire Synthesis 

An ITO glass substrate (2 cm x 1 cm,  Sigma-Aldrich) was first seeded with 

zinc oxide by annealing with a 5 mM ethanolic solution of zinc acetate dihydrate 

[Zn(CH3CO2)2•2H2O, 98%, Mallinckrodt Chemicals] at 350 °C.  The seeded ITO 

substrate  was then immersed in an aqueous solution containing 25 mM zinc nitrate 

hexahydrate [Zn(NO3)2•6H2O, 99.5 %, Fisher Scientific] and 25 mM 

hexamethylenetetramine (HMTA, C6H12N4, 99.1 %, Fisher Scientific), and allowed to 
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react at 90 °C for 5 h in a sealed scintillation vial.  The nanowire coated substrate was 

removed from the aqueous solution and rinsed with deionized water. 

IRMOF-1 Synthesis 

The nanowire coated substrate was immersed face down in a 

dimethylformamide (DMF, C3H7NO, 99.8 %, Macron) solution containing 9 mM 

terephthalic acid (C8H6O4, 98+ %, Alfa Aesar), 5 mM HMTA, 12.5 mM zinc nitrate 

hexahydrate and one drop of concentrated hydrogen peroxide (30 %, Fischer 

Chemicals).  IRMOF-1 growth on the zinc oxide coated substrate proceeded for 20 h 

at 90 °C in a sealed scintillation vial.  The MOF-coated slide was removed from the 

solution and rinsed with DMF to remove loose precipitate from the slide. 

IRMOF-3 Synthesis 

A nanowire coated substrate was immersed in a zinc precursor solution 

containing 13 mM zinc nitrate hexahydrate and one drop of concentrated hydrogen 

peroxide (30 %) in 12.5 mL of DMF.  In a separate container, the organic ligand 

precursor solution containing 19 mM of 2-aminoterepthalic acid (C8H7NO4, 99 %, 

Sigma-Aldrich) and 13 mM of HMTA in 12 mL of DMF was prepared.  After placing 

the nanowire coated substrate face down in a scintillation vial, the two precursor 

solutions were mixed and added to the scintillation vial.  The reaction proceeded for 

24 hours in a 90 °C oven.  When removed, the vial was allowed to cool and the MOF-

coated slide was rinsed with pure DMF to remove any precipitate present on the slide. 

IRMOF-8 Synthesis 

A transparent conducting oxide glass slide with pre-synthesized zinc oxide 

nanowires was placed face down in a 20 mL reaction vial.  A zinc precursor solution 
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of 20 mM zinc nitrate hexahydrate and one drop of H2O2 in 10 mL DMF was 

prepared, then mixed with an organic ligand precursor solution containing 20 mM 

2,6-naphthalenedicarboxylic acid (C12H8O4, 98 %, TCI) and 15 mM HMTA in 10 mL 

DMF.  The reaction mixture was subsequently added to the 20 mL vial containing the 

zinc oxide nanowire substrate and was heated at 90 °C for 20 h.  The slide was 

carefully removed with forceps and both sides were rinsed with DMF. 

IRMOF-9 Synthesis 

A transparent conducting oxide glass slide with pre-synthesized zinc oxide 

nanowires was placed face down in a 20 mL reaction vial.  A zinc precursor solution 

of 20 mM zinc nitrate hexahydrate and one drop of H2O2 in 10 mL DMF was 

prepared and mixed with an organic ligand precursor solution containing 20 mM 4,4’-

biphenyldicarboxylic acid (C14H10O4, 98 %, Acros Organics) and 10 mM HMTA  in 

10 mL DMF.  The reaction mixture was subsequently added to the 20 mL vial 

containing the zinc oxide nanowire substrate and was heated at 90 °C for 20 h.  The 

slide was carefully removed with forceps and both sides were rinsed with DMF. 

Microwave Synthesis of IRMOF-1 

Vertically oriented ZnO nanowire substrates were submerged face down at a 

45 degree angle in individual Teflon test tubes containing 10 mL of a DMF solution 

consisting of 1.563 mM zinc nitrate hexahydrate and 1.125 mM terephthalic acid.  

The test tubes were sealed and heated in a microwave for 10 minutes continuously at 

150 W.  A maximum solution temperature of 95 °C was reached at the end of 10 

minutes.  Once cooled to ambient temperature, the slides were rinsed with pure DMF 

several times and then characterized by GIXRD and SEM. 
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4.2.2 Instrumental 

GIXRD data was collected on a Rigaku SmartLab X-ray diffractometer 

equipped with a copper X-ray tube [λ (Cu-Kα) = 1.54056 Å, tube energy 44 mA / 40 

kV].  The sample was analyzed using parallel beam optics with the incident angle 

held at 0.3 ° to eliminate substrate peaks. Scan rate was conducted at 3.0 °/min with a 

step size of 0.01 °.  SEM data was collected with a Carl Zeiss Ultra 55 Field Emission 

Scanning Electron Microscope operating at 5 kV and ~5 pA.  Samples were sputter 

coated with a 10 nm layer of platinum to increase conductivity.  Microwave synthesis 

of the IRMOF films were performed in an Anton Paar Multiwave 3000 rotary 

microwave. 

4.3 Results and Discussion 

Figure 4.1 depicts the synthesis methodology for the film growth.  The films 

were prepared by growing ZnO nanowires through published procedures (see 

Experimental).  The nanowires serve as the nucleating layer for the subsequent MOF 

crystal growth.  The nanowire substrates were placed in vials containing the precursor 

MOF solution using previously reported concentrations for the bulk synthesis of the 

MOFs.  The resulting MOF film shows good resilience against mechanical stress via 

manual physical abrasion with a probe, as well as from vigorous rinsing with water, 

acetone, ethanol and dimethylformamide.  Visually, only the nanowire side of the 

substrate is completely coated with single crystals.  Attempts at producing the films 

with only the substrate in the presence of the MOF solution failed, confirming that the 

nanowires are necessary for MOF growth.  Optical micrographs of the films show the 

complete coverage of the substrate with IRMOF-1 single crystals.  Minute amounts of 
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hexagonal paddlewheel-like plates were also observed on the film and have yet to be 

identified.  The progress of film growth was monitored via optical microscopy at 

specific times during the growth process.  After 5 hours, discrete cubic single crystals 

can be observed on the nanowire substrate (Figure 4.2).  Complete coverage of the 

film is achieved within 20 hours. 

 

Figure 4.1 Schematic of the templating methodology of MOF thin film fabrication.  
Zinc oxide nanowires are first grown on a cleaned substrate (transparent conducting 
oxide glass or silicon wafer).  The resultant nanowire array is then exposed to a MOF 
precursor solution that contains the metal and ligand components, resulting in 
complete coverage of the nanowire substrate with interconnected cubic MOF crystals. 

 

The MOF films were further analyzed by scanning electron microscopy 

(SEM).  Top-down views of the film show excellent coverage of the substrate with a 

25 μm thick layer of edge-sharing single crystals (Figures 4.3 and 4.4).  Cross-

sectional SEM images confirm that the ZnO nanowire layer is still present, with the 

crystals grown on top (Figure 4.5).  In order to gain insight on the pathway of MOF 

growth on the nanowires, several crystals were dislodged from the substrate.  SEM 

indicates that a thin layer of the dislodged crystal was left behind on the surface, with 

some of the nanowires protruding through the leftover material (Figure 4.6).  From 

these SEM images, it is estimated that the MOF crystals grow within the top 100 nm 

of the nanowires. 
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Figure 4.2 Optical micrographs of IRMOF-1 film taken after 5 hours (left) and 20 
hours (right) of exposure to the MOF precursor solution. 

 
 
          

 
Figure 4.3 Top-down SEM images of the IRMOF films on ZnO nanowires.  
A: IRMOF-1; B: IRMOF-3; C: IRMOF-8; D: IRMOF-9. 
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Figure 4.4 Magnified top-down view of the IRMOF-1 crystalline layer. 

 

 

Figure 4.5 Cross-sectional  SEM  showing  the  interface  between ZnO nanowires 
and MOF crystals. A: FTO glass  substrate; B: ZnO seeding layer; C: ZnO nanowires; 
D: IRMOF-1 
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Figure 4.6 Top-down view of the IRMOF-1 crystalline layer after dislodging crystals 
from the nanowire substrate.  Small clusters of nanowires can be seen protruding 
through the crystalline layer. 

Grazing incidence X-ray diffraction (GIXRD) spectra of the films 

corroborates the SEM images (Figure 4.7).  The spectrum of the ZnO nanowire film 

prior to MOF growth shows a strong signal at 34.5° (2θ), corresponding to the (002) 

peak.  After growth of the MOF film on the nanowires, the same characteristic peaks 

of the oriented ZnO nanowires were still present in addition to those of the MOF.  

The nanowire array was therefore not compromised during the MOF growth 

procedure.  The growth of the films on the nanowires is likely due to the rough 

nanowire surface that provides the necessary nucleation sites for MOF crystal growth.  

Whether the zinc in the nanowires plays any role in facilitating the growth of the 

zinc-based IRMOFs is currently being investigated.  Attempts at increasing the 

thickness of the films either with longer exposure to IRMOF precursor solution, 

varying temperatures or different concentrations of starting materials have thus far 

been unsuccessful.  At higher concentration and temperature, we have observed a 

noticeable amount of free bulk IRMOF crystals forming in solution.  We believe that 

1 μm 
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at higher concentration and temperature, there is competing formation of the IRMOF 

film and the bulk solid in solution limiting the growth of the film. 
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Figure 4.7 GIXRD spectra of IRMOF films on ZnO nanowires.  Red bars at the 
bottom indicate the theoretical pattern for each IRMOF and asterisks indicate zinc 
oxide nanowire peaks. 
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Several other IRMOFs were synthesized to elucidate the versatility of this 

new synthesis method.  IRMOF-3, 8 and 9 were selected as initial candidates due to 

their varying organic functionality.  Films of IRMOF-3, 8 and 9 were successfully 

synthesized with coverage of the substrate comparable to that of IRMOF-1 (Figure 

4.3).  All three films display an average thickness of 25 microns and exhibit the same 

morphology to that of IRMOF-1.  The films were characterized by GIXRD (Figure 

4.7).  The spectrum of IRMOF-3 showed the poorest crystallinity but generally 

matches the theoretical spectra.57  Lack of crystallinity could be due to film drying 

before or during GIXRD analysis, leading to film degradation.  Attempts to improve 

crystallinity of IRMOF-3 have thus far been unsuccessful.  IRMOF-8 exhibited good 

crystallinity and closely matches the theoretical spectra of interpenetrated IRMOF-

8.107  This is expected because the elevated temperatures used to generate this film 

likely induced the formation of the interpenetrated moiety.108  IRMOF-9 also 

displayed good crystallinity and seems to reasonably match the calculated spectra.57  

A few peaks that don’t quite match the calculated spectrum are likely due to solvent 

molecules still residing within the pores of the MOF, which has been shown to shift 

peaks due to structural deformations.109  The differences in experimental versus 

calculated data could also be a result of film degradation or structural transformations 

from drying before or during data collection. 

The crystallographic preferred orientation (CPO) indexing method was used 

to quantify the degree of orientation of the films (Figures 4.8 to 4.11).110  IRMOF-1 

displayed a (220) out-of-plane orientation with a CPO220/200 index of approximately 
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26.  IRMOF-9 showed little preferred orientation along the (111) plane with a 

CPO111/100 of ~ 15 and IRMOF-8 had little to no preferred orientation with a CPO1-

10/110 of ~ 1.62.  The CPO index of IRMOF-3 could not be quantified due to the low 

crystallinity, though qualitatively it does seem to show some preferred orientation 

along the (220) direction.  All four IRMOFs have the same overall morphology yet 

differ in their degree of preferred orientation. 
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Figure 4.8 GIXRD pattern of IRMOF-1 film (bottom) and corresponding powder 
pattern of the bulk solid (top).  The hkl-indicies are denoted for the peaks used in the 

CPO index calculation. 
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Figure 4.9 GIXRD pattern of IRMOF-3 film (bottom) and corresponding powder 
pattern of the bulk solid (top).  The hkl-indicies are denoted for the peaks used in the 

CPO index calculation. 
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Figure 4.10 GIXRD pattern of IRMOF-8 film (bottom) and corresponding powder 
pattern of the bulk solid (top).  The hkl-indicies are denoted for the peaks used in the 
CPO index calculation.  
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Figure 4.11 GIXRD pattern of IRMOF-9 film (bottom) and corresponding powder 
pattern of the bulk solid (top).  The hkl-indicies are denoted for the peaks used in the 
CPO index calculation. 

 

Microwave synthesis was utilized to explore the conditions that could 

expedite the film growth process.  Microwave-assisted MOF growth is well 

established,111 and MOF thin film growth with microwaves has been explored as 

well.112  We utilized microwaves in the synthesis of a homogeneous IRMOF-1 film 

for 10 minutes.  GIXRD analysis of the film shows peaks corresponding to highly 

crystalline IRMOF-1 as well as the presence of the oriented ZnO nanowires (Figure 

4.12).  The peaks were lower in intensity relative to the standard synthesis method 

due to the smaller film thickness.  SEM images of the film corroborate these results 

(Figures 4.13 and 4.14).  A film (~ 1 micron thick) of IRMOF-1 was produced along 

with larger discrete crystals on top of the film that averaged 2 microns in size.  The 
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larger crystals are attributed to secondary growth of the IRMOF on top of the initial 

IRMOF layer.  Closer inspection of the film shows several nanowires protruding 

through the IRMOF film.  This observation indicates that the nanowires are serving as 

the initial nucleation site for the IRMOF film (Figure 4.14). 
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Figure 4.12 GIXRD spectrum of the microwave synthesized IRMOF-1 film on zinc 
oxide nanowires. Asterisks correspond to oriented zinc oxide nanowires.  Bars at the 
bottom indicate the theoretical pattern for IRMOF-1. 
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Figure 4.13 Top-down SEM image of microwave-synthesized IRMOF-1 film on 
ZnO nanowires. 

 

 

Figure 4.14 Side-view SEM image of microwave-synthesized IRMOF-1 film on ZnO 
nanowires. 
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4.4 Conclusions 

In conclusion, we have developed a procedure using nanowire arrays for the 

synthesis of IRMOF films.  When the nanowire template is present, MOF films of 

high crystallinity and excellent coverage of the substrate were produced.  We have 

also used microwaves for the rapid fabrication of these films.  Recently, IRMOF-1 

has been shown to be semiconducting, with the organic benzenedicarboxylate ligands 

acting as photo-antennae and the zinc oxide clusters as semiconducting quantum 

dots.113  The band gap of the material can be raised or lowered by introducing pendant 

groups or higher conjugation to the organic linkers, respectively.114  In addition, new 

fabrication techniques have emerged that form hybrid MOF films consisting of more 

than one type of MOF, allowing the films to serve as possible semiconducting multi-

junctions.115  Coupling the electronic properties of an IRMOF with a conductive 

substrate may give rise to a new class of photovoltaic and resistance-based sensing 

devices.  We showed four initial examples of MOFs that can be grown by this method 

and we anticipate that this approach should be of broader use towards a variety of 

MOF thin films. 
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Chapter 5  
 

Conclusions and Future Work 
 

5.1 Conclusions 

The work presented in this thesis shows significant progress in the synthesis 

of s-block and f-block MOFs for potential applications in anion exchange and 

heterogeneous catalysis.  Due to the limited research on these types of materials, all 

of our synthesized compounds expand the library of MOFs and bring valuable insight 

as to how these metals coordinate with organosulfonates.  The use of 

organodisulfonate ligands allows for flexible frameworks with potentially weaker 

interactions with the framework, thus improving the propensity of the material to 

perform host-guest chemistry.   

SLUG-13 (Ba2F2[O3SC2H4SO3]) and SLUG-14 (Ba[O3SC2H4SO3]) are unique 

extended frameworks that were synthesized hydrothermally and have high thermal 

stability.  Both exhibit 2D layered morphologies composed of inorganic barium 

connected directly to the ethanedisulfonate anions.  SLUG-13 in particular shows 

moderate catalytic activity in acid-catalyzed ketal formations due to the electron-

withdrawing character of the fluorine atoms within the [Ba2F2]
2+ layer, thus 

increasing the acidity of the barium active sites.   

 Isoreticular neodymium-containing MOFs have been developed using 

organodisulfonates of increasing carbon length.  To the best of our knowledge, this is 

the first isoreticular study of rare earth MOFs and organodisulfonates.  All three 
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structures possess the same [Nd2(OH)4(OH2)2]
2+ layers connected to 

ethanedisulfonate (SLUG-28), propanedisulfonate (SLUG-29), and butanedisulfonate 

(SLUG-30) via a monodentate Nd-O bond.  The materials show high thermal stability 

due to additional hydrogen bonding interactions between the hydroxyl groups in the 

inorganic layer and the free oxygen atoms of the sulfonate groups of the organic 

component.  

We have also shown a new methodology in the fabrication of IRMOF thin 

films using ZnO nanowire arrays as the anchor.  This is the first known method to 

utilize nanowires as a nucleating layer without the use of self-assembled monolayers 

as a binding agent for the MOF material.  Films of IRMOF-1, IRMOF-3, IRMOF-8, 

and IRMOF-9 were fabricated with complete coverage of the substrate and exhibited 

good adherence to the nanowires.  In addition, microwaves were used to dramatically 

reduce the synthesis time of IRMOF-1 films to 10 minutes with comparable coverage 

of the substrate.   

 

5.2 Future Work 

Future work with SLUG-13 will involve exploring the synthesis conditions in 

order to understand how the [Ba2F2]
2+ layers form.  Doing so would increase the 

interlayer space and allow for other molecules to enter the material.  This can 

potentially expose the inner surface areas of the material and help improve catalytic 

performance in acid-catalyzed reactions.  Furthermore, other catalysis reactions can 

be explored to understand the full catalytic abilities of the material.  The synthesis 

conditions of SLUG-14 will also be explored to assess if longer organodisulfonates 
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can be implemented.  Lastly, other s-block metals will be tested to see if similar 

frameworks can be generated. 

The synthesis conditions of the neodymium-based materials will be extended 

to other sulfonated ligands that can add to the library of f-block MOFs.  Varying the 

pH of the solution will also be done in an attempt to fully hydroxylate the neodymium 

layer and promote weaker interactions with the organodisulfonate ligands.  This 

would increase the likelihood of the guest anion to leave the framework and exchange 

for pollutant anions.  Other rare earth metals will be screened to see if other unique 

topologies and properties can be instilled in the frameworks.  Rare earth MOFs have 

also shown very promising activity in acid catalyzed reactions, making these 

materials prime candidates for heterogeneous catalysis.  Trials will be done to assess 

the catalytic activity of SLUG-28, SLUG-29, and SLUG-30 in ketal formations.  

Finally, the materials will be characterized for their magnetic susceptibilities and 

luminescence properties in order to evaluate their potential application in sensing of 

gasses and small molecules.   

The instability of the IRMOFs outside of the DMF solution must be addressed 

in order for the films to be implemented in various applications.  Studies will be done 

to see if this limitation can be overcome through the use of different solvents or 

organic functionalities.  The semiconducting properties of the IRMOF thin films will 

be evaluated by fabricating a photovoltaic cell using transparent conductive oxide 

glasses to house the cell and soaking the film in an I3
-/3I- electrolyte to mediate 

charge transfer.  This will be done with all four IRMOF films to assess if ligand 

variation will have any effect on light absorption and photoconversion efficiency.  In 
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addition, other MOFs will be screened with this method to see if the ZnO nanowires 

have a higher affinity towards Zn-containing MOFs.  This would provide valuable 

insight regarding what components the nanowires and the MOF itself would need to 

be composed of in order to promote film growth.  
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Appendix 
 

Appendix A. Crystallographic data for SLUG-28. 

     
Table A1.  Atomic coordinates (x 10^4) and equivalent isotropic displacement 
parameters (A^2 x 10^3) for SLUG-28.  U(eq) is defined as one third of the trace of 
the orthogonalized Uij tensor. 

 x y z U(eq) 

     
Nd(1) -17154(1) -2322(1) 691(1) 3(1) 
O(1) -21480(17) -390(13) 2039(5) 22(1) 
O(2) -17930(13) -5282(8) -854(4) 5(1) 
O(3) -17250(13) 1472(8) 496(4) 6(1) 
O(4) -16213(16) -3478(12) 2577(5) 22(1) 

O(9A) -18580(30) -1790(20) 4028(10) 59(3) 
O(10A) -12400(30) -1790(20) 4026(10) 59(3) 
O(9B) -19090(30) -6334(18) 2929(9) 54(3) 
O(10B) -12980(30) -6332(18) 2931(9) 53(3) 
S(1A) -15657(9) -3034(6) 3687(3) 7(1) 
C(1A) -15310(40) -5330(20) 4357(12) 10(3) 
S(1B) -15894(9) -5019(6) 3209(3) 6(1) 
C(1B) -15170(40) -4050(20) 4669(10) 4(2) 

 
 
 
Table A2. Bond lengths [Å] and angles [deg] for SLUG-28. 

Nd(1)-O(2) 2.400(5) 
Nd(1)-O(3) 2.434(5) 

Nd(1)-O(2)#1 2.484(5) 
Nd(1)-O(2)#2 2.486(5) 
Nd(1)-O(4) 2.501(6) 

Nd(1)-O(3)#3 2.522(5) 
Nd(1)-O(3)#4 2.523(5) 
Nd(1)-O(1) 2.687(7) 

Nd(1)-O(1)#5 2.687(7) 
Nd(1)-Nd(1)#6 3.8841(4) 
Nd(1)-Nd(1)#5 3.8841(4) 
Nd(1)-Nd(1)#2 3.9963(7) 
O(1)-Nd(1)#6 2.687(7) 
O(2)-Nd(1)#1 2.484(5) 
O(2)-Nd(1)#2 2.486(5) 
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O(3)-Nd(1)#3 2.522(5) 
O(3)-Nd(1)#4 2.523(5) 
O(4)-S(1B) 1.329(7) 
O(4)-S(1A) 1.321(7) 

O(9A)-S(1A) 1.453(12) 
O(9A)-O(10A)#6 1.485(16) 

O(10A)-S(1A) 1.453(12) 
O(10A)-O(9A)#5 1.485(16) 

O(9B)-S(1B) 1.453(11) 
O(9B)-O(10B)#6 1.513(16) 

O(10B)-S(1B) 1.449(11) 
O(10B)-O(9B)#5 1.513(16) 

S(1A)-C(1A) 1.769(13) 
C(1A)-C(1A)#7 1.54(3) 

S(1B)-C(1B) 1.763(12) 
C(1B)-C(1B)#7 1.55(2) 

  
O(2)-Nd(1)-O(3) 124.57(17) 

O(2)-Nd(1)-O(2)#1 70.18(19) 
O(3)-Nd(1)-O(2)#1 128.62(17) 
O(2)-Nd(1)-O(2)#2 70.24(19) 
O(3)-Nd(1)-O(2)#2 128.55(17) 

O(2)#1-Nd(1)-O(2)#2 102.80(18) 
O(2)-Nd(1)-O(4) 113.6(2) 
O(3)-Nd(1)-O(4) 121.8(2) 

O(2)#1-Nd(1)-O(4) 69.81(19) 
O(2)#2-Nd(1)-O(4) 69.86(19) 
O(2)-Nd(1)-O(3)#3 76.72(16) 
O(3)-Nd(1)-O(3)#3 68.89(19) 

O(2)#1-Nd(1)-O(3)#3 146.69(16) 
O(2)#2-Nd(1)-O(3)#3 68.44(16) 
O(4)-Nd(1)-O(3)#3 129.65(19) 
O(2)-Nd(1)-O(3)#4 76.69(16) 
O(3)-Nd(1)-O(3)#4 68.9(2) 

O(2)#1-Nd(1)-O(3)#4 68.44(16) 
O(2)#2-Nd(1)-O(3)#4 146.71(16) 
O(4)-Nd(1)-O(3)#4 129.59(19) 

O(3)#3-Nd(1)-O(3)#4 100.67(17) 
O(2)-Nd(1)-O(1) 132.9(2) 
O(3)-Nd(1)-O(1) 73.10(19) 

O(2)#1-Nd(1)-O(1) 66.7(2) 
O(2)#2-Nd(1)-O(1) 137.28(17) 
O(4)-Nd(1)-O(1) 67.7(2) 

O(3)#3-Nd(1)-O(1) 141.45(19) 
O(3)#4-Nd(1)-O(1) 70.69(17) 
O(2)-Nd(1)-O(1)#5 133.0(2) 
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O(3)-Nd(1)-O(1)#5 73.06(19) 
O(2)#1-Nd(1)-O(1)#5 137.27(17) 
O(2)#2-Nd(1)-O(1)#5 66.7(2) 
O(4)-Nd(1)-O(1)#5 67.7(2) 

O(3)#3-Nd(1)-O(1)#5 70.70(18) 
O(3)#4-Nd(1)-O(1)#5 141.46(19) 
O(1)-Nd(1)-O(1)#5 92.6(2) 
O(2)-Nd(1)-Nd(1)#6 89.97(12) 
O(3)-Nd(1)-Nd(1)#6 90.02(12) 

O(2)#1-Nd(1)-Nd(1)#6 38.61(11) 
O(2)#2-Nd(1)-Nd(1)#6 141.41(11) 
O(4)-Nd(1)-Nd(1)#6 89.98(15) 

O(3)#3-Nd(1)-Nd(1)#6 140.32(11) 
O(3)#4-Nd(1)-Nd(1)#6 39.65(11) 
O(1)-Nd(1)-Nd(1)#6 43.72(15) 

O(1)#5-Nd(1)-Nd(1)#6 136.28(15) 
O(2)-Nd(1)-Nd(1)#5 90.03(12) 
O(3)-Nd(1)-Nd(1)#5 89.98(12) 

O(2)#1-Nd(1)-Nd(1)#5 141.39(11) 
O(2)#2-Nd(1)-Nd(1)#5 38.59(11) 
O(4)-Nd(1)-Nd(1)#5 90.02(15) 

O(3)#3-Nd(1)-Nd(1)#5 39.67(11) 
O(3)#4-Nd(1)-Nd(1)#5 140.35(11) 
O(1)-Nd(1)-Nd(1)#5 136.28(15) 

O(1)#5-Nd(1)-Nd(1)#5 43.72(15) 
Nd(1)#6-Nd(1)-Nd(1)#5 180.0 

O(2)-Nd(1)-Nd(1)#2 35.83(12) 
O(3)-Nd(1)-Nd(1)#2 136.75(12) 

O(2)#1-Nd(1)-Nd(1)#2 86.23(11) 
O(2)#2-Nd(1)-Nd(1)#2 34.41(11) 
O(4)-Nd(1)-Nd(1)#2 91.50(17) 

O(3)#3-Nd(1)-Nd(1)#2 68.51(11) 
O(3)#4-Nd(1)-Nd(1)#2 112.44(11) 
O(1)-Nd(1)-Nd(1)#2 149.99(16) 

O(1)#5-Nd(1)-Nd(1)#2 99.42(16) 
Nd(1)#6-Nd(1)-Nd(1)#2 119.070(10) 
Nd(1)#5-Nd(1)-Nd(1)#2 60.930(10) 

Nd(1)-O(1)-Nd(1)#6 92.6(2) 
Nd(1)-O(2)-Nd(1)#1 109.81(19) 
Nd(1)-O(2)-Nd(1)#2 109.76(19) 

Nd(1)#1-O(2)-Nd(1)#2 102.80(18) 
Nd(1)-O(3)-Nd(1)#3 111.11(19) 
Nd(1)-O(3)-Nd(1)#4 111.1(2) 

Nd(1)#3-O(3)-Nd(1)#4 100.67(17) 
S(1B)-O(4)-S(1A) 57.9(3) 
S(1B)-O(4)-Nd(1) 150.7(5) 
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S(1A)-O(4)-Nd(1) 151.4(5) 
S(1A)-O(9A)-O(10A)#6 145.7(11) 
S(1A)-O(10A)-O(9A)#5 145.7(11) 
S(1B)-O(9B)-O(10B)#6 144.7(10) 
S(1B)-O(10B)-O(9B)#5 144.9(10) 

O(4)-S(1A)-O(10A) 107.3(6) 
O(4)-S(1A)-O(9A) 107.3(6) 

O(10A)-S(1A)-O(9A) 111.3(8) 
O(4)-S(1A)-C(1A) 114.5(6) 

O(10A)-S(1A)-C(1A) 108.2(7) 
O(9A)-S(1A)-C(1A) 108.3(7) 

C(1A)#7-C(1A)-S(1A) 111.0(12) 
O(4)-S(1B)-O(10B) 108.0(6) 
O(4)-S(1B)-O(9B) 107.9(6) 

O(10B)-S(1B)-O(9B) 109.6(7) 
O(4)-S(1B)-C(1B) 114.2(6) 

O(10B)-S(1B)-C(1B) 108.6(7) 
O(9B)-S(1B)-C(1B) 108.5(7) 

C(1B)#7-C(1B)-S(1B) 110.5(11) 

   
           Symmetry transformations used to generate equivalent atoms:   
           #1 -x-4,-y-1,-z    #2 -x-3,-y-1,-z    #3 -x-3,-y,-z      
           #4 -x-4,-y,-z    #5 x+1,y,z    #6 x-1,y,z      
           #7 -x-3,-y-1,-z+1      
  
 

 
Table A3.  Anisotropic displacement parameters (A^2 x 10^3) for SLUG-28.  The 
anisotropic displacement factor exponent takes the form: -2 pi^2 [ h^2 a*^2 U11 + ... 
+ 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

         
Nd(1) 2(1) 4(1) 3(1) 2(1) 0(1) 0(1) 
O(1) 12(2) 46(3) 13(2) 19(2) 1(2) 3(2) 
O(2) 4(2) 5(2) 6(2) 0(2) 0(2) 0(2) 
O(3) 6(2) 7(2) 4(2) 2(2) 0(2) 1(2) 
O(4) 12(2) 46(3) 13(2) 19(2) 1(2) 3(2) 

O(9A) 53(7) 70(7) 61(7) 19(6) 18(5) 11(6) 
O(10A) 50(6) 68(7) 59(7) 20(6) 2(5) -8(5) 
O(9B) 56(6) 55(6) 52(6) 15(5) 3(5) -8(5) 
O(10B) 58(7) 54(6) 51(6) 12(5) 14(5) 11(5) 
S(1A) 6(2) 12(2) 3(2) 3(1) 0(1) 0(1) 
S(1B) 8(2) 7(2) 2(2) 2(1) 1(1) 0(1) 
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Appendix B. Crystallographic data for SLUG-29 

Table B1. Atomic coordinates (x 10^4) and equivalent isotropic displacement 
parameters (A^2 x 10^3) for SLUG-29.  U(eq) is defined as one third of the trace of 
the orthogonalized Uij tensor. 

 x y z U(eq) 

     
Nd(1) 2817(1) 4039(15) 2722(1) 6(1) 
O(1) 3426(3) -1270(70) 4749(12) 9(3) 
O(4) 2723(2) 3990(70) 6476(9) 8(2) 
O(2) 2104(2) 3870(80) -325(10) 5(2) 
O(3) 3696(3) 4000(90) 1799(13) 26(2) 
C(1) 4582(4) 3910(130) 652(18) 28(3) 
C(2) 5120(8) 4560(110) 1190(30) 80(8) 
S(1) 3955(2) 3890(40) 84(7) 5(1) 

O(5A) 3832(9) 7330(50) -1080(30) -4(5) 
O(6A) 3791(14) 1110(70) -1350(50) 35(11) 
S(2) 4215(2) 4010(60) 2541(7) 19(1) 

O(6B) 4334(8) 730(50) 3500(40) 15(6) 
O(5B) 4377(9) 7080(50) 4020(40) 23(7) 

 
 
   
Table B2. Bond lengths [Å] and angles [deg] for SLUG-29. 

Nd(1)-O(2) 2.422(6) 
Nd(1)-O(4) 2.439(6) 

Nd(1)-O(2)#1 2.44(2) 
Nd(1)-O(4)#2 2.51(2) 
Nd(1)-O(3) 2.524(6) 

Nd(1)-O(4)#3 2.54(2) 
Nd(1)-O(2)#4 2.54(2) 
Nd(1)-O(1)#5 2.60(2) 
Nd(1)-O(1) 2.77(2) 

Nd(1)-Nd(1)#5 3.8696(4) 
Nd(1)-Nd(1)#6 3.8696(4) 
Nd(1)-Nd(1)#1 4.0185(8) 
O(1)-Nd(1)#6 2.60(2) 
O(4)-Nd(1)#3 2.51(2) 
O(4)-Nd(1)#2 2.54(2) 
O(2)-Nd(1)#4 2.44(2) 
O(2)-Nd(1)#1 2.54(2) 

O(3)-S(2) 1.369(9) 
O(3)-S(1) 1.400(8) 
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C(1)-C(2) 1.43(2) 
C(1)-C(2)#7 1.55(3) 

C(1)-S(1) 1.636(11) 
C(1)-S(2) 1.690(12) 

C(2)-C(2)#7 1.51(4) 
C(2)-C(1)#7 1.55(3) 
S(1)-O(6A) 1.42(3) 
S(1)-O(5A) 1.52(2) 

O(5A)-O(6A)#5 1.47(2) 
O(6A)-O(5A)#6 1.47(2) 

S(2)-O(6B) 1.41(3) 
S(2)-O(5B) 1.52(2) 

O(6B)-O(5B)#6 1.45(2) 
O(5B)-O(6B)#5 1.45(2) 

  
O(2)-Nd(1)-O(4) 124.04(19) 

O(2)-Nd(1)-O(2)#1 71.1(4) 
O(4)-Nd(1)-O(2)#1 130.5(8) 
O(2)-Nd(1)-O(4)#2 78.0(6) 
O(4)-Nd(1)-O(4)#2 68.5(4) 

O(2)#1-Nd(1)-O(4)#2 70.4(5) 
O(2)-Nd(1)-O(3) 115.5(2) 
O(4)-Nd(1)-O(3) 120.4(2) 

O(2)#1-Nd(1)-O(3) 70.2(7) 
O(4)#2-Nd(1)-O(3) 130.3(9) 
O(2)-Nd(1)-O(4)#3 75.7(6) 
O(4)-Nd(1)-O(4)#3 68.1(4) 

O(2)#1-Nd(1)-O(4)#3 146.8(3) 
O(4)#2-Nd(1)-O(4)#3 100.2(2) 
O(3)-Nd(1)-O(4)#3 129.1(8) 
O(2)-Nd(1)-O(2)#4 69.4(4) 
O(4)-Nd(1)-O(2)#4 127.8(8) 

O(2)#1-Nd(1)-O(2)#4 101.7(2) 
O(4)#2-Nd(1)-O(2)#4 147.2(3) 
O(3)-Nd(1)-O(2)#4 70.5(7) 

O(4)#3-Nd(1)-O(2)#4 68.4(5) 
O(2)-Nd(1)-O(1)#5 136.5(8) 
O(4)-Nd(1)-O(1)#5 72.5(5) 

O(2)#1-Nd(1)-O(1)#5 69.4(5) 
O(4)#2-Nd(1)-O(1)#5 72.1(5) 
O(3)-Nd(1)-O(1)#5 66.5(6) 

O(4)#3-Nd(1)-O(1)#5 139.7(3) 
O(2)#4-Nd(1)-O(1)#5 136.5(3) 

O(2)-Nd(1)-O(1) 130.0(8) 
O(4)-Nd(1)-O(1) 73.0(6) 

O(2)#1-Nd(1)-O(1) 137.7(3) 
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O(4)#2-Nd(1)-O(1) 141.2(3) 
O(3)-Nd(1)-O(1) 67.5(7) 

O(4)#3-Nd(1)-O(1) 68.9(4) 
O(2)#4-Nd(1)-O(1) 65.3(5) 
O(1)#5-Nd(1)-O(1) 92.2(2) 
O(2)-Nd(1)-Nd(1)#5 91.5(7) 
O(4)-Nd(1)-Nd(1)#5 90.4(7) 

O(2)#1-Nd(1)-Nd(1)#5 40.1(5) 
O(4)#2-Nd(1)-Nd(1)#5 40.2(5) 
O(3)-Nd(1)-Nd(1)#5 90.3(8) 

O(4)#3-Nd(1)-Nd(1)#5 140.4(4) 
O(2)#4-Nd(1)-Nd(1)#5 141.8(4) 
O(1)#5-Nd(1)-Nd(1)#5 45.6(5) 
O(1)-Nd(1)-Nd(1)#5 137.9(4) 
O(2)-Nd(1)-Nd(1)#6 88.5(7) 
O(4)-Nd(1)-Nd(1)#6 89.6(7) 

O(2)#1-Nd(1)-Nd(1)#6 139.9(5) 
O(4)#2-Nd(1)-Nd(1)#6 139.8(5) 
O(3)-Nd(1)-Nd(1)#6 89.7(8) 

O(4)#3-Nd(1)-Nd(1)#6 39.6(4) 
O(2)#4-Nd(1)-Nd(1)#6 38.2(4) 
O(1)#5-Nd(1)-Nd(1)#6 134.4(5) 
O(1)-Nd(1)-Nd(1)#6 42.1(4) 

Nd(1)#5-Nd(1)-Nd(1)#6 179.998(1) 
O(2)-Nd(1)-Nd(1)#1 37.0(6) 
O(4)-Nd(1)-Nd(1)#1 137.1(5) 

O(2)#1-Nd(1)-Nd(1)#1 34.1(2) 
O(4)#2-Nd(1)-Nd(1)#1 69.29(18) 
O(3)-Nd(1)-Nd(1)#1 93.1(4) 

O(4)#3-Nd(1)-Nd(1)#1 112.64(15) 
O(2)#4-Nd(1)-Nd(1)#1 86.4(4) 
O(1)#5-Nd(1)-Nd(1)#1 101.6(4) 
O(1)-Nd(1)-Nd(1)#1 149.5(2) 

Nd(1)#5-Nd(1)-Nd(1)#1 61.219(7) 
Nd(1)#6-Nd(1)-Nd(1)#1 118.782(7) 

Nd(1)#6-O(1)-Nd(1) 92.2(2) 
Nd(1)-O(4)-Nd(1)#3 112.2(7) 
Nd(1)-O(4)-Nd(1)#2 111.2(8) 

Nd(1)#3-O(4)-Nd(1)#2 100.2(2) 
Nd(1)-O(2)-Nd(1)#4 111.3(8) 
Nd(1)-O(2)-Nd(1)#1 108.0(8) 

Nd(1)#4-O(2)-Nd(1)#1 101.7(2) 
S(2)-O(3)-S(1) 69.1(4) 

S(2)-O(3)-Nd(1) 147.2(5) 
S(1)-O(3)-Nd(1) 143.6(5) 
C(2)-C(1)-C(2)#7 60.7(15) 
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C(2)-C(1)-S(1) 170(4) 
C(2)#7-C(1)-S(1) 119.1(12) 
C(2)-C(1)-S(2) 121.6(13) 

C(2)#7-C(1)-S(2) 169(4) 
S(1)-C(1)-S(2) 56.4(4) 

C(1)-C(2)-C(2)#7 63.8(15) 
C(1)-C(2)-C(1)#7 116(2) 

C(2)#7-C(2)-C(1)#7 55.5(14) 
O(3)-S(1)-O(6A) 113(2) 
O(3)-S(1)-O(5A) 104.8(17) 

O(6A)-S(1)-O(5A) 110.1(12) 
O(3)-S(1)-C(1) 118.1(6) 

O(6A)-S(1)-C(1) 108(2) 
O(5A)-S(1)-C(1) 102.4(19) 

O(6A)#5-O(5A)-S(1) 158(3) 
S(1)-O(6A)-O(5A)#6 132(3) 

O(3)-S(2)-O(6B) 106(2) 
O(3)-S(2)-O(5B) 110.7(19) 

O(6B)-S(2)-O(5B) 115.2(13) 
O(3)-S(2)-C(1) 116.4(6) 

O(6B)-S(2)-C(1) 99.9(19) 
O(5B)-S(2)-C(1) 108.7(18) 

S(2)-O(6B)-O(5B)#6 167(2) 
O(6B)#5-O(5B)-S(2) 128(2) 

   
           Symmetry transformations used to generate equivalent atoms:  
           #1 -x+1/2,y+1/2,-z    #2 -x+1/2,y+1/2,-z+1      
           #3 -x+1/2,y-1/2,-z+1    #4 -x+1/2,y-1/2,-z      
           #5 x,y+1,z    #6 x,y-1,z    #7 -x+1,y,-z      
     
   
Table B3. Anisotropic displacement parameters (A^2 x 10^3) for SLUG-29.  The 
anisotropic displacement factor exponent takes the form:-2 pi^2 [ h^2 a*^2 U11 + ... 
+ 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

       
Nd(1) 7(1) 5(1) 5(1) 0(1) 2(1) 1(1) 
O(1) 14(3) 1(9) 12(3) -5(6) 1(3) -5(6) 
O(4) 9(3) 9(4) 5(3) -2(10) 2(2) -18(9) 
O(2) 9(3) 5(5) 1(3) 2(7) 1(2) 6(9) 
O(3) 18(4) 21(5) 47(5) -3(16) 22(3) 14(14) 
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Appendix C. Crystallographic data for SLUG-30 

   
Table C1.  Atomic coordinates ( x 10^4) and equivalent isotropic displacement 
parameters (A^2 x 10^3) for SLUG-30.  U(eq) is defined as one third of the trace of 
the orthogonalized Uij tensor. 

 x y z U(eq) 

     
Nd(1) 2795(1) 1572(11) 7804(1) 8(1) 
O(1) 3365(2) -3640(70) 6807(7) 15(2) 
O(4) 3611(2) 1640(70) 10186(8) 32(1) 
O(3) 2136(1) 1680(70) 9683(6) 10(1) 
O(2) 2711(1) 1680(80) 3878(6) 12(1) 

S(1A) 3853(1) 1440(30) 12277(4) 13(1) 
O(5A) 3734(8) -1680(50) 13260(30) 12(6) 
O(6A) 3704(9) 4550(50) 13370(40) 24(8) 
C(2A) 4729(4) 1840(90) 14896(16) 11(3) 
C(1A) 4481(3) 1360(100) 12532(17) 12(3) 
S(1B) 4099(1) 1550(60) 10500(4) 17(1) 
O(5B) 4213(7) -1710(40) 9670(30) 24(6) 
O(6B) 4269(6) 4590(40) 9420(30) 12(4) 
C(2B) 4903(4) 1820(100) 13780(20) 21(4) 
C(1B) 4359(4) 1480(140) 13299(16) 19(3) 

 
 
   
Table C2.  Bond lengths [A] and angles [deg] for SLUG-30. 

Nd(1)-O(3) 2.403(4) 
Nd(1)-O(2) 2.440(4) 

Nd(1)-O(3)#1 2.46(2) 
Nd(1)-O(3)#2 2.52(2) 
Nd(1)-O(4) 2.507(4) 

Nd(1)-O(2)#3 2.56(2) 
Nd(1)-O(2)#4 2.49(2) 
Nd(1)-O(1)#5 2.62(2) 
Nd(1)-O(1) 2.74(2) 

Nd(1)-Nd(1)#5 3.8788(6) 
Nd(1)-Nd(1)#6 3.8788(6) 
Nd(1)-Nd(1)#2 4.0040(6) 
O(1)-Nd(1)#6 2.62(2) 
O(4)-S(1B) 1.363(6) 
O(4)-S(1A) 1.367(6) 

O(3)-Nd(1)#2 2.46(2) 
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O(3)-Nd(1)#1 2.52(2) 
O(2)-Nd(1)#4 2.56(2) 
O(2)-Nd(1)#3 2.49(2) 
S(1A)-O(5A) 1.43(2) 
S(1A)-O(6A) 1.49(2) 
S(1A)-C(1A) 1.763(9) 

O(5A)-O(6A)#6 1.467(15) 
O(6A)-O(5A)#5 1.467(14) 
C(2A)-C(2A)#7 1.52(2) 
C(2A)-C(1A) 1.531(14) 
S(1B)-O(5B) 1.43(2) 
S(1B)-O(6B) 1.49(2) 
S(1B)-C(1B) 1.778(10) 

O(5B)-O(6B)#6 1.455(14) 
O(6B)-O(5B)#5 1.455(14) 

C(2B)-C(1B) 1.524(15) 
C(2B)-C(2B)#7 1.53(2) 

  
O(3)-Nd(1)-O(2) 124.44(14) 

O(3)-Nd(1)-O(3)#1 70.6(4) 
O(2)-Nd(1)-O(3)#1 130.4(8) 
O(3)-Nd(1)-O(3)#2 69.5(4) 
O(2)-Nd(1)-O(3)#2 127.2(8) 

O(3)#1-Nd(1)-O(3)#2 102.41(14) 
O(3)-Nd(1)-O(4) 115.04(16) 
O(2)-Nd(1)-O(4) 120.46(15) 

O(3)#1-Nd(1)-O(4) 70.8(6) 
O(3)#2-Nd(1)-O(4) 70.3(6) 
O(3)-Nd(1)-O(2)#3 76.2(5) 
O(2)-Nd(1)-O(2)#3 68.2(4) 

O(3)#1-Nd(1)-O(2)#3 146.7(3) 
O(3)#2-Nd(1)-O(2)#3 67.7(5) 
O(4)-Nd(1)-O(2)#3 128.4(8) 
O(3)-Nd(1)-O(2)#4 77.4(5) 
O(2)-Nd(1)-O(2)#4 69.2(4) 

O(3)#1-Nd(1)-O(2)#4 69.8(5) 
O(3)#2-Nd(1)-O(2)#4 146.6(2) 
O(4)-Nd(1)-O(2)#4 130.9(8) 

O(2)#3-Nd(1)-O(2)#4 100.46(13) 
O(3)-Nd(1)-O(1)#5 133.1(8) 
O(2)-Nd(1)-O(1)#5 71.9(6) 

O(3)#1-Nd(1)-O(1)#5 136.6(3) 
O(3)#2-Nd(1)-O(1)#5 67.4(5) 
O(4)-Nd(1)-O(1)#5 66.0(5) 

O(2)#3-Nd(1)-O(1)#5 71.0(4) 
O(2)#4-Nd(1)-O(1)#5 140.5(3) 
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O(3)-Nd(1)-O(1) 132.7(8) 
O(2)-Nd(1)-O(1) 74.2(6) 

O(3)#1-Nd(1)-O(1) 66.4(5) 
O(3)#2-Nd(1)-O(1) 138.3(3) 
O(4)-Nd(1)-O(1) 68.1(6) 

O(2)#3-Nd(1)-O(1) 142.0(3) 
O(2)#4-Nd(1)-O(1) 70.0(4) 
O(1)#5-Nd(1)-O(1) 92.79(14) 
O(3)-Nd(1)-Nd(1)#5 89.0(6) 
O(2)-Nd(1)-Nd(1)#5 89.0(7) 

O(3)#1-Nd(1)-Nd(1)#5 140.6(4) 
O(3)#2-Nd(1)-Nd(1)#5 38.2(4) 
O(4)-Nd(1)-Nd(1)#5 89.4(6) 

O(2)#3-Nd(1)-Nd(1)#5 39.2(4) 
O(2)#4-Nd(1)-Nd(1)#5 139.6(5) 
O(1)#5-Nd(1)-Nd(1)#5 44.8(5) 
O(1)-Nd(1)-Nd(1)#5 137.6(4) 
O(3)-Nd(1)-Nd(1)#6 91.0(6) 
O(2)-Nd(1)-Nd(1)#6 91.0(7) 

O(3)#1-Nd(1)-Nd(1)#6 39.4(4) 
O(3)#2-Nd(1)-Nd(1)#6 141.8(4) 
O(4)-Nd(1)-Nd(1)#6 90.6(6) 

O(2)#3-Nd(1)-Nd(1)#6 140.8(4) 
O(2)#4-Nd(1)-Nd(1)#6 40.4(5) 
O(1)#5-Nd(1)-Nd(1)#6 135.2(5) 
O(1)-Nd(1)-Nd(1)#6 42.4(4) 

Nd(1)#5-Nd(1)-Nd(1)#6 180.000(1) 
O(3)-Nd(1)-Nd(1)#2 34.9(5) 
O(2)-Nd(1)-Nd(1)#2 136.1(5) 

O(3)#1-Nd(1)-Nd(1)#2 85.4(3) 
O(3)#2-Nd(1)-Nd(1)#2 34.6(2) 
O(4)-Nd(1)-Nd(1)#2 92.4(3) 

O(2)#3-Nd(1)-Nd(1)#2 68.54(15) 
O(2)#4-Nd(1)-Nd(1)#2 112.27(15) 
O(1)#5-Nd(1)-Nd(1)#2 100.5(4) 
O(1)-Nd(1)-Nd(1)#2 149.5(2) 

Nd(1)#5-Nd(1)-Nd(1)#2 61.029(6) 
Nd(1)#6-Nd(1)-Nd(1)#2 118.971(6) 

Nd(1)#6-O(1)-Nd(1) 92.79(14) 
S(1B)-O(4)-S(1A) 63.2(3) 
S(1B)-O(4)-Nd(1) 152.1(4) 
S(1A)-O(4)-Nd(1) 144.4(4) 

Nd(1)-O(3)-Nd(1)#2 111.0(7) 
Nd(1)-O(3)-Nd(1)#1 108.8(7) 

Nd(1)#2-O(3)-Nd(1)#1 102.41(14) 
Nd(1)-O(2)-Nd(1)#4 110.2(8) 
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Nd(1)-O(2)-Nd(1)#3 112.4(8) 
Nd(1)#4-O(2)-Nd(1)#3 100.46(13) 

O(4)-S(1A)-O(5A) 110.6(15) 
O(4)-S(1A)-O(6A) 105.2(16) 

O(5A)-S(1A)-O(6A) 111.9(7) 
O(4)-S(1A)-C(1A) 113.7(4) 

O(5A)-S(1A)-C(1A) 105.4(14) 
O(6A)-S(1A)-C(1A) 110.2(14) 

S(1A)-O(5A)-O(6A)#6 152(2) 
O(5A)#5-O(6A)-S(1A) 140(2) 
C(2A)#7-C(2A)-C(1A) 110.6(10) 

C(2A)-C(1A)-S(1A) 110.7(8) 
O(4)-S(1B)-O(5B) 105.5(16) 
O(4)-S(1B)-O(6B) 108.8(15) 

O(5B)-S(1B)-O(6B) 114.7(8) 
O(4)-S(1B)-C(1B) 111.2(5) 

O(5B)-S(1B)-C(1B) 105.6(18) 
O(6B)-S(1B)-C(1B) 110.9(16) 

S(1B)-O(5B)-O(6B)#6 161.6(18) 
O(5B)#5-O(6B)-S(1B) 132.9(17) 
C(1B)-C(2B)-C(2B)#7 110.6(12) 

C(2B)-C(1B)-S(1B) 114.0(9) 

   
           Symmetry transformations used to generate equivalent atoms:  
           #1 -x+1/2,y-1/2,-z+2    #2 -x+1/2,y+1/2,-z+2      
           #3 -x+1/2,y+1/2,-z+1    #4 -x+1/2,y-1/2,-z+1      
           #5 x,y+1,z    #6 x,y-1,z    #7 -x+1,y,-z+3      
    
   
Table C3.  Anisotropic displacement parameters (A^2 x 10^3) for SLUG-30.  The 
anisotropic displacement factor exponent takes the form: -2 pi^2 [ h^2 a*^2 U11 + ... 
+ 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

       
Nd(1) 11(1) 7(1) 6(1) 0(1) 1(1) 0(1) 
O(1) 17(2) 15(6) 14(2) 4(6) 4(2) 13(7) 
O(4) 24(3) 16(3) 44(3) -9(11) -22(2) -13(11) 
O(3) 13(2) 10(3) 9(2) 5(8) 5(2) -3(10) 
O(2) 17(2) 12(3) 7(2) 3(8) 3(2) -7(10) 
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