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Abstract 
 
Synthesis and properties of metal-substituted aluminophosphate molecular sieves and 

recrystallizable metal-organic polymers 

by 

Susan Cordia Citrak 

 

Two projects are presented within: ionothermal synthesis of metal-substituted 

aluminophosphate molecular sieves for use in catalysis, and the solubility properties 

of silver-bipyridine coordination polymers and its effect on ion exchange kinetics and 

thermal properties. 

 

Metal-substituted, nanoporous aluminophosphates (MAPOs) have been 

extensively studied for catalytic applications since their invention by chemists at 

Union Carbide in 1982. Typically MAPOs are synthesized hydrothermally, which 

introduces risk of pressure build-up during heating. Recently, ionic liquids (ILs) have 

been used for the synthesis of aluminophosphates (AlPO4-n) and MAPOs, termed 

ionothermal synthesis. Ionothermal synthesis has a number of advantages over 

hydrothermal synthesis: (i) ILs have vanishingly low vapor pressure, reducing the 

pressure hazard associated with hydrothermal synthesis; (ii) the IL acts as both the 

solvent and the structure-directing agent (SDA), thereby eliminating any potential 

competition between the two; (iii) new phases may be accessible that are not 

available via hydrothermal synthesis. 
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Two ionic liquids not commercially available with symmetrical cationic 

moieties, diisopropylimidazolium (DIPI) and diisobutylimidazolium (DIBU), were 

used to synthesize AlPO4-5, NiAPO-5 and MnAPO-5. The DIPI was found to 

template for AlPO4-5, but only when a specific reagent amount of water was added to 

the system. Too little water, as well as too much water both led to the condensed 

phase(s), namely cristobalite or a mixture of cristobalite and tridymite. The DIBU 

only resulted in cristobalite regardless of the amount of water added. Hydroflouric 

acid (HF) was used in the syntheses as a mineralizer, as it was discovered that when 

no HF was present, a dense-phase resulted. It was determined that 0.12 eq of HF was 

the ideal amount to lead to an AFI structure, with greater amounts leading to a yet-to-

be-identified phase.  

 

MnAPO-5 and NiAPO-5 were ionothermally synthesized using DIPI and 

DIBU. The SDAs both exhibited different behaviors when adding the metals into the 

syntheses. When adding varying levels of Ni2+ into the reaction, the SDAs displayed 

opposite behavior in terms of phase development from AFI to dense-phase. There 

were also differences in results between the two SDAs for manganese substitution 

that appear to be linked to the kinetics of the reaction. By selecting both an 

appropriate SDA and tuning the amount of Ni or Mn in a given reaction, a pure-phase 

AFI material was easily achieved, and easily reproduced. The reaction was a simple 

one-pot synthesis, and because of the vanishingly low vapor pressure of the ILs, the 
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synthesis did not carry the risk of pressure build-up typical of hydrothermal synthesis. 

These aspects make ionothermal synthesis of aluminophosphate molecular sieves an 

incredibly noteworthy area of research.  

 

Metal-organic coordination polymers have gained attention for their 

interesting polymer conformational patterns as well as their ion exchange properties. 

Development of materials to trap toxic oxo-anions such as perchlorate (ClO4
-), 

chromate (CrO4
2-) and pertechnetate (TcO4

-), has become incredibly important for 

environmental remediation and industrial waste disposal. The low dimensionality of 

these layered and 1-D metal-organic coordination polymers allow for different 

arrangements of the polymeric layers depending on the nature of the charge balancing 

anion, as well as tunability in anion exchange with regards to the size/shape of the 

intercalating and deintercalating anions. This flexibility, and the apparent selectivity 

for a variety of toxic anions, provides great promise for these materials to be used as a 

water remediation tool. 

 

The ion exchange capabilities of [Ag(4,4’-bipy)+][CH3CO2
−] was probed and 

found to exchange for a wide variety of toxic anions in very high capacity. 

Perchlorate, permanganate, perrhenate, nitrate and chromate uptake was found to be 

99.9%, 98.5%, 91.5%, 64.4% and 46.4% respectively, with near record high loading 

capacities of 310, 351, 705, 125 and 160 g/mg respectively. Additionally, the material 

releases acetate, which is environmentally benign. In an effort to learn more about the 
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properties of these types of materials, a solubility study of [Ag(4,4’-bipy)+][X−] 

materials (where X− = CH3CO2
−, NO3

−, BF4
−, O3SCH2CH2SO3

2−, ClO4
−, CrO4

2−, 

ReO4
−, and MnO4

−) was performed.  The study led to insight on the relationship 

between anion hydration energy and the structure and solubility of the material. 

Whereas hydration energy of the charge-balancing anion was previously thought to 

be the key factor in the material’s solubility, it was discovered that the structure of the 

material was a much more likely contributor. A subset of these materials, (X− = NO3
−, 

BF4
−, ClO4

−, and MnO4
−), were studied for trends in ion exchange, kinetics and 

thermal stability, and how these properties relate to solubility. It was discovered that 

ion exchange capabilities can successfully be predicted based on the solubilities of the 

starting and ending materials, and that kinetics and thermal stability also seem to have 

a distinct link to the solubility of the material.  
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Chapter 1 
 

Synthesis and properties of metal-substituted 

aluminophosphate molecular sieves and recrystallizable 

metal-organic polymers 

 

Abstract 
 

Metal substituted, nanoporous aluminophosphates (MAPOs) are zeotype 

materials widely used in catalysis. They are traditionally prepared through 

hydrothermal synthesis, which introduces inherent danger from the high pressure the 

high heat introduces. Recently, ionic liquids have been used to synthesize MAPOs, 

termed ionothermal synthesis. The nearly absent vapor pressures of ionic liquids, and 

the fact that the cationic moiety also acts as the structure-directing agent, is a distinct 

advantage over traditional hydrothermal synthesis. The non-aqueous nature of ionic 

liquids opens opportunities to study the effects of reagent amounts of water on the 

kinetics and phase-selectivity of the product. Additionally, ionothermal synthesis can 

open up the possibility for synthesizing new phases not possible via hydrothermal 

synthesis. 

 

Metal-organic coordination polymers (MOCPs) are low dimensional, layered 

materials that have promising application in aqueous toxic oxo-anion exchange. 
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Ground water contamination of ions such as perchlorate, chromate and pertechnetate 

are a concerning issue facing the world today. The low dimensionality of these 

MOCPs allows flexibility in exchanging a wide variety of oxo-anions that are 

currently known EPA contaminants. 

 

 Herein is a review of two types of inorganic materials, ionothermally 

synthesized MAPOs for use in catalysis, and MOCPs for use in ion exchange. This 

review will focus on the new findings related to ionothermal synthesis of 

aluminophosphates. Specifically, new phase discovery and studies focused on the 

effects of adding reagent amounts of water and hydrofluoric acid to the non-aqueous 

ionothermal syntheses will be discussed. The MOCP portion of the review will center 

on the properties of these materials, and how those properties can be exploited for 

selective ion exchange. 

 

 

1.1 Ionothermal synthesis of metal substituted aluminophosphate molecular 

sieves  

1.1.1 Zeolite and zeotype materials 

 Aluminophosphates (AlPO4-n, n = structure type) were first discovered by 

Wilson et al. of Union Carbide in 1982.1 Aluminosilicates were a predecessor to 

aluminophosphates (denoted hereafter as AlPOs), and have widespread use in 

catalysis, owing to their strong Brønsted acidity and molecular-sized pores. 
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Aluminosilicates are formed through oxygen sharing of SiO4 and AlO4 tetrahedra, 

and have a general structure composition of [Si1-xAlxO2]�nH2O. The acidity is due to 

the replacement of Si4+ with Al3+, forming an anionic framework, with an H+ as the 

charge balancing cation. AlPOs, on the other hand, are neutral in charge from 

replacing the Si4+ with a P5+ (Figure 1.1). These types of materials tend to have high 

thermal stability due to the strength of tetrahedral coordination, although as the pore 

channels get larger, thermal stability can suffer. Aluminophosphates generally tend to 

also be less stable than their pure-silica and aluminosilicate counterparts due to the 

different bonding modes within the structures. Whereas silica and aluminosilicates 

have a continuous semi-covalent network of bonding, the bonding within 

aluminophosphates is essentially ionic in nature between Al3+ and PO4
3−. 

 

                           

Figure 1.1 Left: pure silica zeolite; Middle: aluminosilicate zeolite; Right: 
aluminophosphate 
 

 

The pores within these types of materials are created by the material 

precursors forming around organic structure-directing agents (SDAs) that are added 

into the reaction mixture. Once synthesized, the SDA is evacuated from the material, 

usually through calcination, leaving behind a porous framework. The size of the pores 

Si
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and the topology of the framework are often dictated by the SDA used for synthesis. 

However, some structures will form with a wide variety of SDAs, such as AlPO-5 

(AFI topology), and some that only form with certain SDAs under specific 

conditions, such as the DFO framework.1–4 The molecular size of the pores, which 

make zeotype materials excellent for size/shape selective catalysis, are due to the 

organic templates. The largest pore size that has been recorded to date are 18 ring 

(18R) structures for the topologies VFI, ITT, and IRR.5–9 These are considered 

“extra-large-pore” zeolites and have pore sizes on the order of 12-13 Å. A selection 

of SDAs and their corresponding frameworks are show in Figure 1.2. The range in 

molecular pore and channel sizes and their ability to separate molecules has earned 

these types of materials the name, “molecular sieves.” 
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Figure 1.2 Selection of SDAs and corresponding frameworks. Structure images were 
used directly from the International Zeolite Database.5 
 

 

 A significant benefit to AlPO materials is the opportunity for selective 

replacement of an Al3+ with a M2+ (M = metal) to create a metal-substituted 

aluminophosphate (MAPO) or the selective replacement of a P5+ with a Si4+ to create 

a silicoaluminophosphate (SAPO-n). These substitutions cause the neutral framework 

to become anionic, thereby introducing Brønsted acidity, and the possibility for acid-

mediated catalysis. The benefit over aluminosilicates is that the acidity of a MAPO is 
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much more tunable, as different metals possess varying levels of acidity10–12 and the 

acidity of SAPO-n materials can be varied with different reaction conditions.13 It is 

worthwhile to note, the structure type, n, denotes the same structure type in these 

materials, so the structure for AlPO-5 is the same as for SAPO-5. There are currently 

hundreds of known AlPO-n structures with varying pore sizes and channel 

dimensionalities (Figure 1.3).5 

 

                      

Figure 1.3 Selection of AlPO frameworks, all viewed from 001 plane normal and 
shown as the tetrahedral view. Left: AlPO-5 (AFI topology), Middle: AlPO-16 (AST 
topology), Right: AlPO-11 (AEL topology) 
 

 

A common target for catalysis using these types of materials is the conversion 

of an alcohol (often methanol or ethanol) to an alkene. The tunability is key for this 

application, as it has been shown that different products result from different acidity 

levels.11,14,15 For instance, in a very nice study by Akolekar et al., eight different 

adaptations of AlPO-11, all with varying acidity, were tested for conversion of 
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ethanol to alkenes. They found that the materials with lower acidity selected more 

preferentially for C2-4-aliphatics, whereas the more highly acidic materials selected 

for aromatics.11 This kind of catalytic selectivity coupled with high thermal stability 

and so many accessible frameworks of varying molecular pore-sizes, makes the 

AlPO-n family of materials highly desirable for catalytic applications. 

 

1.1.2 Ionic liquids 

 Ionic liquids (ILs) are molten salts with melting points generally below 

100 °C. For the past 30 years, ILs have gained significant popularity not only in 

chemistry, but in many other disciplines of science.16–21 They have virtually no vapor 

pressure, are relatively non-toxic and once a reaction has been run, they can be 

purified and reused.22 These properties have earned them the title of “green solvents.” 

ILs consist simply of an anion and a cation, where the cation is typically an organic 

ammonium, and the anion can be virtually anything from a simple halogen to a large, 

non-polar molecule such as bis(trifluoromethylsulfonyl)amide (Figure 1.4). There are 

literally millions of possible ionic liquids, creating the opportunity to design a 

“custom solvent” for whatever the application the IL is needed for. 
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Figure 1.4 A selection of potential anionic and cationic moieties for IL design.  

 

 

1.1.3 Ionothermal synthesis of aluminophosphates 

 In 2004, Cooper et al. conducted the first aluminophosphate synthesis in ionic 

liquids, and coined the term ionothermal synthesis to distinguish it from 

solvolthermal synthesis.23 They were able to synthesize four new structures, SIZ-1, 

SIZ-3, SIZ-4 and SIZ-5 (St. Andrews Ionic Liquid Zeotype-n) simply by changing the 

reaction conditions, namely, the amount of water and HF added to the synthesis 
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(Figure 1.5). The IL they used, which remains one of the most common used in 

ionothermal synthesis, was 1-methyl-3-ethylimidazolium bromide. 

 

 
Figure 1.5 Four new AlPO frameworks obtained through ionothermal synthesis by 
varying the amount of water and HF. SIZ-1: 0.0 HF eq, 2.9 water eq; SIZ-3: 0.73 HF 
eq, 3.8 water eq; SIZ-4: 0.70 HF eq, 0.0 water eq; SIZ-5: 0.0 HF eq, 116 water eq.23 
 

 

 This report led to a huge amount of new research at a feverish pace in 

ionothermal synthesis of AlPO materials. In ionothermal synthesis, the cationic 

moiety acts as both part of the solvent system, and as the SDA. This adds a number of 

benefits over hydrothermal syntheses. First, it removes the hazards associated with 
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high pressures achieved during hydrothermal synthesis. Ionothermal syntheses can be 

accomplished under ambient conditions and in glassware, as opposed to in the steel 

autoclaves necessary when high pressures are involved. Ionothermal synthesis also 

removes the potential competition between the SDA and the solvent, since the SDA is 

the solvent. Finally, and arguably the most important benefit, is the opportunity for 

interesting chemistry to emerge. Ionothermal synthesis is a non-aqueous system, so 

there is an opportunity to discover how reagent amounts of water affect the phase of 

the material, which from the example above, is clearly a factor. Additionally because 

the SDAs are concentrated together, as opposed to floating around in water, 

opportunities exist for SDA “clusters” to template materials that haven’t been 

achievable through hydrothermal routes (more on this in section 1.3.1).3 

 

1.1.4 Water and HF effects in ionothermal synthesis 

 Clearly, from the report published by Cooper et al. both water and HF play a 

role in the phase of the products synthesized. Since then there have been some nice 

studies on the effects on water in ionothermal synthesis, and recently one published 

on HF.24–28 The studies are still limited, however, opening the opportunity of further 

research.  

 

 A molecular dynamics study of water in two 1,3-dimethylimdazolium based 

ILs, was completed by Hanke and Bell.24 They chose one hydrophilic IL, where Cl− 

was the anion, and one hydrophobic IL with hexafluorophosphate (PF6
−) as the anion. 
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They propose that at very low concentrations of water in an IL, the waters are 

molecular in nature and hydrogen bond strongly to small anions such as Cl−, but as 

expected, not as strongly to PF6
−. This has an effect on the diffusion constants of the 

water, with the constant for the Cl− IL being much higher due to the strong attraction 

between water and the anion. These strong attractions are believed to “deactivate” the 

water, making it unavailable to participate in reactions. As water is added into the 

system, the molecules of water can begin to H-bond to one another, forming small 

clusters. The clusters get larger as more water is added until a continuous network of 

water is able to form, at which time the properties of the mixture change dramatically 

(the exact % of water was not available, but likely depends on the IL). While this was 

an important study lending insight to the dynamics of these systems, actual 

experimentation suggests that water is not, at least not totally, deactivated.25 

 

 Ma et al. conducted a kinetics study to identify the effects of water in an 

ionothermal synthesis for molecular sieves.25 They utilized two ILs that are very 

common in these types of syntheses, 1-ethyl-3-methylimidazolium bromide 

([C2mim]Br)22 and 1-butyl-3-methylimidazolium bromide ([C4mim]Br)22. They 

discovered that reagent amounts of water (2-4 eq) greatly influenced the 

crystallization rates of the molecular sieves. This surely suggests that water is not 

completely deactivated, although this could be a result of using Br− versus Cl− since 

Cl− is a harder anion and would likely make a stronger H-bond to water. The 

crystallization rate increase was attributed to the acceleration of hydrolysis and 
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condensation reactions the water would supply. There is a balance, however, as 

having too much water within the reaction has been shown to result in dense-phase 

products.28 

 

 Ma et al. in the water study also studied the role of F− within the synthesis.25 

They used NH4F as the F− source instead of the more typical HF, in an effort to 

introduce as little water as possible into the reactions (HF is typically 52% in water). 

F− is a known mineralizer in AlPO syntheses, but there is evidence of it also acting in 

a structure-directing role as well. When no water or NH4F were added into a 

microwave synthesis of AlPO-11, or when only water was added, the crystallization 

kinetics were very slow. When NH4F only was added in as 0.2 and 0.5 equivalencies, 

the crystallization rate significantly increased (0.2 eq to ~27%, 0.5 eq to ~60% in 1 

hour). Finally, when both water and NH4F were added, the kinetics increased 

dramatically to nearly 80% in just 20 m (Figure 1.6). A similar trend was seen for 

conventional heating methods, although the timeframe was understandably longer. 
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Figure 1.6 Crystallization curves of AlPO-11 obtained in [C2mim]Br under 
microwave heating at 200 °C. Initial gel composition: 
1AlOOH : 3NH4H2PO4 : xNH4F : yH2O : 40 [C2mim]Br (molar ratio).25 
 

 

This study also reported an additional peak in the 31P MAS-NMR spectrum at 

−23.5 ppm of the AlPO-5 material, which was produced using the [C4mim]Br IL in 

the presence of NH4F (0.2 or 0.3 eq). This extra peak is attributed to the presence of 

F− incorporated into the framework.25 

 

 Another study was recently published that systematically studied the effects of 

F− on ionothermal synthesis of molecular sieves.26 They compared a variety of F− 

sources including HF, NH4F, and NMe4F to identify the dependence of phase on the 

F− source. They found that HF and NH4F ultimately provided the same products, 

however, a much higher equivalency of F− was needed when coming from NH4F (21 
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eq compared with 0.75 eq), and the temperature needed to be 190 °C instead of the 

160 °C using HF. Interestingly, when they used NMe4F with the same conditions as 

HF (0.75 eq at 160 °C), they achieved a different phase. Instead of the 1D channel 

system of AEL (AlPO-11; a 10-ring analogue to AlPO-5), a 3D channel system LTA 

(AlPO-42) phase resulted. The significant results are summarized in Table 1.1. 

 

Table 1.1 Summary of significant findings from varying the F− Source26 

 HF NH4F Me4NF 
Time 4 h 4 h 4 h 
Equivalence 0.75 21 0.75 
Temperature 160 °C 190 °C 160 °C 
Product AEL AEL LTA 
 

 

 The difference in phase when using Me4NF was attributed to Me4N+ acting as 

a co-SDA to the [C4mim]+, supporting the formation of a different phase. This type of 

phenomenon has recently been previously reported and will be discussed in further 

detail in section 1.3.2.29–32 

 

 Azim et al. also reported results when varying the amount of HF in the 

reaction (results summarized in Table 1.2).26 When no HF was added, the result was 

an amorphous product, indicating the reaction was significantly slowed down. At 0.38 

eq, they report a mixed-phase of AFI and AEL, which turns into pure-phase AEL 

once 0.75 eq HF has been added. Further addition of HF leads to the emergence of 

dense phase peaks with AEL, and then finally to fully dense-phase at 1.51 eq. One 
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issue with these results are the fact that water is not kept consistent. Since it was 

shown that water and HF both significantly contribute to the product structure (vide 

supra), it is hard to argue these changes are purely the result of the changing HF 

equivalencies. Nonetheless the results of their study reveal some very interesting 

information. 

 
Table 1.2 Summary of results varying amount of HF26 

[C4mim]Br Al P HF Water Phase 

7.37 1 1.12 0.00 1.07 Amorphous 

7.37 1 1.12 0.38 1.51 AFI + AEL 

7.37 1 1.12 0.75 1.95 AEL 

7.37 1 1.12 1.13 2.39 AEL + dense 

7.37 1 1.12 1.51 2.83 Dense 

7.37 1 1.12 1.88 3.27 Dense 

 

 

1.1.5 New developments in ionothermal syntheses of MAPOs 

 Since 2004 when Cooper et al. reported the first ionothermal synthesis of 

aluminophosphates, much research has been dedicated to this interest. Options such 

as microwave synthesis became a much safer route to fast synthesis of these materials 

by removing the high-pressure dangers of hydrothermal syntheses,33–35 and novel 

structures are being accessed that haven’t been seen through hydrothermal 

syntheses.23,27,28,36,37 A particular area of interest is using ionic liquids to support 
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metal incorporation into frameworks not possible by hydrothermal synthesis. After 

all, it is M2+ metal incorporation that will create the potential for catalytic activity in 

the otherwise neutral AlPO material. 

  

 The earliest report of metal incorporation via ionothermal synthesis was 

completed by Parnham and Morris.38 Working with [C2mim]Br, and by simply 

adding Co2+ to their already established synthesis method,27 they were able to achieve 

three different CoAPOs, two that had known structures and one novel structure.38 The 

three structures are denoted as SIZ-7 (novel), SIZ-8 (AEI topology) and SIZ-9 (SOD 

Topology) (Figure 1.7). 
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Figure 1.7 Projections of the three cobalt aluminophosphate zeolite frameworks (a) 
SIZ-7 (novel), (b) SIZ-8 (AEI), and (c) SIZ-9 (SOD).38 
 

 

 Their work has inspired a large body of work in ionothermal synthesis of 

MAPO materials including several more studies of Co substitution, as well as Mg, 

Mn, Fe and Zn studies.3,39–43 

 

 Manganese has been known to substitute into AlPO-5 (AFI) and AlPO-11 

(AEL) frameworks through hydrothermal synthesis.44–49 AFI and AEL are analogous 

structures, both having 1D channel systems, but AFI is a 12R whereas AEL is 10R. 
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To date, there are very few reports of ionothermal synthesis of MnAPOs, and only 

one that has reported MnAPO-5.40,41,50  

 

The report by Ng et al. utilizes 1-ethyl-2,3-dimethylimidazolium bromide 

([edmim][Br]) to synthesize nanoscale MnAPO-5 materials, and were able to 

demonstrate that the SDA, in this case [edmim]+, was able to stay in-tact once 

encapsulated by the framework (Figure 1.8).40 They did not, however, demonstrate 

the Mn was incorporated, or even involved during the synthesis of the material. 

 

  
Figure 1.8 Left: XRD patterns of (a) [edmim]Br/MnAPO-5 nanocrystals and (b) 
simulated pattern of AFI-type material. Inset: particle size distribution of MnAlPO-5 
nanocrystals represented by DLS and SEM images at different magnifications (left 
bar is 2µm). Right: 13C MAS NMR spectra of (a) [edmim]Br/MnAlPO-5 nanocrystals 
and (b) pure [edmim]Br ionic salt. Asterisks denote spinning sidebands.40 
 

 

 In 2016, Liu et al. reported the ionothermal synthesis of an MnAPO-SOD 

molecular sieve.41 Additionally, and most notably, the Mn2+ appeared to act as the 
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SDA instead of the cation of the IL, and there was no F− in the final structure 

demonstrating its strict use as a mineralizer. The IL used was [C2mim][Br]. By single 

crystal XRD they determined the existence of two types of Mn, one that was 

substituted into the framework, and one that resided inside the SOD cage. From the Q 

peaks of the Fourier maps, it was proposed that there were two types of hydrated 

Mn2+ within the cages, [Mn(H2O)4]2+ and [Mn(H2O)6]2+ (Figure 1.9). The organic 

cation was not found in the material, and the SOD framework did not result when 

Mn2+ was not added to the reaction (instead mixtures of CHA and cristobalite 

products were recovered). This strongly suggests the structure-directing ability of the 

Mn2+, which is certainly a noteworthy result! 

 

 

Figure 1.9 Two possible coordination modes of the hydrated manganese(II) cations 
in SOD-Mn.41 
 

 

In addition to a metal being able to solely act as an SDA, there is evidence for 

a certain metal and a certain IL to come together to produce phases not achievable 
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hydrothermally. Pinar et al. ionothermally synthesized a ZnAPO of DFO framework 

with a diisopropylimidazolium bromide IL (DIPI).3 The DFO topology has only ever 

been reported using Mg2+ and decamethonium as the SDA.4 The two different SDAs 

are shown in Figure 1.10. 

 

   Vs.    

Figure 1.10 Left: DIPI; Right: decamethonium 

 

 

There are a few remarkable aspects about this research, the first being the 

difference in the SDAs. Clearly there is quite a large difference between the two, and 

it seems illogical that the DIPI would be able to template a material with such a large 

cage system. Through extensive refinement of synchrotron PXRD data, the authors 

were able to determine with relative confidence that the organics found in the 

material were crystallographically ordered. It appears the SDAs formed together to 

create a “super-SDA” resulting in the templating of DFO (Figure 1.11). This would 

likely never be possible in hydrothermal synthesis, as the organic SDAs are dispersed 

in water. Secondly, the authors were also able to resolve where the zinc was located 

within the structure, and discovered a well-ordered system of catalytic sites (the Zn 

sites). The catalytic sites were accessible through a channel system, but none were 

found in the large cage (Figure 1.11). This gives this material the additional benefit of 

N N
N

N
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having size-selectivity. Finally, when Zn was used as the substitutional metal with the 

decamethonium in a hydrothermal synthesis, it did not result in a DFO structure. 

Likewise when Mg was placed in the ionothermal system, the result was not a DFO 

structure. This suggests that there was a certain synergistic effect between the metal 

and the IL that lead to this new phase. 

 

        

Figure 1.11 Framework oxygen atoms have been omitted for clarity. Left: A possible 
arrangement of DIPI-1 (blue) and DIPI-2 (green) in the large cavity and the water 
molecules in the smaller cavity (red balls). Note that only half of the unit cell (along c) is 
shown. Middle: Two neighboring channels showing a possible arrangement of DIPI-3 
(purple), DIPI-4 (orange), the fluoride ions (green balls) and the water molecules (red 
balls). Right: Two neighboring channels highlighting the catalytic site (orange balls) in 
the 10-ring openings that connect each channel with three neighboring channels. In each 
unit cell, there are 6 Zn atoms and 18 Al atoms.3 
 

 

1.1.6 Future directions 

Research has been published on the ionothermal synthesis of CoAPO 

materials, owing to the fact that Co2+ has been proven capable of tetrahedral 
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coordination.38,42,51 There have been more limited reports on ionothermal synthesis of 

MnAPOs with Mn incorporation,40,50 and no known reports on ionothermal synthesis 

of NiAPOs. Both Mn and Ni are more challenging in terms of tetrahedral 

incorporation owed to their preferred octahedral geometries. An ionothermal 

approach to incorporation may prove to be a worthwhile venture. Additionally, the 

work of Pinar et al. teaches that there could be more achievable novel phases in 

working with less researched metals.3 

 

 Additionally, although there have been some studies on using anions other 

than bromide for ionothermal syntheses of molecular sieves, the reports are very few. 

Parnham and Morris conducted a study using a hydrophobic ionic liquid at the 

solvent system to obtain a novel Al(H2PO4)2F chain structure.52 They used 

[C2mim][NTf2] as the IL and 0.69 eq of HF as a mineralizer. They report difficulty in 

solubilizing the precursors due to the hydrophobicity of the IL, which isn’t an issue 

when working with bromides. When the anion was changed to Br− or PF6
−, other 

phases were achieved (not reported), which strongly suggests the anion is involved in 

phase direction. Additionally, in this report, there was no template or water found 

within the material. They propose that this was not actually a solvent-mediated 

reaction, but rather solid-phase; the bulky anion is believed to have disrupted the 

chemistry of ionothermal synthesis, as the reactant did not appear to disperse within 

the IL, but rather laid at the bottom of the reaction vessel. 
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 As part of the work previously mentioned by Azim et al. the replacement of 

the Br− anion with Cl−, I− and NTf2
− within the [C4mim]+ IL was analyzed by ab 

initio molecular dynamics (AIMD) in a preliminary study.26 They report that the 

anion of the IL creates a bridge between the Al in the framework and the H2 of the 

cation (H2 position is attached to the carbon between the two nitrogens of the 

imidazole). Br− had the most ideal angle between it and the cation for the creation of 

an AEL framework. The Cl− made a stronger and therefore shorter bond with the Al, 

causing an unflavored angle for anchoring the cationic SDA into AEL, but had a 

more favorable angle for templating AFI. Experimentally they found that 

[C4mim][Br] indeed templated for AEL while [C4mim][Cl] templated for AFI; both 

[C4mim][I] and [C4mim][NTf2] resulted in dense-phases only. The dense-phase result 

also makes sense, as neither the I− nor the NTf2
− are strongly coordinating ions. 

Although these are preliminary results, they seem to help explain the experimental 

phenomenon observed. 

 

 There is good evidence that both the cation and the anion are involved in the 

templating of molecular sieves in ionothermal synthesis, but the research is still very 

limited. Further studies on how the anion moieties affect the synthesis would 

certainly bring much more understanding into this interesting and exciting arena of 

research. 
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1.2 Metal organic coordination polymers  

1.2.1 Metal organic coordination polymers (MOCPs) 

 In the past 20-years, there has been a massive growth in the research of metal-

organic frameworks (MOFs). Technically, according to Yaghi, the father of the MOF, 

a MOF is a 3D structure consisting of secondary building units (SBUs) connected 

together with organic linkers.53 The SBUs are often metal carboxylate-capped clusters 

of variable size and shape. They can be then be joined together by organic linkers of 

various chain lengths (Figure 1.12).53,54 The ability to customize both the SBUs and 

the organic linkers, make these materials infinitely tunable. However, they suffer 

from thermal instability owed to the organic linker. Another class of these types of 

materials is metal organic coordination polymers (MOCPs), often times also referred 

to as MOFs. However, these materials are 2D layered and 1D chain structures, and 

lack the rigid structure of their 3D counterparts (Figure 1.12)55. 

 

        

Figure 1.12 Left: 3D MOF-553; Right: 2D cationic SLUG-2155 
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 MOCPs have a number of important and advantageous benefits to them, 

especially in the realm of anion exchange. MOCPs can be made to be cationic by 

utilizing a neutral nitrogen-containing linker such as pyrazine (pyz) or 4,4’-bipyridine 

(4,4’-bipy), attaching it directly to a metal cation, and then balancing the cationic 

charge with an anion (Figure 1.13).56 The cationic metal-organic chains form π-

stacked layers, between which lie the charge-balancing anions. It is the layers that 

give these materials the flexibility to exchange for anions of different sizes and 

shapes.57–60 

 

 

Figure 1.13 Selected structures of ligands (left) and coordination complexes (right). 
M = Metal X = Anion.56  
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 The method of ion exchange by MOCPs for many years was assumed to 

proceed through a solid-state mechanism, until an elegant study came out by the 

Schröder group questioning the validity of the solid-state process.56,61 The idea 

proposed by Schröder was that, perhaps it was actually a solvent mediated exchange 

process, and not solid state at all. In the study by Cui et al. from the Schröder group, 

solubilities of a number of MOCPs were measured in a variety of solvents from polar 

to non-polar (for example, CH3CN, MeOH, EtOH, and benzene), followed by anion 

exchange attempts in the same variety of solvents.56 When anion exchange was 

conducted between, for instance, silver bipyridine nitrate, (SBN, Ag(4,4’-bipy)NO3) 

and silver bipyridine tetrafluoroborate, (SBB, Ag(4,4’-bipy)BF4) in a solvent where 

SBN was soluble, the exchange proceed. However, when the exchange was 

conducted in a non-polar solvent such as benzene where SBN was insoluble, the 

exchange did not take place, even after 10 days. Also analyzed was the reversibility 

of exchange. The exchange between SBN and silver bipyridine perchlorate, (SBP, 

[Ag(4,4’-bipy)ClO4]) was reversible in MeOH, but not in water, which directly 

correlated to their respective solubilities determined in the study. From these 

exchange experiments, they developed a schematic for the various possibilities for ion 

exchange, and whether they were reversible or not (Figure 1.14).  
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Figure 1.14 Interconversions of coordination polymers through solvent- mediated 
anion exchange in different solvents: a) H2O; b) CH3OH; c) CH3CN. Double-headed 
arrows indicate reversible and single-headed arrows irreversible processes.56 
 

 

Although these findings were evidence of possible solvent-mediated 

exchange, they noted that there could also be a size-selectivity where smaller anions 

would be expected to intercalate into the material over larger anions. To investigate 

the possibility for size selectivity, an additional exchange was conducted. Several 

anions, NO3
−, BF4

−, CF3SO3
− and ClO4

−, were all placed into MeOH together and the 

exchange was monitored by FTIR. Early in the exchange, the known stretches of all 

anions were found within the material, but all the bands disappeared after 1 hour, with 
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the exception of the ClO4
− band, corresponding to the SBP product. The resulting 

material was analyzed via PXRD, which confirmed a single-crystalline phase. The 

ClO4
− was stated in the report as being analogous to NO3

− and BF4
−, but that it was 

the low solubility of the SBP product that drove the observed results. These 

experiments were conducted for different ligands and different metals, and all results 

supported the solvent-mediated exchange hypothesis, and that solubility of the 

materials dictated the exchange results.56 The solubility of the materials was 

attributed to the hydration energy of the charge-balancing anion, therefore predicting 

the low solubility of the SBP, as ClO4
− has low hydration energy compared to the 

other anions in the study. 

 

 Finally, Cui et al. studied the method of exchange utilizing AFM to 

monitor the progress (Figure 1.15).56 It suggested an epitaxial crystallization process. 

While one phase dissolves, the other recrystallizes on its surface. This method of 

monitoring the exchange was truly impressive and informative. 
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Figure 1.15 AFM topography and amplitude images (taping mode) of the surface of 
an SBN crystal after exposure to a 0.2 M NaCF3SO3 aqueous solution for 0 min, a) 3 
D topography and b) amplitude at t = 0 min. Amplitude images (c–e) at 60, 63 and 66 
min, respectively. f) 3 D Topography view of the surface at 66 min. Selected areas in 
images (c–e) shows formation of the new crystalline phase. Scale bars represent 500 
nm.56 
 

 

 One factor that was not taken into account in the study by Cui et al. was the 

structures of the various materials and its potential relation to solubility. There have 

been a number of investigations of anionic influence specifically on silver-based 

MOCP structures, and common trends have been observed with varying anions, 
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namely ClO4
−, NO3

−, BF4
− and PF6

−.62–65 Of these anions, PF6
− was the only one that 

supported a 3D structure due to the Ag ⋯ F interactions, and will not be considered in 

this discussion.63,64 Of the remaining anions, there seemed to be a relationship 

between the shape of the anion and the resulting 2D structure. For instance, while 

studying argentophilic interactions within silver pyridine complexes, Chen et al. 

discovered that ClO4
− and BF4

−, both tetrahedral, supported the same Ag ⋯ Ag 

interaction (Figure 1.16).63 

 

   

Figure 1.16 Thermal ellipsoid plot of two [Ag(py)2]+ fragments making close contact 
to each other and the two anions at the 35% probability level. Atoms labeled with 
additional letters A are symmetry equivalent to those atoms without such designation. 
Left: ClO4

− structure; Right: BF4
− structure.63 
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This type of linear Ag-Ag interaction is also seen in a variety of other MOCP 

materials containing ClO4
−, but the geometry of the anion may not be the only factor. 

An additional driving force could be the relatively strong interaction perchlorate 

seems to have with silver.64–66 The long-range linear Ag-Ag interactions (in both 

bonding and through-space coordination) when perchlorate is present is in contrast to 

that observed in complexes with NO3
−.64,65 An example of the different polymeric 

behavior between ClO4
− and NO3

− complexes is nicely displayed by deBoer et al. in 

their work with [Ag(PyOH)2]X, (PyOH = 4-pyridylcarbinol, X = NO3
−, BF4

−, 

CF2SO3
−, and ClO4

−).64 In the structure of [Ag(PyOH)2]ClO4, pairs of eclipsed 

perchlorate anions display extensive bridging of silvers down the c axis, likely 

contributing to the material’s structure (Figure 1.17, top). Conversely in the 

[Ag(PyOH)2]NO3 structure, the NO3
− weakly coordinates to the silver centers, acting 

as more of a simple charge-balancing anion versus an anion that actually interacts 

with the structure. The long-range π-system interactions are hindered by the 

staggering of the dimer units in the NO3
− structure, and is therefore lacking the π-π 

stabilization seen in its perchlorate counterpart (Figure 1.17 bottom).64 
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Figure 1.17 Top: [Ag(PyOH)2]ClO4 views; Top left: Linear chains of Ag+ centers 
stacked along the c axis, with alternating covalently linked Ag–Ag dimers and non-
covalent Ag···Ag units. Top right: catenated building block down the c axis 
highlights the asymmetry of the ligand appendages of the ClO4

− structure. Bottom: 
[Ag(PyOH)2]NO3, where Ag+ atoms are paired in discrete dimer units along the c 
axis.64 
 

 

 This effect is mirrored in the SBP and SBN MOCPs (vide supra). The layers 

of the SBN show Ag-Ag bonds for every other silver, creating a “ladder” like 

structure (Figure 1.18 left).67 When viewing just the “layers” of the SBN versus the 

SBP, the SBP has a head-to-head, co-linear arrangement of Ag-bipy+ polymeric units, 
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thereby maximizing the π-stacking interactions. In comparison, the SBN has an 

orthogonal layout of the “layers” where only half of the pyridine rings stack.66 

 

 

Figure 1.18 Left: SBN structure as originally reported by Yaghi.67 Center and Right: 
“Layers” of SBN and SBP respectively as reported by Colinas et al.66 
 

 
In the study by Chen et al. (vide supra) they identified the [Ag(py)2]BF4 and 

[Ag(py)2]ClO4 structures had the same layout with respect to the Ag-Ag interactions. 

This was attributed to the geometries of both the ClO4
− and the BF4

− being 

tetrahedral.63 However, a report by Khlobystov et al. of the Schröder group identified 

two different phases of the silver-bipyridine material when BF4
− is intercalated, one 

that has a head-to-tail co-linear arrangement of the polymer units, and one that is 

orthogonal, similar to SBN (Figure 1.19).  
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Figure 1.19 Left: Packing diagram of complex {[Ag(4,4′-bipy)]NO3}∞. The 
orthogonal arrangement of chains is related to that observed for supramolecular 
isomer A of {[Ag(4,4′-bipy)]BF4}∞61 Right: Packing diagram of supramolecular 
isomer B of {[Ag(4,4′-bipy)]BF4}∞61 

 

 

The fact that one ion can form two separate isomers is of significant 

importance when attempting to identify the cause of the adopted polymeric 

conformations. It must not be only the geometry of the anion that is responsible for 

the chain orientations. Blake et al. in a study of long-range chain orientations as a 

function of the charge-balancing anion considered the various interactions that took 

place within these types of materials with respect to the charge-balancing anion 

(Figure 1.20).62 For instance, although a head-to-head arrangement of the polymer 

units is not energetically favored due to charge repulsion, if a strongly coordinating 

anion is able to decrease the repulsion by lending higher densities of negative charge, 

this arrangement becomes less problematic. In fact, this arrangement in the case of 
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SBP (Figure 1.18) for example, leads to overall better stability of the material due to 

the strong π interactions formed. 

 

 

Figure 1.20 Weak interactions observed in one-dimensional Ag+–bipyridyl co-
ordination polymers: (a) favorable head-to-tail aromatic π–π pyridyl–pyridyl 
interactions, (b) less-favorable head-to-head aromatic π–π pyridyl–pyridyl 
interactions, (c) Ag ⋯ Ag interactions, (d) Ag ⋯ aromatic interactions.62 
 

 

For MOCPs, there is overwhelming evidence that the mode of ion exchange 

for these materials is a solvent mediated process.56,61 There is also overwhelming 

evidence that the ion exchange is driven by the solubilities of the beginning and 

ending materials, and the solvent system in which the exchange is run.56,61 The 

solubility was attributed to the hydration energy of the anion in the work by Cui et 

al.56 The more an anion is hydrated, the more soluble a material containing that anion 
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would be. It does, however, seem this would not be the only factor, and that the 

overall structure of the material would play a significant part as well. 

 

Regardless of the components that make a material more or less soluble, 

knowing the solubilities themselves can make it possible to exploit these materials for 

use in ion exchange. Currently there has been quite a bit of research focused on 

metal-bipyridine structures for use in ion exchange, with focus on exchanging for 

toxic oxo-anions such as ClO4,−66,68 chromate (CrO4
2−),69 and pertechnetate 

(TcO4
−).57,58 These types of material have even been found effective for sequestering 

uranium ([UO2(CO3)3]4− from ocean water.59 

 

1.2.2 Applications of MOCPs 

 The properties of MOCPs, specifically their respective solubilities, make them 

ideal for several types of ion exchange. For an exchange where the process needs to 

be reversible, the solubility of the beginning material should be higher than that of the 

ending material, but they should not be so different that the reaction is irreversible. A 

reversible exchange may be desired if recovery of the sequestered anion is important, 

or as a cost-savings strategy in the ability to re-use the material. There may be 

situations, however, where the required outcome of the exchange is to sequester and 

safely store the target anion, such as the case may be for nuclear waste products. 

Given the flexibility in these materials to start with a variety of anions and/or metals, 

which would provide a variety of solubilities, materials can be developed to target 
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very specific ion exchanges for whatever the preferred outcome may be (reversible or 

not). 

 

(i) Targeting perchlorate. Perchlorate is a strong oxidizer used in the 

manufacture of rocket fuel and fireworks.70 Contamination into ground water can 

cause human consumption of perchlorate, which can lead to hypothyroidism, among 

other ailments.71,72 There have been three reported silver-bipyridine MOCP materials 

for use in perchlorate exchange, and one copper-bipyridine MOCP. Of the silver 

materials, one utilizes 1,2-ethanedisulfonate as its anion (SLUG-21), one uses nitrate 

(SBN) and the final one, acetate (SBA).55,66,68 The copper-based material (SLUG-22) 

also employs 1,2-ethanedisulfonate as its anion. All show excellent exchange for 

ClO4
−, and all are reversible with the exception of SBA in testing thus far. The two 

studies that were solely focused on perchlorate exchange, the SBA and SBN, will be 

discussed.  

 

SBA and SBN show nearly complete exchange for ClO4
− (99.9%), but the 

SBA has faster kinetics than the SBN, and releases acetate instead of nitrate, which is 

advantageous in environmental remediation. However, the SBA exchange is 

irreversible, whereas the SBN was shown to be reversible for a minimum of seven 

cycles with limited loss of efficacy (Figure 1.19).  
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Figure 1.21 SBN to SBP exchange reversibility. Top: PXRDs demonstrating 
recyclability over seven cycles. Bottom: Change in adsorption capacity over four 
cycles, compared to an Amberlite resin.66 
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The difference in reversibility can certainly be attributed to the relative 

solubilities of SBA and SBN to SBP. The SBA was reported to have a higher 

solubility than the SBP, resulting in the irreversibility of the exchange.68 However, 

the SBN to SBP exchange was also found previously to be irreversible.56 Colinas et 

al. found that by conducting the SBP to SBN exchange in a 20-fold molar excess of 

sodium nitrate (0.1 M) solution at 70 °C for 24-hours, the exchange would proceed to 

an average of 96%.66 In the SBA structure, the acetates bridge the silvers, and there is 

an H-bonded network of waters within the layers of the material (Figure 1.20).68 This 

would likely be easily dissolved in water, making reversibility a significant challenge. 

 

 

Figure 1.22 Adjacent linear chains of SBA seen end-on in this a-projection are 
bridged vertically by Ag-Ag pairs and acetate molecules. 

 

 

These two materials both perform extremely well for perchlorate exchange. 

One material, SBN, exchanges almost fully in 60 min versus about 30 min for SBA, 
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and the former releases nitrate, which is an EPA pollutant. However, the exchange of 

SBN to SBP is reversible, to least up to seven cycles, which is certainly an advantage 

considering re-use of the material and the ability to reclaim ClO4
−. This demonstrates 

that by understanding the capabilities of the materials to compete a certain job, one 

can pick and choose the material that is best suited to the desired outcome.  

 

(ii) Targeting chromate. Chromate is a waste product generated in industrial 

processes such as electroplating, tanning and petroleum refining. Chromate is a strong 

oxidizing agent as well as a known carcinogen and mutagen.73,74 An interesting 

metal-bipyridine MOCP was reported for the uptake of chromate (CrO4
2−) with a very 

high loading capacity of 68.5 mg/g. Additionally, a majority of the CrO4
2− uptake 

took place in only 30 min. The material contains two metals, for which the amounts 

within the material can be varied. SLUG-35 is a cationic MOCP with the formula 

[M(H2O)4(4,4′-bipy)2]2+ [M = Co(II) or Zn(II)].60 The excellent result for chromate 

uptake was with a material composition containing half Co and half Zn (Zn0.5Co0.5-

SLUG-35). The SLUG-35 was selective for chromate even in the presence of 50-fold 

molar excess of nitrate and sulfate thereby displaying further utility. There was, 

however, no mention of reversibility in this study. 

 

(iii) Targeting pertechnetate. Technetium-99 is a nuclear fission product of 

uranium-235, most commonly found in the oxo-anion form, pertechnetate, and has a 

half-life of 2.12 × 105 years.75 Pertechnetate is highly soluble in water, and is 
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therefore commonly found in nuclear wastewater at high levels. Manganese and 

rehenium, like technetium, are group-7 metals, therefore permanganate and 

perrhenate are often studied as analogs (a.k.a. surrogates) to pertechnetate in order to 

avoid working with radioactive material. SLUG-21, which was shown to uptake 

perchlorate (vide supra) also demonstrated utility in exchanging irreversibly for 

permanganate to 100% completion.55 Recently, SBN, also shown to rapidly uptake 

perchlorate, was reported for irreversible uptake of perrhenate in a nice study by Zhu 

et al.58 In this report, they compared the SBN to anion exchange resins that were 

specifically designed for TcO4
−/ReO4

− uptake and found that while the resins could 

reach their sorption capacity in 2 hours, SBN could reach its capacity in 10 min. 

Additionally, after 12 hours, the SBN reached a ReO4
− loading of 714 mg/g, which is 

more than all other sorbent materials tested (Figure 1.21). Finally, they tested 

perrhenate uptake in a variety of pH levels and found excellent capacity in a solution 

with a pH as low as 3.  
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Figure 1.23 (a) Sorption kinetics data of ReO4
− into SBN and Purolite-A532E. (b) 

Sorption isotherms of ReO4
– by SBN compared with LDH, NDTB-1, Purolite-

A532E, and Yb3O(OH)6Cl materials. (c) Effect of pH on the sorption of ReO4
– into 

SBN. (d) Effect of competing NO3
– on the uptake of ReO4

– by SBN. 
 

 

 The irreversibility in this case, is due to the solubility differences between 

SBN and SBR. Whereas SBN was originally reported as having a solubility of 0.80 

mmol/L, corresponding to a Ksp = 5.12 × 10-10, the solubility product found for SBR 

was as small as 2.16 × 10-13. This, of course, is beneficial as effective trapping and 

containment of nuclear waste is currently the best mode of remediation. The 

solubilities can likely be, at least somewhat, attributed to the structures of the 

materials, where the SBR (obtained by single-crystal-to-single-crystal exchange) is a 
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head-to-tail co-linear arrangement of the polymers, which should have more 

structural durability than the previously described SBN (Figure 1.22). 

 

 

Figure 1.24 Crystal structures of SBN (a) and SBR (b) showing a single-crystal to 
single-crystal structural transformation mechanism. Black square regions represent 
locations of NO3

– (a) and ReO4
– (b). Packing modes of [Ag(bipy)]+ chains of (c) SBN 

and (d) SBR.58 
 

 

Again, the fact that these reported exchanges for permanganate and perrhenate 

were irreversible is a benefit to this particular application. The containment of 

radioactive waste is an ongoing issue, and therefore if a material is able to trap a 

particular waste product, the hope is that it will not release the incoming anion. The 

solubility of the SBR was very low, which would then also be expected for SB-MnO4 
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given the similarities of anions and the irreversibility of the exchanges. Once again, 

this demonstrates the utility of matching material properties to application. 

 

(iv) Targeting uranium. SLUG-35, which was found to selectively uptake 

chromate, was also discovered to uptake U(VI) from ocean water, where the 

concentrations of U(VI) are between 1~10 ppb, with an average of about 3 ppb.59 

Uranium is currently mined, which is an environmental hazard, and therefore much 

work has been put into extracting uranium out of ocean water.76–84 This work is 

particularly remarkable in that the authors consider the anionic species that exists in 

the ocean, [UO2(CO3)3]4−. Other reports of MOF materials focused on uptake of 

U(VI) from an acidic media where the uranium species is UO2
2+, which one would 

hope would not exist in the ocean.76 Li et al. did a series of adsorption studies at 

different pH levels and found that most adsorption was between pH 6 and 9, which 

brackets the pH of ocean water, generally between 7.5 - 8.5 pH (Figure 1.23).  
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Figure 1.25 Effect of solution pH on the U(VI) adsorption on the adsorbent. c0 = 100 
ppm, m = 10 mg, t = 4 h and T = 298 K. The red line is used to guide our eyes.59 
 

 

 The exchange was also found to be reversible in a solution of Na2EDS up to 

67%. Even after 5-cycles of regeneration, the material still retains an adsorption 

capacity for U(VI) of 61 mg/g (down from a maximum of 89 mg/g). It was not 

reversible in water or in Na2CO3, which is desirable, as the goal is to recover uranium 

from the ocean. This goal necessitates the material being only reversible in conditions 

that are not naturally occurring. When the material was tested in actual ocean water, 

which contains a very complex matrix of uranium ions, the material was able to 

achieve an extraction efficiency of 1.03 mg/g in 1 L of the seawater, which had a pH 

of 8.3 and a U(VI) concentration of 5.35 ppb U(VI). The exchanges were analyzed 

using several methods including PXRD, FTIR, EDX, XPS and HRTEM, which 

confirms the success of this material to capture uranium, even directly from ocean 
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water. This report demonstrates just how powerful these relatively simple materials 

can be. 

 

1.2.3 New directions 

 These MOCPs have shown remarkable results in anion exchange of many 

different anions, but there remains opportunity to learn more about the materials 

themselves. For instance it would be of interest to more fully understand the aspects 

of the resulting solubility for these materials. Additionally, studies into kinetics of 

exchange and thermal stability of the MOCPs, and how these properties may relate to 

solubility, may potentially be another step forward on the design of ion and task 

specific exchange. 

 

1.3 Summary 

Ionothermal synthesis of metal-substituted aluminophosphate for use in 

catalysis affords the possibility for new phase discovery not always possible through 

hydrothermal synthesis methods. Additionally, the non-aqueous medium allows for 

studies focused on the effects of adding reagent amounts of water, which was found 

to be of vital importance to crystallization kinetics and the phase of the molecular 

sieve. Varying levels of hydrofluoric acid were also found to play an important role in 

phase determination and crystallization kinetics. Exploring the possibilities for 

ionothermal synthesis in supporting incorporation of geometrically challenging 
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metals such as Ni2+ and Mn2+ would be an exciting move forward in this area of 

research. 

 

Metal-organic coordination polymers (MOCPs) are low dimensional, layered 

materials that have promising application in aqueous toxic oxo-anion exchange. Even 

a very simple material consisting of 4,4’-bipyridine ligands and metals (Co2+, Zn2+, 

Ag+ and Cu+) have found significant success is exchanging for a wide variety of toxic 

and/or radioactive anions. There are still properties to be explored with these 

materials, such as how the structure dictate solubility, kinetics of exchange and 

thermal stability. There are also many more materials that can be explored by 

changing the organic linker. These simple materials are certainly promising tools for 

environmental remediation. 
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Chapter	2	

 

Ionothermal synthesis of aluminophosphate molecular sieves 

 

Abstract 

 Synthesis of nanoporous aluminophosphates (AlPO4-n) in ionic liquids (ILs) 

is described. In ionothermal synthesis, the IL acts as both the solvent and the 

structure-directing agent (SDA), with the cationic organic moiety acting as the 

template for the porous material to form. Two ionic liquids not commercially 

available with symmetrical cationic moieties, diisopropylimidazolium (DIPI) and 

diisobutylimidazolium (DIBU), were used in the synthesis. The DIPI was found to 

template for AlPO4-5, but only when a specific, reagent amount of water was added 

to the system. Too little water, as well as too much water both led to the condensed 

phase, cristobalite or a mixture of dense phases, cristobalite and tridymite. With the 

all varying amounts of water added to the reaction mixture, the DIBU only resulted in 

cristobalite. Hydroflouric acid (HF) was used in the synthesis as a mineralizer. For 

the DIPI IL, we also explored varying the amounts of HF in the reaction. No HF in 

the reaction led to a dense-phase and a large amount led to an unknown porous phase. 

It was determined that 0.12 eq of HF was the ideal amount to lead to an AFI structure. 

Ionothermal synthesis is a very simple and safe reaction to run compared to 

traditional hydrothermal syntheses. It certainly comes with its sensitivities, however, 
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and specific equivalencies of reagents must be discovered and then followed to 

consistently obtain the desired results. PXRD and SEM were used to characterize the 

AlPO4-5 materials, and 1H-NMR was used to characterize the IL. 

 

2.1 Introduction 

 Nanoporous aluminophosphates (AlPO4-n where n = structure type) are 

neutrally charged zeotype materials comprised of alternating phosphate (PO4
+) and 

aluminate (AlO4
-) tetrahedra. Traditionally AlPO4-n materials are synthesized 

hydrothermally by adding the precursors along with a structure directing agent (SDA) 

into water to make a paste-like mixture, then is heated to 100-250 °C.1 Hydrothermal 

syntheses are inherently high-pressure and therefore have inherent danger. 

Additionally, because water is in excess to the SDA, it can potentially compete with 

the SDA to template the material. In 2004, Cooper et al. presented an alternate route 

to synthesizing AlPO-n materials using ionic liquids (ILs), termed ionothermal 

synthesis.2 ILs are salts with melting points below 100 °C. Consisting of simply an 

anion and cation, there are literally millions of possible ionic liquids. There are 

several benefits to ionothermal synthesis of aluminophosphates. First, ILs have 

virtually zero vapor pressure, they are relatively non-toxic, and they are easily 

recyclable.3 Additionally the organic cation of the IL acts as the SDA in the synthesis. 

So, ionothermal synthesis not only removes the danger of high-pressure hydrothermal 

synthesis, it also removes any potential competition between the solvent and the SDA 

since the solvent is the SDA. Since ionothermal synthesis is a non-aqueous medium, 
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water can be introduced as a reagent, which offers the opportunity for its affects on 

the system to be studied. 

 

Not surprisingly, reports have shown that adding reagent amounts of water 

into ionothermal syntheses affects the outcome of the reaction.2,4–6 Ionothermal 

synthesis often has a small amount of water introduced through the precursors, such 

as 85% phosphoric acid, the phosphorous source, and 52% HF which is sometimes 

used as a mineralizer. Additionally many ILs are hygroscopic, so if care is not taken 

to keep the IL dry, they can often contain several ppm of water.7 It was discovered 

that small amounts of water are, in fact, vital for the kinetics of crystallization.4 If 

care is taken to remove water from the reaction via anhydrous starting materials, the 

crystallization rate is incredibly slow, but as water is added into the reaction, the rates 

dramatically increase.4 Non-aqueous ionothermal synthesis can also lead to 

interesting structures not typically accessible in hydrothermal synthesis.6,8 Parnham et 

al. were able to show that after removing the bulk of water from the reaction mixture, 

a new structure, SIZ-6, was discovered.6 SIZ-6 was a layered aluminophospate with 

4-, 5- and 6-coordinate aluminum atoms within the single structure. The layers were 

anionic, and charge-balanced by the cationic moiety of the IL, 1-ethyl-3-

methylimidazolium. Additionally, the layers were thick and reported to have “8-ring 

windows” that could possibly act as pores to capture small molecules.6 It is clear that 

reagent amounts of water, can alter the outcome of reactions quite significantly, from 

kinetics to resultant structure. Although the studies of water within an ionothermal 
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system have shown very interesting results so far, the reports are still limited, thereby 

creating a need for on-going efforts on this front. 

 

HF can be used as a mineralizer to help catalyze formation of Al-O-P bonds, 

as well as help solvate precursors in both hydrothermal and ionothermal AlPO4-n 

syntheses.7 HF has also been attributed to changing phase-selectivity within an 

ionothermal system2 and may also take part in structure direction.9,10 Reports, 

however, are still limited on the role of HF in ionothermal synthesis. There is 

certainly a connection between the selection of SDA and the phase of the synthesized 

AlPO4-n. There are some structures, such as AlPO4-5 (which is the analog to the 

zeolite structure AFI) that are very stable and have multiple SDAs that can template 

for it.1 There are other phases such as zeolite DFO that require much more specific 

SDAs in order to form.11  

 

The following is a study using two different ILs that are not commercially 

available, diisopropylimidazolium bromide (DIPI) and diisobutylimidazolium 

bromide (DIBU) to synthesize aluminophosphates. Reagent amounts of water were 

added to the syntheses to determine the ideal amount necessary to form an AFI 

framework. Additionally, an experiment was run with the DIPI IL varying the amount 

of HF in order to determine the ideal amount for an AFI framework to result. 
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2.2 Experimental 

2.2.1 Reagents 

Aluminum isopropoxide (Al[OCH(CH3)2]3, TCI America, ≥ 98%), phosphoric 

acid (H3PO4, Sigma-Aldrich, 85 wt. % in H2O), and hydrofluoric acid (HF, Acros 

Organics, 51 wt. % in H2O), were used without further purification for synthesis.  

 

Diisopropylimidazolium X− (DIPI) and diisobutylimidazolium X− (DIBU) 

were supplied by our collaborator either as bromide salts or hydroxides in water. For 

bromide salts in water, the solutions were placed on a low pressure rotovap until most 

water was driven off. At this point the IL was still liquid, but much more viscous. The 

resulting solution was then placed in a vacuum oven overnight at 70 °C to drive off 

remaining water. Once removed from the oven, the IL solidified. To ensure purity of 

product, the IL was then recrystallized in methanol (MeOH) and again allowed to dry 

in vacuum oven overnight after removal of most MeOH via rotary evaporation. The 

resulting IL purity was then confirmed via 1H NMR with CDCl3 solvent. If the 

hydroxide version was received, a titration with HBr was performed first, and then 

previous procedure was followed. To perform the titration, concentrated HBr was 

added dropwise into the IL+-OH- while monitoring the pH levels. The titration was 

complete when the pH was a neutral 7, although often times would end slightly acidic 

due to slight over titration. This was not seen to present a problem with the synthesis. 
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2.2.2 Synthesis 

 AlPO4-5 Synthesis: In a typical AlPO4-5 synthesis, aluminum isopropoxide, 

SDA and H3PO4 were combined in a Teflon liner and mixed intimately. The HF was 

then added, and the components thoroughly mixed again. The ratios of 

Al2O3 : P2O5 : SDA : HF : H2O, were approximately 1 : 1 : 10 : 0.12 : 1.3 

respectively. The liner was sealed in a stainless steel jacket, and placed in a 135° C 

oven for 5-days. The resulting material was vacuum filtered and rinsed first with 

water followed by acetone. The material was placed in a 90° C oven for 30 min. to 

dry prior to PXRD and SEM (Figure 2.1) analysis.  

 
Figure 2.1 SEM images of AlPO4-5 (AFI) material. 

 

 

2.2.3 Ionic liquid purification 

Once used for synthesis, IL’s were purified via Soxhet extraction with 

methanol as the solvent. The extractions were run overnight in all cases for a 

minimum of 18-hours. A majority of the methanol was evaporated under low pressure 
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with a rotovap, and the remaining was allowed to evaporate in a vacuum oven 

overnight. The resulting purified IL was checked for purity using 1H NMR (Figures 

2.2 and 2.3).  

 

2.2.4 Characterization 

PXRD was measured on a Rigaku Americas Miniflex Plus diffractometer, 

scanning from 2 to 50° (2θ) at a rate of 2°·min–1 with a 0.04° step size under Cu-Kα 

radiation (λ = 1.5418 Å). Scanning electron microscopy (SEM) images were collected 

with a FEI Quanta 3D Dualbeam microscope.  

 

2.3 Results and Discussion 

2.3.1 Ionic liquids for synthesis 

 The two ionic liquids used for the synthesis were supplied by collaborator Dr. 

Stacey Zones and are not commercially available. Whereas the IL’s commonly used 

for AlPO4-5 syntheses are asymmetrical, such as 1-methyl-3-ethylimidazolium 

bromide, these ILs are both symmetrical with isopropyl or isobutyl groups on each 

nitrogen atom of the imidazolium. One benefit to ionothermal synthesis is the ability 

to reuse the IL in subsequent syntheses. Figures 2.2 (DIPI) and 2.3 (DIBU) 

demonstrate that after purification the IL is still intact and free from significant 

impurities. 
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Figure 2.2 1H-NMR for the DIPI IL. The peak at 1.65 is a doublet attributed to the 12 
CH3 hydrogens and is present in both as-made and purified. Top: as-made; bottom:  
purified. 
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Figure 2.3 1H-NMR for the DIBU IL. Top: as-made; bottom: purified 

 

 

2.3.2 Water effects on ionothermal synthesis with DIPI SDA 

 The impetus behind studying the water effects was to identify if there was an 

ideal amount of water that could be added to support a pure-phase open framework, 

in this case AFI, to compare to that of synthesizing MAPO materials (Chapter 3). 

When using the DIPI IL, at the low-end of the water content range were the reactions 

where the only water was from the acid precursor, H3PO4, and the mineralizer, HF. 

This was 1.3 eq to the aluminum. At the low end, the material was mostly dense-
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phase, with a only small amount of AFI formed. Moving up in water content, which 

was added by a 10 µL pipetman, did little to change from a dense-phase to AFI until 

3.0 eq was reached. At 3.0 eq water to Al, the structure went to a nearly pure-phase 

AFI structure. This was found to be true even after repeating the reaction a number of 

times. However, when 3.68 eq and 4.25 eq of water was added, the result was once 

again a dense-phase. Although this result is in-line with previous reports12 it is 

surprising how sensitive this reaction system is. All PXRDs can be found in Figure 

2.3.  

 

 
Figure 2.4 All reactions had 0.12 eq HF to Al. The blue bars are AFI, green bars are 
dense phase(s). The following are the water equivalencies to Al: a) 1.30; b) 2.15; c) 
2.40; d) 2.60; e) 3.00; f) 3.68; g) 4.25. 
 

 

 



71	

 When very small amounts of water reside in an IL, they are molecular in 

nature and are believed to interact strongly with the anion, thereby deactivating the 

water.5 However, it was experimentally determined that even very small amounts of 

water support the formation of a porous framework, which goes against the idea of at 

least total deactivation.4 There seems to be a progression of reported materials formed 

with varying amounts of water. Where there are trace amounts of water, layered 

materials seem to prevail.6,7 Reagent amounts of water added can help catalyze Al-O-

P bond formation, and more porous materials prevail.4 Finally, as more water is 

introduced into an IL, the water begins to form hydrogen-bonding clusters that get 

larger and larger with additional water added; when the water clusters get large 

enough, dense-phases begin to emerge.4,5 Of course, when enough water is added into 

a reaction, the synthesis would no longer be ionothermal, but would rather turn into a 

hydrothermal synthesis. 

 

 

2.3.3 Water effects on ionothermal synthesis with DIBU SDA 

 A similar study was done for the DIBI IL, although the upper ranges of water 

addition have yet to be explored. The DIBU syntheses all resulted in dense-phase 

products (Figure 2.4). This is particularly interesting given a modeling study that is 

outlined in Chapter 3 where DIBU has a reduced energy within the AFI framework 

when compared to DIPI making it the more favorable SDA. Also interesting is that 

when a metal such as Ni or Mn is added into the reaction (also Chapter 3), the DIBU 
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reactions result nearly always in AFI.  

 
Figure 2.5 All reactions had 0.12 eq HF to Al. The blue bars are AFI, green bars are 
dense phase(s). The following are the water equivalencies to Al: a) 1.40 b) 1.90 c) 
2.00 d) 2.50 e) 2.60 f) 2.70 g) 3.00 h) 3.60. 
 

 

One possibility for the observed results, given the extra carbon on either side 

of the molecule, is the DIBU would have a more challenging time “anchoring” in 

order to give the precursors time to form around it. Because it is a cationic SDA 

entering into a neutral framework, there certainly could be difficulty templating the 

AFI framework. It was reported that small amounts of water would react strongly 

with the anion to deactivate the water, but this means the anion would also be 

deactivated.5 It’s possible the bromide could act as a type of anchor for the SDA. 

When more water is added in the case of the DIPI, and the water begins to interact 

with itself more than the bromide, it could free up the bromide to help anchor the 
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DIPI. With one extra carbon on the DIBU, the charge would be more shielded leading 

to a weaker interaction between it and the bromide, potentially leading to the 

observed dense phases. In fact, we obtained some DIPI iodide and ran reactions with 

it, not expecting there to be much difference than with the DIPI Br. Instead, we found 

that all the reactions unexpectedly went to dense-phases. This could be due to the 

iodide being so much softer than the bromide, that it couldn’t provide the strength 

necessary to anchor the DIPI cation. 

 

2.3.4 HF effects on ionothermal synthesis with DIPI SDA 

 In order to assess the necessity of HF in the reaction, a series of syntheses 

were run with the DIPI SDA. This was simply an exploratory study to determine the 

ideal amount of HF for these reactions. It is known that HF works as a mineralizer in 

AlPO4-n syntheses and evidence also exists for HF acting in a structure directing 

role.7,9,10,12,13 Care was taken in the study to maintain the same equivalencies of 

reagents aside from the HF in order to isolate the effects of the HF (Figure 2.5). 
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Figure 2.6 All reactions had 2.15 eq H2O to Al. a) 0.51 eq HF b) 0.25 eq HF c) 0.12 
eq HF d) 0.06 eq HF. Peaks with circles are AFI phase, peaks highlighted in blue are 
cristobalite phase. 
 

  

 Clearly HF is required in order to obtain an AFI pattern (Figure 2.5(c)), and it 

was found that a 0.12 eq was seemingly perfect balance. No HF and 0.25 eq both led 

to dense-phase cristobalite, where as a 0.51 eq let to a different phase that has yet to 

be explored.  

 

2.4 Conclusion 

 In a non-aqueous environment supplied by ionothermal synthesis, it is clear 

that the careful study of adding reagent amounts of water, along with HF are of vital 

importance. There are many benefits of ionothermal synthesis. It is an incredibly easy 

one-pot synthesis, can be done without the use of volatile organic compounds, and 
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because of the vanishingly low vapor pressure, the risk of high-pressure syntheses is 

removed. Additionally it provides the opportunity for some potentially very 

interesting chemistry, leading to phases not accessible hydrothermally. Clearly care 

needs to be taken to identify the amount of water and HF needed to obtain the desired 

phase, but once accomplished, it opens up other opportunities and areas of study such 

as those discussed next in Chapter 3. 

 

 There is a large body of work that can still be done in this area of research. 

Most of the work presented here was done for the DIPI, as that was the first IL we 

worked with. The DIBU was brought in for the work with substitutional metals, Ni 

and Mn (Chapter 3). If there is a “magical” water level that pushes the synthesis with 

DIPI to an AFI pattern without the support of metals added to the reaction, there may 

be one for the DIBU IL as well. However, it may be that without the access to an 

anchor, the cationic DIBU may not be able to template AFI ionothermally. It was 

seen that when there was a very low water content and a large eq of HF (0.51 eq), an 

interesting and yet-to-be-explored pattern emerged. It is possible this was a formation 

of a low-dimensional fluoroaluminophosphate, which would be an exciting area of 

future exploration! 
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Chapter 3 

 

Aliovalent metal substitution in ionothermal synthesis of 

aluminophosphate molecular sieves, and their potential 

applications in catalysis 

 

Abstract 

MnAPO-5 and NiAPO-5 were ionothermally synthesized with two different 

ionic liquids (ILs) not commercially available, diisopropylimidazolium bromide and 

diisobutylimidazolium bromide. The ILs acted as both the solvent and the structure-

directing agent (SDA). The resulting MAPO materials were characterized with 

several techniques including PXRD, MAS-NMR, SEM, ICP-OES, EDX/S, TPD and 

TGA. Each SDA demonstrates significantly different and opposite behavior when the 

syntheses include varying levels of nickel in the reaction mixture. There were also 

differences in results between the two SDAs when synthesizing with manganese, 

likely attributed to kinetics. By selecting both an appropriate SDA and tuning the 

amount of Ni or Mn in a given reaction, a pure-phase AFI material was easily 

achieved, and easily reproduced. The reaction was a simple one-pot synthesis, and 

because of the vanishingly low vapor pressure of the ILs, the synthesis did not carry 

the risk of pressure build-up typical of hydrothermal synthesis.  
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3.1 Introduction 

 Zeolite and zeotype materials are widely used as catalysts for a large range of 

applications due to their molecularly-sized pore structures, and catalytic 

capabilities.1,2 Catalytic capabilities are owed to the replacement of a Si4+ with an Al3+ 

to create a negatively charged framework with Brønstead acidity. These materials are 

silicoaluminophosphates (SAPO-n, where n = structure type), and there is an 

extensive list of SAPOs currently in use for numerous applications.3,4 If the Si4+ in a 

SAPO is replaced by a P5+, the resulting material is an aluminophosphate (AlPO4-n) 

Pure aluminophosphates are neutral in charge, and are therefore not useful in catalysis 

as-is. To make these materials catalytically active, an aliovalent replacement of Al3+ 

with a M2+ (M = metal) must take place. The benefit of M2+ substitution into an 

aluminophosphate over using a SAPO, is that the acidity can be tuned to the 

application in which the catalyst is needed by choosing the appropriate substitutional 

metal, as different metals have been shown to provide varying strengths.5-9 For 

example, through computational simulation it was found that in two isostructural 

materials with AFI topology, H-SSZ-24 and H-SAPO-5 selected for different alkene 

products in a methanol conversion. The more acidic of the two, H-SSZ-24, selected 

for aromatics versus the less acidic H-SAPO-5 which selected for C4+ alkenes.9 In this 

case the difference in acidity was due to composition of the zeolite as H-SSZ-24 is an 

aluminosilicate and H-SAPO-5 is a silicoaluminophosphate. The same, however, 

should apply with acidity brought by different metals. 
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MAPOs are typically synthesized hydrothermally, where aluminum and 

phosphorous precursors are added into water along with a structure directing agent 

(SDA), and often a mineralizer such as HF. In this body of research, MAPOs are 

synthesized using non-aqueous ionic liquids in an ionothermal synthesis. Ionic liquids 

are molten salts with melting points at or below 100 °C, are recyclable and have near 

non-existent vapor pressures. In MAPO ionothermal synthesis, the cationic moiety of 

the IL acts as the SDA. The IL acting as both the solvent system and the SDA 

eliminates any potential competition between the two, and additionally adds the 

benefit of safety. Hydrothermal syntheses build significant pressure posing a potential 

hazard, whereas this is not the case for ionothermal syntheses. Finally, a new 

synthesis route can lead to phases not possible in hydrothermal syntheses.10  

 

Studies have shown that both Ni and Mn incorporation into the AlPO4-5 

framework are not terribly favorable. Although it has been claimed Ni has been 

incorporated, the evidence of actual framework incorporation is limited. In one study, 

it is claimed that Ni2+ is incorporated into tetrahedral sites within the framework 

based on EPR data, but the report was lacking acidity measurements and/or catalytic 

activity testing of the NiAPO.11 Another report did find some electrocatalytic activity 

within the NiAPO, but their UV-Vis and FTIR analysis pointed towards octahedral 

Ni2+ and not tetrahedral.12 As a d8 metal, it is challenging to force Ni2+ into a 

tetrahedral geometry, as its preferred geometry is octahedral. It is possible that the Ni 

reported as being incorporated into the AlPO4-5 frameworks were actually octahedral 
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in geometry, either on the surface of the material, or in a defect site within the 

structure. Some fairly extensive work has been done to look at Mn incorporation into 

the AlPO4-5 framework, and evidence shows low framework incorporation, and 

heavier extra framework presence.13-17 There has been, though, solid evidence of 

framework incorporation, so although potentially challenging, this metal is likely not 

as challenging as nickel. Typically in hydrothermal syntheses, the metal precursors, 

usually in the form of salt tetrahydrates, are dissolved in water prior to being added to 

the other reagents. These types of syntheses are time and labor intensive, often 

requiring a slow drop-by-drop addition of the substitution metal. In the study 

presented here, these two metals, Mn and Ni, are compared for substitution into an 

AlPO4-5 framework in one-pot ionothermal synthesis with limited water, and using 

ILs not commercially available. All reagents are simply added to one reaction vessel, 

mixed and sealed, adding significant ease in preparation. Also compared is a NiAPO 

synthesis in as-made IL versus purified IL containing solvated Ni2+.  

 

3.2 Experimental 

3.2.1 Reagents 

Aluminum isopropoxide (Al[OCH(CH3)2]3, TCI America, ≥98%), phosphoric 

acid (H3PO4, Sigma-Aldrich, 85 wt. % in H2O), nickel(II) acetate tetrahydrate 

(NiCH3CO2�4H2O, Acros Organics, >99%) manganese(II) acetate tetrahydrate 

(MnCH3CO2�4H2O, Sigma-Aldrich, >99%), and hydrofluoric acid (HF, Acros 

Organics, 51 wt. % in H2O), were used without further purification for synthesis. 
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Diisopropylimidazolium X− (DIPI) and diisobutylimidazolium X− (DIBU) 

were supplied by our collaborator either as bromide or hydroxide salts solvated in 

excess water. These were prepared using previously published methods.18 For 

bromide salts in water, the solutions were placed on a low pressure rotovap until most 

water was driven off. At this point the IL was still liquid, but much more viscous. The 

resulting solution was then placed in a vacuum oven overnight at 70 °C to drive off 

remaining water. Once removed from the oven, the IL solidified. To ensure purity of 

product, the IL was then recrystallized in methanol (MeOH) and again allowed to dry 

in vacuum oven overnight after removal of most MeOH via rotary evaporation. The 

resulting IL purity was then confirmed via 1H NMR with CDCl3 solvent. If the 

hydroxide version was received, a titration with HBr was performed first, and then 

previous procedure was followed. To complete the titration, concentrated HBr was 

added dropwise while taking pH readings. The titration was complete when the pH 

reached 7. Often the resulting solution would be slightly acidic (pH of 1-4) due to 

slight overshoot. 

 

3.2.2 Synthesis 

 MAPO Synthesis: In a typical MAPO synthesis, aluminum isopropoxide, 

metal tetrahydrate (metal = Ni or Mn), SDA and H3PO4 were combined in a Teflon 

liner and mixed intimately. The HF was then added, and the components mixed again. 

The ratios were approximately 1 : (0.1-0.4) : 10 : 1.3 : 0.12 respectively. The divalent 

metal had a range of equivalencies depending on the experiment. The liner was sealed 
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in a stainless steel jacket, and placed in a 135° C oven for 5-days. The resulting 

material was vacuum filtered and rinsed first with water followed by acetone. The 

material was placed in a 90° C oven for 30 min to dry prior to PXRD analysis.  

 

3.2.3 Ionic liquid purification 

Once used for synthesis, IL’s were purified via Soxhlet extraction with 

methanol as the solvent. The extractions were run overnight in all cases for a 

minimum of 18-hours. A majority of the methanol was evaporated under low pressure 

with a rotovap, and the remaining was allowed to evaporate in a vacuum oven 

overnight. The resulting purified IL was checked for purity using 1H NMR. It was 

found that excess metal ions remained in the purified IL. The levels remaining were 

determined by ICP-OES and accounted for when completing further MAPO synthesis 

with the purified IL. 

 

To determine the amount of Ni2+ in the IL, 1.1 mg of the IL was weighed out 

and added to a 10 mL volumetric flask. 1% nitric acid in 21 MΩ deionized water was 

added to line and the resulting solution was analyzed by ICP-OES. 

 

3.2.4 Removal of organic 

 To remove the organic component, the MAPO was either calcined or plasma 

treated. Calcination was completed in a tube furnace. It was heated at 1 °C/min to 120 

°C and held for 2 h, followed by heating of 1 °C/min to 540 °C and held for 5 h. The 
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resulting material was analyzed via TGA to ensure no organic remained. Plasma 

treatment was done in a plasma oven. The material was spread onto a watch glass in a 

thin layer and placed in the oven. The oven was pulled under vacuum using air as the 

plasma source. An oxygen source was attached in one experiment in an attempt to 

generate a “hotter” plasma, but the results were the same as in air. The material was 

allowed to sit static in the oven for one hour, at which point the material was removed 

and analyzed via TGA.  

 

3.2.5 Characterization 

PXRD was measured on a Rigaku Americas Miniflex Plus diffractometer, 

scanning from 2 to 50° (2θ) at a rate of 2°·min–1 with a 0.04° step size under Cu-Kα 

radiation (λ = 1.5418 Å). Scanning electron microscopy (SEM) images were collected 

with a FEI Quanta 3D Dualbeam microscope. Inductively coupled plasma optical 

emission spectrometry (ICP-OES) measurements were taken on a Perkin Elmer 

Optima 4300DV, run in radial mode using yttrium as an internal standard for the 

solubility experiments. A standard curve for metal(II) was prepared to quantify the 

amount of free metal in the filtrates. 27Al MAS-NMR spectra were taken on a Bruker 

AM 300 MHz spectrometer (4 mm rotor, spinning rate of 8 kHz, 7.0 T magnetic field 

corresponding to a Larmor frequency of 78.172 MHz), and referenced to a 1.1 M 

aluminum nitrate aqueous solution as an external. The 31P data was collected on a 

Bruker DSX-500 using a 4 mm probe and spun at 14 kHz. The external reference was 

phosphoric acid. A JEOL JSM 6700F scanning electron microscope (SEM) fitted 
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with an energy dispersive X-ray (EDX) detector (10mm2 window) by Oxford 

Instruments Inc. was employed to carry out the experiment. Approximately 0.25mg of 

the sample was transferred on to conductive carbon tape on an aluminum stub. To 

further enhance the conductivity, the sample was then coated with Au/Pd (~300nm 

layer). The presence of Au/Pd has been omitted from the spectra as it was introduced 

during sample preparation and is not part of the sample. More than 100 analyses were 

conducted and each analysis had an acquisition time of 60 seconds. 

 

3.3 Results and Discussion 

3.3.1 Ni-AFI synthesis using as-made DIPI SDA 

 Light green microcrystalline powders were synthesized ionothermally at 

135 °C for 5-days using varying equivalencies of Ni with the DIPI SDA. All reactions 

where Ni was incorporated resulted in mostly AFI (AFI = zeolite structure code, 

isostructural to AlPO-5) and a small amount of the dense-phase cristobalite, in some 

samples (Figure 3.1). The ratios for all syntheses are summarized in Table 3.1. 
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Figure 3.1 PXRDs of ionothermal syntheses with varying amounts of Ni using DIPI 
SDA. Dense-phase peaks are highlighted in blue, and all remaining peaks are AFI.  
 

 

Table 3.1 Ratios : Al(iPrO)3 : Ni(OAc)2�4 H2O : H3PO4 : DIPI : HF : water 
 
(a) 1.00 : 0.00 : 1.32 : 9.86 : 0.12 : 1.38 Mixed phase 

(b) 1.00 : 0.00 : 1.31 : 10.26 : 0.13 : 1.37 Mostly AFI 

(c) 0.90 : 0.11 : 1.45 : 10.17 : 0.13 : 1.90 AFI 

(d) 0.90 : 0.10 : 1.37 : 10.39 : 0.13 : 1.80 AFI 

(e) 0.75 : 0.26 : 1.50 : 10.76 : 0.13 : 2.39 AFI 

(f) 0.75 : 0.25 : 1.60 : 11.03 : 0.13 : 2.47 AFI 

(g) 0.50 : 0.52 : 1.89 : 13.19 : 0.17 : 3.35 Mostly AFI 

(h) 0.50 : 0.50 : 2.24 : 13.78 : 0.17 : 3.66 Mostly AFI 
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3.3.2 Characterization of Ni-AFI using as-made DIPI SDA 

 The addition of Ni led to a nice consistency of an AFI framework versus the 

mixed or condensed phases that resulted from syntheses with no added metal 

(previously outlined in Chapter 2). It was the hope, then, that there would be Ni found 

within the framework of the resulting material. A large-batch of Ni-AFI was 

synthesized with a pure-phase AFI pattern (Figure 3.2), and was characterized with 

acid site testing, SEM/EDX, and MAS-NMR for 31P and 27Al nuclei. 

 
Figure 3.2 PXRD of large batch (3x) Ni-AFI. Al(iPro)3 : Ni(OAc)2�4 H2O : H3PO4 : 
DIPI : HF : water = 1.00 : 0.11 : 1.29 : 9.16 : 0.12 : 1.80. 
 

 

 (i) Acidity measurements. After calcination, the Ni-AFI material was 

analyzed to identify if there were accessible acid sites. Acidity measurements identify 

a material’s potential for catalytic activity; with no acid or base sites, the material is 

not suitable for catalysis. AFI is a 1-dimensional channel framework, meaning it has 
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1D pore channels, whereas LTA is a 3D channel framework. The Ni-AFI was 

compared to ionothermally synthesized Ni-LTA and Co-AFI made by collaborator 

Dr. Stacey Zones’s group, for acidity comparisons (Figure 3.3). 

 

  
         AFI         LTA 
 

Figure 3.3 Left: acidity values showing no acidity found for Ni-AFI. Right: 
Structures of AFI and LTA. AFI has 1D channels, whereas LTA has a 3D system of 
channels. 
 

 

Cobalt has been shown previously to incorporate tetrahedrally into a AFI 

framework in both hydrothermal and ionothermal syntheses,19,20 and was used as a 

control. Zones’ group also demonstrated that nickel is able to integrate into a LTA 

framework, as can be seen by an appreciable acidity value, albeit a lower value than 

that of Co-AFI. Ni-AFI, however, showed no acidity when tested, suggesting there 

was no incorporation of nickel into the AFI framework. 

 

 (ii) EDX elemental mapping data. EDX elemental mapping of the Ni-AFI 

was compared to a Ni-AEL material ionothermally synthesized by Zones’ group. AFI 

and AEL are analogues of each other, but whereas the AFI is a 12-ring structure 

Molecular Sieve Acidity Value 
(Micromoles) 

Co-AFI 270 
Ni-LTA 75 
Ni-AFI None detected 
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(12R), AEL is a 10R. It follows that if Ni was able to incorporate into one of these 1D 

channel structures, it is likely able to incorporate into the other. Although there are 

nickel peaks that appear in the EDX spectra for both materials, it is not enough to be 

considered above baseline, commonly ± 2% (Figure 3.4). Additionally, if there is 

nickel within the framework, there should be a decrease in the Al : P ratio since Ni 

would substitute for the Al. Although a very low incorporation percentage (near 

baseline) would probably give the same observed results, when coupled with the lack 

of any acidity, this further suggests no nickel incorporation into the AFI framework. 

 

                                                 

 

 
Figure 3.4 EDX data with views of the two structures and the SDAs used. 
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(iii) MAS-NMR Data. Finally, 31P and 27Al MAS-NMR were run for the Ni-

AFI and compared to the Co-AFI and transition metal-free AFI. Since the Co-AFI 

was found to have significant acidity, comparing the Ni-AFI NMR spectra to both the 

Co-AFI and the transition metal-free AFI could confirm the presence or absence of 

nickel in the Ni-AFI. The spectra show noticeably different line shapes for the Co-

AFI compared to the Ni-AFI and AFI structures, which appear to be nearly identical 

to one another (Figure 3.5). Introducing the Co changes the coordination environment 

of the Al, creating 5- (~ 10 ppm) and 6- (~ -10 ppm) coordinate sites in addition to the 

expected 4-coordinate (~ 40 ppm) sites (Figure 3.5). Phosphorous also has a change 

in environment, although it is not clear what exactly the change is (PO4 coordination 

~ -30 ppm). For the 31P NMR, the focus is placed simply on line shapes, and clearly 

the Ni-AFI and AFI have the same line shape, which is different than that of the Co-

AFI. 

 

   
Figure 3.5 Left: 31P MAS-NMR Right: 27Al MAS-NMR 
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(iv) Conclusion of characterization. The collective data suggest that 

although the material carried a green color, there was no nickel actually present in the 

framework. Octahedral [Ni(H2O)6]2+ does carry a green color, and AlPO4s can readily 

adsorb atmospheric water. There is a likelihood of surface Ni on the resulting 

material, responsible for the green color. Another possibility is the presence of NiO 

within the material or as separate particles, however NiO peaks (43.3° and 37.3° 2θ), 

were not observed on the powder patterns of the material (Figures 3.1 and 3.2). 

Further studies were carried out to identify if there was another route to Ni 

incorporation into AFI via ionothermal synthesis. 

 

3.3.3 Purification of DIPI from Ni-AFI syntheses 

The DIPI used for Ni-AFI syntheses was purified by Soxhlet extraction with 

methanol as the solvent. After recrystallization, the DIPI IL was placed in a vacuum 

oven overnight to drive off remaining methanol and water. Upon removal from the 

vacuum oven, the IL was noticeably green/blue signifying the presence of nickel. An 

1H-NMR of the Ni-DIPI confirms there was no change to the structure and no added 

organic impurities (Figure 3.6). 
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Figure 3.6 1H-NMR spectra. Bottom: As-made DIPI; Top: Purified Ni-DIPI. 

 

 

ICP-OES analysis on the Ni-DIPI showed the IL had a Ni loading of 1.36 

mg/g. In previously reported hydrothermal syntheses of Ni-AFI, the Ni precursors 

were dissolved in water prior to adding slowly into the reaction mixture.11,12 With this 

in mind, a series of reactions were run using the Ni-DIPI, with the hopes of possible 

incorporation due to the solvated Ni in the IL. The reactions are summarized in Table 

3.2. In order to compare the data to that of the MnAPO data (vide infra), the 

equivalencies of Ni were kept as similar as possible to those of the Mn experiments 

by adding additional Ni salt to the Ni-DIPI. Reagent amounts of water were also 

added to make up the water difference that would have been added with the 
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tetrahydrate salt. The total water in the ratios was the water from the acids, additional 

metal salt and added Millipore water. 

 

Table 3.2 Summary of structure results with varying amount of Ni contributed by the 
Ni-DIPI versus Ni(OAc)2 
 

Reactant Ratios 

% of Ni2+ 

from IL Structure result 

(a) 1 : 0.05 : 1.49 : 10.07 : 0.13 : 2.02 100% (d) Mostly dense 

(b) 1 : 0.13 : 1.49 : 10.07 : 0.13 : 2.02 42.5% (c) Pure phase AFI 

(c) 1 : 0.25 : 1.49 : 10.07 : 0.13 : 2.51 21.70% (b) Mostly AFI, some dense 

(d) 1 : 0.38 : 1.49 : 10.07 : 0.13 : 3.04 14.26% (a) Mostly AFI, some dense 

Al(iPrO)3 : Ni2+/Ni(OAc)2�4 H2O : H3PO4 : Ni-DIPI : HF : Total water 

 

 
Figure 3.7 Corresponding PXRDs for Ni experiments using Ni-DIPI. All ratios can 
be found in Table 3.2 (above) 
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3.3.4 Characterization of Ni-AFI using Ni-DIPI SDA 

 (i) Acid site testing and SEM/EDX. Given the presence of Ni in the IL, the 

above materials were tested for presence of nickel in the material by both acid site 

testing and SEM/EDX. The materials were found to not have any measurable acidity. 

Sample (a), however, did show evidence of some nickel through elemental mapping 

that is above baseline (Figure 3.8). If Ni incorporates into the framework of the 

MAPO, it would do so by replacing Al. As-made AlPO4 materials have a 1:1 ratio of 

Al:P, so in replacing an Al with a Ni, the ratio of Al to P would be lowered. However, 

EDX results show Al being in higher ratio to the P, which may suggest Ni is not in 

the framework, but rather residing in the pores (the ratios of Al:P in this case should 

be 1:1, the difference may be attributed to defects in the molecular sieve). 
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Figure 3.8 Representative SEM/EDX results from sample (a).  

 

 

 (ii) ICP-OES analysis. To gain further insight, sample (a) was chosen for an 

acid digestion followed by an elemental analysis of the resulting digest by ICP-OES. 

Prior to completing the acid digestion, an ion exchange was completed using excess 

CaCl2 over 2 h to exchange out any extra-framework Ni2+ with Ca2+ since AlPO4-5 

has an affinity for Ca2+.21 After the exchange, the molecular sieve was placed in 

concentrated HCl to digest in preparation for ICP-OES analysis. The results from the 

acid digestion did, in fact, show a decrease in Al to P ratio, and the presence of Ni. 
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Additionally the filtrate was also analyzed and was found to contain a small amount 

of Ni, indicating success of exchange. The results are summarized in Table 3.3. 

 

Table 3.3 Elemental analysis of NiAPO acid digestion 

Element:  Aluminum Phosphorous Nickel Total 
% by mass:  39% 52% 9% 100% 

     
 

 

(iii) Conclusion for Ni-AFI with Ni-DIPI. It is certainly promising to see 

possible incorporation into an AFI framework via IL with solvated Ni contained 

within it. A fair amount of additional work, however, still needs to be completed on 

this front (outlined in Chapter 6). Although there appears to be incorporation from 

EDX data and ICP-OES analysis, the material still lacks acidity, and without acidity, 

a material will still not be suitable as a catalyst. Additionally, the only material out of 

the data-set that seemed to have Ni within the framework was the one with the 

maximum amount of the Ni(OAc)�4H2O added, where the Ni-IL that had no 

additional nickel-salt added resulted in a dense-phase. This is a similar behavior to a 

synthesis with no metal and no additional water added, suggesting the Ni within the 

IL is not actually active in the synthesis. 

 

 

 



97	

3.3.5 Water versus substituted Ni study for DIPI and DIBU SDAs 

All the metal acetates used were tetrahydrate, and therefore all MAPO 

syntheses had a reagent amount of water added to the reaction in addition to the 

metal. Due to the non-aqueous nature of ionothermal synthesis, it is certainly 

important to make sure any structural changes seen when adding metal was not 

actually a result from adding water. To address this, a study was run comparing two 

sets of syntheses. Set-1 was run with the M(OAc)�4 H2O added to the reaction 

mixtures. Set-2 was run with no added metal, but with water added to the reaction 

mixtures in an effort to match the water added by the metal salts in set-1. In short, we 

wanted to keep the water equivalencies the same when running MAPO versus AlPO4-

5 syntheses to isolate the effect of the metal on the resulting phase. For this system, 

and all following studies, the DIBU SDA was also considered. The results are 

summarized in Table 3.4, and corresponding PXRDs in Figures 3.9 and 3.10. 

 

Table 3.4 Nickel versus water studies 

IL Metal 
Metal 

eq. 
Water 

eq. Structure 

No Ni 
Water 

eq Structure 
DIPI Ni 0.13 2.02 Pure-phase AFI 2.02 Mostly dense 

DIPI Ni 0.25 2.51 Mostly AFI 2.51 Mixed 

DIPI Ni 0.38 3.04 Mixed Phase* 3.05 Mostly AFI 

DIBU Ni 0.13 2.08 Mostly Dense 2.03 All dense 

DIBU Ni 0.25 2.57 Mostly AFI 2.58 All dense 

DIBU Ni 0.38 3.06 Pure-phase AFI 3.01 All dense 

* Mixed phase refers to AFI/Dense phase 
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Figure 3.9 PXRD comparisons of Ni-AFI syntheses (blue) and AFI syntheses (black) 
with water kept constant, DIPI as SDA. a) 0.38 eq Ni, 3.04 water eq; b) 0.25 eq Ni, 
2.51 water eq; c) 0.13 eq Ni, 2.02 water eq. 
 

 
Figure 3.10 PXRD comparisons of Ni-AFI syntheses (green) and AFI syntheses 
(black) with water kept constant, DIBU as SDA. a) 0.38 eq Ni, 3.06 water eq; b) 0.25 
eq Ni 2.57 water eq; c) 0.13 eq Ni, 2.08 water eq. 
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When comparing the DIPI with the DIBU syntheses, a remarkable result is 

seen. By adding water to the DIPI reaction mixtures with no added Ni, the structure 

goes from a condensed phase when there is limited water to an AFI phase when the 

water content is higher. However, when adding Ni with its associated waters, a small 

amount of Ni (0.13 eq) leads to an AFI phase, but when more Ni (0.25 - 0.38 eq) is 

added, dense-phase peaks begin to emerge. This is markedly different with the DIBU 

SDA: when there is no Ni or a low eq of Ni (0.13 eq) in the syntheses, all phases seen 

are dense, but Ni added in greater and greater quantities leads to AFI instead of 

condensed phase. The reasons behind this phenomenon are still unknown, but it may 

be due to the stronger templating of the AFI structure for one SDA versus the other, 

along with the role of Ni2+ in nucleation of the material. These ideas are explored later 

in the chapter. One reason an AlPO4 synthesis may result in a dense-phase is if the 

reactants “ignore” the SDA, often seen when a reaction runs too fast. Resultant 

structures of zeolite and zeotype materials are reliant on kinetics of nucleation.22 At 

the start of nucleation, in order for the precursors to utilize the SDA to create a porous 

structure, the SDA may need to have an “anchor” to keep it in place long enough for 

the structure to form around it. It appears there is a kinetic difference in material 

formation when starting with DIPI or DIBU, and thus would be an important area for 

further study. 

 

3.3.6 Mn-AFI using as-made DIPI and DIBU SDAs 

(i) Mn-AFI Synthesis. White microcrystalline powders were synthesized 
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ionothermally at 135 °C for 5-days using varying equivalencies of Mn. The resulting 

materials that were calcined had a noticeable light pink hue to them. All Mn 

syntheses run with DIBU as the SDA resulted in pure or nearly pure-phase AFI. 

When DIPI was used as the SDA with a small amount (0.13 eq) of Mn in the reaction 

mixture, the material resulted in pure-phase AFI, however when more Mn was added 

(0.25 - 0.38 eq), the material was amorphous. As with the Ni studies, the results of the 

Mn-AFI syntheses were compared to pure AFI synthesis (no Mn) containing a water 

equivalency (Figures 3.11 and 3.12). The ratios of Mn and water for all syntheses are 

summarized in Table 3.5; all syntheses had the same equivalencies of HF, H3PO4 and 

IL, which were 0.12, 1.50±0.02 and 12.3±0.7 respectively. 

 

 
Figure 3.11 PXRD comparisons of Mn-AFI (green) syntheses and AFI (black) 
syntheses with water kept constant, DIBU as SDA. a) 0.38 eq Mn, 3.02 water eq; b) 
0.25 eq Mn, 2.74 water eq; c) 0.13 eq Mn, 2.05 water eq. 
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Figure 3.12 PXRD comparisons of Mn-AFI (blue) syntheses and AFI (black) 
syntheses with water kept constant, DIPI as SDA. a) 0.39 eq Mn, 3.06 water eq; b) 
0.25 eq Mn, 2.66 water eq; c) 0.13 eq Mn, 2.00 water eq. 
 

 

Table 3.5 Manganese versus water studies 

IL Metal 
Metal 

eq. 
Water 

eq. Structure 
No Mn 

Water eq Structure 
DIPI Mn 0.13 2.00 Pure-phase AFI 2.02 Mostly dense 

DIPI Mn 0.25 2.66 Amorphous 2.67 Mixed Phase 

DIPI Mn 0.38 3.06 Amorphous 3.05 Mostly AFI 

DIBU Mn 0.13 2.05 Pure-phase AFI 2.03 All dense 

DIBU Mn 0.25 2.74 Pure-phase AFI 2.73 All dense 

DIBU Mn 0.38 3.02 Pure-phase AFI 3.01 All dense 
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The amorphous result of the syntheses run with the DIPI when slightly more 

Mn was added is suggestive that the reaction may need a longer synthesis time. Close 

inspection of the PXRD in Figure 3.12b reveals a small peak emerging at 22.5 2θ. A 

TGA was completed on the amorphous material, which was found to have 6-7% 

organic contained within, and total mass losses of 18% (2.66 eq water) and 27% (3.06 

eq water) (Figure 3.13). Additionally SEM/EDX analysis was completed on the 

amorphous material, which suggests presence of Mn in the material, but also shows, 

by inspection of the images the distinctive hexagonal rods of an AFI phase may be 

forming (Figure 3.14). 

 

 

Figure 3.13 TGA of amorphous MnAPO-5 materials using DIPI SDA. Top: 0.25 eq. 
Mn, 2.66 eq. water; Bottom: 0.38 eq. Mn, 3.06 eq. water. The % mass losses of the 
two materials from 200 to– 600 °C were identical indicating the same amount of SDA 
existed in both materials. 
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Figure 3.14 SEM/EDX data for synthesis of amorphous materials Left: 0.25 eq Mn to 
Al; Right: 0.38 eq Mn to Al. The higher Al to P ratio may be due to precursor 
materials being washed out during the work-up. The filtrates, however, were not 
analyzed to confirm. Mn peak is highlighted for clarity. 
 

 

 In anticipation of possible MAS-NMR analysis, larger scale syntheses (3X) 

were attempted. Similar to adding more Mn in the reaction mixture, when up-scaling 

the synthesis for the DIPI SDA, the resulting material was amorphous whereas the 

synthesis using the DIBU SDA was pure-phase AFI (Figure 3.15). This result is in 

contrast to a triple-batch synthesis with Ni and the DIPI SDA, which resulted in a 
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pure-phase AFI (vide supra). The synthesis factors are summarized in Table 3.6. 

 

 
Figure 3.15 (a) Triple batch synthesis; (b) single batch synthesis.  

 

 

Table 3.6 Reaction mixtures and ratios for small versus large batches of Mn-AFI.  
Al(iPrO)3 : Mn(OAc)2�4 H2O : H3PO4 : SDA : HF : Total water 
 
SDA Batch Size Ratios Mass of Al, mg 

DIPI Small 1.00 : 0.12 : 1.20 : 11.5±8 : 0.13 : 1.79 100 
DIPI Large 1.00 : 0.12 : 1.20 : 11.5±8 : 0.13 : 1.79 300 
DIBU Small 1.00 : 0.12 : 1.20 : 11.5±8 : 0.13 : 1.79 100 
DIBU Large 1.00 : 0.12 : 1.20 : 11.5±8 : 0.13 : 1.79 300 
 

 

 When synthesizing the Mn-AFI, the DIBU SDA gave consistently more 

predictable results. These materials (Mn-AFI; DIBU SDA) were selected for further 
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characterization studies to determine presence of Mn2+. 

 

3.3.7 Mn-AFI characterization 

(i) MAS-NMR analysis. MAS-NMR studies were run for the Mn-AFI and 

AFI using the DIBU SDA. Unfortunately there was an issue with the probe for the 

27Al, so only the 31P was accurately captured. Inspection of the AFI versus Mn-AFI 

suggests there is an influence on the environment for the phosphorous. In fact the line 

shape appears to be very similar to that of the 31P spectra of Co-AFI in Figure 3.5 

(Figure 3.16). 

 

 
Figure 3.16 31P MAS-NMR of Mn-AFI versus AFI made with DIBU SDA 
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An extensive NMR study, by Goldfarb et al. of MnAPO-5 suggests a small 

amount of Mn can go in to an AFI framework, but Mn can also reside in an extra-

framework position.23 As mentioned previously, after calcination of our synthesized 

Mn-AFI, the material took on a light pink color. The Goldfarb study discovered that 

the pink color in the MnAPO-5 is due to water adsorption and the resulting formation 

of Mn(H2O)6.23 It has been shown that often in AlPO-5, Mn does not incorporate into 

tetrahedral sites, but rather in a distorted octahedral environment with weak 

interactions to Al and P.13,24,25 So, although the 31P MAS-NMR suggests the 

possibility of Mn substitution, the Mn still could be in an octahedral environment and 

not tetrahedrally coordinated within the framework.  

 

 (ii) EPR analysis. EPR analysis was conducted with the primary intention 

being to quickly establish the presence of Mn in the material, but with the additional 

hope of identifying the geometry of the Mn. The sample for this analysis was 

MnAPO made with the DIBU SDA (Figure 3.17). The anisotropic spectrum does 

display the six distinctive hyperfine lines of paramagnetic Mn2+ (l = 5/2), confirming 

the presence of Mn. The g-value was calculated to be 1.9932±0.0005 for the as-made 

MnAPO and 1.9925±0.0005 for the calcined MnAPO, which is in line with the g-

value for a distorted octahedral Mn2+.26 The coupling constant for the hyperfine 

splitting was unable to be resolved, so a confirmation of actual geometry could not be 

confirmed.13,23  
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Figure 3.17 The calcined materials are on top, as-made on the bottom. Left: EPR 
Spectra at RT; Right: EPR Spectra at 121 K. 
 

 

 (iii) ICP-OES analysis. An acid digestion was performed on a representative 

sample of Mn-AFI synthesized with DIBU SDA (0.13 Mn eq). The same procedures 

were followed as for the Ni-AFI preparation (3.3.4(ii)). The results do show a low 

presence of Mn, and a reduction of the Al:P ratio as would be expected by Mn 

substitution.  

 

Table 3.7 Elemental analysis of MnAPO acid digestion 

Element:  Aluminum Phosphorous Manganese Total 
% by mass:  45% 54% 1% 100% 

     
 

 

(iv) Conclusion for Mn-AFI. 31P MAS-NMR, EPR, and ICP-OES data all 

point to possible Mn substitution into the AFI framework, although it is still 

questionable as to the geometry of the Mn species. Furthermore, using the DIBU as 
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the SDA in Mn-AFI syntheses lead to a pure-phase or near pure-phase AFI every 

time. There certainly seems to be a synergistic effect in pairing the DIBU with Mn to 

produce an AFI product. 

 

3.3.8 MnAPO DIPI versus MnAPO DIBU 

 Manganese certainly appears to play a role in the synthesis of an AFI 

structure. When the Mn is not in the system, more often than not the result is a dense, 

or mostly dense phase with both DIPI and DIBU SDAs. Once introduced in a small 

amount (0.13 eq), however both SDAs readily form pure-phase AFI. When DIPI is 

used as the SDA, higher amounts of Mn (0.25 - 0.38 eq) result in an amorphous 

phase, whereas DIBU still forms AFI with the higher amounts of Mn in the reaction 

mixture. Since the SDAs are cationic, it is possible the introduction of Mn into the 

forming framework can introduce a negatively charged site. The SDA would be 

attracted to that negative charge, holding it in place for the precursors to form around, 

resulting in a porous network. There is a slight energy reduction with the DIBU as 

compared with the DIPI that may encourage faster nucleation, thus leading to pure 

phases more quickly. The DIPI simply may need more time to form a framework, 

moving out of the amorphous stage of synthesis. 

 

 Acetate is also being added to the reaction mixture along with the metal. This 

would deprotonate at least some of the water, as acetic acid is a weak acid (Ka = 1.8 x 

10-5). OH- could be used as a mineralizer, supporting a porous phase. However, both 
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metal salts are acetates but are still displaying different behaviors, so acetate is not 

likely to be the cause of the observed results. 

 

 (i) TGA analysis. To test this hypothesis, TGAs were completed for Mn-APO 

and AlPO’s with both DIPI and DIBU. If the transition metal is working to charge-

balance the cationic SDA, it should be slightly more heat stable than the material with 

no additional metal (Figure 3.18). Interestingly for the DIBU, the DTA curves 

support this hypothesis. The pure AFI and the Mn-AFI both have two mass losses. 

The first mass loss for the AFI occurs just before 300 °C, but the first loss for Mn-

AFI occurs at around 360 °C. There is a second mass loss for the AFI just before 400 

°C, which is possibly a cationic organic in a pore with its charge-balancing bromide. 

Finally, the Mn-AFI also has a second mass loss at just over 400 °C. The TGA/DTA 

result from the DIPI SDA synthesis is markedly different for the Mn-AFI, although 

the AFI portion is similar. For the Mn-AFI there seem to be four mass losses, two that 

are similar, but come off a little earlier, as would be expected for a smaller organic. 

The one just before 300 °C could be attributed to unbound organic (no charge 

balancing atoms), but the origin of the broad peak around 200 °C is unknown. There 

is always the possibility for some organic breakdown to occur, which could be the 

cause of this earlier, and very small, mass loss. 
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Figure 3.18 Blue bars highlight the water region, yellow bars highlight mass loss 
peaks (DTA) for AFI and brown bars highlight the mass loss peaks (DTA) for Mn-
AFI. Top: TGA (solid line) and DTA (dashed line) for AFI (blue) and Mn-AFI 
(black) made with DIBU. Bottom: TGA (solid line) and DTA (dashed line) for AFI 
(blue) and Mn-AFI (black) made with DIPI. The sharp peak at about 450 °C is due to 
smoothing and data reduction of the DTA analysis. 
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(ii) Modeling data. One possibility for the results observed with the Mn-AFI 

synthesis is the favorability of the SDA. If the SDA has a better fit over another, there 

is the increased possibility of rapid nucleation of the porous structure. For this reason, 

modeling of fit was performed for DIPI, DIBU, and dicyclohexylimidazolium 

(DICH) for a comparison to an organic with bulky side groups (Figure 3.19).  
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SDA 
vdW interaction 

energy 
(kJ/mol per Si) 

Modeling 

Diisopropylimidazolium (DIPI) 

 

-5.68 

 

Diisobutylimidazolium (DIBU) 

 

-6.89 

 

Dicyclohexylimidazolium (DICH) 

 

-6.34 

 

Figure 3.19 Modeling data showing the DIBU to be the most favorable energy for an 
SDA within an AFI framework 
  

N N

N N

N N
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Although the DIBU does have the most favorable energy within the AlPO-5 

pores, the difference between it and the DIPI is not necessarily large enough to 

predict such a difference in results when adding Ni, Mn or water into the synthesis. 

However, this result in addition to the TGA data, there could be a favored kinetic 

result pushing the material to an AFI phase. 

 

3.3.9 Thermal treatments 

 Both manganese and nickel pose a challenge for incorporation into a 

tetrahedral framework, with nickel being the more challenging of the two. For a 

MAPO to be used as a catalyst, the organic SDA must be removed from the pores of 

the framework. If successful incorporation is achieved, there is a possibility that upon 

calcination, at nearly 600 °C, the desired metal would receive enough energy to be 

released from the framework. It is therefore desirable to have alternate, gentler routes 

to organic evacuation.  

 

 Plasma ovens can be used to clean organics from delicate or heat-sensitive 

materials and uses common lab gases such as argon or oxygen; in fact they can even 

work with the partial pressure of oxygen in air. They potentially offer a near-room 

temperature way to remove the organic SDAs from the MAPO frameworks. To 

identify if this method could work for this purpose, a Ni-AFI was synthesized and the 

organic content was determined via TGA. Half the material was then calcined and 

half was plasma treated and their TGAs run separately (Figure 3.20). 
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Figure 3.20 Top: TGA of pre-calcined NiAPO molecular sieve showing a 12.4% 
total mass loss. Center: NiAPO TGA after calcination signifying no remaining 
organic within the material. Bottom: NiAPO TGA after plasma treatment, showing a 
small amount of organic remains after treatment. 
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The TGA of the calcined material shows there was no organic remaining after 

treatment, whereas the plasma treated material still had 3.7% of the organic 

remaining. Although the pores weren’t completely evacuated with the plasma 

treatment, it did remove about 66%, meaning it still opened up potential acid sites 

within the material, and it did so at room temperature in 60 min. This is in contrast to 

a near 600 °C run overnight for calcination. Additionally if calcination potentially 

removes the substituted metal, removing all the organic from the pores will not make 

a difference since it would lose any catalytic activity anyway. The PXRDs after both 

processes was still AFI.  

 

It should be noted that the material used for this experiment was found to not 

have Ni within the framework, and therefore it was not possible to ensure the plasma 

did not also remove the substituted metal. From the results shown, however, this is a 

promising route to organic removal, but needs further experimentation. 

 

3.4 Conclusions 

New and simple synthesis routes were discovered for MnAPO-5 and NiAPO-

5 using two different ionic liquids (ILs) not commercially available, DIPI and DIBU. 

Both Ni2+ and Mn2+ are challenging metals to substitute into tetrahedral frameworks 

due to their preferred octahedral geometries. We have demonstrated some evidence of 

Ni incorporation into AFI when Ni2+ is previously solvated into an ionic liquid prior 

to synthesis. We have also found that by using DIBU and Mn together, the result was 
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pure-phase AFI in all cases attempted within the scope of this research. There was 

additionally evidence of Mn incorporation into the framework. Interestingly, the 

different SDAs demonstrated opposite behavior when the syntheses included varying 

levels of nickel in the reaction mixture. This is a very intriguing result that needs 

further investigation. There were also differences in results between the two SDAs 

when synthesizing with Mn, likely attributed to kinetics. Ionothermal synthesis is a 

one-pot reaction and has nearly zero vapor pressure making it a very promising route 

to MAPO syntheses.  
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Chapter 4 

 

Silver-bipyridine acetate (SBA): an ion exchange material 

for high capacity uptake of toxic oxo-anions while displacing 

biologically-benign acetate. 

 

Abstract 

 The highly effective anion exchange of several toxic anions by a cationic 

coordination polymer was discovered, in some of the highest observed capacities to 

date. Silver bipyridine acetate [Ag(bipy)+][CH3CO2
–]�6H2O (bipy = 4,4’-bipyridine) 

is easily synthesized in water under ambient conditions (60 min with 99.1% yield). 

The material releases its environmentally benign acetate anions upon perchlorate, 

permanganate, perrhenate, nitrate and chromate uptake to 99.9%, 98.5%, 91.5%, 

64.4% and 46.4% respectively, with near record high loading capacities of 310, 351, 

705, 125 and 160 g/mg respectively. Actual contaminated industrial water from an 

underground plume was treated to 96% mol/mol, taking the perchlorate concentration 

of a 50 mL sample down from 52 to 2 in only 60 min. The uptake capacity is near-

record high at 310 mg/g and is 94% complete within 30 min. Perchlorate exchange 

was also conducted at 1 to 30 ppm perchlorate typical of most underground 

contaminated plumes, with up to 99.7% mol/mol completion. 
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4.1 Introduction 

Development of materials to trap toxic oxo-anions has boomed in the last 

decade due to increased need for environmental remediation from industrial waste 

disposal.1-6 Oxo-anions such as perchlorate (ClO4
-), chromate (CrO4

2-) and 

pertechnetate (TcO4
-) are particularly harmful to the human body and/or the 

environment. Perchlorate is still the only oxidant used in rockets and is often present 

in products such as flares and fireworks.7-10 If introduced into the human body, 

perchlorate can block iodine uptake by the thyroid gland. This blockage can lead to 

hypothyroidism, negatively affecting metabolic processes in adults and possible 

improper neural development in children.10,11 Chromate is a waste product generated 

in industrial processes such as electroplating, tanning and petroleum refining.12 

Chromate is also a strong oxidizing agent as well as a known carcinogen and is 

mutagenic.13 Technetium-99 is a nuclear fission product of uranium-235, most 

commonly found in the oxo-anion form, pertechnetate, and has a half-life of 2.12 × 

105 years.14 Pertechnetate is highly soluble in water, and is therefore commonly found 

in nuclear wastewater at high levels. Vitrification is currently one of the most 

common storage solutions for nuclear waste, but the security of the storage process is 

challenging when pertechnetate is present in the wastewater due to its volatility. The 

high volatility causes only limited amounts to incorporate into the resulting material, 

and that which is incorporated can introduce weaknesses within the glass, potentially 

leading to leaching.2 Additionally, due to its high mobility and long half-life, 

pertechnetate poses a biological threat in the environment.15 It is therefore desirable 
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to remove pertenchetate from wastewaters in general, and certainly prior to the 

vitrification process. 2,16 Currently, the established material for ion trapping is ion 

exchange resins8,17 as well as layered double hydroxides (LDHs).18,19 The ion 

exchange resin uptake is slow when compared with other materials, with limited 

capacity and reversibility,20 whereas LDHs have limited selectivity, especially when 

carbonate is present, and requires calcination directly prior to use. 

 

[Ag(bipy)+][X–] coordination polymer crystal structures (X– = NO3
–, ClO4

–, 

BF4
–, –O2C-R-CO2

–, –O3S-R-SO3
–, CrO4

2–, MnO4
– or ReO4

–) have been studied by our 

group5,21,22 and others58,67,85–876,23-26 for their potential use as ion exchangers. Two of 

these structures, silver bipyridine nitrate (SBN, [Ag(bipy)+][NO3
–]) and SLUG-21 

([Ag(bipy)+][–O3SCH2CH2SO3
–]�4H2O) show excellent uptake and preference for 

toxic anions over potential competitors commonly found in water such as NO3
–, 

CO3
2–/HCO3

– and SO4
2–.3,5,22 To date our most promising materials for aqueous ion 

exchange have been SBN for removal of ClO4
–, and SLUG-35 for the removal of 

chromate and perrhenate.3,5,22 With the very fast and effective removal of ppm level 

ClO4
– by SBN, we are currently studying actual underground contaminated water 

from the Aerojet Rocketdyne site. Recently, however, SBN has also been shown to be 

an outstanding material for the capture and immobilization of perrhenate and 

pertechnetate in an intelligent study by Zhu et al.6  

 

Although the above-mentioned materials demonstrate exceptional 
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performance, they exchange for an undesirable anion. Ethanedisulfonate is both 

expensive and toxic, while nitrate is an EPA pollutant, albeit with a much higher 

maximum concentration limit (MCL) of 10 ppm level compared to 6 ppb for 

perchlorate. In 2000, Sampanthar et al. reported silver bipyridine acetate (SBA, 

[Ag(bipy)+][CH3CO2
–]�6H2O) when studying the effect of the counter anion of silver-

triphenylphosphine coordination polymers.27 The structure was determined by single 

crystal X-Ray diffraction (SCXRD) but no properties were reported. Additionally, the 

synthesis route was slow evaporation of the volatile organic compounds (VOCs) 

acetonitrile and methanol and gave only a 34% yield. Rapid, high yield synthesis 

using aqueous “green chemistry” and release of acetate instead of nitrate or 

ethanedisulfonate would be an exciting move forward for the environmental 

remediation of toxic oxo-anions. 

 

Reported herein is the first room temperature, aqueous synthesis of SBA in 1 

h with a 99.1% yield, as well as the hydrothermal synthesis of larger SBA crystals in 

3-days with a 62.3% yield. This material has potential as a water remediation tool 

with not only high exchange percentage for perchlorate (99.9%), but also for 

permanganate (98.5%), perrhenate (91.5%), nitrate (64.4%) and chromate (46.4%). 

These are also all near record high loading capacities of 310, 351, 705, 125 and 160 

mg/g respectively. Successful exchange of an environmentally benign anion such as 

acetate for toxic anions is an exciting step forward in the development of these types 

of materials as ion exchangers. 
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4.2 Experimental 

4.2.1 Reagents  

Silver acetate (AgCH3CO2, Fisher Chemical, 98%) and 4,4'-bipyridine 

[(NC5H4)2, Acros Organics, 98%] were used as-received for the synthesis. Sodium 

perchlorate monohydrate (NaClO4·H2O, Fluka Analytical, 98%), potassium 

permanganate (KMnO4, Fisher Chemical, 99.8%), potassium chromate (K2CrO4, 

Fisher Chemical, 99.9%), sodium nitrate (NaNO3, Fisher Chemical, 99.9%), and 

sodium perrhenate (NaReO4, Fisher Chemical, 99+%) were used as-purchased for the 

anion exchange reactions. Sodium hydroxide (NaOH, Fisher Chemical, 97%) and 

sulfuric acid (H2SO4, Fisher Chemical, 50%) were used as-purchased for pH 

dependence experiments. Purolite A532E exchange resin was obtained from Aerojet 

Rocketdyne and was used as-received for anion exchange experiments. 
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4.2.2 Synthesis 

SBA: A microcrystalline powder with needle morphology approximately 1.5 

× 0.08 µm2 in size (Figure 4.1) was synthesized at room temperature. In a typical 

synthesis, silver acetate (0.10 g, 0.60 mmol) was combined with 4,4’-bipyridine (0.10 

g, 0.64 mmol) and 10 mL of Millipore water and gently stirred in a sealed beaker for 

1 h. The powder was then collected via vacuum filtration and rinsed with deionized 

water and acetone (yield: 0.19 g, 99.1% based on silver acetate). Colorless plate 

crystals approximately 50 x 50 µm2 in size (Figure 4.1) were synthesized 

hydrothermally. In a typical synthesis, the same ratios as above were used and gently 

stirred for 10 min. The mixture was then transferred in to a Teflon liner and placed in 

a 150 °C oven under autogenous pressure over 3 d with slow cooling (ramp rate 99 

°C /min; soak time 72 h; cooling rate 0.1 °C/min). The resulting crystals were then 

collected via vacuum filtration and rinsed with deionized water and acetone (yield: 

0.12 g, 63.2% based on silver acetate). 

   

Figure 4.1 Left and middle: Scanning electron microscopy (SEM) images of SBA. 
Left scale bar is for 5 µm, center scale bar is 500 nm. Right: Optical micrograph of 
SBA obtained by hydrothermal synthesis. Scale bar is for 50 µm. 
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4.2.3 Anion exchange  

(i) Loading capacity of ion exchange. Batch experiments for anion exchange 

were conducted at ambient pressure and temperature. A 43.5 mg (0.31 mmol, 1 eq) 

portion of sodium perchlorate (or equivalent molar ratio of NaNO3, KMnO4, NaReO4
 

or K2CrO4) was added to 50 mL of Millipore water in a 100 mL beaker and allowed 

to dissolve, creating a 614 ppm ClO4
− solution. After dissolution, a 0-timepoint 

aliquot was taken from the solution. 100 mg (0.31 mmol, 1 eq) of SBA was then 

added to the solution, the beaker was sealed and the solution was stirred gently for 2 

days, at which point a final aliquot was taken. The solution was vacuum filtered and 

the product was collected and analyzed via PXRD. The extent of exchange of the 

anion was analyzed via ion chromatography (IC) (ClO4
-, NO3

-), by UV-Vis 

spectroscopy (MnO4
-, CrO4

2-), or by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) (ReO4
-). 

 

(ii) Low ppm anion exchange for perchlorate. Conditions were the same as 

above. 50 ml solutions of 1, 5, 10, 15 and 30 ppm ClO4
– in Millipore water were 

prepared and an initial 2 mL aliquot was taken. 15 mg (0.046 mmol) of SBA was then 

added. The solutions were stirred gently for 2 days, at which point a final 2 mL 

aliquot was taken. 

 

(iii) Kinetics of perchlorate uptake. Batch experiments for kinetics studies 

were conducted at ambient pressure and temperature. A total of six exchanges were 
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conducted per batch, and two batch experiments were performed, one where the solid 

was followed by PXRD and one where the solution was followed via IC. The six 

exchanges were for time-points of 5, 10, 15, 20, 25 and 30 min. 13 mg (0.093 mmol, 

1eq) of sodium perchlorate was added to 50 mL Millipore water in a 100 mL beaker 

to create a 184 ppm solution, and a 0-timepoint aliquot was taken after dissolution. 30 

mg (.093 mmol, 1 eq) SBA was then added to the solution, a timer was started, the 

beaker was sealed and the solution was stirred gently for the allotted amount of time, 

at which point a final aliquot was taken. The solutions were vacuum filtered and the 

product was collected and analyzed via PXRD. The anion uptake was followed by IC. 

 

4.2.4 Characterization.  

SCXRD was collected on a Bruker APEX-II diffractometer using a 

combination of ω- and φ-scans of 0.5°.28 Data were corrected for absorption and 

polarization effects and analyzed for space group determination.29 The structure was 

solved by dual methods and expanded routinely.30 The model was refined by full-

matrix least-squares analysis of F2 against all reflections.31 PXRD was measured on a 

Rigaku Americas Miniflex Plus diffractometer, scanning from 2 to 50° (2θ) at a rate 

of 2°·min–1 with a 0.04° step size under Cu-Kα radiation (λ = 1.5418 Å). FTIR was 

measured on a Perkin-Elmer Spectrum One spectrophotometer with KBr pellets. IC 

analysis was performed to assess perchlorate and nitrate concentration using a Dionex 

ICS-3000 with an IonPac AS20 column and a detection limit of 3 µg/L (ppb). 

Standard curves for perchlorate and nitrate were prepared for all IC experiments to 
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quantify the concentration of the samples. UV-vis analysis was performed to assess 

permanganate and chromate concentration using a Hewlett-Packard model 8452A 

UV-vis spectrophotometer. Standard curves for permanganate and chromate were 

prepared for all UV-Vis experiments to quantify the concentration of the samples. 

SEM images were collected with a FEI Quanta 3D Dualbeam microscope. ICP-OES 

measurements were taken on a Perkin Elmer Optima 4300DV, run in radial mode 

using Y as an internal standard for the solubility experiments. A standard curve for 

silver(I) was prepared to quantify the amount of free silver in the samples. 

 

4.3 Results and Discussion 

4.3.1 Synthesis  

A white microcrystalline powder was synthesized under aqueous room 

temperature (RT) conditions in 60 min. Hydrothermal synthesis at 130 °C and 150 °C 

also yielded near pure-phase SBA. There is a peak at 13.8° 2-theta on the material 

synthesized at 130 °C that is not seen on the theoretical or 150 °C patterns.  This new 

peak suggests there could be a small amount of a separate phase, but all of the 

remaining peaks are indicative of SBA. The only single crystals large enough for 

SCXRD, however, were obtained at 150 °C, so it is difficult to determine the nature 

of the unknown phase. Hydrothermal synthesis at 175 °C and 200 °C both yielded as-

yet unknown patterns (Figure 4.2). Interestingly in the 175 °C synthesis, there is an 

emerging peak at a very low 2-theta angle of 6.4°, suggesting the layers are further 

apart compared to the SBA. The next two peaks are at 12.8° and at 19.2°, which do 
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appear in the theoretical SBA pattern, although at different intensities. The material 

synthesized at 200 °C seems to be the beginning of a porous material, but the peaks 

are very low intensity. The first emergence of a peak is at 9.7°, indicative of SBA, as 

is the peak at 19.3° 2-theta. There is also a clear peak at 14.4°, however, that is not 

seen for any of the other syntheses. On-going work is being done to obtain single 

crystals of the 175 and 200 °C materials so these alternate phases can be elucidated.  

 

 
Figure 4.2 PXRD patterns of the products from different hydrothermal temperatures. 
The spectrum in black is the theoretical pattern of SBA. 
 

 

Previously, SBA was synthesized in acetonitrile and methanol by evaporation 

over 2 d, yielding block crystals and a 35% yield.27 Our 1 h RT synthesis is much 

faster, has far higher yield of 99.1% and does not require VOCs. 
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4.3.2 Structural Characterization  

Given our alternate synthesis route, we have also solved the structure of the 

150 °C crystals by SCXRD. There are two silver centers, two acetate anions, two 

4,4’-bipyridine linkers and six water molecules of crystallization in the asymmetric 

unit of the primitive, centrosymmetric, monoclinc space group P21/c. The asymmetric 

unit is shown in Figure 4.3. Most of the [Ag(4,4’-bipy)+][X–] structures have the 

guest anions sandwiched between layers of π-stacked polymeric chains, where the 

latter contain Ag+ chelated by the nitrogens of two neutral 4,4’-bipyridine 

units.21,22,32-35 Here, we again see this layout except four silver atoms are co-linear 

and arranged into two dimers [3.1347(8) Å], leading to greater Ag-Ag covalent 

connectivity within the layer. These sheets are further stabilized by π-stacking of the 

bipyridine rings [3.425(8) to 3.699(8) Å]. The acetates charge-balance the polymers 

and µ-2 bridge two Ag centers of adjacent polymers (Figures 4.3, 4.4, 4.5). The Ag(1) 

coordinated by the nitrogens of two 4,4’-bipyridine units and one oxygen from two 

separate CH3CO2
– units define a distorted square planar geometry. The interstitial 

water molecules occupy the interlayer space between the silver complex chains and 

form an extensive O-H···O hydrogen-bonded network [1.9271(8) to 2.0970(8) Å].21 

Hydrophobic pockets exist in the region of the acetate methyl group 

and bipyridne rings (Figure 4.6). One of the pyridine moieties has been modeled with 

positional disorder over two sites; the disorder is a rocking of the pyridine anchored at 

the nitrogen and para-carbon atom. There is a second pyridine moiety that has 

elongated displacement parameters and is tending towards some disorder but was not 



132	

further modeled as such. 

 

Figure 4.3 Crystal data for C24H34Ag2N4O10: Mr = 754.29; monoclinic; space group 
P21/c; a = 11.464(3) Å; b = 18.299(5) Å; c = 14.010(4) Å; α = 90°; β = 102.275(4)°; γ 
= 90°; V = 2871.8(13) Å3; Z = 4; T = 120(2) K; λ(Mo-Kα) = 0.71073 Å; µ(Mo-Kα) = 
1.424 mm–1; dcalc = 1.745 g�cm–3; 66324 reflections collected; 7211 unique (Rint = 
0.0340); giving R1 = 0.0237, wR2 = 0.0572 for 6102 data with [I > 2σ(I)] and R1 = 
0.0326, wR2 = 0.0610 for all 7211 data. Residual electron density (e–�Å–3) max/min: 
0.427/–0.505. 

 

Figure 4.4 Adjacent linear chains seen end-on in this a-projection are bridged 
vertically by Ag-Ag pairs and acetate molecules. 
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Figure 4.5 An alternate view of SBA with the acetates and occluded waters omitted 
for clarity Left: one layer of π-stacked [Ag(bipy)+] polymers where two adjacent 
silver dimers are co-linear; Right: [Ag(bipy)+] layers arranged vertically and viewed 
end-on down the crystallographic a-axis. For both views, one of the dimerized 
polymers is highlighted in red. 
 

 

 

Figure 4.6 [Ag(bipy)+][CH3CO2
–]�6H2O viewed down the crystallographic c-axis. 

Left: occluded waters removed for clarity; Right: occluded waters included to 
highlight the hydrophilic areas. 
 

 

4.3.3 Anion Exchange 

Considering the outstanding ion exchange capabilities found in other silver 

bipyridine structures,5,21,22,33 SBA was examined for its anion exchange potentials. 

Many oxo-anions are EPA pollutants, and therefore a comparative assessment of 

uptake capacities of several different oxo-anions is of interest. The material was 
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exchanged with CrO4
2-, MnO4

-, NO3
-, ReO4

- and ClO4
-
, in equimolar amounts to SBA, 

to determine the extent of exchange and the loading capacities. The exchanges were 

quantified using ion chromatography (IC) for NO3
- and ClO4

-, UV-Vis spectroscopy 

for CrO4
2- and MnO4

- and ICP-OES for ReO4
-. The exchanges were also followed via 

PXRD (Figure 4.7). The results are summarized in Table 4.1. 

 

Table 4.1 Equimolar exchange % of selected anions and loading capacities 

Anion Anion 
Uptake 

Acetate 
Exchange 

Loading 
Capacity, 
mg/g 

Hydration 
Energy,         
ΔHhydration, 
kJ/mol36,37 

NO3
- 64.4% 64.4% 125 −314 

CrO4
2- 46.4% 88.9% 160 −1103 

ReO4
- 91.5% 91.5% 705 −244 

MnO4
- 98.5% 98.5% 351 −248 

ClO4
- 99.9% 99.9% 310 −229 
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Figure 4.7 SBA exchange product PXRD patterns: a) NO3
−; b) CrO4

2−; c) ReO4
−; d) 

MnO4
−; e) ClO4

−; f) Starting matieral, SBA. 
 

 

The percent of chromate uptake versus the amount of acetate exchanged are 

going to differ as chromate is a divalent anion whereas acetate is monovalent. For 

every one chromate that enters the material, it displaces two acetate ions. This 

material showed remarkable uptake and loading capacity for chromate versus other 

chromate trapping materials. For instance, our previously reported SLUG-35 had a 

chromate loading capacity of 68.5 mg/g,38 and a recent study (2017) reported a 

coordination polymer with a loading capacity of 81.9 mg/g.39 The loading capacity of 

the SBA for CrO4
− is 160 mg/g, nearly double the highest reported loading capacity. 

The chromate exchanges were completed at a pH of 8 to ensure it was in the 
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monomeric form, and the solution was noticeably yellow versus the orange 

dichromate. The material was powder and efforts to obtain a single crystal were thus 

far unsuccessful. A Rietveld refinement was attempted, but a full refinement was 

never completed due to synthetic challenges with the material. The material was 

loaded into the capillary and a quality dataset was obtained, but due to a 

programming error, the sample needed to be run-again. Some damage from the X-ray 

necessitated the re-run to be completed on another spot in the capillary since a 

biphasic material was the result. This new phase was indexed but never solved. From 

the single-phase data set, a partial solution yielded an new polymeric layout of π-

stacked bipyridines. The polymer layers seem to pair-up, and these pairs turn by 

approximately 45° with each layer (Figure 4.8). The SB-CrO4 material has low 

solubility (Chaper 5) and the chromate exchange is irreversible. These properties are 

likely due to the stable formation of polymer units. 

 

   

Figure 4.8 SB-CrO4 structural views. Left: looking down a; middle: looking down c; 
right: side-on view of layer layout. 
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Perrhenate and permangantate, both surrogate ions to pertechnetate, showed 

excellent exchange and loading capacities compared to some of the highest reported 

capacity materials such as SCU-100 (541 mg/g)40 and SLUG-21 (602 mg/g)3. It was, 

however, recently reported (2018) that SBN was able to obtain a perrhenate loading 

capacity of 714 mg/g, the highest capacity to date. It could be argued that the loading 

of 705 mg/g of perrhenate by SBA is essentially the same, within a margin of error, if 

the solvent mediated exchange process is accurate. If the material is to dissolve into 

polymeric units (Ag-bipy+) and the counter balancing ion (NO3
− or C2H3O2

−), in order 

to reform into the new product (SB-ReO4), the exchange and corresponding loading 

capacity should be a function of the solubilities and molecular masses, respectively. 

 

For SBA, the outstanding performance of perchlorate exchange, as well as the 

increasing concern for ground water contamination by perchlorate was the impetus 

for further study of kinetics and low ppm exchange. The kinetics for perchlorate 

showed that 94% of the perchlorate uptake by SBA takes place in the first 30 min, 

transforming SBA to silver bipyridine perchlorate (SBP, [Ag(4,4’-bipy)+][ClO4
–]). In 

fact, 66.2% of the uptake happens in the first 5 min, as can be seen in the IC analysis 

(Figure 4.9). PXRD and FTIR analysis agree with this data (Figure 4.10). The PXRD 

shows significant loss of the high-intensity SBA peaks at 9.7°, 19.4° and 27.5° 2-

theta, and immergence of the SBP peaks at 15.7°, 21.5°, and 26.7° 2-theta. Likewise, 

the FTIR shows the clear loss of the acetate stretch and emergence of the perchlorate 

stretch, both after just 5 min. 
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Figure 4.9 Top: perchlorate loading capacity from water versus time; Bottom: 
perchlorate removal from water expressed in ppm versus time. 
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Figure 4.10 Perchlorate exchange kinetics of SBA to SBP. Top: PXRD peaks show 
exchange within 5 min. Bottom: IR patterns also show exchange within 5 min with 
the disappearance of the acetate stretch and the appearance of the perchlorate stretch; 
selected bipy stretches are highlighted in blue. 
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Graphical analysis suggests the kinetics for SBA exchange with ClO4
− follows 

a second order reaction mechanism with k = 0.0845(1) M-1s-1 (Figure 4.11). 

 

Figure 4.11 SBA kinetics for the first 30 min of exchange suggests a second order 
reaction with k = 0.0845(1) M-1s-1 R2 = 0.991(1). 

 

 

The SBA kinetics of ClO4
− uptake was tested against previously reported 

materials (Figure 4.12). SBA shows superior results in the first 80 min of exchange 

over SBN, Amberlite IRA-400 and calcined hydrotalcite. 
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Figure 4.12 SBA compared with SBN, Amberlite IRA-400 exchange resin and 
hydrotalcite shows the decrease of perchlorate in mM ClO4

– per gram of material. All 
data other than that of SBA was previously published by our group.21 
 

 

4.3.4 Perchlorate exchange at ppm level 

Given the above record performance of SBA using equimolar perchlorate, 

ClO4
– concentrations typical of underground contaminated water plumes were also 

investigated to determine the potential application of this material. Perchlorate 

removal with SBA powder was tested for 30, 15, 10, 5 and 1 ppm solutions over a 

period of 2 d with gentle stirring using a magnetic stir bar. 15 mg of SBA exchanged 

for perchlorate up to 99.7% completion after the two days (Table 4.2). Although the 

kinetics of an equimolar exchange show remarkable uptake speed, such low 

concentrations necessitated a longer period of time for the exchange. However, 
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despite the low concentration, the uptake clearly demonstrates the potential utility of 

this material over a far shorter timeframe than the several weeks currently used 

industrially with single-use exchange resins.  

 

Table 4.2 Summary of ppm level perchlorate exchange results 

 Initial ppm (via IC) ppm, 2 d (via IC) % Exchange 
30 ppm 28.02 0.34 98.8% 
15 ppm 15.20 0.65 95.7% 
10 ppm 8.92 0.02 99.7% 
5 ppm 5.37 0.03 99.4% 
1 ppm 1.05 0.04 96.3% 
 

 

4.3.5 Perchlorate removal from contaminated underground water  

The performance of SBA in actual contaminated underground water was also 

investigated to ensure that competing ions would not present significant issue. 

Samples of contaminated underground water with a perchlorate concentration of ca. 

53 ppm were obtained through collaboration with our industrial partner Aerojet 

Rocketdyne. The water also contained chloride (13 ppm), sulfate (11 ppm), nitrate 

(1.5 ppm), orthophosphate (0.079 ppm) and trichloroethene (3 ppm) after analysis 

with their third party testing company. Initial tests show that after 30 min, SBA 

powder removed 92.5% of perchlorate, and 95.9% after 1 h (Figure 4.13).  
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Figure 4.13 Removal of perchlorate versus time for the contaminated ground water. 

 

SBA powder was used in all kinetics exchanges (vide supra), so its surface 

area was greater than that of a resin and therefore would be expected to have more 

rapid perchlorate uptake. Our industrial collaborator currently uses Purolite A532E 

exchange resin microparticles approximately 50 µm in diameter. Our single crystals 

of SBA are closer in size to the Purolite A532E resin at approximately 50 × 50 µm2. It 

is important to note that these two materials have different mechanisms of ion 

exchange. Resins have a simple adsorption-based exchange where an anion is 

released in exchange for adsorbing perchlorate. It has been demonstrated that SBA 

type materials undergo a solvent mediated exchange process, where the material 

dissolves and then recrystallizes to the new structure with the new anion.33 Because of 

this difference, the comparison is not exact, but with SBA crystals having a much 
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lower solubility than the powder (0.9 versus 5.0 mmol/L) it is certainly a closer 

comparison than that of SBA powder to resins. We compared the exchange kinetics 

of the Purolite to the SBA single crystals using a gentle top-stirrer to promote 

continuous exchange while limiting any mechanical breakdown of the SBA crystals. 

After 30 min, the Purolite had a perchlorate uptake of 15.5% and after 120 min an 

uptake of 49.6%, with a final loading of 150 mg/g. The values are compared to 50.5% 

and 77.2% respectively with a final loading of 233 mg/g using SBA crystals after two 

hours (Figure 4.14). Although the uptake of the SBA crystals versus the SBA powder 

is expectedly slower, it is still far more rapid and capacity than that of the currently 

used Purolite. This demonstrates that size is not the only factor in the kinetics of 

uptake, but also the affinity of the anion for the material. 

 

 

Figure 4.14 Uptake of perchlorate by Purolite A532E (red) versus SBA crystals 
(blue). 
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4.3.6 Solubility 

Solubility studies of SBA by ICP-OES indicate that it is more soluble in water 

than SBP, 5.0±0.6 vs. 0.14±0.03 mmol/L respectively (details can be seen in Chapter 

5), possibly due to the lower stability of SBA and/or the lower hydration energy of 

perchlorate (ΔHhydr°: -229 kJ/mol) compared to acetate (ΔHhydr°: -313 kJ/mol).33,34,41 

The greater stability of SBP is in fact highly beneficial for the trapping of the toxic 

perchlorate while releasing the environmentally benign acetate. It also poses a 

challenge, however, for regeneration from SBP to SBA. In our previously published 

research, it was determined that after exchange, SBP could be regenerated back to 

SBN over at least seven cycles using excess nitrate.5 Regeneration of SBA was 

attempted using excess acetate up to 50 fold molar excess both at room temperature 

and with heat (40 °C, 50 °C and 70 °C), and was also attempted in pure glacial acetic 

acid as well as diluted acetic acid. The resulting material was still SBP, as confirmed 

by PXRD. The SBN has a solubility of 0.4±0.1 mmol/L, which is much closer to the 

solubility of the SBP compared to SBA. This is likely the reason it is regenerable. We 

nevertheless believe SBA could be an excellent “first-pass” material for perchlorate 

removal from industrial waters with its fast kinetics, high loading capacity and 

exchange for an environmentally benign anion.  

 

4.3.7 pH Studies 

Although the Aerojet water had pH levels between 7.24 – 7.51, industrial 

waters often have varying pH levels. Therefore, the extent of exchange over a range 
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of pH levels was examined (Figure 4.15). SBA has a pH stability range of 3-9. At a 

pH as low as 4, the SBA is still able to achieve 92% uptake of perchlorate and retain 

relatively good crystallinity as can be seen by PXRD. Since acetate is the conjugate 

base of a weak acid, in more acidic conditions the acetate released may be 

immediately protonated, making it unavailable for potential reformation of 

SBA (Ka of CH3CO2H = 1.8×10−5). This would result in an equilibrium push towards 

perchlorate uptake and formation of SBP (Ka of HClO4 = 4×108). At these more 

acidic pH levels, however, some breakdown of the material would be expected, thus 

leading to less than 99.9% uptake of perchlorate seen in the previously discussed pH 

= 7 – 7.5 exchanges. SBA does not perform as well in basic conditions, likely 

because the material is not as stable in basic conditions and breakdown is decreasing 

the perchlorate uptake, as reflected in the reduced crystallinity seen by PXRD for pH 

9 and 10 (Figure 4.13 inset). Exchange was also tested in pH levels of 2 and 11 and 

neither resulted in enough material to PXRD, even when starting with large amounts 

of SBA. These levels are thus outside of the SBA stability range, and almost complete 

breakdown takes place. The mass yields obtained for the exchanges for pH 3 and 4 

were 42%. For the pH 9 and 10 solutions, the yields were expectedly lower at 29% 

and 36%, respectively. The difference in mass yields for pH 9 and 10 were likely due 

to mechanical loss and not due to an increased stability in the pH 10 solution. 
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Figure 4.15 Removal of perchlorate from solutions of varying pH level. Inset: 
corresponding PXRD measurements; the SBP theoretical pattern is displayed in black 
with lower intensity peaks (25% of max threshold) omitted for clarity. 
 

 

4.4 Conclusions 

In summary, SBA is an extremely fast and effective material for removing 

both equimolar and low ppm levels of ClO4
– from water. It has also shown excellent 

capacity for exchanging CrO4
−, ReO4

− and MnO4
− at 46.4%, 91.5%, and 98.5% 

respectively. In fact, SBA has the highest reported loading capacity for CrO4
− to date 

at 160 mg/g compared with 81.9 mg/g.39 It can be synthesized in 60 min in air with 

no need for organic solvents and releases an environmentally benign anion upon 

exchange. Acetate can even be utilized by bacteria to facilitate the reduction of 

perchlorate and nitrate in water, potentially providing further benefit.42 SBA has 
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shown to be effective at removing perchlorate from actual contaminated industrial 

water containing other common ions in addition to perchlorate at a pH of around 7.  It 

can even exchange for perchlorate at pH conditions of between 3-10, although it is 

markedly more effective in the lower pH conditions. SBA does have a very high 

solubility of 5.0±0.6 mmol/L, posing a significant challenge for regeneration. This 

high solubility coupled with the low solubility of SBP (0.14±0.03 mmol/L), however, 

is very favorable for the rapid and complete exchange for perchlorate turning SBA to 

SBP. Indeed, the high solubility would be favorable for the exchange of any anion 

that can lead to a material with a lower solubility, which may very well be the driving 

force behind such impressive exchange results.  
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Chapter 5 

 

The relationship of solubility to material structure, 

ion exchange capability and thermal stability of 

metal-organic coordination polymers 

 

Abstract 

 A solubility study of [Ag(4,4’-bipy)+][X−] materials (where X− = CH3CO2
−, 

NO3
−, BF4

−, O3SCH2CH2SO3
2−, ClO4

−, CrO4
2−, ReO4

−, and MnO4
−) was performed to 

gain insight as to the relationships between anion hydration energy and the structure 

of the material, to the solubility and stability of the material. A subset of these 

materials (X− = NO3
−, BF4

−, ClO4
−, and MnO4

−) were then selected for a deeper study 

to determine ion exchange, kinetics and thermal stability trends, and how these 

properties relate to solubility and material structure. It was discovered that structure 

of the material is the main driving force behind its resulting stability and solubility, 

and that ion exchange capabilities can successfully be predicted based on the 

solubilities of the starting and ending materials. When the material contained the 

following anions, the solubility trend was determined to be, from most soluble to least

 soluble: 
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CH3CO2
− > NO3

− = BF4
− > O3SCH2CH2SO3

2− > ClO4
− > CrO4

2− > ReO4
− > MnO4

−. 

Kinetics and thermal stability also have some predictable trends, but involve 

additional complications. For instance, the kinetics of the NO3
− to MnO4

− exchange 

was expected to be fast, mirroring the kinetics seen for exchange of NO3
− to ClO4

−. 

However, the exchange was actually very slow. This goes against the hypothesis, 

demonstrating the likelyhood of additional factors involved in ion exchange kinetics. 

The thermal stability study displayed expected trends other than the MnO4
− material, 

which had a very unusual, and very low temperature, thermal decomposition pattern. 

It is currently unknown as to the nature of this observed phenomenon but is 

hypothesized in Chapter 6. PXRD and FTIR were used to characterize the materials, 

solubility data was determined by ICP-OES analysis, ion exchange was analyzed with 

IC and UV-Vis, and thermal stability was determined with TGA. 

 

5.1 Introduction 

For the past two decades, metal-organic coordination polymers have gained 

attention for their interesting polymer conformational patterns1–4 as well as their ion 

exchange properties.5–11 The low dimensionality of these layered (and 1-D) materials 

allow for different arrangements of the polymeric layers depending on the nature of 

the charge balancing anion, as well as tunability in anion exchange with regards to the 

size/shape of the intercalating and deintercalating anions. This flexibility, and the 

apparent selectivity for a variety of toxic anions,5–8 provides great promise for these 

materials to be used as a water remediation tool. 



157	

It has previously been shown that anion exchange for these types of 

coordination polymers is a solvent mediated process.1,2 The solubility of SBX 

([Ag(4,4’-bipy)+][X−]) structures has been linked to the hydration energy of the 

charge-balancing anion (X−). 2,12 If the anion forms a weak hydration sphere (a small 

-ΔH°hydration), the material is more likely to have low solubility in water due to the 

greater stability of the anion residing within the material structure versus free and 

solvated. If the anion forms a strong hydration sphere (a large -ΔH°hydration), the SBX 

material will likely be more soluble in water. The lower the solubility, the lower the 

degree of exchange, or exchange reversibility. For example, if Ksp1 for SBX1 >> Ksp2 

for SBX2, the exchange is expected to be favored SBX1 to SBX2, but may not be 

reversible. If the desired result is a reversible reaction and reuse of a material, the 

solubilities of SBX1 and SBX2 need to be different enough to drive a forward 

reaction, but close enough to be able to force the reaction back to the starting 

material.7 However, if the desire is to immobilize a specific anion, the solubility of 

SBX1 should be high enough to ensure a forward reaction and SBX2 should be highly 

insoluble to ensure effective trapping of the target anion.5 Because these materials 

have continued to gain notoriety for their potential as water remediation tools, it is 

important that properties of these materials be examined in greater detail. 

 

While studying silver bipyridine acetate (SBA, [Ag(4,4′-

bipy)+][CH3CO2
−]·6H2O) for the removal of perchlorate in aqueous systems,8 it was 

determined that SBA can exchange acetate for equimolar perchlorate at near 100% in 



158	

only 1 h. Likewise, when we studied silver bipyridine nitrate (SBN, [Ag(4,4′-

bipy)+][NO3
−]) for aqueous perchlorate removal, we also saw near 100% perchlorate 

removal.7 Interestingly, when starting with the SBA material and perchlorate was in 

direct competition with nitrate, the uptake of perchlorate reduced from near 100% to 

around 70%, and total anion (ClO4
− and NO3

−) uptake was only around 93% on 

average. The crystal structure of silver bipyridine perchlorate (SBP, [Ag(4,4′-

bipy)+][ClO4
−]) was previously solved and is known to have a co-linear arrangement 

of the polymer layers where all pyridine units of one layer form a π-bonding network 

with the adjacent layer.7 SBN, on the other hand, has an orthogonal polymeric layout 

in which only half of the pyridine rings stack.13 We hypothesize that because of the 

solvent-mediated exchange mechanism, when two anions that result in opposing 

structures (co-linear versus orthogonal) are put in direct competition with each other, 

the hydration energies of the anions just aren't different enough to drive the exchange 

fully to silver bipyridine perchlorate (SBP, [Ag(4,4′-bipy)+][ClO4
−]), even though the 

solubilities of the resulting materials have been show to be quite different.2 Clearly, 

the hydration energy of the anion is not the only factor in predicting ion exchange for 

these types of materials. 

 

The following is a detailed solubility study of the Ag(4,4’-bipy)+ polymeric 

materials with several intercalating anions, namely acetate (CH3CO2
−), nitrate (NO3

−), 

tetrafluroborate (BF4
−), ethanedisulfonate (EDS−), perchlorate (ClO4

−), chromate 

(CrO4
2−), perrhenate (ReO4

−) and permanganate (MnO4
−). The solubility data of a 
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sub-set of materials is then used to help identify the ion exchange capabilities of the 

materials, as well as the associated exchange kinetics. Possible influences that lead to 

the varied solubilities, specifically hydration energies of the charge-balancing anions 

and the long-range polymeric conformations, are explored.1–3 We also use this study 

to predict the possible structure of a new material, SBM ([Ag(4,4′-bipy)+][MnO4
−]) 

where the crystal structure has yet to be determined. We characterize the solids by 

PXRD, FTIR and TGA and quantify the exchanges by ICP-OES, UV-Vis and ion 

chromatography (IC). 

 

5.2 Experimental 

5.2.1 Reagents 

Silver acetate (AgCH3CO2, Fisher Chemical, 98%) and 4,4'-bipyridine 

[(NC5H4)2, Acros Organics, 98%] were used as received for the synthesis. Sodium 

perchlorate monohydrate (NaClO4·H2O, Fluka Analytical, 98%), sodium 1,2-

ethanedisulfonate (NaEDS: NaO3SCH2CH2SO3H, TCI Inc. 95%), 1,2-

ethanedisulfonic acid (EDSA: HO3SCH2CH2SO3H, TCI Inc. 95%), potassium 

permanganate (KMnO4, Fisher Chemical, 99.8%), sodium nitrate (NaNO3, Fisher 

Chemical, 99.9%), potassium chromate (K2CrO4, Fisher Chemical, 99.9%), and 

sodium perrhenate (NaReO4, Fisher Chemical, 99+%) were used as-purchased for 

synthesis, solubility studies and anion exchange reactions. 
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5.2.2 Synthesis 

(i) SBA: Described in Chapter 4.2.2. 

	

 (ii) SBN: A grey, microcrystalline powder with block morphology 

approximately 5 × 5 to 15 ×15 µm2 was synthesized at room temperature according to 

previously described procedures (Figure 5.1).7 In a typical synthesis, AgNO3 (0.1 g, 

0.6 mmol) was combined with 4,4′-bipyridine (0.1 g, 0.64 mmol) and 100 mL of 

Millipore water and gently stirred in a sealed beaker for 2 h. The powder was then 

collected via vacuum filtration and rinsed with deionized water and acetone (yield: 

0.187 g, 97.6% based on AgNO3). 

 

 

Figure 5.1 SEM images of SBN powder. Scale bars are for 10 µm (left) and 200 µm 
(right). 
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(iii) SBP: A white, microcrystalline powder with rod-like morphology 

approximately 7.5 × 1.5 µm2 was synthesized at room temperature (Figure 5.2). In a 

typical synthesis, silver acetate (AgOAc, 0.1 g, 0.6 mmol) was combined with 4,4′-

bipyridine (0.1 g, 0.64 mmol), NaClO4 (0.1 g, .82 mmol) and 100 mL of Millipore 

water and gently stirred in a sealed beaker for 2 h. The powder was then collected via 

vacuum filtration and rinsed with deionized water and acetone (yield: 0.216 g, 99.0% 

based on AgOAc). 

 

 

Figure 5.2 SEM images of SBP powder. Scale bars are for 3 µm (left) and 10 µm 
(right). 
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(iv) SBM: A purple microcrystalline powder with rod-like morphology 

approximately 2.5 × 0.15 µm2 was synthesized at room temperature (Figure 5.3). In a 

typical synthesis, AgOAc (0.1 g, 0.6 mmol) was combined with 4,4′-bipyridine (0.1 

g, 0.64 mmol), KMnO4 (0.095 g, 0.6 mmol) and 100 mL of Millipore water and 

gently stirred in a sealed beaker for 5 d. The powder was then collected via vacuum 

filtration and rinsed with deionized water and acetone (yield: 0.229 g, 99.6% based on 

AgOAc). 

 

 

Figure 5.3 SEM images of SBM powder. Scale bars are for 1 µm (left) and 5 µm 
(right). 
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(v) SBB ([Ag(4,4′-bipy)+][BF4
−]): Colorless needle crystals approximately 5 × 

1.5 mm2 were synthesized hydrothermally (Figure 5.4). All crystals were aggregates 

and not single in nature. In a typical synthesis, either AgOAc or AgNO3 (0.1 g, 0.6 

mmol) was combined with 4,4’-bipyridine (0.1 g, 0.64 mmol), NaBF4 (0.13 g, 1.2 

mmol) and 10 mL of Millipore water and gently stirred for approx. 10 min. The 

mixture was then transferred into a Teflon liner and placed in a 150 °C oven under 

autogenous pressure over 3 d with slow cooling (ramp rate 99 °C/min; soak time 72 

h; cooling rate 0.1 °C/min). The resulting crystals were then collected via vacuum 

filtration and rinsed with deionized water and acetone (yield: 0.14 g, 66.7% based on 

AgOAc; similar yields were obtained when using AgNO3 as the silver source). For 

solubility studies, the crystals from the AgOAc synthesis were used and were 

mechanically ground to be relatively close in size to the other powders (Figure 5.5). 

 

 

Figure 5.4 Optical micrographs of SBB crystals. Left: SBB crystal using AgOAc, 
scale bar is for 1 mm; Right: SBB crystal using AgNO3, scale bar is for 1 mm. 
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Figure 5.5 SEM images of ground SBB crystals. Scale bars are for 2 µm (left) and 10 

µm (right). 

 

 
(vi) SLUG-21 ([Ag(4,4′-bipy)+][O3SCH2CH2SO3

2−]): Colorless crystals were 

synthesized hydrothermally as previously described.14 In a typical synthesis, AgNO3 

(0.1 g, 0.6 mmol) was combined with 4,4’-bipyridine (0.1 g, 0.64 mmol), EDSA (0.11 

g, 0.6 mmol) and 10 mL of Millipore water and gently stirred for approx. 10 min. The 

mixture was then transferred into a Teflon liner and placed in a 150 °C oven under 

autogenous pressure over 5 d. The resulting crystals were then collected via vacuum 

filtration and rinsed with deionized water and acetone. 
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(vii) SBR ([Ag(4,4′-bipy)+][ReO4
−]) and SBC ([Ag(4,4′-bipy)+][CrO4

2−]): 

These materials were results of 5 d ion exchanges with SBA as the starting materials. 

The conversion from SBA to SBR/SBC were confirmed via PXRD and FTIR (Figure 

5.6). 
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Figure 5.6 Top: PXRD of (a) SBR (b) SBC (c) SBA, Bottom: FTIR of (a) SBR (b) 
SBC (c) SBA. 
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5.2.3 Solubility Studies 

In a typical solubility study, the desired amount of material (SBA, SBN, SBP, 

SBM, SBB, SBC, SBR, SLUG-21) was ground in a mortar and pestle and added to a 

conical vial containing Millipore water (50 mL) to make a saturated solution. Care 

was taken to seal the tube using several layers of parafilm to prevent water from 

flowing in or out. The tube was then transferred to a 20 ºC water bath and allowed to 

equilibrate for a minimum of 3 d. After equilibration, the samples were removed from 

the water bath, and the supernatant was filtered with a 0.2 µm filter. 0.2 mL of filtered 

supernatant was then diluted with Millipore water to 10 mL. The diluted samples 

were then analyzed via ICP-OES to determine the Ag content. 

 

5.2.4 Selectivity Exchanges  

A subset of anions, ClO4
−, NO3

−, BF4
− and MnO4

− were selected for the 

selectivity exchange experiments. In a typical selectivity exchange, ClO4
− (0.43 g, 

1.55 mmol, 1eq) and NO3
− (0.26 g, 1.55 mmol, 1eq) (or equivalent amounts of other 

anions studied, BF4
−, MnO4

−) were placed in 100 mL of Millipore water and the 

solution was stirred vigorously for 20 min under ambient conditions to ensure total 

dissolution. An initial aliquot was taken, then SBA (0.50 g, 1.55 mmol, 1 eq) was 

added. The beaker was parafilmed and stirred mildly for 2 d. Aliquots were taken 

every fifteen minutes for the first two hours, and then at 24 and 48 hours. The 

exchanges were then vacuum filtered, rinsed with Millipore water and acetone, and 

dried in air for 3 d. The solutions were analyzed via IC for ClO4
−, NO3

− and BF4
− and 
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by UV-Vis for MnO4
− to determine extent of ion exchange. The resulting material 

was analyzed by FTIR and PXRD. 

 

5.2.5 Kinetics Studies 

 The same subset of anions (highlighted above) was selected for kinetics 

studies. In a typical kinetics study, KMnO4 (0.050 g, 0.32 mmol, 1 eq) was placed 

into a 50 mL volumetric flask, and the flask was filled to the line with Millipore 

water. The KMnO4 solution was then transferred to a 100 mL beaker with a stir bar, 

and an initial aliquot was taken. 100 mg (0.30 mmol, 1 eq) of starting material (SBA, 

SBN, SBB, SBP) was then added and aliquots were taken at 1, 2, 5, 10, 15, 20, 25, 

30, and 60 min. All samples were analyzed with UV-Vis spectroscopy, using a 

prepared standard curve of KMnO4. 

 

5.2.6 Characterization 

PXRD was measured on a Rigaku Americas Miniflex Plus diffractometer, 

scanning from 2 to 50° (2θ) at a rate of 2°·min–1 with a 0.02° step size under Cu-Kα 

radiation (λ = 1.5418 Å). FTIR was measured on a Perkin-Elmer Spectrum One 

spectrophotometer with KBr pellets. IC analysis was performed to assess perchlorate 

and nitrate concentration using a Dionex ICS-3000 with an IonPac AS20 column and 

a detection limit of 3 µg/L (ppb). Standard curves for perchlorate and nitrate were 
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prepared for all IC experiments to quantify the concentration of the samples. UV-vis 

analysis was performed to assess permanganate concentration using a Hewlett-

Packard model 8452A UV-Vis spectrophotometer. Standard curves for permanganate 

were prepared for all UV-Vis experiments to quantify the concentration of the 

samples. Scanning electron microscopy (SEM) images were collected with a FEI 

Quanta 3D Dualbeam microscope. Inductively coupled plasma optical emission 

spectrometry (ICP-OES) measurements were taken on a Perkin Elmer Optima 

4300DV, run in radial mode using Y as an internal standard for the solubility 

experiments. A standard curve for silver(I) was prepared to quantify the amount of 

free silver in the samples. TGA studies were completed using a TA Instruments 2050 

TGA by heating from 25 to 600 °C under N2 purge with a gradient of 10 °C/min. 

 

5.3 Results and Discussion 

5.3.1 Solubility Studies 

To study the relationship between solubility and hydration energy of the 

charge-balancing anion and the structure of the materials, solubility studies were 

conducted on eight different materials (SBA, SBB, SBC, SBM, SBN, SBP, SBR, and 

SLUG-21). Of these materials, only SBM has an as-yet unknown structure. SBC was 

partially solved via Rietveld refinement (Figure 4.8), and two structures for the SBB 

material have been reported and described, but only the crystal structure for isomer B 

was available.1 Isomer A was reported to be a co-linear arrangement of the polymer 

layers, whereas isomer B has an orthogonal arrangement similar to that of the SBN. 
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The theoretical powder pattern for the published SBB isomer B material does not 

match the patterns seen with our synthesized materials, while we do not have a 

theoretical pattern of isomer A for comparison since it’s unpublished. Additionally, 

we found that the phase changes depending on the silver salt used in the synthesis 

(AgOAc or AgNO3). However, upon further inspection via FTIR analysis of this 

phenomenon, when using AgNO3 for synthesis, the NO3
− co-incorporates into the 

material along with BF4
− leading to the observed different powder diffraction pattern 

(Figure 5.6). Because of this, all studies were conducted on the SBB isomer made 

with AgOAc.  
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Figure 5.7 Top: (a) RT synthesis of SBB with AgOAc, (b) Hydrothermal synthesis 
with AgOAc, (c) Hydrothermal synthesis with AgNO3, (d) SBB isomer B theoretical 
pattern in blue. Bottom: (a) SBA, (b) SBB hydrothermal synthesis with AgOAc, (c) 
SBB hydrothermal synthesis with AgNO3 
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It seems clear the SBB material is fairly fluid in its polymeric arrangements. 

This aspect is important for our study and knowing the actual structure is not crucial 

for determining exchange trends. Although the powder pattern cannot confirm the 

identity of the material, FTIR analysis shows BF4
- is the charge-balancing ion in the 

material, and not the acetate anionic precursor. The FTIR also shows the 4,4’-bipy 

peaks confirming it is some form of an SBB material (Figure 5.7). 

 

 
Figure 5.8 FTIR spectra of SBA versus SBB. The SBA (a) material contains the 
stretch for acetate and not BF4, whereas the SBB (b) has the BF4 stretch and no 
stretch for acetate. The 4,4’-bipy peaks are highlighted in blue. 
 

 

Since these as-made materials have different crystals size and shape, which 

could affect solubility, all were ground with a mortar and pestle prior to 
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experimentation. The samples were kept at 20 °C for 3 d in water so that a solubility 

equilibrium could be established. Aliquots were then carefully removed from the 

solutions and filtered. They were subsequently analyzed for silver content by ICP-

OES. Several trials were performed to ensure consistency, and the error is reported as 

the standard deviation. All data is summarized in Table 5.1. 

 

Table 5.1: Summary of solubilities and associated properties of the anions 

Material	
Solubility, 
mmol/L	 Ksp, M3	 (n)	

Thermochemical 
Radius of anion, 
Å15	

Hydration 
Energy, 
ΔH°hydration, 
kJ/mol15,16	

SBA	 5.0±0.6	 1.25×10-7	 18	 1.94±0.19	 -313 (calc.)	

SBB	 0.4±0.1	 6.40×10-11	 27	 2.05±0.19	 -274	

SBN	 0.4±0.1	 6.40×10-11	 18	 2.00±0.19	 -314	

SLUG-21	 0.18±0.01	 5.52×10-12	 9	 Unknown	 Unknown	

SBP	 0.14±0.03	 2.68×10-12	 14	 2.25±0.19	 -229	

SBC	 0.06±0.01	 2.03×10-13	 9	 2.5617	 -1103	

SBR	 0.05±0.01	 1.53×10-13	 9	 2.27±0.19	 -272 (calc.)	

SBM	 0.009±0.002	 8.48×10-16	 18	 2.20±0.19	 -248	
 

 

 

There are three elements of dissolution in a given solvent, S, as described by 

the Schröder group: the metal, M the ligand L, and the anions for exchange, X1
− and 

X2
−.2 Therefore, Ksp for the solvent mediated ion exchange process can be calculated 
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by taking into account these three factors. The exchange of an anion is described by 

equation (1)2, resulting in the Ksp calculation (2). 

 
MLX1(solid) + X2

− + nS  [MSn+] + L + X1
− + X2

−  MLX2(solid) + X1
− + nS  (1) 

Ksp = [MSn+][X−][L]         (2) 

 

The hydration energy for acetate and ReO4
− was determined by calculation 

using equation (3)16 where rt is the thermochemical radius in Angstroms and z is the 

charge.15 All others hydration energies were previously published.16 

 

∆𝐻!!"° =  !!""!
!

!!!!.!
 KJ mol -1        (3) 

 

If it were assumed hydration energy of the anion is the driving force behind 

solubility, the following trend should be seen, from highest to lowest solubility: 

SBC > SBN > SBA > SBB> SBR > SBM > SBP, (not including SLUG-21 since its 

hydration energy is unknown), but the trend is actually quite different. SBA was by 

far the most soluble, the SBM by far being the least soluble, and the SBN and SB-BF4 

equal. The polymeric layers of the material can form in different conformations, 

depending on the charge-balancing anion, and its coordination ability. An important 

and detailed study of this concept can be found in a publication by Blake et al. from 

the Schröder group.8 From the known structures, the reasons for the actual solubility 

trend are fairly straightforward.2,5,7,8,13,14 For example, more soluble materials such as 



175	

SBN and SBB (isomer B) have an orthogonal arrangement of the polymer layers 

leading to fewer instances of π-stacking, whereas the less soluble materials such as 

SBR and SBP have head-to-head linear arrangements of the polymer layers, 

maximizing the stacking of pyridine rings and adding the stability of a π-bonding 

network. SBA has the highest solubility in water even though it has co-linear 

arrangements of polymers, likely owing to the bridging acetates that can be fairly 

easily solvated by the polar water. Although the structure of SBM is unknown due to 

the unsuccessful attempts in obtaining a single crystal, it is likely a head-to-head 

linear arrangement. This layout is additionally strengthened by the increased 

coordination ability of the MnO4
−, resulting in a reduction of the cationic repulsion of 

the silvers. This would maximize the π-interactions leading to increased stability as 

we can see with the SBP. MnO4
− may also offer stronger electrostatic bonding as well 

due to its smaller size. Additionally, because the thermochemical radius of MnO4
− ion 

is smaller than that of ClO4
−, this could allow for a stronger π-bonding interaction 

between the bipyridine rings. The combination of these stabilizing energies could 

significantly reduce the cationic repulsion energies thus leading to the drastically 

reduced solubility of the material. Analysis of the powder diffraction patterns of the 

SBM versus SBP supports this hypothesis given their very similar pattern, suggesting 

they may be isostructural (Figure 5.8). There is a slight low angle peak-shift from 

SBP to SBM (9.97 to 10.9 2θ), which could be attributed to the smaller size of the 

MnO4
− versus ClO4

−. 
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Figure 5.9 PXRD data for SBM and SBP showing similarities of the patterns 

 

 

5.3.2 Selectivity exchanges 

Since there is very strong evidence the exchange mechanism for layered 

coordination polymers is a solvent mediated mechanism1, the selectivity for a certain 

anion to exchange above another should directly correlate to solubility. We have 

previously reported excellent exchange properties of SBA and SBN for perchlorate, 

owed presumably in part to the very low solubility of the SBP.1,7,8 Since the SBM is 

more than 100-fold less soluble than the SBP, anything competing with MnO4
− in 

solution should lose in favor of the SB-MnO4 material. Four anions out of nine tested 

for solubility were selected for the study based on their polymeric conformations. 
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One orthogonal (SBN), one that can be either orthogonal or co-linear (SBB), one co-

linear (SBP) and one unknown (SBM). 

 

We conducted several selectivity exchanges where SBA was the starting 

material since its solubility is so high, and placed two of the four selected anions in 

solution together, equimolar to each other and to the SBA (NO3
−, BF4

−, ClO4
−, 

MnO4
−). We followed the exchanges every 15 min for the first 2 h, and then at 24 and 

48 hours, the results of which are summarized graphically in Figure 5.9 and 

numerically in Table 5.2. It should be noted we ran several exchanges for 5 d but 

found no appreciable difference from the 2 d concentrations.  
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Figure 5.10 Kinetics of competitive uptake over 120 m. a) BF4
− vs. NO3

−; b) ClO4
− 

vs. BF4
−; c) MnO4

− vs. BF4
−; d) ClO4

− vs. NO3
−; e) MnO4

− vs. NO3
−; f) MnO4

− vs. 

ClO4
−. 
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Table 5.2 Comparative ion uptake over a 2 d period 

Anion 1	 Anion 2	 Anion 1 Uptake	 Anion 2 Uptake	
Total Uptake 

(2 d)	

BF4
−	 NO3

−	 55±1%	 34±2%	 89±3%	

BF4
−	 MnO4

−	 4±2%	 96±1%	 100±3%	

BF4
−	 ClO4

−	 24±1%	 58±1%	 82±2%	

MnO4
−	 NO3

−	 98±1%	 1±1%	 99±2%	

MnO4
−	 ClO4

−	 81±3%	 17±1%	 98±4%	

ClO4
−	 NO3

−	 72±2%	 21±1%	 93±3%	
 

 

After 2-days, the PXRDs and FTIRs were compared (Figures 5.9-12). As 

predicted, whenever the MnO4
− was in solution, the resulting material was SBM 

(Figure 5.10), and when BF4
− and NO3

− were in solution together, both anions appear 

to have intercalated into the material, best seen in the FTIR spectrum (Figure 5.10a). 

The solubilities of SBN and SBB are the same, within the margin of error, making 

this result seem logical. Also when SBB synthesis is attempted with silver nitrate as 

the precursor, FTIR analysis shows both NO3
- and BF4

- anions within the sample and 

the PXRD has relatively low crystallinity and an unknown pattern (vide supra). 
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Figure 5.11 BF4

− exchanges vs.: a) NO3
−; b) MnO4

−; c) ClO4
−. Peaks particular to 

SBM are denoted with asterisks, peaks particular to SBP denoted with the 
corresponding Miller indices. 
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Figure 5.12 MnO4

− exchanges vs.; a) BF4
−; b) NO3

−; c) ClO4
−. Peaks particular to 

SBM are denoted with asterisks, peaks particular to SBP denoted with the 
corresponding Miller indices. 
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Figure 5.13 ClO4

− exchanges vs.; a) BF4
−; b) MnO4

−; c) NO3
−. Peaks particular to 

SBM are denoted with asterisks, peaks particular to SBP denoted with the 
corresponding Miller indices. 
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Figure 5.14 NO3

− exchanges vs.; a) BF4
−; b) MnO4

−; c) ClO4
−. Peaks particular to 

SBM are denoted with asterisks, peaks particular to SBP denoted with the 
corresponding Miller indices. 
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We previously demonstrated outstanding uptake ability of SBA and SBN for 

perchlorate (over 99%), even in the presence of other common ions.7,8 In our 

selectivity exchanges of SBA, however, we see a significant decrease in ClO4
− uptake 

in the presence of equimolar NO3
− (72±2%), BF4

− (58±1%) and MnO4
− (17±1%) 

(vide supra). In a solvent mediated exchange process, the presence of competing ions 

would cause the concurrent formation of two different materials from the two 

different anions. As the exchange runs, the resulting material that is less soluble likely 

predominates, whereas the more soluble material will continue to dissolve and reform 

slower, allowing the opportunity for more of the less soluble material to form in its 

place. It could be possible, however, for some of the more soluble material to co-

crystallize with the less soluble material if it doesn’t dissolve quickly enough. If the 

two materials have opposing structures (orthogonal versus linear), this could result in 

disorder in the resulting material, leading to a potential loss of crystallinity. This can 

particularly be seen in the PXRD for ClO4
− versus NO3

− (PXRD Figure 5.12c). The 

corresponding FTIR does indeed show a small presence of NO3
- left in the material 

(FTIR, Figure 5.12c). The BF4
− material is more flexible in its conformation and the 

MnO4
− material is very insoluble, but the SBN and SBP have closer solubilities 

(compared to SBM) and opposite polymeric conformations. The PXRD, Figure 5.12c, 

displays mostly an SBP pattern, but the crystallinity is not as good as the other 

resulting exchange materials. Additionally, Figure 5.9d shows an initial uptake of 

both ClO4
− versus NO3

−, but as the exchange continues, the ClO4
− uptake continues, 

the NO3
− flattens out, and even fluctuates in the later times of the exchange. This is in 
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contrast to NO3
− versus the BF4

− exchange where both materials uptake fairly evenly 

(Figure 5.9a) and result in an FTIR spectrum that clearly shows both anions present 

(Figure 5.10a). 

 

Early in the exchanges with MnO4
−, there is approximately 40% uptake of 

MnO4
− in the first 15 min when in competition with BF4

− (Figure 5.9c) and NO3
− 

(5.9e). The MnO4
− uptake then continues to rise slowly for the remainder of the 

exchange, whereas the BF4
− has less than 10% uptake in the first 15 min, and then 

stays steady until it begins to decrease at around 90 min to be replaced with the 

MnO4
− product (Figure 5.9c). The NO3

− gives similar results, although appears to 

fluctuate much more starting at around the 45 min mark (Figure 5.9e). These results 

are in contrast to the selectivity between MnO4
− and ClO4

− (Figure 5.9f). Again there 

is nearly a 40% MnO4
− uptake within the first 15 min, and approximately 10% for the 

ClO4
−, but the contrast begins at about the 20 min mark. Whereas the uptake of 

anions for the more soluble materials (SBN and SBB) begin to go down to be 

replaced with MnO4
− forming the more insoluble material SBM, the ClO4

− uptake 

(and SBP product) stays at a slow, but steady increase throughout the exchange. At 

the end of this experiment (2 d), the SBM was virtually the only product remaining 

when MnO4
− was in competition with NO3

− and BF4
−. However, for the competition 

exchange between MnO4
− and ClO4

−, the SBM/SBP ratio was 4.75:1 at the end of 

exchange. 
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As expected, the solubility trend matches that of the ion uptake: 

NO3
− < BF4

− < ClO4
− < MnO4

−. The polymeric conformations for these respectively 

are orthogonal < varying phases < co-linear < unknown. This again suggests structure 

is a vital piece in establishing solubility, and points to the likelihood of SBM being a 

co-linear structure. 

 

5.3.3 Kinetics experiments 

 In a solvent mediated exchange, the starting material dissolves before the new 

material recrystallizes. It follows then, that perhaps the solubility of the starting and 

ending materials will dictate the kinetics of the exchange. The same anions selected 

for the competitive exchange experiments were again selected for a kinetics study. 

The SBM was found to be the most insoluble, so it was chosen to be the ending 

product. In three separate experiments, SBA, SBN and SBB were added to a beaker 

containing an equimolar MnO4
− solution. After taking the initial aliquot prior to the 

materials being added to the solution, aliquots were taken at 1, 2, 5, 10, 15, 20, 25, 30, 

and 60 min (Figure 5.14). 
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Figure 5.15 UV-Vis results showing early exchange kinetics of SBX to SBM (X = A, 
B, N, P), shown as % MnO4

− remaining in solution over 60 min. The starting 
materials are as follows: (a) SBN; (b) SBP; (c) SBB; (d) SBA. 
 

 

 As can be seen from Figure 5.14, the results are only as expected in the first 

minute of exchange, but then the SBP (b) rapidly begins to perform better for MnO4
− 

removal than the SBN (a). The SBA and SBB behave as predicted, although after 40 

min, the SBA appears to plateau. SBA has been previously been shown to exchange 

for MnO4
− to 98.5% completion over 2 d (Chapter 4, Table 4.1). Analysis of the 

PXRDs and FTIRs from the exchanged materials support the findings from the UV-

Vis analysis. The FTIRs all have the presence of a MnO4
− stretch, but ClO4

− and 

NO3
− are still clearly in the materials that started as SBP and SBN respectively. This 

is mirrored in the PXRDs for the resulting materials (Figure 5.16). 
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Figure 5.16 Top, IR plots:(a) SBA to SBM; (b) SBB to SBM; (c) SBN to SBM; (d) 
SBP to SBM. Bottom, PXRD of post-exchange materials (prominent SBN peaks 
highlighted in blue, prominent SBP peaks in green, and SBM peaks in purple): (a) 
SBA to SBM; (b) SBB to SBM; (c) SBN to SBM; (d) SBP to SBM; (e) as-made 
SBM; (f) as-made SBP; (g) as-made SBN. 
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Because of the unexpected results, the SBN exchange was re-run several times 

with the same results each time. In fact, after running the reaction for 6 d, the mother 

liquor still contained 36% MnO4
−. Analysis of the post-exchange PXRD clearly 

shows there are peaks associated with both the SBN and SBM phases (Figure 5.15). It 

is curious that starting with SBA and MnO4
− in solution with NO3

−, SBM is the 

resulting material with no trace of NO3
− in the post exchange material (vide supra), 

but when starting with SBN and exchanging for MnO4
−, the exchange is not complete 

even after 6 d. The distinct difference between the SBN and the other materials is its 

polymeric and not co-linear layout. However, if this is a factor in this case, it should 

also be in its exchange with ClO4
−. 

 

 
Figure 5.17 Post exchange material PXRD (a) versus SBN starting material (b) and 
SBM pattern (c). The main peaks distinct to SBN are highlighted in blue, and the 
main peak distinct to SBM is highlighted in purple. 
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 It has been established that both the SBN and SBA exchange very well, and 

very quickly for perchlorate, with the SBA being slightly faster in terms of kinetics; 

both materials were shown to almost fully exchange in just 60 min. It is indeed 

perplexing, then, the reason for the observed behavior when exchanging for MnO4
−. 

The one notably different property of SBN compared to the other exchange materials 

is that it has the orthogonal layout, which may slow the exchange if the SBM is co-

linear, as there is significant rearrangement of the polymeric layers. However, the 

SBP is also co-linear, and SBN exchanges readily for ClO4
− in only 60 min. Another 

factor to consider is that manganese has several stable oxidation states. It is possible 

there is some kind of redox chemistry going on, thereby affecting the exchange. 

Likewise, though, chlorine also has a number of stable oxidation states. Furthermore, 

analysis of redox potentials was not fruitful in uncovering a possible answer, but 

experimentation might unveil something not quite so obvious. It is very unfortunate 

that this interesting behavior was discovered right as I am completing research, but 

will hopefully be picked up by a brave soul and studied further. Although a case can 

be made that the overall trend of solubility to kinetics of early exchange is followed, 

as seen in by the results of the SBA, SBB and SBP, it seems there is more complexity 

to the exchanges than expected. 

 

5.3.4 Thermal analysis 

 Finally, thermal analysis was completed for all materials. Solubility of the 

materials in water has been theorized to be related more to structural lay-out of the 
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material in reference to the polymeric layers. The more stable the structure, the lower 

the solubility. This would be expected to translate to thermal stability. The same 

subset of materials were compared for thermal stability (Figure 5.17). All the 

materials follow the expected trend beautifully except for SBM. The SBA begins its 

significant mass-loss around 140 °C, which is in the range of crystallographic water 

loss. Because there is a network of hydrogen-bonded waters within the structure, this 

behavior is completely logical. The SBN and SBB have very similar solubilities, and 

their mass losses begin at about 277 and 300 °C, respectively. Finally, the more 

insoluble SBP starts a mass loss at about 361 °C. The SBM, however, begins a loss at 

about 120 °C, then gains slightly before plummeting drastically. This analysis was 

run for the SBM different times, and with different samples, but all results were 

consistent. It is an incredibly odd result, and one that has yet to be explained.  
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Figure 5.18 TGA analysis of SBA, SBN, SBB, SBP and SBM. 
 

 An attempt was made to obtain a PXRD on the material after thermal 

decomposition of SBM. As can be seen from the TGA, however, the mass loss for 

SBM is nearly complete, leaving not enough material to PXRD. This kind of near 

complete mass loss is also seen for SBP. Both MnO4
− and ClO4

− are strong oxidizers, 

which may come into play to explain such large mass losses. However, like in the 

SBN to SBM ion exchanges, analysis of redox potentials did not provide any insight 

as to what the chemistry might be. Running the TGA under different gases may be 

something to consider in the future. 
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5.4 Conclusions 

 Solubility studies were conducted for nine different [Ag(4,4’-bipy)+][X−] 

materials. The experimental solubility trends were compared with the hydration 

energy of the charge balancing anion and to the structure of the material. Although 

previously thought to be a function of only the anions hydration energy,2 solubility is 

clearly more complex when taking a closer look. Solubility, instead, appears to 

closely correlate to the layout of the polymeric layers and the resulting stability of the 

structure, which is, of course, influenced by the charge balancing anion. Identifying 

solubilities of these types of materials can help predict successful ion exchange, and 

whether it will be reversible, although it is not perfect as seen for the case of the SBN 

to SBM exchange. Kinetics of exchange were analyzed to identify a correlation 

between solubility and speed of exchange, but were not found to follow a perfectly 

predictive trend, suggesting that exchange kinetics have more complexity. Finally, 

thermal stability does seem to relate well to solubility except in the case of SBM, 

which has an unexplained thermal decomposition profile that could benefit from 

some probing. Since MnO4
− is very oxidizing and Mn has so many stable oxidation 

states, it is possible some redox chemistry is taking place. Running the TGAs again 

using an argon flow may be helpful in solving the mystery. 
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Chapter 6 

 

Summary and future work 

 

6.1 Summary 

 Two projects have been described, one on ionothermal synthesis of aliovalent 

metal substituted aluminophosphate molecular sieves for potential use in catalysis, 

and one on the properties and ion exchange capabilities of a class of metal-organic 

coordination polymers, [Ag(4,4’-bipy) +][X−].  

 

6.1.1 Ionothermal synthesis of MAPOs for potential use in catalysis 

 The use of ionic liquids to synthesize MAPOs is an exciting and fascinating 

area of study. The cation acts as the structure-directing agent (SDA), so by changing 

the IL, one can potentially change the phase of the MAPO. Two ionic liquids were 

used in this work, diisopropylimidazolium bromide (DIPI) and diisobutylimidazolium 

bromide (DIBU), and two metals were targeted for framework substitution, nickel 

and manganese. Several interesting discoveries were made during this research.  

 

 Two main studies were performed, ionothermal synthesis of 

aluminophosphates (AlPO4-n) without metal substitution, but adding reagent amounts 

of water to the reaction, and the ionothermal synthesis of NiAPO and MnAPO. When 
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water was added to the reaction, and no Ni or Mn, the DIPI templated for AlPO4-5 

(analog to zeolitic framework AFI) but only when the water was in a 3.0 equivalency 

to aluminum. Water between 1.3 – 2.6 eq all lead to a dense-phase, as did 3.68 – 4.25 

eq. However, the syntheses with DIBU under the same conditions led only to dense-

phases. Interestingly, once Ni was added to the syntheses, the DIPI templated a pure-

phase AFI, even when there was only a 2.02 eq of water (0.13 eq Ni.), and DIBU 

templated a pure-phase AFI when there was a 0.38 eq of Ni (3.06 eq water). 

Similarly, when Mn was added into the syntheses, both SDAs templated for pure-

phase AFI. The DIBU templated pure AFI at all levels of Mn added to the syntheses 

(0.13, 0.25 and 0.38 eq) while DIPI templated AFI only at 0.13 eq of Mn, but 

additional Mn added (0.25 and 0.38 eq) led to amorphous phases. The amorphous 

result could mean the framework simply hasn’t had time to crystallize due to the 

change in reaction conditions, and may just need more time to do so, with the SDA 

being cationic and the AlPO4-5 framework being neutral. The SDA may need some 

kind of an anchor to hold it in place long enough for the precursors to form around it. 

The anionic moiety of the IL may be able to act as the anchor for DIPI, but the DIBU 

has an extra carbon, which would shield the charge, perhaps making it unable to 

interact strongly enough with the anion. Introducing metals into the syntheses might, 

if even temporarily, form Al-O-M-O-P bonds, creating a stronger, and more 

structured negative charge for the cationic SDA to anchor to, thus leading to the 

resulting porous phase. 
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 The metals were not unambiguously proven to incorporate into the tetrahedral 

framework, as both metals prefer to reside in octahedral geometries. However, there 

was some evidence of Mn inclusion in the material via EPR, ICP-OES and 31P MAS-

NMR data, as well as some evidence of Ni inclusion via SEM-EDX and ICP-OES 

data. The possible Ni inclusion was obtained from synthesizing with purified IL that 

had previously been used in NiAPO synthesis and was found to contain Ni even after 

purification.  

 

 Although many insights were gained in the course of this research, there are 

still many more questions, lending the opportunity for future work. 

 

6.1.2 Future work for ionothermal synthesis of MAPO materials 

 There are so many areas of study that can branch from this work. In fact it 

feels as if I have only scratched the surface of this research. The following are just 

some of the directions this research could go. 

 

 (i) Varying the amount of HF in the syntheses. One study was reported for 

varying the amount of HF in the reaction mixture, and it was only with the DIPI SDA. 

Since this study was just to determine the amount of HF needed to obtain an AFI 

structure, no further work was completed. At the upper limit of HF addition (0.51 eq), 

a new phase emerged, but its identity never uncovered (Figure 2.5). Since HF is 
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known to lead to different phase selectivity, this would certainly be an important 

study for both DIPI and DIBU.  

 

 (ii) Kinetics studies. When adding additional Mn to the reaction mixture with 

the DIPI SDA, the resulting materials were amorphous, whereas greater amounts of 

Mn added with the DIBU SDA led to more and more intense AFI peaks. When 

adding Ni into syntheses with DIPI the results showed opposite behavior of that seen 

with the DIBU syntheses. Finally, when adding in water to the syntheses, the DIPI 

SDA templated for AFI, but the DIBU SDA did not and the results were all dense-

phase. All these intriguing results would likely be explained through kinetic studies. 

The study of early nucleation would likely lead to large strides in this research, and 

with so many variables (water, HF, Ni, Mn), would surely have enough work to fulfill 

the requirements of a full PhD. 

 

 (iii) Organic evacuation. If geometrically challenging metals are found to 

substitute into tetrahedral AlPO4-n frameworks, it is of interest to establish a low-

temperature organic evacuation method so the materials could be used in catalysis. It 

is a distinct possibility that if too much heat is applied, the substitutional metal could 

receive enough energy to release from the material, which would result in a loss of 

catalytic potential. Additionally, as extra-large pore structure materials are developed 

(such as 18-ring structures), low temperature methods would also be useful in order to 

avoid structure collapse. Early work has been done showing that the plasma-
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treatments may be effective in removing a bulk of the organic, albeit not all. 

However, even if some organic remains, evacuating a large portion may still lead to 

the opening of catalytic sites. Two studies need to be addressed here, one is to 

optimize the treatments in an effort to obtain a larger organic elimination percentage. 

The other area that needs to be considered is ensuring the plasma treatment doesn’t 

affect the substitutional metal. The treatments tested were for materials that were 

found to not contain Ni. If a material is determined to contain Ni or Mn (specific to 

this study), it would be vital to check the presence of the metal before and after 

plasma treatment. This would be fairly easy to accomplish with the MnAPO, as EPR 

and ICP-OES data are easy to obtain and can be done on both pre- and post-plasma 

treatments. 

 

 (iv) DIPI and DIBU iodide. In the course of study, we obtained a batch of 

DIPI iodide, while all studies had previously been completed with DIPI and DIBU 

bromide. We ran several syntheses mirroring those that had previously been run with 

DIPI Br and resulted in AFI, as a control. All syntheses with the DIPI I came out as 

dense-phase. Time constraints made it impossible to delve into this result further. It is 

a curious result given that they are both halides. However, iodide is much softer than 

bromide and is also capable of its own chemistry. It would be interesting to also run 

reactions with DIBU iodide to see if the results are the same. There is additionally a 

third IL that has not yet been worked with, 1-diisopropyl-3-diisobutylimidazolium 

bromide, which can be compared to the DIPI and DIBU for its various properties. 
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Again, with water studies, and metal substitutional studies as well as the differences 

between their bromide analogs, this area of study would likely also be enough work 

for a full PhD.  

 

6.1.3 Solubility and ion exchange capabilities of [Ag(4,4’-bipy)+][X−] 

coordination polymers 

 A metal-organic coordination polymer, SBA ([Ag(4,4’-bipy)+][CH3CO2
−]) 

was discovered to rapidly uptake a number of toxic oxo-anions in exchange for 

acetate, including perchlorate (99.9%), permanganate (98.5%), perrhenate (91.5%), 

nitrate (64.4%) and chromate (46.4%). The loading capacities for these ions were 

some of the highest on record at 310, 351, 705, 125 and 160 mg/g respectively. These 

remarkable results were the impetus to then study some properties of the SBA and the 

resulting materials, SBP, SBM, SBR, SBN, and SBC, respectively. Also included in 

the solubility studies were two additional SB-materials: SBB ([Ag(4,4’-bipy)+][BF4
−]) 

and SLUG-21 ([Ag(4,4′-bipy)+][O3SCH2CH2SO3
2−]). 

 

 There is overwhelming evidence that these types of materials undergo ion 

exchange in a solvent mediated process, with the initial material dissolving prior to 

the new material with the exchanged ion recrystallizing. It follows, then, that the 

solubility of the starting material and the solubility of the end material should dictate 

the kinetics of the exchange, and predictability of the exchange. The relative 

solubilities were found to be SBA > SBB ~ SBN > SLUG-
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21 > SBP > SBC > SBR > SBM, which is quite a different trend than would be found 

if solubility was merely a function of the anionic moiety’s hydration energy, as was 

previously thought. Instead it appears the structure of the material also plays a large 

part. Materials that have a co-linear polymeric layout tend to have lower solubilities 

than those with orthogonal layouts. The coordination ability of the anion as well as its 

size also seem to play a part in the ultimate solubility. 

 

 In selectivity exchanges between two anions at a time, and starting with the 

most soluble material, SBA, the anion that would result in the more insoluble material 

was preferentially selected for in all exchanges. When anions of approximately equal 

solubility in terms of its CP solid were placed in competition with each other, the 

result was a material that had two phases, and both anions were identified to be within 

the material via FTIR. The kinetics of exchange were also studied, and the results 

mostly followed the hypothesis, with one odd result. When SBN was placed in a 

solution with MnO4
−, the reaction would be expected to quickly transition from SBN 

to SBM, but instead it was found that even after 6 days, the exchange had not 

completed. It is currently unknown why this anomaly would happen, the only 

potential clues being that SBN is the single material that has an unchanging 

orthogonal polymeric layout of the materials tested (as opposed to the SBB, which is 

capable of phase-changes), and that the MnO4
− species is highly oxidizing. However, 

the SBN exchanges with ClO4
− to over 99% in only 60 min, which is an orthogonal-

to-co-linear polymeric transformation, and ClO4
− is also strongly oxidizing. These 
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two exchanges would be expected to exhibit similar behavior. This is unquestionably 

a problem that begs a solution! 

 

 Thermal stability of these materials were also tested and correlate well to their 

solubilities, with the exception of SBM, which displayed a very odd thermal 

degradation pattern. At just over 100 °C, there is a very sharp drop, continuing to its 

full decomposition. The most soluble material, SBA begins its mass loss at about 

160 °C, for comparison. It is possible that there is some redox chemistry happening, 

as TGA is run with an N2 flow, however initial investigation of redox potentials was 

not fruitful in providing a possible answer. 

 

 The materials, for the most part, follow the hypothesis of solubility dictating 

behavior, however there is undoubtedly another factor not considered in this body of 

work, leaving much opportunity for further research. 

 

6.1.4 Future work for [Ag(4,4’-bipy)+][X−] materials 

 (i) Further solubility studies. There are many factors that can contribute to a 

material’s solubility such as the solvent and the pH of the solution. It would be of 

interest to measure solubilities of the materials in a range of pH levels. With this 

information, one could likely predict exchange capabilities in more extreme 

environments. It would also be interesting to study solubility of materials in a variety 

of solvents. Silver-based materials are likely more soluble in N-donor solvents than in 
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O-donor solvents since silver is a soft metal. Testing solubility in acetonitrile, 

acetone, methanol, ethanol and benzene may be an interesting study to see the results 

at the opposite ends of the spectrum (N-donor and non-polar) as well as with various 

O-donors. 

 

 (ii) Studies with SBM. The SBM had by far the lowest solubility, but yet 

when SBN was set to exchange for MnO4
−

 the exchange was incredibly slow, and 

even after 6 days was not complete. Additionally the SBM shows extreme thermal 

instability. MAS-NMR could be considered as a way to study this phenomenon. 

Initial MAS-NMR were run on this material and although not providing much useful 

information for the documented study, was found to have disorder in the material. 

Solubilities in different solvents (mentioned above) may also be useful to coax out 

information about this material. Manganese has so many stable oxidation states; it 

seems entirely plausible that some kind of redox chemistry is causing the odd 

behavior. However, in analyzing redox potentials, I could not come up with an 

answer for what could be taking place. Some actual cyclic voltammetry experiments 

may also prove to be invaluable. 

  

 Another experiment that could be interesting would be to run a TGA for the 

SBM flowing different gases other than N2. If the issue is reduction of the manganese, 

running O2 could help prevent that from occurring. Argon could also potentially be 

run as it should be completely intert. This might provide an indicator for what is 
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going on. With the N2 flow, there is virtually no material remaining at completion 

making it a significant challenge to determine the phase after decomposition. The 

hope is, by employing other gases, a strong hypothesis can be developed as to what is 

occurring with the N2 flow TGA. 

 

 (iii) Work with industrial water. The Aerojet water perchlorate exchanges 

with SBA that were reported in Ch. 4 had an issue when longer-term exchanges were 

attempted. The water after about 24 hours would turn black, and the resulting material 

was, not surprisingly, Ag2O. This happened with both SBA and SBN. The matrix of 

the water is pH 7 and benign other than the 3 ppb trichloroethene (TCE) 

concentration. I believe this may be the cause of the complete material breakdown, 

but it was never tested. A simple solution of 3 ppb TCE could be made, and SBA or 

SBN added to the solution to see if it has the same result. In order to be useful for 

industrial use, this is an issue that must be identified and overcome. 
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Appendix 

 

Table of Syntheses Ratios and Conditions 

 

Table A1: SLUG-26 Syntheses 

Date 
Sample 

ID Compound Ratio 
F.W. 

(g/mol) Density Mass, g Synthesis Type 

11/12/13 SC01_02 Cu(NO3)2 1.00 187.56 
 

0.6451 Hydrothermal 

  
Na2EDS 2.63 234.16 

 
2.1149 150 C 

  
CTAB 0.02 364.45 

 
0.0253 5-Days 

  
Milli-Q 127.71 18 1 7.9062 

 11/12/13 SC01_03 Cu(NO3)2 0.65 187.56   0.6455 Hydrothermal 
    Na2EDS 2.62 234.16   2.1154 150 C 
    CTAB 0.02 364.45   0.0251   
    Milli-Q 128.16 18 1 7.9391   
11/22/13 SC01_08 Cu(NO3)2 1.00 187.56 

 
0.6627 Hydrothermal 

  
Na2EDS 2.55 234.16 

 
2.1107 150 C 

  
CTAB 0.02 364.45 

 
0.0252 5-Days 

  
Milli-Q 125.79 18 1 8 

 1/15/14 SC01_16 Cu(NO3)2 0.65 187.56   0.6727 Hydrothermal 
    Na2EDS 2.56 234.16   2.153 150 C 
    CTAB 0.02 364.45   0.028 5-Days 
    Milli-Q 123.92 18 1 8   
1/15/14 SC01_17 Cu(NO3)2 1.00 187.56 

 
0.659 Hydrothermal 

  
Na2EDS 2.57 234.16 

 
2.117 150 C 

  
CTAB 0.03 364.45 

 
0.033 5-Day 

  
Milli-Q 126.49 18 1 8 

 1/15/14 SC01_18 Cu(NO3)2 0.65 187.56   0.6908 Hydrothermal 
    Na2EDS 2.61 234.16   2.255 150 C 
    CTAB 0.02 364.45   0.0275 5-Days 
    Milli-Q 120.67 18 1 8   
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Date 
Sample 

ID Compound Ratio 
F.W. 

(g/mol) Density Mass, g Synthesis Type 

1/24/14 SC01_19 Cu(NO3)2 1.00 187.56 
 

0.651 Hydrothermal 

  
Na2EDS 2.63 234.16 

 
2.135 150 C 

  
CTAB 0.02 364.45 

 
0.0268 5-Day 

  
Milli-Q 128.05 18 1 8 

 1/24/14 SC01_20 Cu(NO3)2 0.65 187.56   0.6733 Hydrothermal 
    Na2EDS 2.53 234.16   2.1298 150 C 
    CTAB 0.03 364.45   0.0337 5-Days 
    Milli-Q 123.81 18 1 8   
1/24/14 SC01_21 Cu(NO3)2 1.00 187.56 

 
0.6812 Hydrothermal 

  
Na2EDS 1.89 234.16 

 
1.61 150 C 

  
CTAB 0.02 364.45 

 
0.0315 5-Day 

  
Milli-Q 122.37 18 1 8 (mother liquor) 

3/12/14 SC01_24 Cu(NO3)2 0.65 187.56   0.826 Hydrothermal 
    Na2EDS 1.94 234.16   2 150 C 
    CTAB 0.02 364.45   0.0248 5-Days 
    Milli-Q 100.92 18 1 8   
3/12/14 SC01_25 Cu(NO3)2 1.00 187.56 

 
0.7416 Hydrothermal 

  
Na2EDS 2.18 234.16 

 
2.0189 150 C 

  
CTAB 0.02 364.45 

 
0.0254 5-Day 

  
Milli-Q 112.41 18 1 8 

 3/12/14 SC01_26 Cu(NO3)2 0.65 187.56   0.6668 Hydrothermal 
    Na2EDS 2.44 234.16   2.0347 150 C 
    CTAB 0.02 364.45   0.0257 5-Days 
    Milli-Q 125.01 18 1 8   
4/10/14 SC01_32 Cu(NO3)2 1.00 187.56 

 
0.676 Hydrothermal 

  
Na2EDS 2.64 234.16 

 
2.225 150 C 

  
CTAB 0.02 364.45 

 
0.028 5-Day 

  
Milli-Q 124.32 18 1 8.065 

 4/10/14 SC01_33 Cu(NO3)2 0.65 187.56   0.673 Hydrothermal 
    Na2EDS 3.36 234.16   2.82 150 C 
    CTAB 0.02 364.45   0.028 5-Days 
    Milli-Q 123.86 18 1 8   
5/14/14 SC01_36 Cu(NO3)2 1.00 187.56 

 
0.6533 Hydrothermal 

  
Na2EDS 2.59 234.16 

 
2.115 150 C 

  
CTAB 0.02 364.45 

 
0.0263 5-Day 

  
Milli-Q 127.60 18 1 8 
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Date 
Sample 

ID Compound Ratio 
F.W. 

(g/mol) Density Mass, g Synthesis Type 

5/14/14 SC01_37 Cu(NO3)2 0.65 187.56   0.652 Hydrothermal 
    Na2EDS 2.59 234.16   2.111 150 C 
    CTAB 0.02 364.45   0.0252 5-Days 
    Milli-Q 127.85 18 1 8   
5/14/14 SC01_38 Cu(NO3)2 1.00 187.56 

 
0.6543 Hydrothermal 

  
Na2EDS 2.59 234.16 

 
2.1123 150 C 

  
CTAB 0.03 364.45 

 
0.0336 5-Day 

  
Milli-Q 127.40 18 1 8 

 10/6/14 SC01_40 Cu(NO3)2 0.65 187.56   0.6504 Hydrothermal 
    Na2EDS 2.60 234.16   2.1104 150 C 
    CTAB 0.03 364.45   0.0413 5-Days 
    Milli-Q 128.39 18 1 8.014   
10/5/14 SC01_41 Cu(NO3)2 1.00 187.56 

 
0.65504 Hydrothermal 

  
Na2EDS 0.26 234.16 

 
0.21107 150 C 

  
CTAB 0.01 364.45 

 
0.0155 5-Day 

  
Milli-Q 127.55 18 1 8.018 

 10/6/14 SC01_42 Cu(NO3)2 0.65 187.56   0.6505 Hydrothermal 
    Na2EDS 2.60 234.16   2.1106 150 C 
    CTAB 0.02 364.45   0.026 5-Days 
    Milli-Q 128.15 18 1 8   
10/13/14 SC01_43 Cu(NO3)2 1.00 187.56 

 
0.6512 Hydrothermal 

  
Na2EDS 2.60 234.16 

 
2.1103 150 C 

  
CTAB 0.03 364.45 

 
0.0406 5-Day 

  
Milli-Q 128.89 18 1 8.055 

 10/13/14 SC01_44 Cu(NO3)2 0.65 187.56   0.6513 Hydrothermal 
    Na2EDS 2.60 234.16   2.1102 150 C 
    CTAB 0.01 364.45   0.0153 5-Days 
    Milli-Q 128.95 18 1 8.06   
11/14/14 SC01_45 Cu(NO3)2 1.00 187.56 

 
0.6513 Hydrothermal 

  
Na2EDS 2.62 234.16 

 
2.1284 170 C 

  
CTAB 0.03 364.45 

 
0.0405 1-mo 

  
Milli-Q 127.99 18 1 8 

 11/14/14 SC01_46 Cu(NO3)2 0.65 187.56   0.6514 Hydrothermal 
    Na2EDS 2.60 234.16   2.1152 170 C 
    CTAB 0.03 364.45   0.0429 1-mo 
    Milli-Q 127.97 18 1 8   
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Date 
Sample 

ID Compound Ratio 
F.W. 

(g/mol) Density Mass, g Synthesis Type 

11/20/14 SC01_47 Cu(NO3)2 1.00 187.56 
 

0.6583 Hydrothermal 

  
Na2EDS 2.58 234.16 

 
2.1176 150 C 

  
CTAB 0.03 364.45 

 
0.0447 5-Day 

  
Milli-Q 126.63 18 1 8 

 3/26/15 SC01_80 Cu(NO3)2 0.99 187.56   0.6592 Hydrothermal 
    Na2EDS 2.58 234.16   2.1228 150 C 
    CTAB 0.04 364.45   0.0456 5-Days 
    Milli-Q 126.46 18 1 8   
3/26/15 SC01_81 Cu(NO3)2 1.00 187.56 

 
0.6527 Hydrothermal 

  
Na2EDS 2.60 234.16 

 
2.1218 150 C 

  
CTAB 0.04 364.45 

 
0.0481 5-Day 

  
Milli-Q 127.72 18 1 8 

 5/12/15 SC01_86 Cu(NO3)2 0.99 187.56   0.6409 Hydrothermal 
    Na2EDS 2.64 234.16   2.1121 150 C 
    CTAB 0.02 364.45   0.0235 5-Days 
    Milli-Q 130.07 18 1 8   
5/12/15 SC01_87 Cu(NO3)2 1.00 187.56 

 
0.6436 Hydrothermal 

  
Na2EDS 2.61 234.16 

 
2.0993 150 C 

  
CTAB 0.04 364.45 

 
0.051 5-Day 

  
Milli-Q 129.52 18 1 8 

 5/27/15 PG 93 Cu(NO3)2 0.65 187.56   0.6549 Hydrothermal 
    Na2EDS 2.58 234.16   2.1087 150 C 
    CTAB 0.02 364.45   0.0253 5-Days 
    Milli-Q 127.29 18 1 8   
5/27/15 PG 93 Cu(NO3)2 1.00 187.56 

 
0.6589 Hydrothermal 

  
Na2EDS 2.57 234.16 

 
2.1125 150 C 

  
CTAB 0.02 364.45 

 
0.0259 5-Day 

  
Milli-Q 126.51 18 1 8 

 6/2/15 PG 95 Cu(NO3)2 0.65 187.56   0.6543 Hydrothermal 
    Na2EDS 2.59 234.16   2.1173 150 C 
    CTAB 0.02 364.45   0.0258 5-Days 
    Milli-Q 127.40 18 1 8   
6/2/15 PG 95 Cu(NO3)2 1.00 187.56 

 
0.6601 Hydrothermal 

  
Na2EDS 2.56 234.16 

 
2.1113 150 C 

  
CTAB 0.02 364.45 

 
0.0285 5-Day 

  
Milli-Q 126.28 18 1 8 
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Date 
Sample 

ID Compound Ratio 
F.W. 

(g/mol) Density Mass, g Synthesis Type 

6/24/15 PG 101 Cu(NO3)2 0.65 187.56   0.655 Hydrothermal 
    Na2EDS 2.57 234.16   2.1025 150 C 
    CTAB 0.04 364.45   0.0541 5-Days 
    Milli-Q 127.27 18 1 8   
6/24/15 PG 102 Cu(NO3)2 1.00 187.56 

 
0.6638 Hydrothermal 

  
Na2EDS 2.57 234.16 

 
2.1296 150 C 

  
CTAB 0.31 364.45 

 
0.4 5-Day 

  
Milli-Q 125.58 18 1 8 

 6/24/15 PG 103 Cu(NO3)2 0.65 187.56   0.6654 Hydrothermal 
    Na2EDS 2.54 234.16   2.1073 150 C 
    CTAB 0.03 364.45   0.0406 5-Days 
    Milli-Q 125.28 18 1 8   
9/2/15 PG 111 Cu(NO3)2 1.00 187.56 

 
0.691 Hydrothermal 

  
Na2EDS 2.48 234.16 

 
2.1418 150 C 

  
CTAB 0.04 364.45 

 
0.0602 5-Day 

  
Milli-Q 121.62 18 1 8.065 

 9/2/15 PG 113 Cu(NO3)2 0.65 187.56   0.649 Hydrothermal 
    Na2EDS 2.63 234.16   2.1303 150 C 
    CTAB 0.05 364.45   0.0627 5-Days 
    Milli-Q 128.80 18 1 8.022   
9/8/15 PG 116 Cu(NO3)2 1.00 187.56 

 
0.65 Hydrothermal 

  
Na2EDS 2.60 234.16 

 
2.11 150 C 

  
CTAB 0.05 364.45 

 
0.0601 5-Day 

  
Milli-Q 128.25 18 1 8 

 9/8/15 PG 117 Cu(NO3)2 0.65 187.56   0.65 Hydrothermal 
    Na2EDS 2.60 234.16   2.113 150 C 
    CTAB 0.05 364.45   0.0603 5-Days 
    Milli-Q 128.31 18 1 8.004   
9/14/15 PG 120 Cu(NO3)2 1.00 187.56 

 
0.65 Hydrothermal 

  
Na2EDS 2.60 234.16 

 
2.1104 150 C 

  
CTAB 0.05 364.45 

 
0.0603 5-Day 

  
Milli-Q 128.25 18 1 8 

 9/14/15 PG 121 Cu(NO3)2 0.65 187.56   0.6511 Hydrothermal 
    Na2EDS 2.60 234.16   2.11 150 C 
    CTAB 0.05 364.45   0.0602 5-Days 
    Milli-Q 128.09 18 1 8.004   
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Table A2: SBA Syntheses 

Date 
Sample 

ID Compound 

Ratio, 
Based 

on 
AgOAc F.W.  ρ 

Mass 
(g) Mol 

Yield 
(g) 

Synth 
Type 

5/24/16 DP01_58 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 
 

HT 

  
4,4'-bipy 1.07 156.19 

 
0.10 0.00 

 
130 C 

  
H2O 935.51 18.02 1.00 10.10 0.56 0.16 

 5/24/16 DP01_60 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   HT 
    4,4'-bipy 1.07 156.19   0.10 0.00   150 C 
    H2O 931.78 18.02 1.00 10.10 0.56 0.17   
5/24/16 DP01_61 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 

 
HT 

  
4,4'-bipy 

 
156.19 

 
0.10 0.00 

 
175 C 

  
H2O 

 
18.02 1.00 10.00 0.55 0.12 

 5/22/17 KD01_38 AgC2H3O2 1.00 166.91 3.26 0.31 0.00   RT 
    4,4'-bipy 1.07 156.19   0.31 0.00     
    H2O 902.19 18.02 1.00 30.00 1.66 0.38   
6/26/17 KD01_39 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 

 
RT 

  
4,4'-bipy 1.06 156.19 

 
0.10 0.00 

 
70 m 

  
H2O 900.14 18.02 1.00 10.00 0.55 0.18 

 6/26/17 KD01_39 AgC2H3O2 1.00 166.91 3.26 1.00 0.01   RT 
    4,4'-bipy 1.13 156.19   1.05 0.01     
    H2O 927.18 18.02 1.00 100.0 5.55 1.99   
7/11/17 KD01_55 AgC2H3O2 1.00 166.91 3.26 1.08 0.01 

 
RT 

  
4,4'-bipy 1.14 156.19 

 
1.15 0.01 

  
  

H2O 854.55 18.02 1.00 100.0 5.55 1.80 
   KD01_40 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   RT 

    4,4'-bipy 1.10 156.19   0.10 0.00   10 m 
    H2O 930.90 18.02 1.00 10.00 0.55 0.04   

 
KD01_40 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 

 
RT 

  
4,4'-bipy 1.08 156.19 

 
0.10 0.00 

 
30 m 

  
H2O 915.27 18.02 1.00 10.00 0.55 0.14 

   KD01_40 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   RT 
    4,4'-bipy 1.07 156.19   0.10 0.00   60 m 
    H2O 913.46 18.02 1.00 10.00 0.55 0.17   
7/17/17 CM01_24 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 

 
HT 

  
4,4'-bipy 1.07 156.19 

 
0.10 0.00 

  
  

H2O 915.27 18.02 1.00 10.00 0.55 
  

  
PFOA 0.99 414.07 1.79 0.25 0.00 0.24 
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Date 
Sample 

ID Compound 

Ratio, 
Based 

on 
AgOAc F.W.  ρ 

Mass 
(g) Mol 

Yield 
(g) 

Synth 
Type 

7/17/17 CM01_24 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   HT 
    4,4'-bipy 1.07 156.19   0.10 0.00     
    H2O 922.56 18.02 1.00 10.00 0.55     
    PFOA 0.81 414.07 1.79 0.20 0.00 0.21   
7/17/17 CM01_24 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 

 
HT 

  
4,4'-bipy 1.07 156.19 

 
0.10 0.00 

  
  

H2O 913.46 18.02 1.00 10.00 0.55 
  

  
CTAB 0.98 364.46 

 
0.22 0.00 0.07 

 8/11/17 CM01_22 AgC2H3O2 1.00 166.91 3.26 0.11 0.00   HT 
    4,4'-bipy 1.00 156.19   0.10 0.00     
    H2O 856.84 18.02 1.00 10.00 0.55     
    PFOA 0.93 414.07 1.79 0.25 0.00 0.21   
8/11/17 CM01_22 AgC2H3O2 1.00 166.91 3.26 0.11 0.00 

 
HT 

  
4,4'-bipy 1.00 156.19 

 
0.10 0.00 

  
  

H2O 848.99 18.02 1.00 10.00 0.55 
  

  
TPh 0.91 262.29 1.10 0.16 0.00 0.06 

 8/11/17 CM01_22 AgC2H3O2 1.00 166.91 3.26 0.11 0.00   HT 
    4,4'-bipy 1.00 156.19   0.10 0.00     
    H2O 852.11 18.02 1.00 10.00 0.55     
    Adipic Acid 0.92 146.14 1.36 0.09 0.00 0.17   
9/18/17 KD01_82 AgC2H3O2 1.00 166.91 3.26 1.50 0.01 

 
RT 

  
4,4'-bipy 1.07 156.19 

 
1.50 0.01 

  
  

H2O 925.63 18.02 1.00 150.0 8.32 2.90 
   KD01_72 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   HT 

    4,4'-bipy 1.06 156.19   0.10 0.00     
    H2O 921.64 18.02 1.00 10.00 0.55     
    1-Octanol 0.95 130.23 0.83 0.07 0.00 0.04   
9/26/17 KD01_85 AgC2H3O2 1.00 166.91 3.26 0.11 0.00 

 
HT 

  
4,4'-bipy 1.03 156.19 

 
0.10 0.00 

  
  

H2O 860.83 18.02 1.00 10.00 0.55 
  

  
PFOA 0.38 414.07 1.79 0.10 0.00 0.12 

 10/6/17 KB01_30 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   RT 
    4,4'-bipy 1.07 156.19   0.10 0.00     
    H2O 512.74 32.04   10.00 0.31 0.10   
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Date 
Sample 

ID Compound 

Ratio, 
Based 

on 
AgOAc F.W.  ρ 

Mass 
(g) Mol 

Yield 
(g) 

Synth 
Type 

10/6/17 KB01_30 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 
 

RT 

  
4,4'-bipy 1.06 156.19 

 
0.10 0.00 

  
  

Acetone 282.02 58.08 
 

10.00 0.17 0.16 
 10/6/17 KB01_30 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   RT 

    4,4'-bipy 1.07 156.19   0.10 0.00     
    Acetonitrile 404.98 41.05   10.00 0.24 0.10   
10/9/17 KD01_94 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 

 
HT 

  
4,4'-bipy 1.08 156.19 

 
0.10 0.00 

  
  

H2O 926.25 18.02 1.00 10.00 0.55 
  

  
1-Octanol 0.96 130.23 0.83 0.07 0.00 0.00 

 10/9/17 KD01_94 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   HT 
    4,4'-bipy 1.06 156.19   0.10 0.00     
    H2O 922.56 18.02 1.00 10.00 0.55 0.12   
10/9/17 KD01_93 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 

 
HT 

  
4,4'-bipy 1.07 156.19 

 
0.10 0.00 

  
  

H2O 927.18 18.02 1.00 10.00 0.55 
  

  
PFOA 0.41 414.07 1.79 0.10 0.00 0.08 

 10/17/17 KB01_30 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   RT 
    4,4'-bipy 1.06 156.19   0.10 0.00     
    MeOH 508.73 32.04   10.00 0.31     
10/17/17 KB01_30 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 

 
RT 

  
4,4'-bipy 1.07 156.19 

 
0.10 0.00 

  
  

Ace 283.13 58.08 
 

10.00 0.17 
  10/17/17 KB01_30 AgC2H3O2 1.00 166.91 3.26 0.10 0.00   RT 

    4,4'-bipy 1.07 156.19   0.10 0.00     
    MeCN 400.99 41.05   10.00 0.24     
10/17/17 KB01_30 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 

 
RT 

  
4,4'-bipy 1.08 156.19 

 
0.10 0.00 

  
  

EtOH 362.30 46.07 
 

10.00 0.22 
  10/17/17 KB01_34 AgC2H3O2 1.00 166.91 3.26 1.00 0.01   RT 

    4,4'-bipy 1.07 156.19   1.00 0.01     
    H2O 924.49 18.02 1.00 100.0 5.55     
5/23/18 KD01_143 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 0.13 HT 

  
4,4'-bipy 1.07 156.19 

 
0.10 0.00 

  
  

H2O 926.25 18.02 1.00 10.00 0.55 
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Date 
Sample 

ID Compound 

Ratio, 
Based 

on 
AgOAc F.W.  ρ 

Mass 
(g) Mol 

Yield 
(g) 

Synth 
Type 

6/1/18 KD01_146 AgC2H3O2 1.00 166.91 3.26 0.10 0.00 0.05 HT 
    4,4'-bipy 1.07 156.19   0.10 0.00     
    H2O 926.25 18.02 1.00 10.00 0.55     

 

 

Table A3: AlPO4 Syntheses 

Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL Mass 

Synthesis 
Type 

4/18/16 SC02_01 Al(iPrO)3 1.00 187.56 
  

0.156 Ionothermal 

  
H3PO4 1.21 97.99 1.685 

 
0.0987 160 C, 72 h 

  
DIPI 7.82 233.15 

  
1.5166 dense 

  
HF 0.00 20 1.15 

 
0 

 
  

Water 0.00 18 1 
 

0 
 4/19/06 SC02_02 Al(iPrO)3 0.74 187.56     0.1162 Ionothermal 

    H3PO4 0.97 97.99 1.685   0.0792 160 C, 48 h 
    DIPI 6.01 233.15     1.1652 dense 
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

4/25/16 SC02_03 Al(iPrO)3 0.69 187.56 
  

0.1072 Ionothermal 

  
H3PO4 0.92 97.99 1.685 

 
0.0749 160 C, 24 h 

  
DIPI 5.97 233.15 

  
1.1577 mixed 

  
HF 0.00 20 1.15 

 
0 

 
  

Water 0.00 18 1 
 

0 
 4/25/16 SC02_04 Al(iPrO)3 0.66 187.56     0.1036 Ionothermal 

    H3PO4 1.24 97.99 1.685   0.1009 160 C, 48 h 
    DIPI 5.90 233.15     1.1436 dense 
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

4/25/16 SC02_05 Al(iPrO)3 0.66 187.56 
  

0.1031 Ionothermal 

  
H3PO4 1.15 97.99 1.685 

 
0.0935 160 C, 72 h 

  
DIPI 6.00 233.15 

  
1.1628 dense 

  
HF 0.00 20 1.15 

 
0 

 
  

Water 0.00 18 1 
 

0 
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

5/4/16 SC02_06 Al(iPrO)3 0.68 187.56     0.1053 Ionothermal 
    H3PO4 0.93 97.99 1.685   0.0754 160 C, 12 h 
    DIPI 6.04 233.15     1.172 mixed 
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

5/5/16 SC02_07 Al(iPrO)3 0.65 187.56 
  

0.1014 Ionothermal 

  
H3PO4 1.00 97.99 1.685 

 
0.0819 160 C, 6 h 

  
DIPI 6.03 233.15 

  
1.1701 mixed 

  
HF 0.00 20 1.15 

 
0 

 
  

Water 0.00 18 1 
 

0 
 5/11/16 SC02_08 Al(iPrO)3 0.65 187.56     0.1012 Ionothermal 

    H3PO4 1.01 97.99 1.685   0.082 160 C, 5 d 
    DIPI 6.01 233.15     1.1652 mixed 
    HF 0.04 20 1.15 0.6 0.0007   
    Water 0.00 18 1   0   

5/11/16 SC02_09 Al(iPrO)3 0.70 187.56 
  

0.1095 Ionothermal 

  
Ni 0.07 248.84 

  
0.0153 130 C 

  
H3PO4 1.05 97.99 1.685 

 
0.0859 5 d 

  
DIPI 5.93 233.15 

  
1.1509 amorphous 

  
HF 0.04 20 1.15 0.6 

0.0006
9 

 
  

Water 0.00 18 1 
 

0 
 5/18/16 SC02_10 Al(iPrO)3 0.69 187.56     0.1074 Ionothermal 

    H3PO4 1.02 97.99 1.685   0.0834 135 C, 4 d 
    DIPI 6.10 233.15     1.1838 mixed 
    HF 0.00 20 1.15 0 0   
    Water 0.00 18 1   0   

5/25/16 SC02_12 Al(iPrO)3 0.66 187.56 
  

0.1034 Ionothermal 

  
H3PO4 0.94 97.99 1.685 

 
0.0769 135 C, 5 d 

  
DIPI 5.70 233.15 

  
1.1047 mixed 

  
HF 0.14 20 1.15 2 0.0023 

 
  

Water 0.00 18 1 
 

0 
 5/25/16 SC02_13 Al(iPrO)3 0.66 187.56     0.1023 Ionothermal 

    Ni 0.08 248.84     0.0167 135 C 
    H3PO4 1.13 97.99 1.685   0.0921 5 d 
    DIPI 5.83 233.15     1.1302 mixed 
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

6/30/16 SC02_18 Al(iPrO)3 0.71 187.56 
  

0.1101 Ionothermal 

  
Ni 0.00 248.84 

  
0 135 C 

  
H3PO4 0.91 97.99 1.685 

 
0.0738 5 d 

  
DIPI 6.05 233.15 

  
1.1728 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 6/30/16 SC02_18 Al(iPrO)3 0.58 187.56     0.0902 Ionothermal 
    Ni 0.05 248.84     0.011 135 C 
    H3PO4 0.94 97.99 1.685   0.0766 5 d 
    DIPI 6.07 233.15     1.1772   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

6/30/16 SC02_18 Al(iPrO)3 0.48 187.56 
  

0.0752 Ionothermal 

  
Ni 0.11 248.84 

  
0.023 135 C 

  
H3PO4 1.04 97.99 1.685 

 
0.0851 5 d 

  
DIPI 6.11 233.15 

  
1.185 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 6/30/16 SC02_18 Al(iPrO)3 0.32 187.56     0.05 Ionothermal 
    Ni 0.15 248.84     0.031 135 C 
    H3PO4 1.17 97.99 1.685   0.0952 5 d 
    DIPI 6.12 233.15     1.1869   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

7/21/16 SC02_20 Al(iPrO)3 0.66 187.56 
  

0.1022 Ionothermal 

  
H3PO4 0.93 97.99 1.685 

 
0.076 135 C, 5 d 

  
DIPI 5.93 233.15 

  
1.15 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 7/21/16 SC02_20 Al(iPrO)3 0.58 187.56     0.0905 Ionothermal 
    Ni 0.06 248.84     0.0118 135 C 
    H3PO4 1.01 97.99 1.685   0.0821 5 d 
    DIPI 6.00 233.15     1.1627   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

7/21/16 SC02_20 Al(iPrO)3 0.48 187.56 
  

0.075 Ionothermal 

  
Ni 0.12 248.84 

  
0.0239 135 C 

  
H3PO4 0.98 97.99 1.685 

 
0.0799 5 d 

  
DIPI 6.00 233.15 

  
1.1626 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 7/21/16 SC02_20 Al(iPrO)3 0.32 187.56     0.0505 Ionothermal 
    Ni 0.15 248.84     0.032 135 C 
    H3PO4 1.01 97.99 1.685   0.0821 5 d 
    DIPI 5.96 233.15     1.1558   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

8/29/16 SC02_28 Al(iPrO)3 0.72 187.56 
  

0.1121 Ionothermal 

  
H3PO4 0.95 97.99 1.685 

 
0.0777 135 C, 5 d 

  
DIPI 5.98 233.15 

  
1.1606 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 8/29/16 SC02_29 Al(iPrO)3 0.75 187.56     0.1164 Ionothermal 
    H3PO4 0.91 97.99 1.685   0.0741 135 C, 5 d 
    DIPI 6.01 233.15     1.1655   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

10/3/16 SC02_38 Al(iPrO)3 2.85 187.56 
  

0.4449 Ionothermal 

  
Ni 0.31 248.84 

  
0.0651 135 C 

  
H3PO4 3.79 97.99 1.685 

 
0.309 5 d 

  
DIPI 23.99 233.15 

  
4.652 

 
  

HF 0.55 20 1.15 8 0.0092 
 

  
Water 0.00 18 1 

 
0 

 10/5/16 SC02_39 Al(iPrO)3 0.65 187.56     0.1015 Ionothermal 
    H3PO4 1.01 97.99 1.685   0.0819 135 C, 5 d 
    DIPI 5.90 233.15     1.1441   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   
         
         
         
         
         



220	

Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

10/26/16 SC02_46 Al(iPrO)3 0.67 187.56 
  

0.1038 Ionothermal 

  
H3PO4 1.80 97.99 1.685 

 
0.1471 135 C, 5 d 

  
DIPI 5.86 233.15 

  
1.1357 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 10/26/16 SC02_47 Al(iPrO)3 0.49 187.56     0.076 Ionothermal 
    Ni 0.14 248.84     0.0283 135 C 
    H3PO4 1.83 97.99 1.685   0.1488 5 d 
    DIPI 6.03 233.15     1.1691   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

11/17/16 SC02_48 Al(iPrO)3 2.85 187.56 
  

0.4445 Ionothermal 

  
Ni 1.37 248.84 

  
0.2832 135 C 

  
H3PO4 3.28 97.99 1.685 

 
0.2677 5 d 

  
DIPI 11.93 233.15 

  
2.313 

 
  

HF 0.55 20 1.15 8 0.0092 
 

  
Water 0.00 18 1 

 
0 

 12/8/16 SC02_51 Al(iPrO)3 0.33 187.56     0.0522 Ionothermal 
    Ni 0.18 248.84     0.0382 135 C 
    H3PO4 1.02 97.99 1.685   0.0832 5 d 
    DIPI 6.05 233.15     1.1733   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

1/9/17 SC02_52 Al(iPrO)3 0.37 187.56 
  

0.0578 Ionothermal 

  
Ni 0.16 248.84 

  
0.0329 135 C 

  
H3PO4 1.07 97.99 1.685 

 
0.0871 5 d 

  
DIPI 5.99 233.15 

  
1.1608 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 1/9/17 SC02_53 Al(iPrO)3 0.34 187.56     0.0528 Ionothermal 
    Ni 0.17 248.84     0.0343 135 C 
    H3PO4 1.06 97.99 1.685   0.0865 5 d 
    DIPI 5.98 233.15     1.1602   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

1/18/17 SC02_56 Al(iPrO)3 0.39 187.56 
  

0.0616 Ionothermal 

  
Ni 0.20 248.84 

  
0.0414 135 C 

  
H3PO4 0.91 97.99 1.685 

 
0.0739 5 d 

  
DIPI 6.32 233.15 

  
1.2261 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 2/1/17 SC02_59 Al(iPrO)3 0.72 187.56     0.1126 Ionothermal 
    H3PO4 0.96 97.99 1.685   0.0786 135 C, 5 d 
    DIPI 6.72 233.15     1.303   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

2/1/17 SC02_61 Al(iPrO)3 0.49 187.56 
  

0.0762 Ionothermal 

  
Ni 0.13 248.84 

  
0.026 135 C 

  
H3PO4 1.37 97.99 1.685 

 
0.1118 5 d 

  
DIPI 6.01 233.15 

  
1.1652 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 3/1/17 SC02_63 Al(iPrO)3 0.71 187.56     0.1101 Ionothermal 
    H3PO4 1.08 97.99 1.685   0.0878 135 C, 5 d 
    DIPI 5.97 233.15     1.157   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

3/1/17 SC02_63 Al(iPrO)3 0.68 187.56 
  

0.1063 Ionothermal 

  
H3PO4 0.94 97.99 1.685 

 
0.0763 135 C, 5 d 

  
DIPI 5.97 233.15 

  
1.1581 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.33 18 1 5 0.005 

 3/1/17 SC02_63 Al(iPrO)3 0.65 187.56     0.1019 Ionothermal 
    H3PO4 1.00 97.99 1.685   0.0813 135 C, 5 d 
    DIPI 5.98 233.15     1.1593   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.67 18 1 10 0.01   

3/1/17 SC02_63 Al(iPrO)3 0.71 187.56 
  

0.1106 Ionothermal 

  
H3PO4 1.05 97.99 1.685 

 
0.0852 135 C, 5 d 

  
DIPI 5.98 233.15 

  
1.1588 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 1.00 18 1 15 0.015 
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

3/8/17 SC02_64 Al(iPrO)3 0.65 187.56     0.1007 Ionothermal 
    H3PO4 1.26 97.99 1.685   0.1028 135 C, 5 d 
    DIPI 5.95 233.15     1.1537   
    HF 0.00 20 1.15   0   
    Water 0.37 18 1 5.5 0.0055   

3/8/17 SC02_64 Al(iPrO)3 0.65 187.56 
  

0.102 Ionothermal 

  
H3PO4 0.96 97.99 1.685 

 
0.0779 5 d 

  
DIPI 5.97 233.15 

  
1.1568 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.53 18 1 8 0.008 

 3/8/17 SC02_64 Al(iPrO)3 0.65 187.56     0.101 Ionothermal 
    H3PO4 0.58 97.99 1.685   0.0473 135 C, 5 d 
    DIPI 5.96 233.15     1.1553   
    HF 0.00 20 1.15   0   
    Water 0.47 18 1 7 0.007   

3/8/17 SC02_64 Al(iPrO)3 0.65 187.56 
  

0.1019 Ionothermal 

  
H3PO4 0.86 97.99 1.685 

 
0.07 135 C, 5 d 

  
DIPI 5.95 233.15 

  
1.1536 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.40 18 1 6 0.006 

 3/15/17 SC02_65 Al(iPrO)3 0.75 187.56     0.1171 Ionothermal 
    H3PO4 1.01 97.99 1.685   0.082 135 C, 5 d 
    DIPI 6.03 233.15     1.169   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

3/15/17 SC02_65 Al(iPrO)3 0.70 187.56 
  

0.1093 Ionothermal 

  
H3PO4 1.06 97.99 1.685 

 
0.0861 135 C, 5 d 

  
DIPI 5.92 233.15 

  
1.1479 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 3/15/17 SC02_65 Al(iPrO)3 0.71 187.56     0.1109 Ionothermal 
    H3PO4 0.96 97.99 1.685   0.0786 135 C, 5 d 
    DIPI 5.94 233.15     1.1527   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

3/15/17 SC02_66 Al(iPrO)3 0.34 187.56 
  

0.0533 Ionothermal 

  
Ni 0.14 248.84 

  
0.03 135 C, 5 d 

  
H3PO4 0.75 97.99 1.685 

 
0.0613  

  
DIPI 5.99 233.15 

  
1.1625 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.13 18 1 2 0.002 

 3/22/17 SC02_68 Al(iPrO)3 0.67 187.56     0.1045 Ionothermal 
    H3PO4 0.92 97.99 1.685   0.0753 135 C, 5 d 
    DIPI 5.93 233.15     1.1503   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

3/22/17 SC02_68 Al(iPrO)3 0.66 187.56 
  

0.1024 Ionothermal 

  
Ni 0.37 248.84 

  
0.076 135 C, 5 d 

  
H3PO4 14.18 97.99 1.685 

 
1.1557 

 
   

0.00 247.15 
    

  
HF 0.00 20 1.15 

 
0 

 
  

Water 0.00 18 1 
 

0 
 3/22/17 SC02_68 Al(iPrO)3 0.68 187.56     0.1064 Ionothermal 

    H3PO4 0.90 97.99 1.685   0.0735 135 C, 5 d 
    DIPI 5.94 233.15     1.1511   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

3/22/17 SC02_68 Al(iPrO)3 0.69 187.56 
  

0.108 Ionothermal 

  
H3PO4 0.88 97.99 1.685 

 
0.072 135 C, 5 d 

  
DIPI 6.00 233.15 

  
1.1629 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 4/10/17 SC02_69 Al(iPrO)3 0.67 187.56     0.1039 Ionothermal 
    H3PO4 1.34 97.99 1.685   0.109 135 C, 5 d 
    DIPI 5.98 233.15     1.1595   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

4/10/17 SC02_69 Al(iPrO)3 0.69 187.56 
  

0.107 Ionothermal 

  
H3PO4 1.18 97.99 1.685 

 
0.0965 135 C, 5 d 

  
DIPI 5.97 233.15 

  
1.1576 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

4/10/17 SC02_69 Al(iPrO)3 0.70 187.56     0.1085 Ionothermal 
    H3PO4 1.15 97.99 1.685   0.0936 135 C, 5 d 
    DIPI 5.97 233.15     1.1584   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

4/17/17 SC02_70 Al(iPrO)3 0.68 187.56 
  

0.1068 Ionothermal 

  
H3PO4 0.97 97.99 1.685 

 
0.079 135 C, 5 d 

  
DIPI 5.95 233.15 

  
1.1536 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 4/17/17 SC02_70 Al(iPrO)3 0.66 187.56     0.1037 Ionothermal 
    H3PO4 1.05 97.99 1.685   0.0857 135 C, 5 d 
    DIPI 5.99 233.15     1.1618   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

4/17/17 SC02_70 Al(iPrO)3 0.70 187.56 
  

0.1085 Ionothermal 

  
H3PO4 1.01 97.99 1.685 

 
0.0822 135 C, 5 d 

  
DIPI 5.98 233.15 

  
1.1599 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 4/17/17 SC02_71 Al(iPrO)3 15.40 187.56     2.4029 Ionothermal 
    H3PO4 16.79 97.99 1.685   1.3685 135 C, 5 d 
    DIPI 20.70 233.15     4.0135   
    HF 4.84 20 1.15 70 0.0805   
    Water 0.00 18 1   0   

4/27/17 SC02_72 Al(iPrO)3 2.82 187.56 
  

0.4406 Ionothermal 

  
H3PO4 3.93 97.99 1.685 190 0.3202 135 C, 5 d 

  
DIPI 23.73 233.15 

  
4.6014 

 
  

HF 0.55 20 1.15 8 0.0092 
 

  
Water 0.00 18 1 

 
0 

 4/27/17 SC02_72 Al(iPrO)3 0.71 187.56     0.1105 Ionothermal 
    H3PO4 0.98 97.99 1.685 47.5 0.0804 135 C, 5 d 
    DIPI 5.93 233.15     1.1505   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

5/3/17 SC02_73 Al(iPrO)3 2.82 187.56 
  

0.44 Ionothermal 

  
H3PO4 3.93 97.99 1.685 190 0.3202 135 C, 5 d 

  
DIPI 23.72 233.15 

  
4.6007 

 
  

HF 0.55 20 1.15 8 0.0092 
 

  
Water 0.00 18 1 

 
0 

 5/3/17 SC02_73 Al(iPrO)3 0.71 187.56     0.11 Ionothermal 
    H3PO4 0.98 97.99 1.685 47.5 0.0801 135 C, 5 d 
    DIPI 5.93 233.15     1.1502   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

5/16/17 SC02_75 Al(iPrO)3 0.71 187.56 
  

0.1101 Ionothermal 

  
H3PO4 0.83 97.99 1.685 40 0.0674 135 C, 5 d 

  
DIPI 5.93 233.15 

  
1.1501 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 5/16/17 SC02_75 Al(iPrO)3 1.41 187.56     0.2202 Ionothermal 
    H3PO4 1.65 97.99 1.685 80 0.1348 135 C, 5 d 
    DIPI 11.87 233.15     2.3014   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

5/15/17 SC02_76 Al(iPrO)3 0.71 187.56 
  

0.1103 Ionothermal 

  
H3PO4 0.83 97.99 1.685 40 0.0674 135 C, 5 d 

  
DIPI 5.94 233.15 

  
1.1513 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.33 18 1 5 0.005 

 5/15/17 SC02_76 Al(iPrO)3 0.71 187.56     0.1103 Ionothermal 
    H3PO4 0.83 97.99 1.685 40 0.0674 135 C, 5 d 
    DIPI 5.94 233.15     1.1512   
    HF 0.00 20 1.15   0   
    Water 0.67 18 1 10 0.01   

5/15/17 SC02_76 Al(iPrO)3 0.71 187.56 
  

0.1101 Ionothermal 

  
H3PO4 0.83 97.99 1.685 40 0.0674 135 C, 5 d 

  
DIPI 5.94 233.15 

  
1.1514 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 1.00 18 1 15 0.015 
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

5/15/17 SC02_76 Al(iPrO)3 0.71 187.56     0.1101 Ionothermal 
    H3PO4 0.83 97.99 1.685 40 0.0674 135 C, 5 d 
    DIPI 5.94 233.15     1.1514   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

9/27/17 SC02_78 Al(iPrO)3 0.65 187.56 
  

0.1017 Ionothermal 

  
Mn 0.08 245.09 

  
0.0171 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 7.76 233.15 

  
1.5041 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 9/27/17 SC02_79 Al(iPrO)3 0.66 187.56     0.1022 Ionothermal 
    Mn 0.08 245.09     0.0163 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIBU 7.74 247.15     1.5915   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

10/18/1
7 SC02_81 Al(iPrO)3 0.66 187.56 

  
0.1025 Ionothermal 

  
Mn 0.17 245.09 

  
0.0351 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 7.77 233.15 

  
1.506 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 10/18/1
7 SC02_82 Al(iPrO)3 0.67 187.56     0.1039 Ionothermal 
    Mn 0.19 245.09     0.0387 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIBU 7.80 247.15     1.6025   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

10/18/1
7 SC02_83 Al(iPrO)3 0.70 187.56 

  
0.1085 Ionothermal 

  
Ni 0.15 248.84 

  
0.0306 135 C 

  
H3PO4 0.00 97.99 1.685 50 0.0843 5 d 

  
DIPI 10.31 233.15 

  
1.9997 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

11/8/17 SC02_84 Al(iPrO)3 0.66 187.56     0.1037 Ionothermal 
    Mn 0.08 245.09     0.0156 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIPI 7.76 233.15     1.5051   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

11/8/17 SC02_85 Al(iPrO)3 0.66 187.56 
  

0.1024 Ionothermal 

  
Mn 0.15 245.09 

  
0.0312 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 7.75 233.15 

  
1.5035 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 11/8/17 SC02_86 Al(iPrO)3 0.65 187.56     0.1019 Ionothermal 
    Mn 0.23 245.09     0.047 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIPI 7.76 233.15     1.5045   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

11/15/17 SC02_87 Al(iPrO)3 0.64 187.56 
  

0.1 Ionothermal 

  
Mn 0.22 245.09 

  
0.0454 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 7.74 233.15 

  
1.5018 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 11/15/17 SC02_88 Al(iPrO)3 0.65 187.56     0.1011 Ionothermal 
    Mn 0.15 245.09     0.0312 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIPI 7.75 233.15     1.5026   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

11/15/17 SC02_89 Al(iPrO)3 0.64 187.56 
  

0.0997 Ionothermal 

  
Mn 0.08 245.09 

  
0.0153 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 7.62 233.15 

  
1.4785 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

12/13/17 SC02_94 Al(iPrO)3 1.95 187.56     0.3037 Ionothermal 
    Mn 0.22 245.09     0.0444 135 C 
    H3PO4 2.58 97.99 1.685 125 0.2106 5 d 
    DIPI 20.68 233.15     4.0102   
    HF 0.41 20 1.15 6 0.0069   
    Water 0.00 18 1   0   

12/13/17 SC02_95 Al(iPrO)3 0.67 187.56 
  

0.1043 Ionothermal 

  
Mn 0.24 245.09 

  
0.048 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIBU 8.31 247.15 

  
1.7082 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 1/8/18 SC02_96 Al(iPrO)3 0.64 187.56     0.1005 Ionothermal 
    Mn 0.08 245.09     0.0155 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIPI 7.74 233.15     1.5016   
    HF 0.00 20 1.15   0   
    Water 0.00 18 1   0   

1/8/18 SC02_97 Al(iPrO)3 0.64 187.56 
  

0.1006 Ionothermal 

  
Mn 0.08 245.09 

  
0.0158 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 7.75 233.15 

  
1.5037 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 1/9/18 SC02_98 Al(iPrO)3 0.65 187.56     0.1017 Ionothermal 
    Mn 0.08 245.09     0.0157 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIPI 7.74 233.15     1.5001   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

1/9/18 SC02_100 Al(iPrO)3 0.65 187.56 
  

0.1015 Ionothermal 

  
Mn 0.08 245.09 

  
0.0157 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 7.75 233.15 

  
1.5036 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

1/9/18 SC02_102 Al(iPrO)3 0.65 187.56     0.1014 Ionothermal 
    Mn 0.07 245.09     0.0152 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIPI 7.74 233.15     1.501   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

1/9/18 SC02_103 Al(iPrO)3 0.64 187.56 
  

0.1004 Ionothermal 

  
Mn 0.08 245.09 

  
0.0155 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 7.74 233.15 

  
1.5007 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 1/11/18 SC02_104 Al(iPrO)3 0.65 187.56     0.1014 Ionothermal 
    Mn 0.08 245.09     0.0163 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIPI 7.74 233.15     1.5003   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

1/11/18 SC02_106 Al(iPrO)3 1.93 187.56 
  

0.3005 Ionothermal 

  
Mn 0.22 245.09 

  
0.0445 135 C 

  
H3PO4 2.58 97.99 1.685 125 0.2106 5 d 

  
DIBU 20.48 247.15 

  
4.2093 

 
  

HF 0.41 20 1.15 6 0.0069 
 

  
Water 0.00 18 1 

 
0 

 1/25/18 SC02_109 Al(iPrO)3 0.67 187.56     0.1045 Ionothermal 
    H3PO4 1.03 97.99 1.685 50 0.0843 135 C, 5 d 
    DIBU 6.81 247.15     1.3995   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

1/25/18 SC02_110 Al(iPrO)3 1.96 187.56 
  

0.3059 Ionothermal 

  
H3PO4 3.10 97.99 1.685 150 0.2528 135 C, 5 d 

  
DIBU 19.82 247.15 

  
4.0745 

 
  

HF 0.41 20 1.15 6 0.0069 
 

  
Water 0.00 18 1 

 
0 
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

2/1/18 SC02_116 Al(iPrO)3 0.25 187.56     0.0387 Ionothermal 
    Mn 0.18 245.09     0.0363 135 C 
    H3PO4 3.10 97.99 1.685 150 0.2528 5 d 
    DIPI 23.11 233.15     4.4808   
    HF 0.41 20 1.15 6 0.0069   
    Water 0.00 18 1   0   

2/1/18 SC02_117 Al(iPrO)3 0.64 187.56 
  

0.0992 Ionothermal 

  
Mn 0.07 245.09 

  
0.0135 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 23.11 233.15 

  
1.655 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.00 18 1 

 
0 

 2/1/18 SC02_118 Al(iPrO)3 0.66 187.56     0.1031 Ionothermal 
    Mn 0.08 245.09     0.0155 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIPI 7.81 233.15     1.514   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

2/5/17 SC02_120 Al(iPrO)3 0.68 187.56 
  

0.106 Ionothermal 

  
Mn 0.08 245.09 

  
0.0166 135 C 

  
H3PO4 0.00 97.99 1.685 

 
0 5 d 

  
DIPI 8.99 233.15 

  
1.7428 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 2/16/18 SC02_123 Al(iPrO)3 0.64 187.56     0.1005 Ionothermal 
    H3PO4 0.93 97.99 1.685 45 0.0758 135 C, 5 d 
    DIBU 6.29 247.15     1.2928   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.00 18 1   0   

2/16/18 SC02_124 Al(iPrO)3 0.67 187.56 
  

0.1039 Ionothermal 

  
H3PO4 0.93 97.99 1.685 45 0.0758 135 C, 5 d 

  
DIBU 6.28 247.15 

  
1.29 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.33 18 1 5 0.005 
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Date 
Sample 

ID Compound 

Ratio 
Based 
on Al F.W. ρ uL 

Mass, 
g 

Synthesis 
Type 

2/16/18 SC02_125 Al(iPrO)3 0.66 187.56     0.1025 Ionothermal 
    H3PO4 0.93 97.99 1.685 45 0.0758 135 C, 5 d 
    DIBU 6.31 247.15     1.2961   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.67 18 1 10 0.01   

2/16/18 SC02_126 Al(iPrO)3 0.67 187.56 
  

0.1043 Ionothermal 

  
H3PO4 0.93 97.99 1.685 45 0.0758 135 C, 5 d 

  
DIBU 6.33 247.15 

  
1.3009 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 1.00 18 1 15 0.015 

 2/23/18 SC02_127 Al(iPrO)3 0.67 187.56     0.1039 Ionothermal 
    Ni 0.04 248.84     0.009 135 C 
    H3PO4 1.03 97.99 1.685 50 0.0843 5 d 
    DIPI 5.93 233.15     1.1504   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.10 18 1 1.5 0.0015   

2/23/18 SC02_128 Al(iPrO)3 0.69 187.56 
  

0.107 Ionothermal 

  
Ni 0.11 248.84 

  
0.0231 135 C 

  
H3PO4 1.03 97.99 1.685 50 0.0843 5 d 

  
DIPI 5.89 233.15 

  
1.142 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.10 18 1 1.5 0.0015 

 2/23/18 SC02_130 Al(iPrO)3 0.63 187.56     0.098 Ionothermal 
    H3PO4 1.03 97.99 1.685 50 0.0843 135 C, 5 d 
    DIPI 5.91 233.15     1.147   
    HF 0.00 20 1.15   0   
    Water 0.17 18 1 2.5 0.0025   

2/23/18 SC02_131 Al(iPrO)3 0.67 187.56 
  

0.105 Ionothermal 

  
H3PO4 0.93 97.99 1.685 45 0.0758 135 C, 5 d 

  
DIBU 6.33 247.15 

  
1.301 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.00 18 1 

 
0 

 5/17/18 SC02_136 Al(iPrO)3 0.65 187.56     0.1012 Ionothermal 
    H3PO4 1.03 97.99 1.685 50 0.0843 135 C, 5 d 
    DIBU 6.35 247.15     1.305   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.29 18 1 4.4 0.0044   
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g 
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5/17/18 SC02_138 Al(iPrO)3 0.64 187.56 
  

0.1001 Ionothermal 

  
H3PO4 1.03 97.99 1.685 50 0.0843 135 C, 5 d 

  
DIBU 6.38 247.15 

  
1.311 

 
  

HF 0.14 20 1.15 2 0.0023 
 

  
Water 0.86 18 1 12.9 0.0129 

 6/1/18 SC02_141 Al(iPrO)3 0.64 187.56     0.1006 Ionothermal 
    H3PO4 1.03 97.99 1.685 50 0.0843 135 C, 5 d 
    DIPI 6.19 233.15     1.1999   
    HF 0.00 20 1.15   0   
    Water 0.56 18 1 8.4 0.0084   

6/1/18 SC02_143 Al(iPrO)3 0.64 187.56 
  

0.1002 Ionothermal 

  
H3PO4 1.03 97.99 1.685 50 0.0843 135 C, 5 d 

  
DIPI 6.22 233.15 

  
1.2066 

 
  

HF 0.00 20 1.15 
 

0 
 

  
Water 0.88 18 1 13.2 0.0132 

 6/1/18 SC02_144 Al(iPrO)3 0.64 187.56     0.1003 Ionothermal 
    H3PO4 1.03 97.99 1.685 50 0.0843 135 C, 5 d 
    DIBU 6.45 247.15     1.3263   
    HF 0.14 20 1.15 2 0.0023   
    Water 0.60 18 1 9 0.009   

 

 

 




