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ABSTRACT 
 

The realization of a shift from traditional energy sources towards more environmentally 

friendly alternatives has led to an ever-growing need for essential raw materials such as rare 

earth elements (REEs). Nuclear energy, catalysis, phosphors, superconductors, permanent 

magnets, and optical materials rely heavily on REEs. Consequently, a crucial area of technology 

is the extraction and isolation of REEs from complex mixtures. Chemical homogeneity causes 

various REEs to accumulate in source minerals, making it more challenging for their separation 

and obtaining commercially feasible pure elements requires multistage extractions and repeated 

separation techniques. Solvent extraction is a commercially employed technique for separating 

rare earth metals. Extractants are crucial to the separation process because they can form 

complexes with the water-soluble REE cations and switch their solubility into the organic phase. 

Many extractants have been developed, including carboxylic and phosphorous acids, ɓ-

diketones, phosphorous esters, phosphine oxides, and various amines. Commercial extractants, 

however, have low selectivity, which renders processing time-, energy-, and solvent-intensive. 

Recently, promising REE separation results have been reported on organophosphorus 

extractants, including asymmetric dialkylphosphinic acids, monoalkylphosphinic acids, and 

styryl phosphonate monoesters.  

In this work, two generations of aryl vinyl phosphonic acid esters were designed and 

synthesized. The synthesis optimization resulted in a two-step reaction allowing various high-

purity aromatic vinyl phosphonic acid monoesters. Utilization of the Heck coupling reaction 

enabled functionalization of vinyl phosphonic acid with different aromatic and photoswitchable 

moieties. The employment of Steglich esterification led to the formation of two generations of 

organic soluble non-symmetric mono-esters. The 1st generation of extractants was complexed 

with Eu3+ and studied compared to traditional extractants, resulting in an unexpected finding: the 

order of increasing extraction strength matched the order of decreasing calculated dipole moment 

of the synthesized ligands rather than pKa. The 2nd generation of extractants included phosphonic 

acid esters containing photoswitchable moieties that are currently being studied for their 

extraction properties.  

In another application, the employment of a versatile Heck coupling approach resulted in 

synthesizing 14 diverse anionic monomers capable of modular ñcyanostarò-stabilized anion 
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dimerization. The optimized synthetic approach to vinyl phosphonic acids and corresponding 

vinyl phosphonates allowed access to solubility-tuned ditopic monomers for preparing 

supramolecular polymers.  

Finally, the broad scope of applicability of aryl vinyl phosphonic acids was evident from 

the evaluation of carbazole-based PA derivatives as self-assembled monolayer (SAM)-based 

hole transport/extraction layers (HTM) in perovskite solar cells. The introduction of stronger 

bonding molecules at the buried interface reduced the amorphous phase around 

perovskite/HTM/ITO interfaces and increased the stability of fabricated devices. The champion 

minimodule with the hybrid HTM retained operational efficiency of 17.5% after 10 weeks of 

outdoor testing, the first to achieve this property to our knowledge, as independently measured 

by the Perovskite PV Accelerator for Commercializing Technologies center.  
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CHAPTER 1 

 INTRODUCTION AND THESIS STATEMENT 

 

1.1 An introduction to the Rare Earth Element Separation and Extractants 

The necessary shift from traditional energy sources towards more environmentally 

friendly alternatives has led to an ever-growing need for essential raw materials, such as rare 

earth elements (REEs). Seventeen strategic elements including lanthanides, Sc,  and Y are 

referred to as REEs.1, 2 The REEs are comprised of two classes based on atomic number: ñlightò 

(LREE) and ñheavyò (HREE). 3 LREEs include elements with atomic numbers 57 (lanthanum) 

through 64 (gadolinium). Terbium with atomic number 65 through lutetium (71) are classified as 

HREEs. Despite yttrium having an atomic number 39, it is classified as a heavy REE due to their 

similarities in chemical and physical properties.4 REEs possess unique properties and play a 

crucial role in nuclear energy, catalysis, phosphors, glass industry, ceramics,  superconductors, 

permanent magnets, optical materials, etc.5-8 Table 1 illustrates the application fields of REEs.  

The 2017 European commission report identified neodymium, dysprosium, and terbium 

as the most critical and that neodymium is projected to be in high demand over the next few 

decades.9 For example, manufacturing of neodymium-iron-boron (NdFeB) magnets is crucial to 

select energy technology due to their high magnetic strength, leading to efficient electricity 

generation. Furthermore, addition of dysprosium and terbium to NdFeB enables the operation of 

the magnets at elevated temperatures.4 Permanent magnets are very important in modern and 

future  electronic products such as electric vehicles (EVs), generators, and wind turbines.10, 11 

The steady supply of REEs is critical to the development and success of many high-tech 

industries,12 thus, extraction and separation of REEs is an important area of technology.13, 14  
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Table 1.1 Applications of REEs15 

    

Element Atomic # Main application field  

 

La 57 Camera lens, studio lightning and projector lamp, electrode  

Ce 58 Catalyst, colored glass, steel production, refined crude oil  

Pr 59 Strong magnet, welded goggle, laser, aircraft engine  

Nd 60 Strong magnet, microphone, wind turbine, hybrid car, laser  

Pm 61 Radioactive, currently used only for scientific research  

Sm 62 Cancer treatment, nuclear reactor control rod, X-ray laser  

Eu 63 
Color TV screen, computer screen, fluorescent glass, genetic   

screening          

 

Gd 64 X-ray and MRI scanning system, nuclear reactor protection  

Tb 65 TV and computer screen, fuel cell, solar system  

Dy 66 Lighting, hard drive equipment, sensor  

Ho 67 Laser, glass coloring, high strength magnet  

Er 68 Glass colorant, light signal amplification, metallurgy  

Tm 69 
High efficiency laser, portable X-ray, high temperature  

superconductor 

 

Yb 70 
Stainless steel, laser, ground monitoring equipment,  

industrial catalysis 

 

Lu 71 Crude oil refining, hydrocarbon cracking  

Sc 21 Solid fuel cell, aluminum-scandium alloy used in aerospace  

Y 39 TV and computer screens, LED light, cancer drug, catalyst  

 

Over 30 REE minerals have been identified, however, only few are of significant 

economic importance.16 Among them are bastenaesite, xenotime and monazite. Bastenaesite is a 

common rare earth fluorocarbonate mineral containing up to 75% of rare earth oxide,17 but in 

general REEs are found at low concentrations.18 Due to this, recovery of REEs from mineral 

sources is a time and energy consuming process that is barely economically viable.4 Similarities 

in physicochemical properties of lanthanides remain the main challenge during the separation of 

REEs mixtures.19  Obtaining commercially feasible pure elements requires multistage extractions 

and repeated separation techniques (Figure 1.1). Solvent extraction is a commercially employed 

technique for the separation of rare earth metals.20-23 The process is based on mass transfer 



  

3 
 

between aqueous and organic phases. Upon mixing the two phases, the desired compound is 

transferred to the organic layer that can be separated due to density and physical property 

differences. Schematic industrial processing of REEs by means of solvent extraction is 

demonstrated in Figure 1.2.24  Multiple stages are required to achieve the desired high purity of 

the final product.25 Thus, such cumbersome processing is associated with several drawbacks, 

including using a large volume of solvents and limited selective extraction capability.  

 

 

Figure 1.1 General scheme of hydrometallurgical REEs purification processes.26 
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Figure 1.2 Solvent extraction. (A) commercial extractants. (B) REE minerals. (C) Mixer settler 

unit. (D) Extraction equilibria. (E) Schematic industrial processing.24 

 

Extractants are crucial to the separation process due to their ability to form complexes 

with the water soluble REE cations and switch their solubility into the organic phase. Many types 

of extractants have been developed including carboxylic and phosphorous acids, ɓ-diketones, 

phosphorous esters, phosphine oxides and various amines.27, 28  Examples of commonly used 

commercial extractants can be found in Table 1.2.  
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Table 1.2 Commonly used extractants for REE separation29 

N     

Name 

    

        IUPAC name 

 

        Structure 

 
 

P204 

 
  

Di(2-ethylhexyl) phosphoric acid 

               

 
 

P507 

 
  

2-Ethylhexyl phosphonic acid 

mono-2-ethylhexyl ester 
                  

 
 

Cyanex   272 

   

Di-(2,4,4-

trimethylpentyl)phosphinic acid     

 
 

 TBP 

 
  

Tributyl phosphate 

            

  

   P503 

 
  

Di-(2-ethylhexyl) 2-ethylhexyl 

phosphonate 

                

  

  N1923 

 
  

Primary amines 

          

 

Acidic organophosphorus extractants such as di-(2-ethylhexyl) phosphoric acid 

(D2EHPA or P204) and 2-ethylhexylphosphinic acid mono-2-ethylhexyl ester (HEHEHP or 

P507) are the primary extractants utilized in industrial processing. However, low separation 

factor, high stripping acidity and poor selectivity demonstrate the need to develop more efficient 

extractants. Thus, despite the widespread use of existing commercial organophosphorus 

extractants, the possibility of exploring alternative separation approaches can fill in gaps in state-

of-the-art technology. 
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1.2 Thesis Statement 

This work describes a systematic collaborative approach to designing, synthesizing, and 

testing aromatic vinyl phosphonic acid monoesters for REE extraction. We successfully 

optimized synthetic and purification methods to obtain targeted organophosphorus compounds 

with various functionalities. The created library of vinyl phosphonic acid derivatives allowed us 

to test several hypotheses. A literature review evaluating the current progress in emerging 

extractants for REE separation was performed and is provided in Chapter 2. Besides covering 

various synthetic routes to obtaining organophosphorus compounds designed for solvent 

extraction and describing their performance, there is an overview of alternative approaches to 

REE separation leading to the proposed novel light-driven separation technique. 

Hypothesis 1. Extraction strength of the aryl-vinyl-phosphonic acid monoesters can be 

tuned by controlling dipole moment of the ligand. 

Rare earth elements (REE) are increasingly important in many high-tech industries. The 

ongoing shift from fossil-based energy sources toward a green economy creates a need for a 

steady supply of REE. However, the state-of-the-art industrial processing of REE is costly and 

challenging because of the similarity in physicochemical characteristics of these elements. The 

economic and environmental concerns posed by the current commercially available extractants 

has prompted investigations into alternative REE separation approaches. Ligands that combine a 

systematic size-selectivity with functionalities that target the electronic properties of specific 

REE would greatly boost the separation efficiency of REE. In Chapter 3 we demonstrate that 

varying dipole moments of asymmetric aryl-vinyl phosphonic acid monoesters allows for tuning 

extraction performance. 

Hypothesis 2. The dipole of the styryl phosphonic acid monoesters affects the flow of 

energy in excited state lanthanide complexes. 

Ligands can serve as an absorptive antenna for light, which is particularly significant for 

metal centers with limited d-d or f-f electronic absorption. The electronic coupling governs the 

outcome of the ligand-centered excited state with the metal center, accomplished via dipole or 

exchange mechanisms, thus leading to the transfer of charge or energy. In numerous 

photosensitization processes, the inter-ligand interactions are intentionally restricted to eliminate 

potential harmful pathways. Due to electrostatic impacts from aromatic ˊ systems, substituted 

arenes tend to engage in non-covalent intermolecular coupling. In Chapter 3, we study such 
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intermolecular forces tailored to the geometry of a metal-ligand complex and evaluate whether 

regulating them could prove advantageous in various applications, such as metal separation. 

Hypothesis 3. Functionalization of vinyl phosphonic acid monoesters with 

photoswitchable moieties allows REE separation based on changes in inter- or intra-ligand 

strain energy induced by photoisomerism. 

Solvent extraction is the commercially employed technique for the separation of REEs. 

However, commercial extractants suffer from poor selectivity, which results in energy-, solvent- 

and time- intensive processing. To alleviate this issue and develop more environmentally 

friendly separation processes, researchers have investigated solid-phase extraction,30-33 biomass-

based34-37 and redox separation,38 selective crystallization, 39-41 use of ionic liquids as 

extractants.42-46 Among these various techniques, photoisomerization is emerging as a potential 

approach to lanthanide separation.47 Incorporating photoswitchable moieties into complexing 

ligands offers unique capabilities to control the properties using various wavelengths of light as 

stimuli. The ability to switch the ligand's conformation allows for influencing the metals' optical 

properties. In Chapter 4 we describe functionalization of vinyl phosphonic acid monoesters with 

photoswitches and their evaluation as potential extracting ligands.  

Hypothesis 4. Vinyl phosphonates can be used as versatile building blocks for synthesis 

of modular ́ -systems that support anion dimerization inside cyanostar macrocycles. 

Supramolecular assemblies refer to structures formed through weak interactions such as 

van der Waals forces, hydrogen bonding, and electrostatic interactions, among others, rather than 

covalent bonds. These structures can be composed of various molecular or atomic building 

blocks, such as organic molecules, proteins, DNA, or nanoparticles, and can have a wide range 

of shapes and sizes. Dimers are the most straightforward supramolecular units for building up 

multi-molecule architectures. The on-demand construction of these assemblies benefit from 

reliable noncovalent linkages between modular and versatile building blocks. For example, 

cyanostar-stabilized dimerization of phosphate and phosphonate anions is well-known; with 

application in supramolecular polymerization and the variation of organic substituents requiring 

tailored synthesis.48 In Chapter 5 we demonstrate that vinyl phosphonates can be used as 

versatile building blocks for the on-demand synthesis of modular ˊ systems that support high-

fidelity anion dimerization inside cyanostar macrocycles.  
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Hypothesis 5. Aromatic phosphonic acid enhances the bonding at the 

perovskite/HTM/TCO region, thus improving the UV stability of devices. 

With the ongoing research into improving perovskite solar cell (PCS) technologies, it is 

well known that phosphonic acid derivatives have been studied for use as hole transport layers 

(HTL). We hypothesized that our VPAs could be used as efficient HTL by controlling the 

position of PA moiety attachment to an electron rich carbazole ring and subsequently improve 

the PSC efficiency and stability. Chapter 6 describes the synthesis of VPA carbazole derivatives 

and presents preliminary stability device testing results. The functionalized VPAs were obtained 

by utilizing the optimized Heck coupling conditions. In addition, the vinyl bond reduction 

enabled us to compare the two linkers: ethyl and vinyl. The preliminary testing indicated that 

attaching phosphonic acid group to the aromatic ring of the carbazole resulted in higher device 

stability due to CzPA's strong interaction with both ITO and perovskite layer. 

To summarize, utilization of versatile Heck coupling and Steglich esterification allowed 

the creation of a library of aromatic vinyl phosphonic acids and monoesters that proved to be 

applicable in various fields such as extraction, supramolecular assembly and polymerization.  
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CHAPTER 2 

 SYNTHESIS AND APPLICATIONS OF ORGANOPHOSPHORUS COMPOUNDS AS 

EXTRACTANTS FOR RARE EARTH ELEMENT SEPARATION 

Anastasia Kuvayskaya1 and Alan Sellinger1,2,3 

 

2.1 Organophosphorus Extractants 

Phosphorus-containing compounds are heavily utilized in many commercial processing 

industries and  have become indispensable in the rapidly growing production of REEs.1 

Therefore, it is not surprising that a considerable amount of research is dedicated to investigating 

the potential of extractants containing phosphorus moieties. The following section will highlight 

various organophosphorus compounds that have been evaluated as extractants.  

Commonly used organophosphorus compounds vary in structures and, based on these 

differences, can be divided into four major groups: 1) phosphinic acids and phosphinates, 2) 

phosphoric acids and phosphates, 3) tertiary phosphine oxides, 4) phosphonic acids and 

phosphonates.2 Many examples of these extractant groups are commercially available and have 

been studied extensively. P507 has been known since the 1970s and is used for commercial 

separation of REEs. The well-known Cyanex 923 mixture has a low water solubility and is 

readily soluble in various organic solvents such as kerosine, n-heptane, and dodecane helping in 

its cost-effective separation properties.3-5 Evaluation of extraction abilities of P204 and Cyanex 

272 indicated significant selectivity where Das et al. were able to isolate Sc in 99.99% purity.6 

Introduction of amino groups in alkyl chains of phosphonic acid diesters was found to increase 

the degree of coordination between the ligand and the metal. Ŭ-Aminophosphonates 1 and 2 

(Figure2.1) were tested for extraction of Ce achieving equilibrium within 1 min. 7, 8  

 

 

 

1Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO 
2Affiliated with Colorado School of Mines, Material Science Program, Golden CO 
3Affiliated with National Renewable Energy Laboratory (NREL), Golden CO 
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Figure 2.1 Ŭ-aminophosphonates used in REE separations. 

 

2.2 Synthetic Approaches to Novel Organophosphorus Extractants 

Novel organophosphorus extractants that have been recently developed include 

asymmetric dialkylphosphinic acids, monoalkylphosphinic acids and styryl phosphonate 

monoesters.9-11 The following section will highlight synthetic routes to some of the novel 

organophosphorus compounds and their performance as potential extractants.  

2.2.1 Macrocyclic Oligomers 

Macrocyclic oligomers offer unique three-dimensional pockets acting as metal-specific 

coordination sites. One family of macrocycles that have been investigated for extraction 

purposes are calixarenes (Figure 2.2). 

 

 

Figure 2.2 3- and 2-D representation of calixarenes. 

 

Ohto et al. synthesized 25,26,27,28-tetrakis(butyl hydrogen phosphoryloxy) methoxy-

5,11,17,23-tetrakis(1,1,3,3-tetramethylbutyl) calix[4]arene (A) and butyl hydrogen[4-(1,1,3,3- 

tetramethylbutyl)phenoxymethyl]phosphonate (B) (Figure 2.3) followed by evaluation of their 

extraction abilities of the nine REEs: Y, La, Pr, Nd, Sm, Eu, Gd, Ho and Er.12 Scheme 2.1 shows 

the overall synthesis of extractant A that took over 11 days (6 days reflux to obtain the diester 
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intermediate followed by additional 5 days of continuous reflux). The calix[4]arene 

demonstrated higher extraction capability compared to its monomeric analog as well as 

commercially employed P507, however, it had limited separation efficiency.  

 

Figure 2.3 Calix[4]arenes used for REE separations. 

 

 

Scheme 2.1 Synthetic procedure for compounds A and B.12 

 

Extraction efficiency of the phosphonic acid-functionalized p-tert-butylcalix[4]arene can 

be tuned by varying the length of a spacer. Synthesized calix[4]arenes demonstrated improved 

extraction performance with decreased length of the spacer while evaluation as potential 

extractants for La, Eu, Yb and Th.13 The general synthetic scheme and target compounds are 

shown in Scheme 2.2. It was found that the extraction abilities increased with decreased length 

of the alkyl spacer, however, all three ligands demonstrated high extraction efficiency towards 
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Yb. This could be explained by ionic radius of the metals: spatial proximity of the electron-

donating groups of  PO3
2- and Ar-O-CH2- may be responsible for stronger interaction with metal 

cation. 

 

Scheme 2.2 Synthetic procedure of compounds C-E.13 

 

Another example of a macrocyclic phosphorus compound, 

bis(chlorophosphoryle)decahydro-2,4-di(2-hydroxyphenyl) benzo[d][1,3,6]oxadiazepine (DPO, 

Scheme 2.3) has been utilized for the extraction of Eu and Th and demonstrated preference for 

Th while extracting from nitric acid aqueous phase into ionic liquid (IL) medium.14 

Macrocyclic phosphorus compounds offer some advantages over traditional extractants 

such as high extraction and selectivity efficiencies.12, 15, 16 However, they are also associated with 

high cost mostly due to the raw materials cost of the calixarenes and complicated synthetic 

approaches. 
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Scheme 2.3 Synthesis of DPO by intramolecular cascade cyclization reaction.17 

 

2.2.2 Ŭ-aminophosphonic Acid Derivatives 

Another recently studied family of compounds are based on Ŭ-aminophosphonic acids. 

Aminophosphonates are utilized as herbicides, anticancer agents and extractants.18, 19 

Combination of the phosphorus group and amino moieties resulted in enhanced extraction 

performance towards metals, including rare earths. Scheme 2.4 (entries 2 and 3) illustrates the 

synthetic approach utilizing the Kabachnik-Fields reaction20 of bis(2-ethylhexyl)hydrogen 

phosphite, paraform and 2-ethylhexylamine to obtain Ŭ-aminophosphonates with a yield of 80% 

(Scheme 4, Cextrant 230 (di-(2-ethylhexyl)[N-(2-ethylhexyl)aminomethyl]phosphonate) and 

DEHAMP (di(2-ethylhexyl)N-heptylaminomethyl phosphonate)).  HEHAPP (2-ethylhexyl-3-(2-

ethylhexylamino)pentan-3-yl-phosphonic acid) was obtained by hydrolyzing the starting Ŭ-

aminophosphonates (Scheme 2.4, entry 1) with a yield of 78% and purity >96%. HEHAPP has 

been used for the extraction of heavy rare earths and has demonstrated the ability to separate 

adjacent metals.21 One of the main challenges in lanthanides purification is the low selectivity of 

neighboring elements that stems from their physical and chemical similarities. Thus, the ability 

to differentiate between adjacent REEs might improve the economics of the purification process. 

The extraction evaluation performance of DEHAPP has demonstrated a high affinity for Ce(IV), 

and the extraction equilibrium was achieved in less than a minute. Upon evaluation of Cextrant 

230, it was found that the introduction of amine group improved the extraction of Ce and Th 

from sulfate medium. Cextrant 230 underwent a pilot-test that resulted in Ce and Th products of 
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99.9% and 99% purity, respectively.22 Thus, Ŭ-aminophosphonic acids provide a novel 

separation approach. 

 

Scheme 2.4 Synthetic scheme of compounds HEHAPP, DEHAPP and Cextrant 230.  

 

2.2.3 Alkylphosphonic and Phosphinic Acids 

Alkylphosphonic and phosphinic acids belong to another family of organophosphorus 

extractants used for REEs separation. A synthetic route to obtaining mono-alkylphosphinic and 

phosphonic acids developed by Nifantôev et al. is illustrated in Scheme 2.5.23 Synthesized Ŭ-

olefin vinylidene dimers were used as a starting material. Chemical transformations were 

achieved by means of hydrophosphinylation, employment of silyl ethers, hydroalumination 

followed by reactions with PCl3 and oxidation with SO2Cl2 (Scheme 2.5). The initial Ŭ-olefin 

dimerization was based on a previously developed method that employed [O(SiMe2Cp)2]ZrCl2 

and triisobutylaluminum  (TIBA) solution.24, 25 Ŭ-olefin dimers were obtained with a yield range 

of 78-94%. Subsequent hydrophosphorylation of obtained Ŭ-olefin dimers yielded mono-

alkylphosphinic acids (73-82% yields), followed by the alkyl-functionalization achieved by 

reaction with chlorosilanes. The final products with yields of 42-76% yields were purified by 
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means of column chromatography. Extraction abilities of the synthesized organophosphorus 

compounds revealed higher non-selective affinity for La, Pr, Nd, Dy and Lu as compared to 

P204. Alkylarylphosphinic acid demonstrated potential for Pr/Nd separation.  

 

Scheme 2.5 Synthetic scheme of alkylphosphinic and disubstituted phosphonic acids.23 

 

2.2.4 Dialkylphosphinic Acids 

Dialkylphosphinic acids offer the ability to tune properties by varying both alkyl chains 

for extraction and separation performance.26, 27  Thus, careful design of nonsymmetric dialkyl 

phosphonic acids (NSDAPA) enables fine-tuning of electronic properties as well as steric 

effects. Older synthetic approaches in literature utilize toxic gas like PH3 as the phosphorus 

source, high pressure conditions, and oxidation with H2O2.
28

 More recent approaches to the 

synthesis of NSDAPAs use sodium hypophosphite as the source of phosphorus. Complete 

transformation is achieved in a two-step reaction cascade. The first step yields 

monoalkylphosphinic acid which is further reacted with an olefin to produce the desired 

NSDAPA (Scheme 2.6).11 Separation of mono- and dialkylphosphinic acids was accomplished 
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by precipitating monoalkylphosphinic acid as the adamantanamine salt which is easily collected 

by filtration (Scheme 2.6 reaction 2). Isolated monoalkylphosphinic acid was reacted with 

another alkene to yield the final target extractant (50-60% overall yield).  

 

Scheme 2.6 Synthetic procedure of nonsymmetric dialkylphosphinic acids.11 

 

Three synthesized organophosphorus compounds were evaluated as extractants (Figure 

2.4). The novel extractants performance was compared to P507 and Cyanex 272. Compound H 

demonstrated high extraction efficiency in separation of heavy REEs.  

 

 

Figure 2.4 Structures of three synthesized NSDAPAs. 

 

2.2.5 Styryl Phosphonates 

Many newly synthesized novel organophosphorus compounds follow the structural trend 

set by the commercially employed extractants: polar phosphoryl group surrounded by 

solubilizing alkyl chains of various lengths and branching. One of the issues associated with 

industrial REEs processing is the formation of gel or emulsions during the separation process. In 

an attempt to overcome these limitations, researchers investigated the effect of diluent addition.29 

Binnemanôs research group studied extraction behavior of bis(2-ethylhexylphosphoric) acid 
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(P204) in the presence of aliphatic, aromatic and mixed diluents. It has been found that the 

addition of aromatic compounds resulted in minimizing emulsion formation, thus leading to the 

higher separation efficiencies.30 Such discovery prompted design and synthesis of extractants 

containing both aliphatic and aromatic moieties. One of the first studies reporting novel aromatic 

organophosphorus extractants referred to the evaluation of styryl phosphonate monoester (SPE). 

The synthesis utilized styrene, phosphorus pentachloride and alcohol as starting materials. The 

three-step synthetic procedure is illustrated in Scheme 2.7.31 Final SPEs were obtained with 

yields of 40-50%. 

 

Scheme 2.7 Synthetic procedure to styryl phosphonate monoester. 

Three SPEs were synthesized, fully characterized, and evaluated as potential extractants 

(Figure 2.5).  

 

Figure 2.5 Structures of three synthesized SPEs. 

 

Extractant K  outperformed commercial commonly used P204 and P507. It showed high 

extraction efficiency and was able to separate adjacent lanthanides (Ce, Pr, Nd, Sm). Based on 

the performed DFT calculations it was concluded that increased extraction performance was due 

to the elevated electron-accepting ability. 

2.3 Alternative Separation Approaches 

Despite the abundance of commercially available extractants, the environmental concerns 

associated with the state-of-the-art separation processing revealed the urgent need to develop 

novel approaches to REE purification. The following section will review research work aimed at 

investigating alternative separation techniques. 
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2.3.1 Solid-phase Extraction 

All the previously mentioned extractants isolate REEs based on the principles of liquid-

liquid phase separation, thus requiring large volumes of solvents leading to waste generation. In 

an attempt to alleviate this issue and develop more environmentally friendly separation 

processes, researchers have investigated solid-phase extraction. Polymers are of interest due to 

their ability to be insoluble in water and the ease of separation from the processed solution. Well-

known organophosphorus compounds have been impregnated on solid supports and tested as 

potential extractants. Commercially available hydrophobic styrenic resins (Amberlite XAD) 

demonstrated extraction potential after impregnation with P507 and tributyl phosphate. 

Researchers were able to separate Nd, Pr, Sm, and Ce from a mixture of lanthanides and 

transition metals using XAD-7 functionalized with P507.32, 33 Zhang and colleagues successfully 

separated Sc from the other REEs by adsorption onto macro-porous silica polymer (SiO2-P) 

impregnated with HDEHP.34 Regeneration studies indicated that some of the polymers retained 

high absorption ability after four consecutive cycles.35 

2.3.2 Chromatographic Separation 

Another example of a more environmentally friendly strategy for lanthanides processing 

is employment of the stationary phases for chromatographic separation. Silica-based mesoporous 

adsorbents have been studied for REEs separation. The functionalization of the adsorbent 

surfaces can be achieved by employing different techniques such as grafting the extracting 

ligands onto the pores.36 Dy-imprinted mesoporous silica was synthesized by co-condensation 

and was applied in selective adsorption of the templated metal from the NdFeB waste solution.37 

2.3.3 Ionic L iquids 

Another alternative to wasteful and polluting liquid-liquid separation processing is ionic 

liquids (ILs). Nonflammability, low vapor pressure, and low toxicity are just a few examples of 

advantages offered by ILs. Phosphonium cation based ILs have been researched extensively for 

metal separation extraction purposes for over a decade. Phosphonium-containing ILs Cyphos 101 

and Cyphos 104 (Figure 2.6) are the most studied and promising.38-42 

 



  

23 
 

 

          

Figure 2.6 Structure of ionic liquids Cyphos 101 (A) and Cyphos 104 (B). 

 

Dy, Nd, and Eu were successfully separated from a mixture of metals by employment of 

ILs.43-45 ILs offer an alternative greener REE separation strategy.46 However, their 

implementation into industrial processing is limited by complicated synthesis and resulting cost-

inefficiency. 

2.3.4 Biomass-based Separation 

It has been established that some microbes and plants accumulate lanthanides and utilize 

them in enzymatic biological processes.47-49 Cotruvo and colleagues were able to identify the 

protein lanmodulin (LanM) that demonstrated remarkable affinity for LnIII .50 LanM is one the 

most selective biological macromolecules for REEs even at small concentrations of metal.51 

Immobilization of LanM on solid support allowed all-aqueous separation into light and heavy 

REEs from a complex mixture of metals in one adsorption/desorption cycle, and only two cycles 

were needed for separation of Nd and Dy.52 Another example of the use of biomass for REE 

processing was demonstrated by utilization of engineered bacteria. Improved extraction was 

enabled by functionalizing proteins with lanthanide-binding tags.53  

2.3.5 Selective Crystallization 

Selective crystallization is a recent novel approach to REE separations. Coordination 

polymers such as metal-organic frameworks (MOF) have been utilized in numerous applications. 

Employment of dibutyl phosphoric acid led to separation of Nd and Dy via fractional 

precipitation in acidic aqueous solution.54 Despite the insignificant differences in ionic radii of 

lanthanides, it was shown that the use of predesigned MOFs with different auxiliary ligands 
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demonstrates selectivity towards specific metals. Thus, considering coordination environment, 

camphorate MOFs were used to successfully separate REEs.55  

Studies of the cooperation of coordination and crystallization resulted in developing the method 

for separation of Dy and Nd. Employment of tripodal Schiff base as a complexing ligand enabled 

one-step selective crystallization of the Dy from the mixture (Figure 2.7).56  

 

Figure 2.7 Selective crystallization approach for REE separation.56 

 

2.3.6 Redox Separation 

Most of the above-mentioned separation strategies rely on ionic radii differences of the 

REEs. Furthermore, the industrial cation-size based solvent extraction process remains prevalent 

despite limited selectivity towards adjacent REEs, thus resulting in relatively poor separation 

between neighboring metals. Although REEs are notorious for similarities in their 

physicochemical properties, they possess unique electronic properties: the very reason for their 

many applications in fields critical for development of the high-tech and energy sectors. 

Researchers exploited some of these characteristics for separation purposes including redox 

chemistry that has been employed to separate individual lanthanides. Rare earths predominantly 

exist in a trivalent oxidation state. However, under specific electronic configurations, Er and Ce 

are known to be stable in the divalent state even under ambient conditions. Computational and 

experimental studies performed by Fieser and colleagues revealed that all lanthanides can exist 

in the divalent state in solution.57 Almost four decades ago Donohue isolated Ce from the 

aqueous mixture of REEs via photochemical separation.58 Schelterôs research group separated 

the 50:50 Y/Lu mixture in a one-step redox process based on the differences in Lewis acidity of 

the lanthanides.59 Since the acidity of the metal determined the electron transfer rate, the 

researchers selectively oxidized the desired complex that was then separated by filtration.  
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2.4 Phosphonic Acid Derivatives as Potential Novel Extractants 

Previously conducted work indicates that it is possible to base separation protocols on 

controlling the chemical environment of the metal by manipulating the ligand sphere.60-63 The 

coordinating ligands can be used to adjust the photophysical properties of the REE/ligand 

complexes and change the metals reduction potential.64 For example, the work-functions of 

various materials based on indium tin oxide (ITO), zinc oxide (ZnO), nickel oxide (NiOx), 

gallium indium phosphide (GaInP2), and silicon have been tuned over a 2 eV range using 

various vinyl aromatic phosphonic acids.65-67 Furthermore, recent work has indicated that REE 

separation can be achieved by exploiting the unique electronic structures of lanthanides with the 

aid of designer ligands.  

As has been previously reported, styryl phosphonic acid monoesters demonstrated 

promising extraction and separation efficiency. Nevertheless, the proposed synthetic route 

limited the choice of the aromatic moiety.11 However, previously conducted studies revealed a 

possibility of functionalizing vinyl phosphonic acid (VPA) with an array of aromatic groups by 

utilizing versatile Heck coupling conditions.68-73 Sellingerôs group developed a single-step 

reaction to produce a variety of functionalized styryl phosphonic acids. The general synthetic 

approach can be found in Scheme 2.8.68 

   

Scheme 2.8 Synthetic procedure to styryl phosphonic acids. 

Utilization of the Heck coupling conditions allows the functionalization of VPA with a 

range of aromatic groups: halogenated, chromophores, and photoswitches for example. Modified 

VPAs have been successfully applied to tuning surface energies as well as electrode work 

functions, as described earlier.67, 74 Thus, they might serve as a potential feedstock for designing 

separation procedures based on targeting specific REEs by exploiting metals optical and 

electronic properties.  

As was mentioned previously, potential extractants contain solubilizing aliphatic chains. 

Consequently, proposed aromatic vinyl phosphonic acids would have to be alkylated. The 
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literature concerning direct monoalkylation of phosphonic acids is sparse. Keglevichôs group has 

developed a microwave-assisted approach to obtaining monoalkylated phenyl-, phosphinic and 

phosphonic acids with catalytic addition of [bmim][BF4].
75-78 Scheme 2.9 demonstrates the 

general synthetic approach.  

 

 

Scheme 2.9 Synthetic procedure to alkylated phenylphosphonic acid. 

 

The main drawback associated with this synthetic method is the use of alcohol as a 

reagent and a solvent, thus limiting choices of the functionalized phosphonic acids due to 

solubility issues.  The solubility limitations can be resolved by utilizing Steglich esterification. 

This method was developed and first reported in 1978 by Wolfgang Steglich (Scheme 2.10).79, 80 

The reaction employs carbodiimide and organocatalyst 4-dimethylaminopyridine (DMAP) and 

proceeds under mild and neutral conditions. The esterification proceeds by initial reaction of 

carbodiimide with an acid to form an O-acylurea intermediate; DMAP reacts with acylurea 

forming a highly reactive amide that undergoes rapid reaction with alcohol (Scheme 2.11). 

Steglich esterification yields a variety of esters including those containing bulky, sterically 

hindered groups. Though this method was originally developed for transformations of carboxylic 

acids, it has been successfully applied to organophosphorus compounds such as phosphoric and 

phosphinic acids.80-82  

 

 

Scheme 2.10 Synthetic scheme of Steglich esterification. 
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Scheme 2.11  Steglich esterification mechanism for carboxylic acids. 

 

2.5 Outlook 

Organophosphorus compounds show superior extraction ability; however, their use in 

industrial processing is associated with shortcomings such as limited selectivity towards 

individual REEs and the generation of large volumes of waste. State-of-the-art cation size-based 

separation has proven to be a time and energy-consuming process. Thus, there is a need to 

exploit different properties of lanthanides to develop an efficient and economically feasible 

purification method. Each lanthanide possesses unique electronic and optical properties; 

consequently, exploitation of photophysical characteristics of REEs could result in developing a 

novel separation technique. Future research should target the development of organophosphorus 

extractants with designer moieties that can be tuned to the photophysical properties of individual 

REEs. 
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 CHAPTER 3 

 CONTROLLING EXTRACTION OF RARE EARTH ELEMENTS USING 

FUNCTIONALIZED ARYL-VINYL PHOSPHONIC ACID ESTERS  

The original version of this work was originally published in the journal ACS Inorganic 
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3.1 Introduction 

Rare earth elements (REE) are increasingly important in many high-tech industries. 

These strategic elements possess unique optical, magnetic and electronic properties that make 

them indispensable for the glass industry, superconductors, lighting, permanent magnets, 

catalysis, and nuclear energy to name a few applications.1 The ongoing shift from fossil-based 

energy sources toward a green economy creates a need for a steady supply of REE. However, the 

state-of-the-art industrial processing of REE is costly and challenging because of the similarity in 

physicochemical characteristics of these elements.  

The chemical similarity of REE causes them to occur together in nature, and since  
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different applications require particular rare earths, the naturally occurring mixtures of rare 

earths are currently painstakingly separated in hundreds of individual liquid-liquid extraction 

stages that generate significant amounts of waste at a considerable expense and environmental 

cost.2-4 Liquid-liquid extraction separations are easily deployed and readily scalable to 

accomplish high material throughput in a continuous separation. Nevertheless, the inefficiency of 

current REE separations arises from the limited selectivity of the best-in-class extracting ligands 

such as 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (HEHEHP), di(2-

ethylhexyl)phosphoric acid (HDEHP), or bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 

272), all of which rely on the consistent, small differences in the ionic radii of adjacent REE to 

achieve the separation.5 The size selectivity of these ligands for REE arises from the particular 

hydrogen-bonded dimer motif of the R2PO2H ligands6 and interligand repulsion between the 

organic substituents of the complexed ligands, while the overall complexation strength is often 

correlated to the ligand basicity.7-12  

The economic and environmental concerns posed by the current commercially available 

extractants have prompted investigations into alternative REE separation approaches. Ligands 

that amplify or substantially alter the size-selectivity for REE have been considered,13-15 but 

separation systems that can exploit other characteristics of REE for separations also have been 

reported, for example separation protocols based on redox chemistry16-19 or magnetic fields.20-22 

In addition to these systems, photo responsive separations that exploit the unique electronic 

structure of individual REE or REE complexes have also been described.23-25  Recent work 

revealed that small changes in the conformation of coordinated ligands could tune the 

photophysical properties of REE complexes26, 27 and that coordinating ligands can alter both the 

photophysical properties of the REE complexes and change the metalsô reduction potential.28, 29  

Ligands that combine a systematic size-selectivity with functionalities that target the 

electronic properties of specific REE would greatly boost the separation efficiency of rare earths. 

Asymmetric aryl-vinyl phosphonic acid monoesters, such as the styryl phosphonate esters 

described by Huang et al.,30 represent a ligand platform that could combine both strategies for 

REE separation. Based on the well-characterized >PO2H REE coordinating group, aryl-vinyl 

phosphonic acid monoester ligands also incorporate a synthetically flexible aryl-vinyl substituent 

attached to the phosphorus atom that provides opportunities to incorporate additional 
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functionalities to modulate the extraction strength and selectivity of the phosphonic acid for 

specific REE, which would greatly simply REE separations.  

However, incorporating functionalities that improve the selectivity of the ligands for 

certain REE is also likely to alter the extraction strength of the ligands. Consequently, new 

functionalized ligand designs also need to incorporate mechanisms to keep REE extraction 

strength in a range useful for separations. Prior work with aryl-vinyl substituted phosphonic 

acids31 suggests that the dipole moment of such ligands could be used to control the strength of 

metal-ligand interactions. In those experiments, carefully designed aryl-vinyl substituted 

phosphonic acids altered the electronic properties of the phosphonate-coordinated metals in 

several photocathode materials.32, 33 In those instances, the change in the work function of the 

materials was correlated with the dipole moment of the coordinated styryl phosphonic acid 

ligand perpendicular to the surface.33 The possibility of tuning the overall REE complexation 

strength of these phosphonic acid extractant by altering the ligand dipole makes the ligands 

additionally attractive candidates for next-generation separations agents because it would give a 

new mechanism to compensate for unwanted changes in REE extraction strength when the aryl-

vinyl substituents are coupled with redox-, magnetic-, or photo-responsive moieties.   

Herein, we report modifications to the base styryl phosphonic acid mono 2-ethylhexyl 

ester ligand intended to alter the dipole moment of the ligand and thereby alter their REE 

extraction strength. The performance of three styryl phosphonic acid mono 2-ethylhexyl ester 

ligands as extractants for the REE europium was studied relative to the common industrial 

extractant HEHEHP to understand if this strategy is applicable to REE ligands. The styryl 

substituted extractants form complexes similar to those of the common phosphonic acid 

extractants, but they are substantially stronger extractants than the dialkylphosphonic acid 

ligands. While the extraction strength is commonly correlated with ligand acidity for 

dialkylphosphoric, -phosphonic, and -phosphinic acids, the extraction strength of the styryl 

substituted ligands for REE is better correlated to the order of the dipole moment of the 

coordinated ligands along the P-C bond than to ligand acidity, and manipulation of the ligand 

dipole offers a new design pathway for tuning the extraction strength of such ligands.  
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3.2 Experimental Section  

3.2.1 Materials 

Reagents were obtained from commercial suppliers and used as received unless otherwise 

indicated. Solutions of extractants were prepared by diluting known masses of extractant in 

chloroform (Ó99%). Aqueous solutions were prepared from 70% nitric acid and 18.2 Mɋ water 

and standardized by titration with NaOH to the phenolphthalein endpoint. Radioactive 152,154Eu 

was produced by neutron activation of solid Eu2O3 using the U.S. Geological Survey TRIGA 

reactor,34 and was then dissolved in nitric acid and found to be radiochemically pure by ɔ 

spectroscopy. Aliquots of this stock solution were evaporated to dryness and redissolved in nitric 

acid to prepare radiotracer solutions of 152,154Eu for these experiments.  

3.2.2 Ligands 

Mono 2-ethylhexyl phosphonic acid 2-ethylhexyl ester (HEHEHP, 98%) was purchased 

from BOC Sciences and purified by the third phase method.35 The styryl phosphonic acid mono 

2-ethylhexyl esters were synthesized by functionalizing vinyl phosphonic acid with the 

appropriate aromatic moiety followed by monoesterification (Scheme 3.1). The addition of the 

aromatic moiety employed Mizoroki-Heck coupling conditions,31 and the subsequent alkylation 

used the Steglich esterification. Reagents were obtained from commercial suppliers and used as 

received unless otherwise indicated. Thin-layer chromatography (TLC) was performed on pre-

coated silica gel plates (0.25 mm thick) and observed under UV light (254 nm). Nuclear 

magnetic resonance (NMR) spectra were recorded on JEOL ECA-500 (500 MHz) spectrometers 

at room temperature. The UV-Vis spectra were recorded on Beckman Coulter DU 800 

spectrophotometer, samples were prepared using methanol as solvent. IR spectra were recorded 

on neat samples using a Thermo Electron Nicolet 4700 FTIR with Attenuated Total Reflectance 

(ATR).  

3.2.3 General Procedure for Synthesis of Styryl Phosphonic Acid 

 A Schlenk flask was charged with bromoaryl (1 eq) and bis(tri-tert-

butylphosphine)palladium(0) (0.025 eq), followed by three vacuum and N2 refill cycles. Vinyl 

phosphonic acid (VPA) (1.2 eq) was dissolved in anhydrous dioxane and gently bubbled with N2 

for 20 min. Anhydrous dioxane and the solution of VPA was added to the Schenk flask via 

syringe with stirring. N,N-Dicyclohexylmethylamine (3 eq) was added to the reaction mixture 
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dropwise via syringe. The reaction was heated to 80 °C for 20 h. The progress was monitored 

with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction mixture 

was cooled to room temperature. The product was extracted with EtOAc, washed three times 

with 5% HCl, dried over MgSO4, and filtered. The obtained organic phase was condensed to a 

few mL by rotary evaporation and the product was precipitated into dichloromethane (DCM). 

The filtered precipitate (white flaky crystals) was dried overnight at 45°C under vacuum. The 

purity of the synthesized ArVPAs was verified by 1H, 19F, and 31P NMR.  

 

(E)-styrylphosphonic acid (1a) 

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with bromobenzene (1.74g, 11.1 mmol) and bis(tri-tert-butylphosphine)palladium(0) (0.142g, 

0.276 mmol), followed by vacuum and N2 refill cycles (3x). Vinyl phosphonic acid (VPA) 

(1.44g, 13.3 mmol) was dissolved in 10 mL of anhydrous dioxane and bubbled with N2 for 20 

min. 70 mL of anhydrous dioxane and solution of VPA was added to the Schenk flask via 

syringe with stirring. N,N-Dicyclohexylmethylamine (7.10mL, 33.3 mmol) was added to the 

reaction mixture dropwise via syringe. Reaction was heated to 80°C for 20 h. The progress was 

monitored with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction 

mixture was cooled to room temperature. The product was extracted with EtOAc and washed 

with 5% HCl (3x). Organic phase was dried over MgSO4 and filtered. Obtained organic phase 

was condensed to a few mL by rotary evaporator. Product was precipitated into DCM. Filtered 

precipitated (white flaky crystals) was dried overnight at 45°C under vacuum. 1.79g (88%). 1H 

NMR (500 MHz, DMSO-d6) ŭ 10.25 (s, 2H), 7.59 (d, J = 6.2 Hz, 2H), 7.37 (t, J = 8.2 Hz, 3H), 

7.21 (dd, J = 22.0, 17.5 Hz, 1H), 6.51 (dd, J = 17.4, 16.5 Hz, 1H). 31P NMR (202 MHz, DMSO-

d6) ŭ 14.37.  

 

(E)-(2,6-difluorostyryl)phosphonic acid (1b) 

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 1-bromo-2,6-difluorobenzene (4.28g, 22.2 mmol) and bis(tri-tert-

butylphosphine)palladium(0) (0.284g, 0.555 mmol), followed by vacuum and N2 refill cycles 

(3x). Vinyl phosphonic acid (VPA) (2.88g, 26.6 mmol) was dissolved in 10 mL of anhydrous 

dioxane and bubbled with N2 for 20 min. 150 mL of anhydrous dioxane and solution of VPA was 
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added to the Schenk flask via syringe with stirring. N,N-Dicyclohexylmethylamine (14.2mL, 

66.6 mmol) was added to the reaction mixture dropwise via syringe. Reaction was heated to 

80°C for 20 h. The progress was monitored with thin layer chromatography (EtOAc/hexanes 

1:4). Upon completion reaction mixture was cooled to room temperature. Product was extracted 

with EtOAc and washed with 5% HCl (3x). Organic phase was dried over MgSO4 and filtered. 

Obtained organic phase was condensed to a few mL by rotary evaporator. Product was 

precipitated into DCM. Filtered precipitated (white flaky crystals) was dried overnight at 45°C 

under vacuum. 3.34g (67%). 1H NMR (500 MHz, DMSO-d6) ŭ 7.46 (d, J = 7.3 Hz, 1H), 7.26 ï 

7.09 (m, 5H), 6.57 (t, J = 17.6 Hz, 3H). 31P NMR (202 MHz, DMSO-d6) ŭ 12.24. 
19F NMR (471 

MHz, DMSO-d6) ŭ -111.92. 

(E)-(4-(trifluoromethyl)styryl)phosphonic acid (1c)  

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 4-bromo-benzotrifluoride (5.01g, 22.2 mmol) and bis(tri-tert-butylphosphine)palladium(0) 

(0.284g, 0.555 mmol), followed by vacuum and N2 refill cycles (3x). Vinyl phosphonic acid 

(VPA) (2.88g, 26.6 mmol) was dissolved in 10 mL of anhydrous dioxane and bubbled with N2 

for 20 min. 150 mL of anhydrous dioxane and solution of VPA was added to the Schenk flask 

via syringe with stirring. N,N-Dicyclohexylmethylamine (14.2mL, 66.6 mmol) was added to the 

reaction mixture dropwise via syringe. Reaction was heated to 80°C for 20 h. The progress was 

monitored with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion reaction 

mixture was cooled to room temperature. Product was extracted with EtOAc and washed with 

5% HCl (3x). Organic phase was dried over MgSO4 and filtered. Obtained organic phase was 

condensed to a few mL by rotary evaporator. Product was precipitated into DCM. Filtered 

precipitated (white flaky crystals) was dried overnight at 45°C under vacuum. 4.71g (84%). 1H 

NMR (500 MHz, DMSO-d6) ŭ 9.59 (s, 2H), 7.83 (d, J = 14.1 Hz, 2H), 7.73 (s, 2H), 7.34 ï 7.19 

(m, 1H), 6.76 ï 6.62 (m, 1H). 31P NMR (202 MHz, DMSO-d6) ŭ 12.99. 
19F NMR (471 MHz, 

DMSO-d6) ŭ -61.07. 

3.2.4 General Procedure for Synthesis of Monoesters of Styryl Phosphonic Acid 

A Schlenk flask was charged with styryl phosphonic acid (1 eq) and 4-

dimethylaminopyridine (DMAP) (1 eq), followed by three vacuum and N2 refill cycles. DMF 

was added to the solution via syringe and stirred at room temperature until solids dissolved. 
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N,N'-Diisopropylcarbodiimide (DIC) (1 eq) was then added to the solution via syringe. 0.75 mL 

(1 eq) of 2-ethylhexanol was dissolved in DMF and added to the reaction mixture dropwise. The 

resulting solution was heated to 40 °C for 72 h and the progress was monitored with thin layer 

chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction mixture was cooled to 

room temperature and the DMF was removed by rotary evaporation. The crude product was 

dissolved in DCM and placed in a freezer overnight. Precipitated 1,3-diisopropylurea by-product 

was filtered out and the DCM was removed under reduced pressure. The crude material was 

washed twice with hexanes, extracted with diethyl ether and washed twice with 10% NaOH, 

followed by five washes with 5% HCl. The organic phase was dried over MgSO4 and filtered. 

The resulting organic phase was condensed by rotary evaporator. The obtained product (off-

white oil) was dried for 5 h at 80 °C under vacuum.  The purity of the compounds obtained was 

verified by 1H, 19F, 31P and 13C NMR and potentiometric titration. FT-IR spectra of all the 

synthesized materials (Supplemental Figure S11) have characteristic bands of phosphonic acids: 

1622 (P-O-H), 737 and 864 (C-P), 1380 (P=O) cm-1. In addition, a peak at 978 cm-1 was 

evidence of esterification and was attributed to the presence of P-O-C bond.  

 

2-ethylhexyl hydrogen (E)-styryl phosphonate (HEHSP) (2a) 

A 50 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged with 

(E)-styrylphosphonic acid (1.68 g, 9.10 mmol) and 4-dimethylaminopyridine (DMAP) (1.11 g, 

9.10 mmol), followed by vacuum and N2 refill cycles (3x). 30 mL of DMF was added to the 

solution via syringe and stirred at room temperature until solids dissolved. N,N'-

Diisopropylcarbodiimide (DIC) (1.41 mL, 9.10 mmol) was added to the solution via syringe. 

1.56 mL (10.00 mmol) of 2-ethylhexanol was dissolved in 10 mL of DMF and added to the 

reaction mixture dropwise. Solution was heated to 40°C for 72h. The progress was monitored 

with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion reaction mixture was 

cooled to room temperature. DMF was removed by rotary evaporator. Crude was dissolved in 20 

mL of DCM and placed in freezer overnight. Precipitated urea was filtered out. DCM was 

removed under reduced pressure. Crude was washed with 40 mL hexanes (2x). Product was 

extracted with diethyl ether and washed with 100 mL of 10% NaOH (2x), followed by wash with 

5% HCl (5x). Organic phase was dried over MgSO4 and filtered. Obtained organic phase was 

condensed by rotary evaporator. Obtained product (light yellow oil) was dried for 5h at 80°C 
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under vacuum.  Yield: 1.28 g (48%). FT-IR: 978 (P-O-C), 1622 (P-O-H), 737 and 864 (C-P), 

1380 (P=O), 2850-2990 (C-H, ethylhexyl chain) cm-1. 1H NMR: (500 MHz, DMSO-d6) ŭ 7.63 

(d, 2H), 7.39 (d, 3H), 7.27 (t, 1H), 6.51 (t, 1H), 3.76 (s, 2H), 1.51 ï 1.44 (m, 1H), 1.35 ï 1.19 (m, 

8H), 0.85 ï 0.79 (m, 6H). 31P NMR: (202 MHz, DMSO-d6) ŭ 16.71. 13C NMR (126 MHz, 

DMSO-D6) ŭ 160.10, 127.05, 125.60, 112.18, 67.95, 22.95, 15.01, 14.21, 13.78, 11.12, 10.68.  

The purity of freshly dried ligand  was determined from the NMR. The single observable 

peak in the 31P NMR and the absence of resonances attributable to the ArVPA stating material 

combined with the integration of the 1H NMR indicates ligand purity Ó98%. The equivalent 

weight of stored ligand was determined by potentiometric titration prior to extraction 

experiments as 309.3 g/mol. The expected molar mass of HEHSP is 296.34 g/mol, expected 

molar mass of HEHSP·H2O is 314.36 g/mol, giving a composition of HEHSP·0.72H2O. (For 

comparison, titration of purified HEHEHP with NMR purity Ó99% gave an equivalent weight of 

325.3 g/mol. The expected molar mass of HEHEHP is 306.42 g/mol, expected molar mass of 

HEHEHP·H2O is 324.43 g/mol, giving a composition of HEHEHP·1.04H2O.) 

 

2-ethylhexyl hydrogen (E)-(2,6-difluorostyryl)phosphonate (HEHDFSP) (2b)  

A 50 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged with 

(E)-(2,6-difluorostyryl)phosphonic acid  (1.01 g, 4.55 mmol) and 4-dimethylaminopyridine 

(DMAP) (0.61 g, 5.01 mmol), followed by vacuum and N2 refill cycles (3x). 20 mL of DMF was 

added to the solution via syringe and stirred at room temperature until solids dissolved. N,N'-

Diisopropylcarbodiimide (DIC) (0.71 mL, 4.55 mmol) was added to the solution via syringe. 

0.75 mL (4.78 mmol) of 2-ethylhexanol was dissolved in 10 mL of DMF and added to the 

reaction mixture dropwise. Solution was heated to 40°C for 72h. The progress was monitored 

with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction mixture 

was cooled to room temperature. DMF was removed by rotary evaporator. Crude was dissolved 

in 20 mL of DCM and placed in freezer overnight. Precipitated urea was filtered out. DCM was 

removed under reduced pressure. Crude was washed with 40 mL hexanes (2x). Product was 

extracted with diethyl ether and washed with 100 mL of 10% NaOH (2x), followed by wash with 

5% HCl (5x). Organic phase was dried over MgSO4 and filtered. Obtained organic phase was 

condensed by rotary evaporator. Obtained product (off-white oil) was dried for 5h at 80°C under 

vacuum.  Yield: 0.81 g (54%). FT-IR: 978 (P-O-C), 1622 (P-O-H), 737 and 864 (C-P), 1380 
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(P=O), 1194 (C-F), 2850-2990 (C-H, ethylhexyl chain) cm-1. 1H NMR: (500 MHz, DMSO-d6) ŭ 

7.56 ï 7.09 (m, 4H), 6.54 (s, 1H), 3.78 (s, 2H), 1.57 ï 1.40 (m, 1H), 1.37 ï 1.14 (m, 8H), 0.83 (s, 

6H). 31P NMR: (202 MHz, DMSO-d6) ŭ 14.70. 
13C NMR (126 MHz, DMSO-D6) ŭ 129.92, 

126.46, 125.68, 123.01, 121.83, 120.35, 67.87, 22.98, 15.04, 14.63, 14.21, 13.80, 11.10, 10.67. 

19F NMR (471 MHz, DMSO-d6) ŭ -111.93. 

The purity of freshly dried ligand  was determined from the NMR. The single observable 

peak in the 31P NMR and the absence of resonances attributable to the ArVPA stating material 

combined with the integration of the 1H NMR indicates ligand purity Ó99%. The equivalent 

weight of stored ligand was determined by potentiometric titration prior to extraction 

experiments as 345.4 g/mol. The expected molar mass of HEHDFSP is 332.32 g/mol, expected 

molar mass of HEHDFSP·H2O is 350.54 g/mol, giving a composition of HEHDFSP·0.73H2O. 

 

2-ethylhexyl hydrogen (E)-(4-(trifluoromethyl)styryl)phosphonate (HEHTFSP) (2c) 

A 50 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged with 

(E)-(4-(trifluoromethyl)styryl)phosphonic acid (1.15 g, 4.55 mmol) and 4-

dimethylaminopyridine (DMAP) (0.61 g, 5.01 mmol), followed by vacuum and N2 refill cycles 

(3x). 20 mL of DMF was added to the solution via syringe and stirred at room temperature until 

solids dissolved. N,N'-Diisopropylcarbodiimide (DIC) (0.71 mL, 4.55 mmol) was added to the 

solution via syringe. 0.75 mL (4.78 mmol) of 2-ethylhexanol was dissolved in 10 mL of DMF 

and added to the reaction mixture dropwise. Solution was heated to 40°C for 72h. The progress 

was monitored with thin layer chromatography (EtOAc/hexanes 1:4). Upon completion reaction 

mixture was cooled to room temperature. DMF was removed by rotary evaporator. Crude was 

dissolved in 20 mL of DCM and placed in freezer overnight. Precipitated urea was filtered out. 

DCM was removed under reduced pressure. Crude was washed with 40 mL hexanes (2x). 

Product was extracted with diethyl ether and washed with 100 mL of 10% NaOH (2x), followed 

by wash with 5% HCl (5x). Organic phase was dried over MgSO4 and filtered. Obtained organic 

phase was condensed by rotary evaporator. Obtained product (off-white oil) was dried for 5h at 

80°C under vacuum.  Yield: 1.09 g (66%). FT-IR: 978 (P-O-C), 1622 (P-O-H), 737 and 864 (C-

P), 1380 (P=O), 1120 and 1325 (C-F), 2850-2990 (C-H, ethylhexyl chain) cm-1. 1H NMR: (500 

MHz, DMSO-d6) ŭ 7.81 (d, J = 56.6 Hz, 4H), 7.35 (t, 1H), 6.72 (t, 1H), 3.78 (s, 2H), 1.57 ï 1.41 

(m, 1H), 1.40 ï 1.14 (m, 8H), 0.83 (s, 6H). 31P NMR: (202 MHz, DMSO-d6) ŭ 13.25. 
13C NMR 
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(126 MHz, DMSO-D6) ŭ  145.15, 130.54, 128.69, 128.17, 119.48, 118.01, 116.83, 67.68, 28.87, 

22.99, 15.06, 14.27, 13.85, 10.96, 10.70. 19F NMR (471 MHz, DMSO-d6) ŭ -61.15. 

The purity of freshly dried ligand  was determined from the NMR. The single observable 

peak in the 31P NMR and the absence of resonances attributable to the ArVPA stating material 

combined with the integration of the 1H NMR indicates ligand purity Ó98%. The equivalent 

weight of stored ligand was determined by potentiometric titration prior to extraction 

experiments as 377.2 g/mol. The expected molar mass of HEHTFSP is 364.35 g/mol, expected 

molar mass of HEHTFSP·H2O is 382.35 g/mol, giving a composition of HEHTFSP·0.71H2O. 

 

3.2.5 Potentiometric Titrations 

All solutions for the potentiometric titrations were prepared in 75 vol% EtOH/25 vol% 

H2O, and all potentiometric titrations were conducted under N2 and thermostatted at 25.0 °C. 

Solutions of 0.1 M NaOH were standardized by titration of dried primary standard potassium 

hydrogen phthalate in water to the phenolphthalein endpoint. Solutions of 0.01 M HCl were 

standardized by Gran titration with the standardized NaOH using a Mettler-Toldeo InLab semi-

micro combination pH electrode filled with aqueous 3 M KCl. After the standardizations were 

complete, the electrode was calibrated to read pcH (pcH = -log [H+] on the molar scale) by 

titration of known amounts of standardized HCl and NaOH. Dilute solutions of each ligand were 

prepared by dissolving measured amounts of ligand in known volumes of 75 vol% EtOH/25 

vol% H2O with or without 0.01 M HCl to give solutions of 0.009 ï 0.017 M ligand.  These 

solutions were titrated with standardized NaOH to determine the Ka of each ligand. Each titration 

consisted of 60 ï 70 individual pcH measurements and the titrations of the three styryl 

phosphonic acid mono 2-ethylhexyl esters were conducted in duplicate. The electrode was 

calibrated with solutions of 75 vol% EtOH/25 vol% H2O containing known concentrations of 

HCl prior to each titration, and with this procedure the pcH readings for the ligand solutions 

were reproducible to ±0.007 pcH units (or ±0.4 mV). All uncertainties are reported at the 95% 

confidence level. 

3.2.6 Liquid-liquid Extraction  

The stoichiometries of the extracted europium(III) complexes and the relative 

complexation strengths of the extractants were measured through liquid-liquid extraction. 
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Chloroform solutions of the ligands were contacted with equal volumes of aqueous HNO3 

solutions (0.01 ï 0.1 M HNO3) spiked with 152,154EuIII  by vortexing for 5 minutes at 22 ± 1 °C 

followed by centrifugation for 2 minutes. The two phases from each extraction condition were 

separated and an aliquot was taken from each phase to determine the Eu content by measuring 

the 152,154Eu ɔ-emission rate between 40 and 225 keV with a Packard Cobra II ɔ-counter. The 

europium distribution ratio, DEu, was then calculated as the ratio of the total concentration of Eu 

in the organic phase to the total concentration of Eu in the aqueous phase, DEu = [Eu] / [Eu], 

where the overbar indicates species in the organic phase. The uncertainty in the distribution 

ratios was calculated from the uncertainties in pipetting and radioactive counting. When 

necessary to account for the change in activity coefficients with ionic strength, aqueous acidities 

were converted to the pH scale (pH = -log H+ activity) using the single ion activity coefficient 

for H+ calculated with the extended Debye-Hückel equation for the relevant ionic strength.   

 

 

                             

Scheme 3.1 Synthetic approach to obtaining 2-ethylhexyl hydrogen styryl phosphonates (top) 

and obtained ligands (bottom). 

 

3.2.7 Computational Methods 

To gain insight into the effect of the phosphonic acid ligand dipole moments on the Eu 

extraction reaction, density functional theory (DFT) calculations were performed using the 

Gaussian16 36 suite of programs and the Beckeôs 3-parameter  hybrid  functional37 combined  
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with  the  non-local  correlation  functional  provided  by Perdew/Wang.38 The Eu and P atoms 

were represented with a small-core Stuttgart-Dresden relativistic effective core potential 

associated with their adapted basis set.39-41 Additionally, the P basis set was augmented by a d-

polarization function (Ŭ = 0.387)42 to represent the valence orbitals. All the other atoms C, F, O 

and H were described with a 6-31G (d,p), double ïɕ quality basis set.43, 44   For all ligands and 

complexes, geometries were optimized two ways: in the gas phase and with polarizable 

continuum solvation. The desired properties were computed under the same conditions as the 

optimizations (e.g., solvated optimized geometry and dipole moment from electronic structure 

computed with solvation). Chloroform was chosen as the solvent to mirror the experimental 

conditions, with solvation treated as a polarizable continuum using the default Gaussian16 self-

consistent reaction field method.45, 46 The nature of the extrema (minimum) for the ligand and 

ligand/RE-complex were established with analytical frequency calculations and geometry 

optimizations were computed without any symmetry constraints. To gain insight into the nature 

and behavior of the bonds around the Eu, we performed Natural Bond Orbital (NBO) analysis 

and computed the Wiberg Bond Index (WBI).47-49 

3.3 Results and Discussion 

3.3.1 Ligand synthesis 

Two synthetic routes to the target styryl phosphonic acid 2-ethylhexyl ester compounds 

were investigated. Complete conversion to the monoester could be achieved either by 

functionalizing vinyl phosphonic acid with the desired aromatic moiety followed by 

monoesterification or by initial alkylation of the vinyl phosphonic acid followed by the reaction 

with aryl bromide (Scheme 3.2). Evaluation of the two approaches revealed that the first route 

was the more viable reaction scheme because of the ease of purifying the intermediate ArVPAs 

by precipitation from DCM and the ease of purifying the monoesters by liquid-liquid extractions.  
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Scheme 3.2 General reaction scheme. 

Previously reported syntheses of styryl phosphonic acids used THF as a solvent.30 

However, replacing THF with dioxane increased yields of aryl vinyl phosphonic acids by 5 ï 

16%. This increase could be explained by the higher boiling point of dioxane, resulting in 

running reactions at an elevated temperature.  

We began optimizing conditions for monoesterification of ArVPAs by comparing two 

synthetic approaches. Microwave-assisted approach to obtaining monoalkylated phenyl-, 

phosphinic and phosphonic acids with catalytic addition of 1-butyl-3-methylimidazolium 

tetrafluoroborate [bmim][BF4]
50, 51 was evaluated for esterification of phosphonic acids. Initial 

esterification reactions were performed using phenyl phosphonic acid and 2-ethylhexyl alcohol 

(Scheme 3.3). 

 

 

Scheme 3.3 Esterification of phenyl phosphonic acid via microwave approach.  

Reaction progress was monitored with 31P NMR. The reaction mixture was washed with 

5% HCl upon completion, and the product was extracted into ethyl acetate. Excess alcohol was 

removed by Kugelrohr distillation. The same experimental procedure was applied to VPA. 

However, the above-described conditions could not be utilized for the esterification of ArVPAs 
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since they have minimal solubility in 2-ethylhexanol. Thus, limited choices of functionalized 

phosphonic acids due to solubility issues led us to investigate alternative synthetic routes to 

obtaining the monoesters. The solubility limitations can be resolved using Steglich 

esterification.52, 53 We began our optimization with the screening of 3 different carbodiimides: 

N,Nô-dicyclohexylcarbodiimide (DCC), N,Nô-diisopropylcarbodiimide (DIC), and N-(3-

dimethylaminopropyl)-Nô-ethyl carbodiimide (EDC). Despite the ease of removal of the N-acyl 

urea by-product when using EDC, it performed poorly regarding the conversion rate. Both DIC 

and DCC demonstrated high conversion rates. The DCC by-product, N,N-dicyclohexylurea is 

water-insoluble and partially soluble in organic solvents resulting in time- and solvent-

consuming purification. N,Nô-diisopropylurea is more water-soluble and can be removed by 

solvent extraction. Consequently, we selected DIC as the most suitable carbodiimide.  

We evaluated various polar solvents (dimethylformamide (DMF, acetonitrile (ACN), and 

tetrahydrofuran (THF)). Traditionally, Steglich esterification is performed in DCM. Since 

ArVPAs are not soluble in DCM, only polar solvents were selected for reaction optimization. 

Based on the GC-MS analysis of the reaction composition after 72 hours, we selected DMF as 

the solvent of choice. (Table 3.1). 

Table 3.1 Solvent optimization  

Entry Carbodiimide Organocatalyst Solvent Conversiona 

1 DIC DMAP DMF 97% 

2 DIC DMAP ACN 56% 

3 DIC DMAP THF 81% 

aConversion determined by GC-MS after 72 h. 

Optimization of the purification method to obtain target extractants resulted in the 

employment of liquid-liquid extractions with different solvent systems. After completing 

Steglich esterification, DMF was removed under vacuo. The remaining crude was dissolved in 

DCM and left overnight in the freezer to precipitate the urea by-product. Precipitated urea was 

filtered out and DCM removed under reduced pressure. The crude was washed with hexanes to 

remove unreacted alcohol. The product was extracted with diethyl ether and washed with 10% 

NaOH, followed by a wash with 5% HCl.  
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3.3.2 Determination of Acid Dissociation Constants of the L igands 

The acid dissociation constants of the styryl phosphonic acid mono 2-ethylhexyl esters 

and HEHEHP were determined by potentiometric titration in 75 vol% EtOH/25 vol% H2O at 

25.0 °C. The titration data demonstrate that HEHEHP is a weaker acid than any of the styryl 

phosphonic acid mono 2-ethylhexyl esters, as HEHEHP displays clear buffering action at pKa ca. 

4.3 after an initial rise in pcH as the excess HCl added to the solution was consumed at 

approximately 0.4 equivalents of added base.  

To determine the dissociation constants, the titration data were converted to buffer 

capacities, ɓ,54  
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where cb is the concentration of base added from the burette, V, is the total volume of the 

solution in the titration cup, and dV/dpcH is the reciprocal of the derivative of the pcH vs. 

volume titration curve. The acid dissociation constants were calculated by fitting the buffer 

capacities as a function of the H+ concentration according to the general buffer capacity 

equation,54, 55 
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In Eq. 3.2, Ka,i is the acid dissociation constant of species i, ci is the total molar 

concentration of species  regardless of protonation state, and Kw is the autodissociation constant 

of water under the solvent conditions used. The Kw had been measured during the electrode 

calibration titrations and was determined to be pKw = 14.97 ± 0.02. The data from all the 

titrations of a given ligand were combined into a single data set that was fit using a simplex 

minimization algorithm with jackknife estimation of the uncertainty of the fitted parameters56 to 
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determine the ligand Ka that best reproduced the measured buffer capacities (Figure 3.1). The 

results are summarized in Table 3.2. 

 

 

Figure 3.1 Fitting the buffer capacities of the ligands to determine the acid dissociation constants 

in 75 vol% EtOH/25 vol% H2O at 25.0 °C. (Ä) HEHTFSP, (¹) HEHSP, ( ) HEHDFSP, ( ) 

HEHEHP, and (- - -) 0.00953 M HCl. Fits to Equation 2 using the pKa values in Table 2 are 

indicated with solid lines. 

 

 The pKa measured for HEHEHP is in agreement with previously reported values 

determined in 75 vol% EtOH/25 vol% H2O (pKa = 4.10,57 4.4,58 and 4.859). Replacing the 2-

ethylhexyl group attached to the phosphorus atom of HEHEHP with styryl groups increases the 

ligandôs acidity by more than one order of magnitude, while incorporation of electron 

withdrawing fluorine or trifluoromethyl moieties further reduces the pKa values compared to 

HEHSP. The resulting pKa values for the styryl ligands are even lower than those of 

dialkylphosphoric acids such as bis(2-ethylhexyl)phosphoric acid (pKa = 3.4957) and di-n-

octylphosphoric acid (pKa = 3.3059). 
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Table 3.2 Acid dissociation constants of phosphonic acid ligands in 75 vol% EtOH/25 vol% H2O 

at 25.0 °C. 

   

Ligand Number of 

points fit 

pKa 

HEHTFSP   (2c) 133 2.99 ± 0.03 

HEHDFSP  (2b) 120 3.13 ± 0.04 

HEHSP  (2a) 140 3.25 ± 0.02 

HEHEHP 61 4.31 ± 0.02 

 

 

3.3.3 Rare Earth Extraction  

 The extracting strength and composition of the Eu3+ complexes extracted by the styryl 

phosphonic acid mono esters were studied by radiotracer liquid-liquid extraction experiments. 

The aqueous phases were composed of 0.01 ï 0.1 M solutions of nitric acid, while the styryl 

phosphonic acid mono 2-ethylhexyl esters were dissolved in CHCl3. At the ligand concentrations 

studied, the phosphonic acids are expected to exist as H-bonded dimers in the CHCl3 solutions.60, 

61 The extraction of Eu from the nitric acid solutions was studied as a function of the extractant 

concentration at constant aqueous acidity (Figure 3.2) and as a function of the aqueous acidity at 

constant extractant concentration (Figure 3.3). The three styryl phosphonic acid mono esters are 

all much stronger extractants that HEHEHP, as indicated by the 1 ï 2 order of magnitude 

decrease in extractant concentration required to achieve the same degree of Eu extraction (DEu) at 

constant acidity for HEHSP, HEHDFSP, and HEHTFSP compared to HEHEHP (Figure 2). The 

extraction strength decreases in the order HEHTFSP > HEHSP > HEHDFSP >> HEHEHP.  

While these particular extractants have not been systematically studied before, studies of 

extraction by other mixed alkyl/aryl organophosphorus extractants are consistent with the greater 

extraction strength that we observe for the styryl substituted phosphonic acid mono esters. 

Peppard and coworkers  compared HEHEHP to (2-ethylhexyl) phosphonic acid phenyl ester 

(HEH[PhP]) and found that HEH[PhP] outperformed HEHEHP by about 2 orders of magnitude 

in extracting Pm3+ and Cm3+.62 Ju and coworkers observed similar results when examining di(2-

ethylhexyl)phosphoric acid (HDEHP), where they found both HEH[PhP] and a methylheptyl 

analog extracts Cm3+ and Cf3+ 2 orders of magnitude more strongly than HDEHP.63 In another 
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study, Peppard compared extraction by HDEHP and di[4-(1,1,3,3-

tetramethylbutyl)phenyl]phosphoric acid (HDOPhP), a diaryl phosphoric acid extractrant, where 

they found HDOPhP also outperformed HDEHP by several orders of magnitude.64 

 The composition of the Eu3+ complexes formed with the ligands in CHCl3 were 

determined by error-weighted linear regression analysis of the log D vs. log [Ὄὃ ] or pH data 

(Table 3.3), as previously described,65, 66 with A- representing one deprotonated phosphonic acid 

monoester. Under the conditions of these extractions, nitrate anions weakly compete with the 

phosphonic acid ligands for Eu3+ in the aqueous phase, with log KNO3 = 1.22 for Equilibrium 3 at 

I = 0 M ionic strength.67 This aqueous nitrate complexation was accounted for in the analyses as 

described in the Supplemental Information. The analysis of the pH dependence of log D gives 

slopes between 2.86 and 3.14 for all the ligands (Table 3.3) indicating that while nitrate does 

complex Eu3+ in the aqueous phase, the extracted complexes contain no nitrate because the 

electroneutrality of both the aqueous and the organic phases is maintained by the exchange of 3 

H+ into the aqueous phase for each Eu3+ extracted rather than by coextraction of nitrate. Huang et 

al. report similar results for La3+ extraction by HEHSP in kerosene (h = 3.03).30  Consequently, 

the general equilibria affecting the extraction are expected to be 

KNO3 

Eu3+ + NO3
-  ᵶ  Eu(NO3)

2+                                                   (3.3) 

and 

Kex 

%Õ ά Ὄὃ  ᵶ  %Õ! (!Љ Ὤ (   
    

                                        (3.4) 

 

Where the overbar indicates species that are present in the organic phase, 2m = h + ǎ is 

required for the mass balances of the ligand and the acidic protons, and h = 3 as determined from 

the slope of the pH dependence.  
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Table 3.3 Slope analysis of the extraction data in Figure 3.2 and Figure 3.3 

Ligand pH log DEu = m log [ Ὄὃ ] + C1 
a 

HEHSP   (2a) 2.037 (2.88 ± 0.09)·log [Ὄὃ ] + (7.26 ± 0.24)  

HEHDFSP  (2b) 2.037 (3.01 ± 0.09)·log [Ὄὃ ] + (6.69 ± 0.21) 

HEHTFSP  (2c) 2.037 (2.86 ± 0.12)·log [Ὄὃ ] + (7.92 ± 0.32) 

HEHEHP 2.037 (2.88 ± 0.16)·log [Ὄὃ ] + (3.08 ± 0.18) 

   

 [ Ὄὃ ], M log DCorr ï m log [ Ὄὃ ] = h pH + log Kex  

HEHSP   (2a)  0.016 (3.09 ± 0.11)·pH + (1.19 ± 0.17) 

HEHDFSP  (2b) 0.022 (2.86 ± 0.09)·pH + (1.08 ± 0.14) 

HEHTFSP  (2c) 0.0079 (2.88 ± 0.07)·pH + (2.05 ± 0.11)  

HEHEHP 0.283 (3.14 ± 0.15)·pH ï (3.06 ± 0.23) 

a C1 = log Kex + h pH + log ‎  ï log ρ ὑ ‎ ‎ ./  

 

 

 

 

Figure 3.2 Extraction of Eu3+ by phosphonic acid ligands in CHCl3 from 0.01005 M HNO3. (Ä) 

A: HEHTFSP, (¹) B: HEHSP, ( ) C: HEHDFSP, ( ) D: HEHEHP. Uncertainties in the 

distribution ratios are shown at the 95% confidence level if they are larger than the data point. 
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Figure 3.3 Extraction of Eu3+ by phosphonic acid ligands in CHCl3 from HNO3 solutions with 

varying acidity. (Ä) A: 0.0079 M (HEHTFSP)2, (¹) B: 0.016 M (HEHSP)2, ( ) C: 0.022 M 

(HEHDFSP)2, ( ) D: 0.283 M (HEHEHP)2. Uncertainties in the distribution ratios are shown at 

the 95% confidence level if they are larger than the data point. 

 

The equilibrium constants for these reactions can be combined with the metal distribution 

ratios, as described in the Supplemental Information, to provide quantitative information on the 

composition of the extracted complexes. The slopes of the log DEu vs. log [Ὄὃ ] measurements 

give the value of m in Eq. 4,66 which ranges between 2.86 and 3.01 for each of the ligands (Table 

3.3). Our experimentally determined value of m in the HEHEHP system, 2.88 ± 0.16, also agrees 

well with the value found a recent report, 2.86 ± 0.10.68 Given h = 3 from the pH dependence 

and an extractant dependence of m = 3, mass balance requires ǎ = 3. This result is commonly 

found for many extracting acidic organophosphorus ligands in CHCl3.
68 This Eu:A stoichiometry 

further implies that three hydrogen bonded phosphonic acid dimers, (HA)2, lose a single H+ to 

form a pseudo-octahedral Eu complex with three dimers (Figure 3.4).69 Neither incorporation of 

the styryl moiety into the extractant framework, nor addition of electron withdrawing groups to 

the aryl substituents alter the stoichiometry of these Eu complexes in CHCl3 compared to 

HEHEHP, our reference ligand.        
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Figure 3.4 Schematic structure (left) of the extracted Eu(A)3(HA)3 complexes and the gas-phase 

optimized structure (right) of the Eu-HEHSP complex with hydrogen atoms not shown. In the 

optimized structure grey spheres are carbon, red spheres are oxygen, orange spheres are 

phosphorous, and the central green sphere is europium. See Appendix B Tables B8.1-3 for 

coordinates of optimized geometries of the ligands and Tables B8.4-9 for coordinates of 

optimized complexes. 

3.3.4 Computational Results  

Because theoretically calculated gas phase dipole moments have been good predictors of 

the ability of conjugated phosphonic acids, such as the precursor ArVPAs 1a ï 1c, to modify the 

properties of materials when complexed to surfaces,33 the dipole moment was calculated for the 

three styryl phosphonic acid mono 2-ethylhexyl ester ligands (HEHSP, HEHDFSP, and 

HEHTFSP), versions of these three ligands with methyl substituents replacing the 2-ethylhexyl 

groups (compounds 3a, 3b, and 3c; APPENDIX B Tables B8.1, B8.2, and B8.3),  and the 

reference extractant HEHEHP. The dipole moment calculations were made for both the neutral 

uncomplexed ligands and Eu-coordinated dimers of HEHSP, HEHDFSP, HEHTFSP, and 

HEHEHP in the gas phase and with implicit solvation in CHCl3. The methyl esters (3a ï 3c) 

were studied to speed the initial set of dipole calculations of the free ligands. We have found 

previously that the electronic properties of aryl containing and fused-ring conjugated molecules 

are not appreciably changed when linear and branched alkyl chains are replaced by methyl 

groups.70  

For free ligands, the dipole moment projected along the P-C bond was computed and is 

reported in Table 3.4. This representation of the dipole moment is approximately aligned with 

the length of the ligand, and it is the same metric previously used to understand surface 

complexation of ArVPA. It allows direct evaluation of the impact of changing the substituents on 
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the phosphorus atom, which in turn affects the properties of the oxygen atoms that coordinate the 

REE ions).   

 The calculated dipole moments of the methyl esters (3a ï 3c) and the 2-ethylhexyl esters 

(Table 3.4) follow the same order previously reported for the precursor ArVPA diacids (1a ï 

1c).33 and while substitution of a methyl or 2-ethylhexyl group for one of the acidic hydrogens of 

the precursor diacid gives larger dipole moments for the monoester ligands, the change is similar 

across the series. Substitution of a single 2-ethylhexyl group increases the calculated dipole 

moment by 0.11ï0.16 Debye in the gas phase calculation and 0.05ï0.09 Debye in CHCl3. In 

addition, regardless of the solvation state of the free ligands, the dipole moment vectors projected 

along the P-C vector direction of the new styryl extracting ligands follow the order HEHDFSP > 

HEHSP  > HEHTFSP. The dipole moments for the free ligands projected along the P-C bond are 

shown in APPENDIX B Figures B8.1-B8.4. Interestingly, despite the approximate octahedral 

symmetry of the ligand shell around the RE metal, the magnitude of the total dipole moment of 

the Eu complexes also follows this trend, presumably because asymmetry induced by side chains 

leads to a dipole moment that must be roughly proportional to the dipole moment of the 

individual ligands. We will see later that the ordering of the ligand dipole vector projection and 

of the dipole moment of the complexes correlates with extraction strength. 

Unlike the trend of dipole and extraction efficiency seen for the three aryl ligands, the 

position of HEHEHP in the order of calculated dipole moments (Table 3.4) is not reflective of its 

relative extraction ability toward rare earth elements. Replacing the conjugated vinyl aryl groups 

attached to the phosphonate P with a saturated 2-ethylhexyl group in HEHEHP creates a ligand 

with substantially different properties than the other extractants. Prior work observed that the 

correlation between calculated dipole moments and materials properties breaks down when 

ArVPAs are replaced with phosphonic acids bearing equivalent saturated substituents.33 In the 

case of HEHEHP, substituting a 2-ethylhexyl group for the unsaturated, conjugated styryl 

substituents of our three new extractants creates an extractant with a low dipole moment due to 

the flexibility of the 2-ethylhexyl group, the lower electronegativity difference across the 

molecule, and a strongly diminished ability for electronic communication between the 

phosphonate and the P-bound substituent. In addition, HEHEHP has a much higher pKa (vide 

supra) and a substantially different solubility in organic solvents. Together these properties of 

the phosphonic acids suggest that the dipole moments alone of dialkylphosphonic acids such as 
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HEHEHP will not be reliable predictors of their abilities as complexants or extracting agents, but 

that for closely related ligands the dipole moment can be used to predict and control extraction 

efficiency. 

 

Table 3.4 Computed dipole moments (Debye) of free ligands (projected along P-C bond 

direction) of the mono methyl or 2-ethylhexyl esters of the styryl phosphonic acids and of mono 

2-ethylhexyl esters complexed to Eu in EuA3(HA)3 complexes (total dipole moment), in both the 

gas phase and in chloroform. 

 

 Free Ligand Eu-Complexed Ligand 

Ligand Gas Phase CHCl3 Gas Phase CHCl3 

 3a 1.54 2.06   

 3b 2.45 3.25   

 3c -1.45 -1.36   

HEHSP (2a) 1.68 2.12 3.40 4.35 

HEHDFSP (2b) 2.61 3.34 4.54 7.05 

HEHTFSP (2c) -1.34 -1.31 2.32 2.63 

HEHEHP 0.32 0.40 1.34 1.68 

 

 

While the computed dipole moments of the extracting ligands vary significantly even 

among the three styryl substituted ligands, the DFT calculations reveal no significant difference 

in the binding strength and bond type between europium and the ligands.  

 

Table 3.5 Computed Wiberg bond index of the Eu-O bonds in the EuA3(HA)3 complexes in 

chloroform. 

 

                      Wiberg Bond Index  

Ligand Eu-O1 Eu-O2 Eu-O3 Eu-O4 Eu-O5 Eu-O6 

HEHSP (2a) 0.3858 0.3591 0.3768 0.3397 0.3821 0.3458 

HEHDFSP (2b) 0.3594 0.3857 0.3813 0.3421 0.3488 0.3715 

HEHTFSP (2c) 0.3851 0.3553 0.3739 0.3364 0.3800 0.3450 

HEHEHP 0.3811 0.3540 0.3816 0.3597 0.3845 0.3510 
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The calculated bond indices (Table 3.5) are reflective of mostly ionic interactions 

between the metal and each of the ligands. Furthermore, the average values of the Wiberg bond 

index vary by less than 1% around the mean value for the four ligands, consistent with similar 

degrees of electrostatically driven metal-ligand interactions across the series. This suggests that 

ligand binding to the Eu is a localized process with no substantial modification due to the overall 

dipole moment of the ligand. Hence, the dipole moment design of phosphonic-acid based ligands 

will have little effect on complexation per se but as noted, it can alter REE complex/solvent 

interactions sufficiently to systematically affect extraction efficiencies. 

3.3.5 Influence of L igand Dipoles on Metal Extraction 

The extraction reaction expressed by Equilibrium 4 describes the overall reaction 

between the metal cation and protonated ligand dimers in terms of the predominant species in the 

two phases. It is very useful for understanding the chemical species present at equilibrium and 

modeling the extraction efficiency for many acidic organophosphorus extractants. However, 

breaking this overall equilibrium into a thermodynamic cycle of descriptive subreactions brings 

deeper insight into the processes and energetics involved in rare earth-ligand extraction 

reactions. As suggested in Figure 3.5, Equilibrium 3.4 for a rare earth ion, R3+, can be 

decomposed into six subreactions, each with its own equilibrium constant,71  

(! ᵶς (!                           ; K2 
-1                                          (3.5) 

 

(! ᵶ(!                                  ; Kd 
-1                                          (3.6) 

 

(! ᵶ ( !                         ; Ka                                             (3.7) 

 

σ ! 2 ᵶ2!                    ; aɓ3                                            (3.8) 

 

2!ᵶ 2!                               ; Kd,c                                           (3.9) 

 

σ (! 2!ᵶ 2!(!         ; oɓ3                                          (3.10) 

 

In order to obtain Equilibrium 4 by summing Equilibria 3.5 ï 3.10, Equilibria 3.5, 3.6, 

and 3.7 each must be multiplied by 3, so the resulting equilibrium constants will each be cubed, 

giving K2 
-3, Kd 

-3, and Ka
3. Then, the resulting expression for the overall extraction equilibrium 

constant, Kex, is 
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Values of Kex for each extractant are readily calculated from the pH dependence of the 

europium distribution ratios (Table 3.4). As expected from the extraction data (Figure 3.2), the 

styryl phosphonic acid monoesters show similar Kex values, while Kex for the reference dialkyl 

phosphonic acid, HEHEHP, is 4-5 orders of magnitude smaller.distribution ratios (Table 3.4). As 

expected from the extraction data (Figure 3.2), the styryl phosphonic acid monoesters show 

similar Kex values, while Kex for the reference dialkyl phosphonic acid, HEHEHP, is 4-5 orders 

of magnitude smaller. 

 

Figure3.5 Thermodynamic cycle for extraction of trivalent rare earth cations, R3+, by phosphonic 

acid monoester ligands. 

 While the final complexes formed in CHCl3 are the same for all four ligands studied, the 

three styryl phosphonic acid ligands extract Eu more strongly than does HEHEHP, the dialkyl 

phosphonic acid most commonly used to separate rare earths. The relative ability of similar 

ligands to extract rare earth cations from acidic solutions by exchanging H+ for R3+ is often 

attributed to differences in the acidity of the ligands whereby more acidic ligands extract metal 

cations more strongly.72 This is understood to result from a more favorable competition between 

the metal cation and protons for the more acidic ligand in the overall reaction (Eq. 3.4), since the 

ligand starts the reaction as a neutral, protonated species in the low dielectric constant organic 

phase. A more acidic ligand favors production of A- in the deprotonation equilibrium, giving 

more A- for the rare earth to react with. Our results follow this general trend, for the styryl 

phosphonic ligands are substantially more acidic than HEHEHP (Table 3.2), and they achieve 

the same degree of Eu extraction at much lower ligand concentrations than HEHEHP (Figure 3.2 
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and Table 3.3).  There is one important deviation in this trend for the Eu extraction strengths. 

The extraction strengths of the styryl derivative, HEHSP, and the difluoro-styryl derivative, 

HEHDFSP, as represented by their Kex values, are reversed compared to the acidity. HEHSP, 

with a pKa of 3.25, is a stronger extractant than HEHDFSP, which has a pKa of 3.13. The 

opposite of the observed trend would be expected based on the usual correlation between pKa 

and extraction strength. 

 Our selection of these styryl phosphonic acid monoester ligands as targets for new 

extraction reagents was not, however, suggested based on systematic variations in the ligand 

acidity. Rather, the styryl phosphonic acid monoesters were selected based on the ability of the 

parent diacid ArVPAs (1a ï 1c) to systematically alter the properties of conducting oxides when 

coordinated to the surface of materials such as zinc oxide and indium tin oxide.33 The key ligand 

parameter influencing the ability of the ligand to alter surface work functions was the dipole 

moment of the ligand. When the experimental extraction strengths of three styryl-based ligands 

are compared to the gas phase dipole moments of the ligands, or any of the other calculated 

dipole moments in Table 3.4, the anomalous reversal observed in the extraction strength vs. pKa 

(Figure 3.6), instead follows the order of decreasing dipole moment for the three styryl 

phosphonic acid mono esters. On the other hand, the extraction strength of HEHEHP, which 

completely lacks styryl substituents and features only saturated 2-ethylhexyl groups and 

relatively symmetric alkylation of the phosphonate, does not follow the trend in dipole moments. 

Nevertheless, this was expected from the earlier studies of surface functionalization, where only 

ArVPA ligands followed the dipole moment correlation.33 For the styryl substituted ligands, we 

observe that the order of increasing Eu extraction strength, HEHDFSP < HEHSP < HEHTFSP, 

matches the order of decreasing calculated dipole moment, both with the complexed ligand 

dipole moment and the projected dipole moment for the free ligands.  
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Figure 3.6 Correlation of Eu3+ extraction strength of the styryl phosphonic acid mono 2-

ethylhexyl ester ligands with (A) the ligand pKa, and (B) the dipole moment of the neutral ligand. 

Substantial insight into the contributions of pKa and dipole moment to the extraction of 

rare earth elements by these ligands can be gained by examining the extraction cycle suggested 

by Equation 11. Each of the three groups of terms in Equation 11 represents a different aspect of 

the extraction process. First, the ratio Ka/K2 considers the competition between acid dissociation 

and ligand dimerization through hydrogen bonding. This term represents chemical reactions 

intrinsic to the ligand alone. Both of the equilibrium constants in this term are expected to be 

strongly dependent on the polarity of the O-H bond in the ligand, and it is generally observed for 

acidic organophosphorus extractants that the magnitude of K2 increases as Ka increases.60, 61 

Given the substantial differences in the pKa values between HEHEHP and the styryl-bearing 

ligands, this term is particularly important in understanding the much lower value of Kex 

observed for HEHEHP.   

Second, the ratio Kd,c/Kd
3 describes the relative solubilities of the protonated monomeric 

ligand and the neutral LnA3 complex in the two phases, which is principally determined by the 

physicochemical properties of the ligand and  the solvents. Ligand polarity, as reflected in the 

dipole moment, certainly plays a role in determining the relative values of these equilibrium 

constants, but specific intermolecular solute-solvent interactions as well as general properties 

such as the free energy of solvent cavitation will also affect the importance of this term in 

determining the relative selectivity of extractants. Of the three groups of terms in Equation 11, 
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this term is expected to be influenced more by the changes in the overall free ligand dipole 

caused by substitution of the styryl moieties than the dipole moment along the P-C bond in the 

monoester ligands.       

The third term, ‍ ‍, represents the affinity of the deprotonated ligand dimer, HA2
-, 

for the rare earth cation. Since the metal-ligand bonding in these complexes is predominantly 

electrostatic in nature, the magnitude of the negative charge on the phosphonate oxygens is key. 

Increasing this negative charge on the oxygens will increase the electrostatic bond strength 

between the metal cation and deprotonated ligand. But the effect increasing the negative charge 

on the oxygens will have on the dipole moment of the ligand will depend on the magnitude and 

direction of the dipole moment of the ligand framework. When the dipole moment vector is 

directed away from the oxygens, increasing the negative charge on the oxygens will decrease the 

magnitude of the dipole moment. This is the case for the styryl phosphonic acid mono ester 

ligands.     

3.4 Spectroscopic Studies 

Justin C. Johnson performed spectroscopy experiments, data collection and interpretation. 

Anastasia Kuvayskaya synthesized ligands and prepared samples for experiments. The work in 

this section is intended for publication titled Controlling ligand shell excimer formation with 

dipole changes in emissive rare-earth/phosphonic acid complexes.   

We investigated aggregation of the ligand shell of the three styryl ligand complexes with 

Eu. Two of the synthesized ligands were substituted with F2 and CF3 groups, resulting in steric 

and electrostatic differences within the series. These alterations led to both dipolar and halogen-

phenyl electrostatic interactions, which drove stacking into excimer-like face-to-face geometries 

that were evident in transient absorption spectroscopy (TAS). Unique photophysical 

consequences in terms of energy transfer to Eu and its subsequent emission were the result of 

various excimer formation routes.  

Figure 3.7 illustrates absorption data. The compounds dissolved in chloroform exhibit 

characteristic UV absorption of styryl derivatives.73 Besides the primary absorption band around 

250-270 nm, we also observed less pronounced side bands in the region from 280-300 nm.  The 

peak absorption of HEHDFSP is slightly blue shifted as compared to the other two ligands.  Such 
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absorption shift could be the result of electron withdrawing from the phenyl ring, or a slight 

twisting of the phenyl with respect to the vinyl, caused by steric hindrance of the fluorines in the 

meta position.74 We note that Eu/ligand solutions were prepared with excess of ligand of roughly 

8:1, which complicated  the interpretation of the complex-specific absorption properties. 

However, deviations in the line shape at the low energy side of the ligand absorption were 

evident in concentration-dependent experiments (Figure 3.7b). A broad shoulder beyond 300 nm 

is observed and is particularly strong for the Eu/HEHTFSP complex.  The features were much 

weaker for Eu/HEHSP and Eu/HEHDFSP solutions.  The bands beyond 300 nm were assigned 

to ligand-ligand coupling within the Eu complexes. 

Figure 3.7 (a), Phosphonic acid ligand structures and absorption at 1 mM concentration in 

CHCl3. (b), UV-Vis absorption of (b) Eu-HEHSP and (c) Eu-HEHTFSP complexes vs. 

concentration. 

Photoluminescence (PL) spectra was collected at two different excitation wavelengths 

and revealed a varying ratio of ligand-related (broad, < 550 nm bands) to Eu-related emission 

(sharp, various bands from 550-700 nm) (Figure 3.8).  The latter was mainly the result of ligand-

Eu energy transfer, while the former could be attributed to a combination of fluorescence and 

phosphorescence, as the Eu absorption coefficient is too low in the 280-310 nm region to cause 

notable direct excitation. As a result, the ratio of ligand to Eu emission measures the 

effectiveness of two processes: (1) photoexcitation of complexes vs. free ligands; and (2) energy 
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transfer from the triplet state of the ligand.75 The stronger relative Eu3+ emission in 

Eu/HEHTFSP complexes upon 310 nm excitation is likely due to a higher photoexcitation 

efficiency of the complex. The weaker emission upon 280 nm excitation suggests a less efficient 

energy transfer from a ligand to metal than the other complexes. The competitive formation of 

excimers would likely reduce the efficiency of the direct ligand to Eu energy transfer pathway, 

yielding the observed suppressed Eu emission.  

Figure 3.8 (a), Steady-state photoluminescence of Eu complexes in chloroform with 310 nm 

excitation. Eu-based emission at (b) 280 nm and (c) 310 nm excitation. 

 

3.5 Conclusions 

 Styryl phosphonic acid mono esters represent a promising class of extracting ligands for 

rare earth elements. For the three ligands developed here, incorporating an aryl-vinyl moiety into 

a phosphonic acid mono 2-ethylhexyl framework lowers the pKa of the ligand and greatly 

increases the extraction strength of the phosphonic acid, but it does so without altering the 

extraction equilibria or the stoichiometry of the extracted complexes. This suggests that this class 

of extracting ligands can provide a platform for further tuning Kex or other properties of the 

extracted complexes by varying the aryl substituent. Such alterations might be used to improve 
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the intralanthanide selectivity of the extraction while maintaining the Kex values within an ideal 

window for a given separation or to impart particular photophysical or electrochemical properties 

to the complexes.  

 In addition, the utility of the gas phase dipole moment for describing the surface 

chemistry of diacidic aryl-vinyl phosphonic acid ligands, first described by Koldemir et al.,33 

also extends to describing the extraction strength of the aryl-vinyl phosphonic acid mono 2-

ethylhexyl esters for Eu3+. The observation of a correlation between extraction efficiency and the 

dipole moment of isolated ligands may be useful for computational ligand design within families 

of molecules because the dipole of a single ligand can be calculated with much less 

computational expense than is needed for a full complex.  Moreover, the computational expense 

of calculations with flexible 2-ethylhexyl groups appears unnecessary because the methyl esters 

display similar dipoles to the longer chain branched alkyl substituents. Although the ligand 

dipole moment can affect all of the key equilibria that affect metal extraction, within the series of 

aryl-vinyl ligands we studied, the ligand dipole moment appears particularly important in 

determining the relative solubilities of the protonated extractant and neutral metal complex in the 

two phases and also in determining the overall affinity of HA2
-, the singly-deprotonated ligand 

dimer, for a given metal cation. As such, the gas phase dipole moments of aryl-vinyl phosphonic 

acid mono esters should be considered as a useful supplement to the free energy correlation 

between log Kex and pKa  for understanding the extraction strength of these compounds. 
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CHAPTER 4 

 SYNTHESIS AND CHARACTERIZATION OF PHOTOACTIVE VINYL PHOSPHONIC 

ACID MONOESTERS 

Anastasia Kuvayskaya1, Alan Sellinger1,2,3 

 

4.1 Introduction  

Rare earth elements (REE) are among the fundamental raw materials that are increasingly 

needed due to the recognition that a transition from conventional energy sources to more 

environmentally friendly alternatives is necessary. Nuclear energy, catalysis, phosphors, 

superconductors, permanent magnets, and optical materials rely heavily on REEs. Consequently, 

a crucial area of technology is the extraction and isolation of REEs.1, 2 The lanthanides have 

comparable physicochemical properties across the series. Chemical homogeneity causes various 

REEs to accumulate in source minerals, making it more challenging to separate them. The 

method for separating REEs that is commercially used is solvent extraction. Commercial 

extractants, however, have low selectivity, which renders processing time-, energy-, and solvent-

intensive. To alleviate the issues of inefficient solvent extraction processes and develop more 

environmentally friendly separation processes, researchers have investigated solid-phase 

extraction,3-6 biomass-based7-10 and redox separation,11 selective crystallization, 12-14 use of ionic 

liquids as extractants.15-19 Among these various techniques, photoisomerization is emerging as a 

potential approach to lanthanide separation.20 Incorporating photoswitchable motifs into complex 

ligands offers unique capabilities to control the properties using light as a stimulus. 

Photoswitchable ligands are molecules that undergo reversible changes in their structure or 

properties upon exposure to light. Here are a few examples of different types of the 

photoswitchable molecule: azobenzene, stilbene, spiropyran and spirooxazine, and diarylethene 

(Figure 4.1). 

 

 

1Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO 
2Affiliated with Colorado School of Mines, Material Science Program, Golden CO 
3Affiliated with National Renewable Energy Laboratory (NREL), Golden CO 
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Figure 4.1. Photoswitches: azobenzene (A), stilbene (B), spiropyran/merocyanine (C), 

spirooxazines/merocyanine (D), diarylethene (E). 

Research dedicated to studying compounds formed by complexing rare earth metals with 

these dynamic moieties is an emerging and active study area. The light-induced transformation 

can alter the coordination environment around the rare earth ion, changing the complex's 

physical and chemical properties. This makes them intriguing for the development of smart 

materials and devices. Complexes formed by rare earth elements with photoswitchable ligands 

have attracted significant attention due to their potential applications in optoelectronics, sensing, 

and information storage.21-23 In our previous work (Chapter 3), we used VPA as a ligand 

platform that was functionalized with aryl moieties with different dipoles. We have shown that 

such an approach enabled control of the extraction performance of the synthesized ligands. In 

order to evaluate the possibility of combining the photophysical properties of individual 

lanthanides with separation chemistry, we decided to couple photoswitches with VPA esters. The 

following molecular switches were investigated: azobenzene, stilbene, and spiropyran.  

4.1.1 Azobenzene 

The azobenzene group is a prominent example of a photoswitchable ligand used in rare 

earth element complexes. Azobenzene consists of two phenyl rings connected by a double-

bonded nitrogen bridge (-N=N-). The trans isomer of azobenzene has a linear structure, while the 

cis isomer has a bent conformation. Upon irradiation with specific wavelengths of light, 

azobenzene can undergo an isomerization process, converting between the trans and cis forms.24-
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27 Light-induced isomerization can trigger various effects when azobenzene is incorporated into 

the ligand structure of a rare earth complex. For example, it can modify the coordination 

geometry around the central rare earth ion, leading to changes in luminescence properties or 

magnetic behavior.28 This property has been utilized in the design of light-responsive materials 

and molecular switches.29, 30 

The interaction between the rare earth ion and the photoswitchable ligand in these 

complexes is typically coordinated through donor atoms such as oxygen, nitrogen, or sulfur. The 

ligand's structure can be tailored to achieve specific photochemical properties, allowing for 

control over the switching mechanism and response.31 Photoswitching of coordinated ligands can 

be used to control lanthanide fluorescence32 and mediate energy transfer to selected metals.33 

Functionalization of ɓ-diketonates with azobenzene enabled transfer of the excited state energy 

to specific lanthanides upon appropriate energy levels matching.34, 35 

4.1.2 Stilbene 

Stilbene is a molecule that belongs to the class of organic compounds known as alkenes. 

It consists of two benzene rings connected by a central ethylene (C=C) double bond. Stilbene and 

its derivatives have attracted significant attention due to their interesting photophysical 

properties, including strong absorption in the ultraviolet and visible regions of the 

electromagnetic spectrum and efficient fluorescence emission.36, 37 

REEs have unique electronic configurations that result in remarkable optical properties. 

When combined with stilbene or its derivatives, REEs can enhance or modify these molecules' 

fluorescence properties, forming rare earth-stilbene complexes.37-39 The interaction between 

stilbene and rare earths in these complexes typically occurs through coordination with the 

carboxylate groups or oxygen atoms of the stilbene derivative. The coordination can involve the 

rare earth ion binding to multiple stilbene molecules, forming polymeric structures,40 or 

interacting with a single molecule in a monomeric complex.38 The presence of REEs in stilbene 

complexes can influence several properties, including fluorescence emission, absorption spectra, 

and excited-state dynamics. The energy transfer processes between the rare earth ion and the 

stilbene chromophore are crucial in these effects. One notable phenomenon observed in rare 

earth-stilbene complexes is the sensitization of the rare earth ion's luminescence.41 Stilbene 

derivatives can act as efficient light-harvesting antennas, absorbing photons and transferring the 
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excitation energy to the rare earth ion, emitting light of a different wavelength. This sensitization 

process can enhance the luminescence efficiency and control the emitted color.42 

4.1.3 Spiropyran 

Spiropyran is a type of photoswitchable molecule that undergoes reversible ring-opening 

and ring-closing reactions upon various stimuli, including light irradiation. It exists in two 

isomeric forms: the closed form, known as the spiropyran (SP), and the open form, called the 

merocyanine (MC). The interconversion between these forms can be achieved by exposure to 

specific wavelengths of light.43, 44 Spiropyran molecules are composed of a central spiropyran 

core, typically consisting of a pyran ring fused with an aromatic moiety. The SP form is non-

polar and colorless, while the MC form is polar and colored, often exhibiting absorption in the 

visible region45. The two photoisomers of spiropyran exhibit structural, electronic, and optical 

differences that have led to extensive study and implementation in polymer science to produce 

photo-controlled stimulation, changes in viscosity and polarity, and light-induced opto-chemical 

responses.46-48 

When combined with spiropyran ligands, rare earth ions can interact with the ligand's 

photochromic behavior, resulting in interesting optical effects and potential applications. 

Incorporation of a complex of lanthanum and spiropyran into polymer fibers resulted in catalytic 

cleavage of phosphate ester.49 Switching the conformation of the ligand allows it to influence the 

optical properties of the metals. For example, the photoisomerization of merocyanine was shown 

to alter the electronic structure of lanthanide complexes.50 Another area where rare earth-

spiropyran complexes have been explored is in the field of molecular switches. The ability to 

control the structural and luminescent properties of the complex through light irradiation allows 

for the development of responsive molecular systems that has a potential to be employed for 

pharmaceutical applications.51-53 Furthermore, lanthanides-spiropyran complexes have been 

investigated for their potential application in bioimaging and sensing. The reversible 

photochromic behavior of spiropyran ligands, combined with the unique luminescent properties 

of rare earth ions, offers opportunities for designing fluorescent probes with tunable emission 

and sensing capabilities.54, 55 

In summary, rare earth element complexes with photoswitchable ligands offer the 

potential for dynamic control over their physical and chemical properties through light-induced 
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isomerization. Herein, we report the design and synthesis of phosphonic acid monoesters 

functionalized with photoswitchable moieties. The objective of this work is synthesis, 

characterization, and extraction performance evaluation of the novel organophosphorus ligands 

containing stilbene, azobenzene and spiropyran.  

In chapter 3 we presented the optimized synthetic procedure to obtaining styryl 

phosphonic acid monoesters. The evaluation of the two possible synthetic routes to obtaining the 

target molecules revealed that the initial alkylation of VPA followed by the reaction with aryl 

bromide was the most viable approach. This sequence of the synthetic steps enabled the 

development of an easy purification method. VPA monoester was obtained by employing 

Steglich esterification described in Chapter 3. The bromo-photoswitches used for the Heck 

coupling had to be synthesized.  

4.2 Experimental Section 

4.2.1 Materials 

Reagents were obtained from commercial suppliers and used as received unless otherwise 

indicated. The photoswitchable phosphonic acid mono 2-ethylhexyl esters were synthesized by 

monoesterification followed by functionalizing vinyl phosphonic acid with the appropriate 

aromatic moiety. Thin-layer chromatography (TLC) was performed on pre-coated silica gel 

plates (0.25 mm thick) and observed under UV light (254 nm). Nuclear magnetic resonance 

(NMR) spectra were recorded on JEOL ECA-500 (500 MHz) spectrometers at room 

temperature. The UV-Vis spectra were recorded on Beckman Coulter DU 800 

spectrophotometer, samples were prepared using chloroform as solvent. IR spectra were 

recorded on a Thermo Electron Nicolet 4700 FTIR.  

4.2.2 Ligand Synthesis 

 

(E)-1-bromo-4-(4-(tert-butyl)styryl)benzene 

The synthesis of (E)-1-bromo-4-(4-(tert-butyl)styryl)benzene was adopted from a 

procedure described in the literature.56 A 100 mL Schlenk flask with stir bar was oven dried. The 

Schlenk flask was charged with 1-bromo-4-iodobenzene (2.01g, 7.00 mmol) and palladium 

acetate (0.078 g, 0.35 mmol), followed by vacuum and N2 refill cycles (3x). Tert-butyl styrene 

(1.32 mL, 7.00 mmol) was dissolved in 5 mL of anhydrous acetonitrile and gently bubbled with 
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N2 for 20 min. Anhydrous acetonitrile (45 mL) and solution of tert-butyl styrene was added to the 

Schenk flask via syringe with stirring. Triethylamine (1.96 mL, 14.0 mmol) was added to the 

reaction mixture dropwise via syringe. The reaction was stirred at 70°C for 20 h. The progress 

was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion, 

the mixture was cooled to room temperature. 5% aqueous HCl (150 mL) was added to the 

reaction mixture under stirring. The product was extracted with EtOAc. Organic phase was dried 

over MgSO4 and filtered. Solvent was removed under vacuo. The product was precipitated into 

methanol and filtered precipitate (white flaky crystals) was dried overnight at 45°C under 

vacuum. Yield of 1.62 g (70%). 1H NMR (500 MHz, DMSO-d6) ŭ 7.63 (s, 4H), 7.53 (s, 2H), 

7.41 (s, 2H), 7.26 (d, 3H), 6.50 (s, 1H), 3.76 (s, 2H), 1.48 (s, 1H), 1.28 (s, 17H), 0.83 (s, 6H). 31P 

NMR (202 MHz, DMSO-d6) ŭ 17.19. 
13C NMR (126 MHz, DMSO-d6) ŭ 151.30, 147.27, 139.46, 

134.28, 129.87, 128.19, 127.11, 126.80, 126.54, 125.78, 114.65, 113.08, 67.84, 40.18, 34.77, 

31.38, 29.95, 28.96, 23.30, 23.07, 14.16, 10.99. 

 

2-ethylhexyl hydrogen ((E)-4-((E)-4-(tert-butyl)styryl)styryl)phosphonate (Stil -VP) 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with (E)-1-bromo-4-(4-(tert-butyl)styryl)benzene (0.701g, 2.22 mmol) and bis(tri-tert-

butylphosphine)palladium(0) (0.0586g, 0.111 mmol), followed by vacuum and N2 refill cycles 

(3x). Vinyl phosphonic acid monoester (VP) (0.586g, 2.66 mmol) was dissolved in 10 mL of 

anhydrous dioxane and bubbled with N2 for 20 min. 40 mL of anhydrous dioxane and solution of 

VP was added to the Schenk flask via syringe with stirring. N,N-Dicyclohexylmethylamine 

(0.944 mL, 4.44 mmol) was added to the reaction mixture dropwise via syringe. Reaction was 

heated to 80°C for 20 h. The progress was monitored with thin layer chromatography 

(EtOAc/hexanes 1:4). Upon completion, the reaction mixture was cooled to room temperature. 

Dioxane was removed under reduced pressure. 40 mL of 10% NaOH was added to the remaining 

crude, the mixture was mixed under sonication. The formed oily precipitate was separated by 

centrifugation. Separated precipitate was washed with 30 mL acetone (2x), followed by the 

addition of 5% HCl. The product was extracted into EtOAc. Organic phase was dried over 

MgSO4 and filtered. Obtained organic phase was condensed to a few mL by rotary evaporator. 

Product was precipitated into cold hexanes. Filtered precipitated (off-white crystals) was dried 

overnight at 45°C under vacuum. Yield of 0.723g (73%). 1H NMR (500 MHz, DMSO-d6) ŭ 7.63 
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(s, 4H), 7.53 (s, 2H), 7.41 (s, 2H), 7.26 (d, J = 31.1 Hz, 3H), 6.50 (s, 1H), 3.76 (s, 2H), 1.48 (s, 

1H), 1.28 (s, 17H), 0.83 (s, 6H). 31P NMR (202 MHz, DMSO-d6) ŭ 17.19.  13C NMR (126 MHz, 

DMSO-d6) ŭ 151.30, 147.27, 139.46, 134.28, 129.87, 128.19, 127.11, 126.80, 126.54, 125.78, 

114.65, 113.08, 67.84, 40.18, 34.77, 31.38, 29.95, 28.96, 23.30, 23.07, 14.16, 10.99. 

 

(E)-4-((4-bromophenyl)diazenyl)phenol  

(E)-4-((4-bromophenyl)diazenyl)phenol was prepared analogously to a procedure 

described in the literature.57 Bromoaniline (3.44 g, 20.0 mmol) was added to an aqueous solution 

(20 mL) containing 5 ml of conc. HCl. The prepared aniline solution was added dropwise into 

another aqueous solution (5mL) containing NaNO2  (1.77 g, 25.6 mmol) at 0°C with strong 

stirring. After mixing, the resulting solution was stirred for 40 minutes at 0°C to form a diazo salt 

solution. A separated aqueous phenol solution (20 mL) containing phenol (1.88 g, 20.0 mmol) 

and NaOH (8.00g) was prepared. The diazo salt solution was added to the phenol solution slowly 

under ice water bath. The resulting reaction mixture was stirred at 0°C for 1 hour. The final 

solution was acidified by adding 20 % HCl. The formed precipitate was filtered, washed with DI 

water. The collected crude was dissolved in acetone and the product was precipitated into cold 

DI water. Filtered precipitate (bright orange crystals) was dried overnight at 45°C under vacuum. 

Yield of 2.18 g (78%). 

(E)-1-(4-bromophenyl)-2-(4-((2-ethylhexyl)oxy)phenyl)diazene 

The double-necked round-bottom flask fit with condenser was charged with (E)-4-((4-

bromophenyl)diazenyl)phenol  (1.41g, 5.02 mmol) K2CO3 (0.866g, 6.27 mmol), followed by 

vacuum and N2 refill cycles (3x). 30 mL of anhydrous DMF was added to the flask via syringe 

while stirring. The reaction mixture was heated to 100°C. After 30 min 1-bromo-ethylhexane 

was added to the solution dropwise. Reaction was kept at 100°C for 1.5 h. The progress was 

monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion, the 

mixture was cooled to room temperature. The formed solid was separated by filtration, followed 

by removal of the DMF under vacuo. The product was purified by flash chromatography 

(EtOAc/Hexanes 1:4). The product (clear liquid) was dried overnight at 45°C under vacuum, 

Yield of 1.86 g (97%).  
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2-ethylhexyl hydrogen ((E)-4-((E)-(4-((2-ehylhexyl)oxy)phenyl)diazenyl)styryl)phosphonate (Az-

VP) 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with (E)-1-(4-bromophenyl)-2-(4-((2-ethylhexyl)oxy)phenyl)diazene (0.867g, 2.22 mmol) and 

bis(tri-tert-butylphosphine)palladium(0) (0.0586g, 0.111 mmol), followed by vacuum and N2 

refill cycles (3x). Vinyl phosphonic acid monoester (VP) (0.586g, 2.66 mmol) was dissolved in 

10 mL of anhydrous dioxane and bubbled with N2 for 20 min. 40 mL of anhydrous dioxane and 

solution of VP was added to the Schenk flask via syringe with stirring. N,N-

Dicyclohexylmethylamine (0.944 mL, 4.44 mmol) was added to the reaction mixture dropwise 

via syringe. Reaction was heated to 80°C for 20 h. The progress was monitored with thin layer 

chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction mixture was cooled to 

room temperature. Dioxane was removed under reduced pressure. 40 mL of 10% NaOH was 

added to the remaining crude, the mixture was mixed under sonication. The formed oily 

precipitate was separated by centrifugation. Separated precipitate was washed with 30 mL 

acetone (2x), followed by the addition of 5% HCl. The product was extracted into EtOAc. 

Organic phase was dried over MgSO4 and filtered. Solvent was removed under vacuo. The 

collected product (dark-red viscous oil) was dried overnight at 45°C under vacuum. Yield of 

1.01g (86%). 1H NMR (500 MHz, Chloroform-d) ŭ 9.32 (s, 1H), 7.87 (d, J = 24.2 Hz, 4H), 7.59 

(s, 2H), 7.50 (s, 1H), 7.01 (s, 2H), 6.40 (s, 1H), 3.96 (d, J = 18.8 Hz, 4H), 1.77 (s, 1H), 1.33 (s, 

18H), 0.92 (d, J = 31.8 Hz, 12H). 31P NMR (202 MHz, Chloroform-d) ŭ 22.08. 13C NMR (126 

MHz, Chloroform-d) ŭ 162.65, 153.87, 147.17, 136.87, 136.68, 128.82, 125.34, 123.34, 116.62, 

115.11, 71.22, 68.17, 40.38, 39.67, 30.82, 30.20, 29.41, 29.20, 24.16, 23.54, 23.38, 23.30, 14.41 

(d, J = 4.0 Hz), 11.46, 11.23. 

 

2-ethylhexylhydrogen (E)-(2-(1'-hexyl-3',3'-dimethylspiro[chromene-2,2'-indolin]-6-

yl)vinyl)phosphonate (SP-VP) 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 6-bromo-1'-hexyl-3',3'-dimethylspiro[chromene-2,2'-indoline] (1.02g, 2.34 mmol) and 

bis(tri-tert-butylphosphine)palladium(0) (0.0301g, 0.585 mmol), followed by vacuum and N2 

refill  cycles (3x). Vinyl phosphonic acid monoester (VP) (0.618g, 2.81 mmol) was dissolved in 

10 mL of anhydrous dioxane and bubbled with N2 for 20 min. 40 mL of anhydrous dioxane and 
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solution of VP was added to the Schenk flask via syringe with stirring. N,N-

Dicyclohexylmethylamine (0.100 mL, 4.68 mmol) was added to the reaction mixture dropwise 

via syringe. Reaction was heated to 80°C for 20 h. The progress was monitored with thin layer 

chromatography (EtOAc/hexanes 1:4). Upon completion, the reaction mixture was cooled to 

room temperature. Dioxane was removed under reduced pressure. 40 mL of 10% NaOH was 

added to the remaining crude, the mixture was mixed under sonication. The formed oily 

precipitate was separated by centrifugation. Separated precipitate was washed with 30 mL 

acetone (2x), followed by the addition of 5% HCl. The product was extracted into EtOAc. 

Organic phase was dried over MgSO4 and filtered. Obtained organic phase was condensed to a 

few mL by rotary evaporator. Product was precipitated into cold hexanes. Filtered precipitated 

(bright-orange powder) was dried overnight at 45°C under vacuum. Yield of 0.610g (47%).  1H 

NMR (500 MHz, DMSO-d6) ŭ 11.87 (s, 1H), 8.51 (s, 1H), 8.40 (s, 1H), 7.96 (s, 1H), 7.90 (s, 

1H), 7.81 (s, 2H), 7.64 (s, 2H), 7.29 (s, 1H), 7.22 (s, 1H), 6.50 (s, 1H), 4.65 (s, 2H), 3.78 (s, 2H), 

1.86 (s, 2H), 1.79 (s, 6H), 1.32 (d, J = 93.2 Hz, 16H), 0.83 (s, 9H). 31P NMR (202 MHz, DMSO-

d6) ŭ 17.42. :  13C NMR (126 MHz, DMSO-d6) ŭ 181.83, 163.03, 143.40, 141.29, 129.47, 

129.37, 126.25, 126.06, 122.60, 120.59, 118.80, 114.70, 111.66, 67.99, 52.45, 48.23, 40.13, 

31.39, 29.87, 28.91, 28.31, 27.25, 26.81, 23.23, 23.02, 22.50, 14.14, 10.95. 

 

4.3 Results and Discussion 

4.3.1 Synthesis Optimization  

In Chapter 3, we reported the optimized synthetic approach to the styryl phosphonic acid 

monoesters. The described route consisted of two synthetic steps: Heck coupling to functionalize 

starting VPA followed by the Steglich esterification to achieve monoalkylation. However, 

optimizing the purification method led us to revise the order of reaction steps. Upon evaluation 

of the two approaches, it has been established that functionalization of VPA monoester enabled 

easy purification. The initial two synthesized compounds were stilbene and azobenzene 

functionalized phosphonic acid monoesters (Figure 4.2).  
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Figure 4.2 Structures of 2-ethylhexyl hydrogen ((E)-4-((E)-styryl)styryl)phosphonate (left) and 

2-ethylhexyl hydrogen ((E)-4-((E)-phenyldiazenyl)styryl)phosphonate (right). 

However, we encountered solubility issues while preparing the ligand/CHCl3 solution for 

initial extraction testing. Thus, the synthesis had to be revised to include an alkyl chain to 

improve solubility. The alkylation of bromo-stilbene was adopted from the experimental 

procedure published previously.56 The model reaction between Br-I-benzene and tert-butyl 

styrene was performed under microwave conditions. Additionally, upon upscaling the products 

the reaction was run using the traditional Schlenk line approach. 1-Br-2-ethylhexane was chosen 

for Br-azobenzene functionalization. The addition of tert-butyl and 2-ethylhexyl chains to the 

stilbene and azobenzene respectively greatly improved solubility. Schemes 4.1 and 4.2 

demonstrate the optimized synthetic approach to the stilbene and azobenzene functionalized 

ligands.  

 

Scheme 4.1 Optimized synthetic route to 2-ethylhexyl hydrogen ((E)-4-((E)-4-(tert-

butyl)styryl)styryl)phosphonate. 

+ 
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Scheme 4.2 Optimized synthetic approach to 2-ethylhexyl hydrogen ((E)-4-((E)-(4-((2-

ethylhexyl)oxy)phenyl)diazenyl)styryl)phosphonate. 

The bromo-spiropyran precursor was synthesized analogously to a procedure described in 

the literature.58 After initial 3 reactions the desired 6-bromo-1'-hexyl-3',3'-

dimethylspiro[chromene-2,2'-indoline] was obtained in 79% yield. The last step followed the 

same reaction conditions as stilbene- and azobenzene- phosphonic acid monoesters. Scheme 4.3 

illustrates the finalized reaction cascade to the target spiropyran containing extractant.  

+ 
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Scheme 4.3 Optimized synthetic approach to 2-ethylhexyl hydrogen (E)-(2-(1'-hexyl-3',3'-

dimethylspiro[chromene-2,2'-indolin]-6-yl)vinyl)phosphonate. 

Initial unsuccessful attempts to separate the photoswitchable phosphonates via column 

chromatography led us to develop the purification approach based on solubility differences 

between starting materials and the final product. Therefore, we utilized a series of solvent 

washes. After reaction completion, the solvent was removed under vacuo, and the obtained crude 

was mixed with 10% NaOH. The formed oily crude containing Na salts of the phosphonic acid 

monoesters was water-insoluble and could be easily separated by centrifugation. Afterward, the 

addition of acetone resulted in the precipitation of the Na salts of the target compounds and the 

removal of the starting VPA monoester. The obtained precipitate was acidified with 5% HCl and 

extracted into ethyl acetate. The final products were characterized with NMR and UV-Vis 

spectroscopy.  
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4.3.2 UV-Vis Spectroscopy 

The absorption spectra of the three synthesized ligands are shown in Figure 4.3. The 

maximum absorption wavelengths and corresponding extinction coefficients are listed in Table 

C.1 (see Appendix C).  

 

Figure 4.3 UV spectra of ligands in CHCl3. 

The Az-VP ligand has a characteristic azobenzene absorption band in the region of 300-

400 nm; a higher intensity band at 370 nm was attributed to the ˊ-ˊ* transition, lower intensity 

band at 280 nm was assigned to the n-ˊ* transition.35 Absorption band in the region of 295-380 

nm of the Stil -VP ligand was evident of the ˊ-ˊ* transition band of the stilbene.39, 59 The UV-Vis 

spectrum of the SP-VP ligand shown in Figure 4.3 has a peak around 300 nm, indicative of the 

closed spiropyran form. The broad band in the 450-500 nm region could be explained by 

isomerization to merocyanine (MC).60 The presence of MC could be explained by the use of the 

polar solvent for sample preparation.61  
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4.3.3 trans-to-cis Photoisomerization of L igands Stil -VP and Az-VP 

We looked closer at the photoisomerization behavior of stilbene- and azobenzene-

containing ligands. Since spiropyran is known to undergo isomerization under a various stimuli 

such as light, pH, temperature, and solvent,62 the SP-VP ligand will be the subject of future 

studies. Figure 4.4 illustrates spectral changes in UV absorption of ligand Stil -VP in chloroform 

solution under irradiation at 365 nm. The decrease in absorption intensity of the peak at 341 nm 

and the increase of the broad band at 271 nm indicated the confirmational change from trans-to-

cis isomer.  

 

Figure 4.4 UV spectral changes of Stil -VP in chloroform solution upon irradiation with 365 nm 

as a function of time.  

Figure 4.5 demonstrates the absorption spectra of the Az-VP. We could observe spectral 

changes upon irradiating ligand solution with 365 nm within seconds. The disappearance of the 

absorbance band at 370 nm and increase of the peak at 286 nm was attributed to the complete 

isomerization of the ligand from trans to cis conformation.35 Following irradiation with 450 nm 

resulted in complete recovery of the trans isomer.  
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Figure 4.5 UV spectral changes of Az-VP in chloroform solution upon irradiation with 365 nm 

(a) and 450 nm (b) as a function of time.  

 

 

Figure 4.6 UV spectral changes of Stil -VP in chloroform solution upon irradiation with 254 nm 

(a) and 365 nm (b) as a function of time. 

Stil-VP ligand was chosen to determine the extraction performance. The preliminary 

extraction experiments with Nd were monitored with UV-Vis. Stil-VP chloroform solution was 

contacted with aqueous Nd(NO3)3 for 1 min. The spectral changes of the aqueous Nd solution 

before and after extraction indicated the transfer of the metal from the aqueous to the organic 

phase (Figure C6.1 Appendix C). The complexation of the extracted Nd was evident from the 

absorption spectroscopy (Figure 4.6). The spectral changes in the region from 560-600 nm are 
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attributed to the lanthanide complexation with the ligands. The shift in the peak intensities 

correlates with previously reported trans-to-cis photoisomerization of the stilbene-functionalized 

di-ɓ-diketonates with lanthanides.38, 39  

4.4 Conclusion 

Three organophosphorus extractants containing photoswitchable moieties were 

synthesized and characterized. The optimized synthetic and purification approach allowed us to 

obtain stilbene, azobenzene, and spiropyran derivatives of VPA monoesters in good yields and 

high purity. The UV-Vis spectroscopy studies indicated the photoisomerization behavior 

consistent with previously published results. Based on the preliminary extraction experiments, it 

was concluded that the synthesized photoswitchable ligands extraction performance was 

comparable to the first generation of the styryl extractants presented in Chapter 3.  
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CHAPTER 5 

 VERSATILE AND ON-DEMAND VINYL PHOSPHONATES FORM ANION DIMERS AND 

MODULAR SUPRAMOLECULAR POLYMERS WITH CYANOSTARS 

The original version of this work was originally published in the journal Chemical Science, a 

publication of the Royal Society of Chemistry, DOI:10.1039/D3S03685E. 

Copyright 2023.1 The manuscript has been modified for this dissertation. 

Yusheng Chen,2 Anastasia Kuvayskaya,3 Maren Pink,2 Alan Sellinger,3,4,5,* and Amar H. Flood2,* 

 

Anastasia Kuvayskaya under the supervision of Alan Sellinger synthesized and 

characterized all phosphonic acids; Yusheng Chen under the supervision of Amar H. Flood 

prepared all phosphonates and conducted assembly and crystal growing experiments; Maren 

Pink collected X-Ray diffraction data, solved, and refined the crystal structures; Yusheng Chen, 

Anastasia Kuvayskaya, Alan Sellinger and Amar H. Flood analyzed the data. 

 

5.1 Introduction  

Phosphonic acid derivatives are employed in various research fields, including but not 

limited to agriculture, chemistry, metal separation, biology, pharmacology, and medical imaging. 

Phosphonic acids are used for the functionalization of surfaces,1, 2  catalysis,3 agroecological crop 

protection,4 organic corrosion inhibitors,5 fuel cell applications6 etc. Incorporating phosphonic 

acid functional groups into molecules introduces specific characteristics like coordination and 

supramolecular properties.  

Supramolecular assemblies refer to structures formed through weak interactions such as 

van der Waals forces, hydrogen bonding, and electrostatic interactions, among others, rather than 

strong covalent bonds. These structures can be composed of various molecular or atomic 

building blocks, such as organic molecules, proteins, DNA, or nanoparticles, and can have a 

 

1Reproduced with permission from Chemical Science and co-authors 
2Affiliated with Indiana University, Department of Chemistry, Bloomington IN 
3Affiliated with Colorado School of Mines, Department of Chemistry, Golden CO 
4Affiliated with National Renewable Energy Laboratory (NREL), Golden CO 
5Affiliated with Colorado School of Mines, Material Science Program, Golden CO 
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wide range of shapes and sizes. Supramolecular chemistry allows the manipulation of molecular 

interactions to develop novel functional materials. These materials enable control over dynamic 

characteristics due to the possibility of integrating functionalities using noncovalent linkages, 

thus resulting in numerous applications as probes in medicine,7 dyes in optoelectronics,8 catalysts 

in chemical reactions,9 and switches in molecular machines.10 The performance optimization of 

large, sophisticated assemblies requires an understanding of physical and chemical properties. 

Therefore, there is a need for the systematic study of simpler models such as supramolecular 

dimers. They are formed by constraining two molecular entities in close proximity due to the 

noncovalent interactions. Broad applicability of the supramolecular assemblies can be assured 

using building blocks with various functionalities combined with a universal linkage. Dimers are 

the most straightforward supramolecular units for building up multi-molecule architectures.  

Well-established dimers are characterized by reliable non-covalent linkages offering high 

stability and predictable stoichiometries. Examples are ˊ systems linked by hydrogen bonding 

arrays, 11-13 terpyridine ligands driven by metal-coordination14, 15 and ˊ-stacked dimers 

encapsulated by cucurbit[n]uril hosts.16, 17 The discovery of reliable linkage chemistries has 

paved the way to use dimers in various applications18-26 and to elaborate a variety of molecular 

structures for constructing sophisticated assemblies.11, 17, 27-31 The versatility of supramolecular 

dimerization is further amplified when reliable non-covalent linkages can be combined with a 

variety of molecular building blocks.17, 32-34 For example,28 various honeycomb network 

assemblies were created by using different guest molecules with each prepared using the same 

synthetic route. Modular systems like these are distinguished as being privileged supramolecular 

dimers. We recently discovered that anion dimers offer reliable linkage chemistry35-40 and now 

seek to establish if they also confer the modularity needed for the easy replacement of 

components to access a variety of structural and functional targets. 

Receptor-stabilized anion-anion dimers are connected by anti-electrostatic hydrogen 

bonds (AEHB),39-43 that form inside receptors like cyanostar macrocycles,35, 36 Caballeroôs 

halogen-bond donor44 and others.42, 45-49 These dimers have also been used to construct 

supramolecular polymers37, 44 leading to tunable, thermally-reversible adhesives.50 A key 

bottleneck, however, is preparation of a variety of molecular building blocks. The synthesis and 

purification of organic building blocks bearing hydrophilic headgroups (RïHPO4ï, RïHPO3ï) 
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is sometimes unpredictable.50-53 As an example, only two organophosphates50 were synthesized 

for exploring their dimerization with eight others35-37, 54 coming from commercial sources. These 

modest numbers suggest that these hydroxyanions fall short of the mark needed for conferring 

versatile and modular access to subunit variation. Recently, Baran developed a phosphorylation 

method to access phosphoric acids.53 However, the reagent has limited substrate scope (aliphatic 

alcohols) and a cost ($500 / g) that inhibits prototyping of self-assembled materials. Ideally, 

these building blocks should be accessible in one or two efficient synthetic steps from a diversity 

of commercial building blocks. 

Herein, we report the synthesis and dimerization of 14 anions by Heck coupling and 

quantitative deprotonation (Figure 5.1), which exceeds the handful we examined in the prior six 

publications.35-37, 50, 54, 55 They were each shown to produce high-fidelity complexes with 2:2 

linkage stoichiometry at the equivalence point as observed using X-ray structures, 1H NMR 

spectroscopy and mass spectrometry. As a demonstration of the facile modularity, we were able 

to prepare a series of ditopic monomers to overcome solubility limits of a supramolecular 

polymer. As expected,37, 50 polymerization is concentration-driven with a critical polymerization 

concentration (CPC) of 1.6 mM. Interestingly, this CPC sits between that of a more flexible 

diphosphonate (5 mM) and more rigid diphosphate (< 1 mM), which is consistent with the 

rigidity-dependence predicted using polymer physics.56 Overall, we lay the groundwork for the 

on-demand synthesis of multiple phosphonates using Heck coupling to facilitate reliable and 

modular cyanostar-stabilized anion dimerization for versatile and programmable anion-driven 

self-assembly consistent with privileged supramolecular dimers. 

5.2 Experimental Section 

5.2.1 Materials 

Reagents were obtained from commercial suppliers and used as received unless otherwise 

indicated. Column chromatography was performed on silica gel (160ï200 mesh, Sorbent 

Technologies, USA). Thin-layer chromatography (TLC) was performed on pre-coated silica gel 

plates (0.25 mm thick) and observed under UV light. 1D Nuclear magnetic resonance (NMR) 

spectra and titrations were recorded on Varian Inova (500 and 600 MHz) and Bruker Avance 

Neospectrometers (500 MHz) at room temperature (298 K). ROESY NMR was recorded on 

Bruker Avance Neospectrometers (500 MHz) spectrometer at room temperature (298 K). 
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Chemical shifts were referenced to residual solvent peaks. Samples for high resolution ESI mass 

analysis were directly infused into a ThermoFisher LTQ Orbitrap XL at a rate of 8 ï 12 uL/min 

from THF/DCM. The HESI II source was kept at 50°C with a spray voltage of 2.7 kV. Sheath 

and Aux gases were set to 20 and 5 (arbitrary units) but were varied as needed to maintain a 

stable spray. Ion transfer tube was held at 275°C. Tube lens and capillary voltages were varied to 

ensure transmission of ions to the detector. 

5.2.2 Synthesis of Vinyl Phosphonic Acid L ibrary  

The acids were synthesized by Heck coupling between vinyl phosphonic acid and various 

aryl bromides (Scheme 5.1).57, 58 The general procedure for the synthesis of aryl-functionalized 

phosphonic acid is described in Chapter 3 (Section 3.2.3). This modular synthetic approach 

produces target compounds in good to excellent yields and on gram scales from a variety of 

aromatic halides, including halogenated chromophores and photoswitches (Figure 5.1). 

 

Scheme 5.1 General synthetic route to the functionalized vinyl phosphonic acids 

(E)-Styrylphosphonic acid (phenyl vinyl phosphonic acid) (1)  

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with bromobenzene (1.74 g, 11.1 mmol) and bis(tri-tert-butyl phosphine)palladium(0) (0.142 g, 

0.276 mmol), followed by vacuum and N2 refill cycles (3×). Vinyl phosphonic acid (VPA) (1.44 

g, 13.3 mmol) was dissolved in 10 mL of anhydrous dioxane and gently bubbled with N2 for 20 

min. Anhydrous dioxane (70 mL) and the solution of VPA was added to the Schenk flask via 

syringe with stirring. N,N-Dicyclohexylmethylamine (7.10 mL, 33.3 mmol) was added to the 

reaction mixture dropwise via syringe. The reaction was stirred to 80°C for 20 h. The progress 

was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion, 

the mixture was cooled to room temperature. The product was extracted with EtOAc and washed 

with 5% HCl (3×). Organic phase was dried over MgSO4 and filtered. Obtained organic phase 

was condensed to a few mL by rotary evaporator. The product was precipitated into DCM and 

filtered precipitate (white flaky crystals) was dried overnight at 45°C under vacuum. Yield of 

1.79 g (88%). 1H NMR (500 MHz, DMSO-d6) ŭ 10.25 (s, 2H), 7.59 (d, J = 6.2 Hz, 2H), 7.37 (t, J 
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= 8.2 Hz, 3H), 7.21 (dd, J = 22.0, 17.5 Hz, 1H), 6.51 (dd, J = 17.4, 16.5 Hz, 1H). 31P NMR (202 

MHz, DMSO-d6) ŭ 14.37. 
13C NMR (126 MHz, DMSO-d6) ŭ 143.17 (d, J = 6.5 Hz), 135.48, 

135.30, 129.57, 128.92, 127.48, 121.19, 119.73. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>99%). The doublet at 143.17 

ppm in 13C NMR is assigned to the carbon adjacent to the phosphorus, the splitting is attributed 

to the 31P-C coupling.  

 

(E)-(4-(Trifluoromethyl)styryl)phosphonic acid (CF3phenyl vinyl phosphonic acid) (2) 

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 4-bromo-benzotrifluoride (5.01 g, 22.2 mmol) and bis(tri-tert-butyl phosphine)palladium(0) 

(0.284 g, 0.555 mmol), followed by vacuum and N2 refill cycles (3×). Vinyl phosphonic acid 

(VPA) (2.88 g, 26.6 mmol) was dissolved in 10 mL of anhydrous dioxane and gently bubbled 

with N2 for 20 min. Anhydrous dioxane (150 mL) and the solution of VPA was added to the 

Schenk flask via syringe with stirring. N,N-Dicyclohexylmethylamine (14.2 mL, 66.6 mmol) 

was added to the reaction mixture dropwise via syringe. The reaction was stirred at 80°C for 20 

h. The progress was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon 

reaction completion, mixture was cooled to room temperature. The product was extracted with 

EtOAc and washed with 5% HCl (3×). Organic phase was dried over MgSO4 and filtered. 

Obtained organic phase was condensed to a few mL by rotary evaporator. The product was 

precipitated into DCM and the filtered precipitate (white flaky crystals) was dried overnight at 

45°C under vacuum. Yield of 4.71 g (84%). 1H NMR (500 MHz, DMSO-d6) ŭ 9.59 (s, 2H), 7.83 

(d, J = 14.1 Hz, 2H), 7.73 (s, 2H), 7.34 ï 7.19 (m, 1H), 6.76 ï 6.62 (m, 1H). 31P NMR (202 

MHz, DMSO-d6) ŭ 12.99. 
13C NMR (126 MHz, DMSO-d6) ŭ 141.26 (d, J = 6.1 Hz), 139.51, 

139.34, 129.42, 129.17, 128.12, 125.68, 124.75, 123.32. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>99%). The doublet at 141.26 

ppm in 13C NMR is assigned to the carbon adjacent to phosphorus, the splitting is attributed to 

the 31P-C coupling.  
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(E)-(2-(Naphthalen-1-yl)vinyl)phosphonic acid (naphthyl vinyl phosphonic acid) (3) 

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 1-bromonaphthalene (4 g, 19.32 mmol) and bis(tri-tert-butyl phosphine)palladium(0) (0.394 

g, 0.770 mmol), followed by vacuum and N2 refill cycles (3×). Vinyl phosphonic acid (VPA) 

(2.50 g, 23.2 mmol) was dissolved in 10 mL of anhydrous dioxane and gently bubbled with N2 

for 20 min. Anhydrous dioxane (175 mL) and the solution of VPA was added to the Schenk flask 

via syringe with stirring. N,N-Dicyclohexylmethylamine (8.22 mL, 38.64 mmol) was added to 

the reaction mixture dropwise via syringe. The reaction was stirred at 80°C for 20 h. The 

progress was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction 

completion, the mixture was cooled to room temperature. The product was extracted with EtOAc 

and washed with 5% HCl (3×). Organic phase was dried over MgSO4 and filtered. Obtained 

organic phase was condensed to a few mL by rotary evaporator. The product was precipitated 

into DCM and filtered product (white crystals) was dried overnight at 45°C under vacuum. Yield 

of 3.499 g (77%). 1H NMR (500 MHz, DMSO-d6) ŭ 8.08 (s, 1H), 7.93 (d, J = 6.3 Hz, 3H), 7.83 

(d, J = 9.4 Hz, 1H), 7.55 (d, J = 7.2 Hz, 2H), 7.40 ï 7.30 (m, 1H), 6.66 (d, J = 16.7 Hz, 1H). 31P 

NMR (202 MHz, DMSO-d6) ŭ 13.73.
 13C NMR (126 MHz, DMSO-d6) ŭ 143.18 (d, J = 6.1 Hz), 

133.45, 133.06 (d, J = 2.2 Hz), 132.90, 128.50, 128.40, 127.71, 126.95, 126.69, 123.62, 121.64, 

120.19. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>98%). The doublets at 143.18  

and 133.06 ppm in 13C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus, 

the splitting is attributed to the 31P-C coupling.  

(E)-(2-(Anthracen-9-yl)vinyl)phosphonic acid (anthracene vinyl phosphonic acid) (4) 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 9-bromoanthracene (1.20 g, 4.7 mmol) and bis(tri-tert-butyl phosphine)palladium(0) (0.096 

g, 0.19 mmol), followed by vacuum and N2 refill cycles (3×). Vinyl phosphonic acid (VPA) 

(0.61 g, 5.64 mmol) was dissolved in 5 mL of anhydrous dioxane and gently bubbled with N2 for 

20 min. Anhydrous dioxane (35 mL) and the solution of VPA was added to the Schenk flask via 

syringe with stirring. N,N-Dicyclohexylmethylamine (2.0 mL, 9.4 mmol) was added to the 
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reaction mixture dropwise via syringe. The reaction was stirred at 80°C for 20 h. The progress 

was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion, 

the mixture was cooled to room temperature. The product was extracted with EtOAc and washed 

with 5% HCl (3×). Organic phase was dried over MgSO4 and filtered. Obtained organic phase 

was condensed to a few mL by rotary evaporator. The product was precipitated into DCM and 

filtered product (bright yellow crystals) was dried overnight at 45°C under vacuum. Yield of 

0.962 g (72%). 1H NMR (500 MHz, DMSO-d6) ŭ 8.61 (s, 1H), 8.17 (d, 1H), 8.11 (d, 1H), 8.04 (t, 

1H), 7.56 (p, 1H), 6.31 (t, 1H). 31P NMR (202 MHz, DMSO-d6) ŭ 11.60. 
13C NMR (126 MHz, 

DMSO-d6) ŭ 139.75 (d, J = 5.4 Hz), 131.61, 131.11, 130.91 (d, J = 7.2 Hz), 130.22, 128.81, 

128.38, 127.29, 126.35, 125.53, 124.93. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>98%). The doublets at 139.75  

and 130.91 ppm in 13C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus, 

the splitting is attributed to the 31P-C coupling.  

 

(E)-(2-(Pyren-1-yl)vinyl)phosphonic acid (pyrene vinyl phosphonic acid) (5) 

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 2-bromopyrene (4 g, 14.22 mmol) and bis(tri-tert-butyl phosphine)palladium(0) (0.394 g, 

0.770 mmol), followed by vacuum and N2 refill cycles (3×). Vinyl phosphonic acid (VPA) (2.50 

g, 23.2 mmol) was dissolved in 10 mL of anhydrous dioxane and gently bubbled with N2 for 20 

min. Anhydrous dioxane (175 mL) and the solution of VPA was added to the Schenk flask via 

syringe with stirring. N,N-Dicyclohexylmethylamine (8.22 mL, 38.64 mmol) was added to the 

reaction mixture dropwise via syringe. The reaction was stirred at 80°C for 20 h. The progress 

was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion, 

the mixture was cooled to room temperature. 500 mL of 5% HCl was added to the reaction 

mixture and mixed well. Solid was filtered and washed with MeOH, followed by filtration with 

celite plug. Organic phase was dried over MgSO4 and filtered. Obtained organic phase was 

condensed to a few mL by rotary evaporator. The product was precipitated into DCM and 

filtered product (olive-green solid) was dried overnight at 45°C under vacuum. Yield of 3.12 g 

(52%). 1H NMR (500 MHz, DMSO-d6) ŭ 8.54 ï 7.94 (m, 10H), 6.80 (s, 1H). 31P NMR (202 
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MHz, DMSO-d6) ŭ 12.52. 
13C NMR (126 MHz, DMSO-d6) ŭ 139.23 (d, J = 6.6 Hz), 131.45, 

130.85, 130.14, 129.12 (d, J = 7.2 Hz), 128.35, 128.18, 128.02, 127.29, 126.48, 125.89, 125.56, 

125.26, 124.27, 123.98, 123.83, 122.83, 122.00. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>97%). The doublets at 139.23  

and 129.12 ppm in 13C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus, 

the splitting is attributed to the 31P-C coupling.  

 

(E)-(2-(9,9-dimethyl-9H-fluoren-2-yl)vinyl)phosphonic acid (Dimethyl fluorene vinyl phosphonic 

acid) (9) 

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 2-bromo-9,9-dimethyl-9H-fluorene (4 g, 19.32 mmol) and bis(tri-tert-butyl 

phosphine)palladium(0) (0.394 g, 0.770 mmol), followed by vacuum and N2 refill cycles (3×). 

Vinyl phosphonic acid (VPA) (2.50 g, 23.2 mmol) was dissolved in 10 mL of anhydrous dioxane 

and gently bubbled with N2 for 20 min. Anhydrous dioxane (175 mL) and the solution of VPA 

was added to the Schenk flask via syringe with stirring. N,N-Dicyclohexylmethylamine (8.22 

mL, 38.64 mmol) was added to the reaction mixture dropwise via syringe. The reaction was 

stirred at 80°C for 20 h. The progress was monitored with thin layer chromatography 

(EtOAc/Hexanes 1:4). Upon reaction completion, the mixture was cooled to room temperature. 

500 mL of 5% HCl was added to the reaction mixture and mixed well. The product was extracted 

with EtOAc and washed with 5% HCl (3×). Organic phase was dried over MgSO4 and filtered. 

Obtained organic phase was condensed to a few mL by rotary evaporator. The product was 

precipitated into DCM and filtered product (light grey solid) was dried overnight at 45°C under 

vacuum. Yield of 3.42 g (59%). 1H NMR (500 MHz, DMSO-d6) ŭ 7.88 (s, 2H), 7.86 ï 7.78 (m, 

2H), 7.54 (s, 1H), 7.39 ï 7.30 (m, 2H), 7.26 (dd, 1H), 6.59 (t, 1H), 1.45 (s, 16H). 31P NMR (202 

MHz, DMSO-d6) ŭ 14.16. 
13C NMR (126 MHz, DMSO-d6) ŭ 153.94 (d, J = 9.6 Hz), 143.47, 

139.99, 138.00, 134.73, 134.55, 127.85, 127.38, 127.19, 122.89, 121.47, 120.52, 120.46, 119.03, 

46.51, 26.74. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 
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attributed to the starting VPA indicated high compound purity (>98%). The doublet at 153.94 

ppm in 13C NMR is assigned to the carbon adjacent to phosphorus, the splitting is attributed to 

the 31P-C coupling.  

 

( (1E,1'E)-(9,9-dimethyl-9H-fluorene-2,7-diyl)bis(ethene-2,1-diyl))bis(phosphonic acid) 

(dimethyl fluorene bis(vinyl phosphonic acid)) (10) 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 2,7-dibromo-9,9-dimethyl-9H-fluorene (2.00 g, 5.68 mmol) and bis(tri-tert-butyl 

phosphine)palladium(0) (0.116 g, 0.23 mmol), followed by vacuum and N2 refill cycles (3×). 

Vinyl phosphonic acid (VPA) (1.35 g, 12.5 mmol) was dissolved in 5 mL of anhydrous dioxane 

and gently bubbled with N2 for 20 min. Anhydrous dioxane (55 mL) and the solution of VPA 

was added to the Schenk flask via syringe with stirring. N,N-Dicyclohexylmethylamine (3.62 

mL, 17.04 mmol) was added to the reaction mixture dropwise via syringe. The reaction was 

stirred at 80°C for 20 h. The progress was monitored with thin layer chromatography 

(EtOAc/Hexanes 1:4). Upon reaction completion, the mixture was cooled to room temperature. 

The product was extracted with EtOAc and washed with 5% HCl (3×). Organic phase was dried 

over MgSO4 and filtered. Obtained organic phase was condensed to a few mL by rotary 

evaporator. The product was precipitated into DCM and filtered product (light grey solid) was 

dried overnight at 45°C under vacuum. Yield of 1.43 g (62%). 1H NMR (500 MHz, DMSO-d6) ŭ 

7.89 (d, 1H), 7.75 (s, 2H), 7.61 (d, 1H), 7.26 (dd, 1H), 6.53 (t, 1H). 31P NMR (202 MHz, DMSO-

d6) ŭ 14.33.
 13C NMR (126 MHz, DMSO-d6) ŭ 154.57, 143.25 (d, J = 6.0 Hz), 139.33, 135.10, 

134.93, 127.46, 121.48, 120.84 (d, J = 6.1 Hz), 119.41, 46.55, 26.60. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>97%). The doublets at 143.25  

and 120.84 ppm in 13C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus, 

the splitting is attributed to the 31P-C coupling.  

 

 



  

104 
 

((1E,1'E)-(9,9-dihexyl-9H-fluorene-2,7-diyl)bis(ethene-2,1-diyl))bis(phosphonic acid) (dihexyl 

fluorene bis(vinyl phosphonic acid)) (11) 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 2,7-dibromo-9,9-dihexyl-9H-fluorene (2.80 g, 5.68 mmol) and bis(tri-tert-butyl 

phosphine)palladium(0) (0.116 g, 0.23 mmol), followed by vacuum and N2 refill cycles (3×). 

Vinyl phosphonic acid (VPA) (1.35 g, 12.5 mmol) was dissolved in 5 mL of anhydrous dioxane 

and gently bubbled with N2 for 20 min. Anhydrous dioxane (55 mL) and the solution of VPA 

was added to the Schenk flask via syringe with stirring. N,N-Dicyclohexylmethylamine (3.62 

mL, 17.04 mmol) was added to the reaction mixture dropwise via syringe. The reaction was 

stirred at 80°C for 20 h. The progress was monitored with thin layer chromatography 

(EtOAc/Hexanes 1:4). Upon reaction completion, mixture was cooled to room temperature. The 

product was extracted with EtOAc and washed with 5% HCl (3×). Organic phase was dried over 

MgSO4 and filtered. Obtained organic phase was condensed to a few mL by rotary evaporator. 

The product was precipitated into DCM and filtered product (light grey solid) was dried 

overnight at 45°C under vacuum. Yield of 1.74 g (53%). 1H NMR (500 MHz, DMSO-d6) ŭ 7.80 

(s, 2H), 7.74 (s, 2H), 7.55 (s, 2H), 7.21 (s, 2H), 6.58 (s, 2H), 2.04 (s, 4H), 0.97 (s, 12H), 0.70 (s, 

6H), 0.45 (s, 4H). 31P NMR (202 MHz, DMSO-d6) ŭ 14.19. 13C NMR (126 MHz, DMSO-d6) ŭ 

151.43, 143.49, 141.44, 134.91, 134.73, 127.14, 121.60, 120.58 (d, J = 16.2 Hz), 119.19, 54.81, 

39.24, 30.93, 28.98, 23.45, 21.99, 13.83. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>98%). The doublet at 120.58 

ppm in 13C NMR is assigned to the ɓ-carbon, the splitting is attributed to the 31P-C coupling.  

((1E,1'E)-(9,9-bis(2-ethylhexyl)-9H-fluorene-2,7-diyl)bis(ethene-2,1-diyl))bis(phosphonic acid) 

(di(2-ethylhexyl) fluorene bis(vinyl phosphonic acid)) (12) 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 2,7-dibromo-9,9-bis(2-ethylhexyl)-9H-fluorene (1.00 g, 1.89 mmol) and bis(tri-tert-butyl 

phosphine)palladium(0) (0.024 g, 0.047 mmol), followed by vacuum and N2 refill cycles (3×). 

Vinyl phosphonic acid (VPA) (0.51 g, 4.73 mmol) was dissolved in 5 mL of anhydrous dioxane 

and gently bubbled with N2 for 20 min. Anhydrous dioxane (55 mL) and the solution of VPA 
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was added to the Schenk flask via syringe with stirring. N,N-Dicyclohexylmethylamine (2.01 

mL, 9.45 mmol) was added to the reaction mixture dropwise via syringe. The reaction was 

stirred at 80°C for 20 h. The progress was monitored with thin layer chromatography 

(EtOAc/Hexanes 1:4). Upon reaction completion, mixture was cooled to room temperature. The 

product was extracted with EtOAc and washed with 5% HCl (3x). Organic phase was dried over 

MgSO4 and filtered. Obtained organic phase was condensed to a few mL by rotary evaporator. 

The product was precipitated into DCM and filtered product (light grey solid) was dried 

overnight at 45°C under vacuum. Yield of 0.950 g (66%). 1H NMR (500 MHz, DMSO-d6) ŭ 7.82 

(s, 3H), 7.57 (dd, 2H), 7.26 (dd, 1H), 6.54 (t, 10H), 2.07 (s, 8H), 0.89 ï 0.57 (m, 27H), 0.48 ï 

0.42 (m, 7H), 0.36 (hept, 2H). 31P NMR (202 MHz, DMSO-d6) ŭ 14.48. 13C NMR (126 MHz, 

DMSO-d6) ŭ 151.24, 143.52 (d, J = 7.4 Hz), 141.60, 134.26 (dt, J = 23.6, 12.0 Hz), 126.84 (t, J = 

10.4 Hz), 123.02 (t, J = 17.0 Hz), 120.38 (d, J = 13.4 Hz), 118.97, 54.55, 43.24, 34.12, 33.09, 

33.04, 27.44, 26.56, 22.09, 13.86, 10.25, 10.22. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>98%). The doublet at 143.52 

ppm in 13C NMR is assigned to the carbon adjacent to phosphorus, the splitting is attributed to 

the 31P-C coupling. The presence of two 2-ethylhexyl chains increased Ar-VPA solubility and 

resulted in a saturated NMR sample, thus, the splitting of aromatic carbons is attributed to the 

formation of polymeric species in the solution.  

(E)-(2-(9-(2-ethylhexyl)-9H-carbazol-2-yl)vinyl)phosphonic acid (2-ethylhexyl carbazole vinyl 

phosphonic acid) (8) 

A 250 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 2-bromo-9-(2-ethylhexyl)-9H-carbazole (4.01 g, 11.2 mmol) and bis(tri-tert-butyl 

phosphine)palladium(0) (0.286 g, 0.560 mmol), followed by vacuum and N2 refill cycles (3×). 

Vinyl phosphonic acid (VPA) (1.45 g, 13.4 mmol) was dissolved in 10 mL of anhydrous dioxane 

and gently bubbled with N2 for 20 min. Anhydrous dioxane (175 mL) and the solution of VPA 

was added to the Schenk flask via syringe with stirring. N,N-Dicyclohexylmethylamine (7.15 

mL, 33.6 mmol) was added to the reaction mixture dropwise via syringe. The reaction was 

stirred at 80°C for 20 h. The progress was monitored with thin layer chromatography 
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(EtOAc/Hexanes 1:4). Upon reaction completion, the mixture was cooled to room temperature. 

500 mL of 5% HCl was added to the reaction mixture and mixed well. Solid was filtered and 

washed with MeOH, followed by filtration with celite plug. Organic phase was dried over 

MgSO4 and filtered. Obtained organic phase was condensed to a few mL by rotary evaporator. 

The product was precipitated into DCM and filtered product (pale blue solid) was dried 

overnight at 45°C under vacuum. Yield of 2.34 g (54%) 1H NMR (500 MHz, DMSO-d6) ŭ 8.14 

(s, 2H), 7.84 (s, 1H), 7.57 ï 7.32 (m, 4H), 7.20 (s, 1H), 6.62 (s, 1H), 4.29 (s, 2H), 1.23 (d, J = 

76.8 Hz, 8H), 0.85 (s, 3H), 0.77 (s, 3H). 31P NMR (202 MHz, DMSO-d6) ŭ 14.51. 13C NMR 

(126 MHz, DMSO-d6) ŭ 144.18 (d, J = 7.9 Hz), 141.12, 140.76, 133.00 (d, J = 23.2 Hz), 126.19 

(d, J = 17.9 Hz), 123.02, 121.79, 121.36, 120.51, 119.85, 119.12, 118.17 (d, J = 18.8 Hz), 

109.60, 108.87 (d, J = 22.2 Hz), 46.44, 38.59, 30.08, 27.98, 23.62, 22.56, 13.90, 10.61. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>96%). The doublet at 144.18 

ppm in 13C NMR is assigned to the carbon adjacent to phosphorus, the splitting is attributed to 

the 31P-C coupling.  

((1E,1'E)-(9-(2-ethylhexyl)-9H-carbazole-2,7-diyl)bis(ethene-2,1-diyl))bis(phosphonic acid) (2-

ethylhexyl carbazole bis(vinyl phosphonic acid)  

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 2,7-dibromo-9-(2-ethylhexyl)-9H-carbazole (1.0 g, 2.4 mmol) and bis(tri-tert-butyl 

phosphine)palladium(0) (0.049 g, 0.096 mmol), followed by vacuum and N2 refill cycles (3×). 

Vinyl phosphonic acid (VPA) (0.57 g, 5.3 mmol) was dissolved in 15 mL of anhydrous dioxane 

and gently bubbled with N2 for 20 min. Anhydrous dioxane (35 mL) and the solution of VPA 

was added to the Schenk flask via syringe with stirring. N,N-Dicyclohexylmethylamine (2.0 mL, 

9.5 mmol) was added to the reaction mixture dropwise via syringe. The reaction was stirred at 

70°C for 20 h. The progress was monitored with thin layer chromatography (EtOAc/Hexanes 

1:4). Upon reaction completion, the mixture was cooled to room temperature. The product was 

extracted with EtOAc and washed with 5% HCl (3x). Organic phase was dried over MgSO4 and 

filtered. Obtained organic phase was condensed to a few mL by rotary evaporator. The product 

was precipitated into DCM and filtered product (bright yellow crystals) was dried overnight at 
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45°C under vacuum. Yield of 0.714 g (61%) 1H NMR (500 MHz, DMSO-d6) ŭ 8.08 (d, 2H), 

7.69 (s, 2H), 7.45 (s, 2H), 7.36 (s, 2H), 6.62 (s, 2H), 4.18 (s, 2H), 1.96 (s, 1H), 1.20 (d, J = 74.6 

Hz, 8H), 0.78 (d, J = 24.3 Hz, 6H). 31P NMR (202 MHz, DMSO-d6) ŭ 14.62. 
13C NMR (126 

MHz, DMSO-d6) ŭ 144.04 (d, J = 8.6 Hz), 141.37, 133.51, 133.33, 122.69, 120.73, 118.27 (d, J 

= 18.6 Hz), 109.21, 46.26, 38.44, 29.96, 27.84, 23.55, 22.58, 13.92, 10.81. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>96%). The doublets at 144.04  

and 118.27 ppm in 13C NMR are assigned to the vinyl linkage carbons adjacent to phosphorus, 

the splitting is attributed to the 31P-C coupling.  

((E)-4-((E)-styryl)styryl)phosphonic acid (stilbene vinyl phosphonic acid) (7) 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 4-bromostilbene (0.80 g, 3.1 mmol) and bis(tri-tert-butyl phosphine)palladium(0) (0.040 g, 

0.078 mmol), followed by vacuum and N2 refill cycles (3×). Vinyl phosphonic acid (VPA) (0.40 

g, 3.7 mmol) was dissolved in 5 mL of anhydrous acetonitrile and gently bubbled with N2 for 20 

min. Anhydrous acetonitrile (35 mL) and the solution of VPA was added to the Schenk flask via 

syringe with stirring. N,N-Dicyclohexylmethylamine (1.3 mL, 6.2 mmol) was added to the 

reaction mixture dropwise via syringe. The reaction was stirred at 70°C for 20 h. The progress 

was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion, 

the mixture was cooled to room temperature. The product was extracted with EtOAc and washed 

with 5% HCl (3×). Organic phase was dried over MgSO4 and filtered. Obtained organic phase 

was condensed to a few mL by rotary evaporator. The product was precipitated into DCM and 

filtered product (bright white crystals) was dried overnight at 45°C under vacuum. Yield of 

0.615 g (69%) 1H NMR (500 MHz, DMSO-d6) ŭ 7.62 (s, 6H), 7.39 (s, 2H), 7.29 (s, 3H), 7.18 (s, 

1H), 6.51 (s, 1H). 31P NMR (202 MHz, DMSO-d6) ŭ 14.01. 
13C NMR (126 MHz, DMSO-d6) ŭ 

142.41, 138.05, 136.82, 134.55 (d, J = 21.5 Hz), 129.19, 128.61, 127.70, 126.79, 126.51, 120.94, 

119.48. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 
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attributed to the starting VPA indicated high compound purity (>98%). The doublet at 120.58 

ppm in 13C NMR is assigned to the ɓ-carbon, the splitting is attributed to the 31P-C coupling.  

((E)-4-((E)-phenyldiazenyl)styryl)phosphonic acid (azobenzene vinyl phosphonic acid) (6) 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 4-bromoazobenzene (1.0 g, 3.8 mmol) and bis(tri-tert-butyl phosphine)palladium(0) (0.049 

g, 0.096 mmol), followed by vacuum and N2 refill cycles (3×). Vinyl phosphonic acid (VPA) 

(0.41 g, 3.8 mmol) was dissolved in 5 mL of anhydrous dioxane and gently bubbled with N2 for 

20 min. Anhydrous dioxane (35 mL) and the solution of VPA was added to the Schenk flask via 

syringe with stirring. N,N-Dicyclohexylmethylamine (1.6 mL, 7.6 mmol) was added to the 

reaction mixture dropwise via syringe. The reaction was stirred at 80°C for 20 h. The progress 

was monitored with thin layer chromatography (EtOAc/Hexanes 1:4). Upon reaction completion, 

the mixture was cooled to room temperature. The product was extracted with EtOAc and washed 

with 5% HCl (3×). Organic phase was dried over MgSO4 and filtered. Obtained organic phase 

was condensed to a few mL by rotary evaporator. The product was precipitated into DCM and 

filtered product (bright yellow crystals) was dried overnight at 45°C under vacuum. Yield of 

0.581 g (53%) 1H NMR (500 MHz, DMSO-d6) ŭ 7.90 (d, J = 8.1 Hz, 2H), 7.84 (d, J = 8.3 Hz, 

1H), 7.60 (d, J = 7.2 Hz, 1H), 7.28 (t, J = 21.6, 17.5 Hz, 1H), 6.67 (t, J = 16.7 Hz, 1H). 31P NMR 

(202 MHz, DMSO-d6) ŭ 13.37. 
13C NMR (126 MHz, DMSO-d6) ŭ 152.12, 152.01, 141.94, 

141.69 (d, J = 9.0 Hz), 138.34 (d, J = 22.0 Hz), 131.85, 129.55 (d, J = 18.2 Hz), 128.61 (d, J = 

23.1 Hz), 127.99 (d, J = 17.0 Hz), 123.40 ï 122.90 (m), 122.76, 122.63. 

The purity of the compound was determined from 1H, 13C, and 31P NMR. Integration of 

the 1H NMR in addition to the single peak in the 31P NMR and the absence of the signal 

attributed to the starting VPA indicated high compound purity (>98%).  Due to the solubility 

limitations, we were unable to saturate the NMR sample to obtain high intensity signal spectrum. 

In addition, 13C NMR was collected sometime after the sample was prepared, which could lead 

to the presence of E and Z azobenzene isomers that were not detected while collecting 1H and 31P 

NMR.  
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5.2.3 Synthesis of Vinyl Phosphonate L ibrary  

All the anions were prepared from the corresponding vinyl phosphonic acids. The acids 

were converted to the phosphonates by addition of stoichiometric amounts of 

tetrabutylammonium hydroxide (TBAOH) to yield the tetrabutylammonium (TBA+) salts.37, 50, 59 

The salts were dried under vacuum before complexation with cyanostar macrocycle. 

5.2.4 Experimental Method for NMR Titration  

A solution of cyanostar macrocycle was prepared in an NMR tube sealed with a silicone 

septum and an initial spectrum was taken. A solution of phosphonate salt was also prepared and 

added to the solution of cyanostar macrocycle with known quantities, the spectrum was recorded 

after each addition. All the spectra data were analyzed by using MNova software. 

5.2.5 Experimental Method for Diffusion NMR  

The diffusion coefficients were then obtained based on the method of pulse gradient spin 

echo (PGSE) experiments. Aromatic regions were analyzed in this way to determine diffusion 

coefficients using Vnmrjôs analysis. Average diffusion coefficients and errors were generated 

from multiple peaks used in analyses. 

5.2.6 Experimental Method for Viscosity Experiments 

A series of solutions of cyanostar macrocycle with 0.5 equiv. of fluorene-based 

diphosphonate as tetrabutylammonium salt were prepared. Every sample was filtered with a 

syringe filter membrane before collection. Each sample was measured three time and averaged 

for comparison. Efflux times were collected and converted to specific viscosity. 
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Figure 5.1 Vinyl phosphonic acid library. 
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5.3 Results and Discussion 

5.3.1 Dimerization of Fluorene Vinyl  Phosphonate with Cyanostar Macrocycle 

 

Figure 5.2 (a) Titration of dimethyl fluorene vinyl phosphonate into cyanostar (1 mM, 

CD2Cl2, 298 K, 600 MHz). (b) Structure of tetrabutylammonium salt of dimethyl fluorene 

vinyl phosphonate. (c) 31P NMR spectrum at equivalence point (1 mM, CD2Cl2, 298 K, 

202 MHz).  

 

The formation of high-fidelity receptor:anion complexes based on anti-electrostatic 

hydrogen bonding was examined using Me2fluorene-VP (Figure 5.2b). Addition of Me2fluorene-

VP to a cyanostar solution (1 mM, dichloromethane) confirmed formation of the 2:2 

cyanostar:phosphonate complex at the equivalence point (1.0 equiv.). The appearance of the 

14.78-ppm signal confirms35, 37 formation of self-complementary hydrogen bonds between 
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phosphonate head groups inside the cyanostars (Figure 5.2a). We also observe the typical 8-line 

NMR pattern of the cyanostar dimer.35 Dimerization slows exchange between M and P chiral 

forms of the cyanostar with both meso (MP) and chiral (MM/PP) combinations observed here in 

a 57:43% ratio (e.g., Hc : Hcô).60 We also observe these two diastereomers reflected in the 31P-

NMR signals in a 55:45% ratio (Figure 5.2c). Similar relative peak intensities support the 

encapsulation of the two phosphonates inside the pair of cyanostars. 

The 2:2 cyanostar:phosphonate complex was unambiguously confirmed using single-

crystal structure determination (Figure 5.3). The single crystal was obtained by vapor diffusion 

of n-hexane in a dichloromethane solution. The anion dimer is located inside the pair of -́

stacked cyanostars with two tetrabutylammonium cations situated close to the anionic center. 

The two a-protons of TBA+ are hydrogen bonded (2.20 and 2.47 Å) with the external oxygen 

atom (Figure 5.3a). The geometry of the phosphonate dimer shows a pair of short OHÅÅÅO 

hydrogen bonds. The distance between donor and acceptor oxygens (2.46 Å), is consistent with 

the classification of very strong hydrogen bonding61 and in the range that is typical of hydrogen 

bonds between anionic dimers (Figure 5.3b).41, 62 The long and short bond lengths between 

phosphorous and oxygen atoms can be used to assign single and double bonds (Figure 5.3b). 

Thus, the negatively charged oxygen atom is the hydrogen bond acceptor despite the greater 

Coulomb repulsion produced from two negatively charged centers so close together. We note 

that the cyanostar displays the whole-molecular disorder typical of their crystal packing 

preferences.60 We observed a 60:40 ratio between M and P isomers, which is consistent with the 

ratio of diastereomers seen in 1H NMR, i.e., meso:chiral = 57:43%. We also observe two 

positions of the fluorene moiety with a 75:25% occupancy possibility, differing modestly by 11o 

in their tilt angle.  
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Figure 5.3 (a) Crystal structure of 2:2 cyanostar:phosphonate complex with the presence of two 

tetrabutylammonium cations. (b) The pair of self-complementary hydrogen bonds are observed 

at a OÅÅÅO distance of 2.46 ¡. Data collected at 150 K. Non-polar hydrogen atoms and disorder 

of cyanostar, and phosphonate omitted for clarity (CCDC 2263985). 

 

5.3.2 Testing the Steric L imits of Assembly with Cyanostar Using Vinyl Phosphonate 

Less bulky substituents on phosphates or phosphonates are known to produce a mixture 

of 2:2 stoichiometric and other 3:2 complexes that lower the reliability of dimerization.35 

Therefore, and to evaluate the limits of reliability, we tested the smallest analogue in the series, 

vinyl phosphonate (VP). When 1.0 equivalent of this anion was added to cyanostar, a clear 

signature for the diastereomeric cyanostar dimer and the 14-ppm hydrogen bonding shows 

formation of the 2:2 cyanostar:anion complex (Figure 5.4a) consistent with the larger 

Me2fluorene-VP. The hydrogen bonding signal at ~14.5 ppm has low intensity. This 

phenomenon was also observed in the 2:2 bisulfate dimer in which the anion possesses minimal 

sterics.36  
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All evidence supports formation of the target complex with 2:2 stoichiometry. 

Consistently, the diastereomeric phosphorous signals for the 2:2 complex can be observed by 31P 

NMR spectroscopy (Figure 5.4b) and the parent ion is observed in the high-resolution mass 

spectrum at 2288.3193 m/z (Figure 5.4c). Furthermore, addition of excess anion does not change 

the 8-line pattern seen in the aromatic region of the 1H-NMR spectra, indicating the 2:2 complex 

is the exclusive cyanostar-stabilized assembly beyond 1.0 equivalent. Prior to the equivalence 

point, we observe a high degree of exchange broadening. The broadened NMR spectra could 

result from exchange between the 2:2 complex and either 3:2 species35, 54 or the uncomplexed 

macrocycle. The absence of any peaks around 6.9 and 7.2 ppm54 as well as the absence of a 

downfield shifted H-bond signature at around 13 ppm35 exclude formation of the higher order 3:2 

species (Figure 5.4a). Therefore, we attribute the broadening of aromatic signals from 0.2 to 0.6 

equivalents to exchange between complexed and uncomplexed macrocycle that occurs at rates 

close to the NMR time scale. This faster rate of exchange, relative to the larger fluorene analog 

(Figure 5.2), likely results from the low steric profile of the smaller vinyl group. 

5.3.3 Solvent Dependence of Cyanostar-Vinyl Phosphonate Dimers 

Solvent polarity is known54, 55 to affect the stoichiometry of complexation between 

cyanostar and anion dimers. In the more polar acetonitrile solvent, the solvophobic effect favors 

formation of a triple-stack of macrocycle to form the 3:2 macrocycle:anion complex.54 To test if 

this behavior also emerges with vinyl phosphonates, the titration was performed in a polar 

solvent mixture selected to ensure solubility of all components (2:1 v/v dichloromethane: 

acetonitrile).35, 54 Instead of the vinyl phosphonate anion, which displays broad proton signals, 

phenyl vinyl phosphonate (phenyl-VP) was selected. This anion shows distinct signals and 

maintains a high-fidelity 2:2 signature in pure dichloromethane. Consistent with previous 

reports,35, 54 the titration shows signatures for both 3:2 and 2:2 complexes that maximize at their 

respective equivalence points, i.e., 0.67 and > 1.0 equivalents (Figure S57). These results show 

solvent polarity plays the same role in directing assembly outcome of vinyl phosphonate systems 

as with other cyanostar-stabilized anion dimers.  
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Figure 5.4 (a) Titration of vinyl phosphonate into cyanostar (1 mM, CD2Cl2, 298 K, 600 MHz), 

the downfield region was applied to exponential apodization to make hydrogen bond signals 

easier to observe. (b) 31P NMR spectrum at equivalence point (1 mM, CD2Cl2, 298 K, 202 MHz). 

(c) High-resolution mass spectrum of cyanostar:vinyl phosphonate complex, ratio of cyanostar 

and vinyl phosphonate is 1:1.  
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Figure 5.5 Stack of 1H NMR spectra of 2:2 dimers of cyanostar with 1 equivalent of the aryl 

vinyl phosphonate anions (1 mM, CD2Cl2, 298 K, 600 MHz). Peaks from cyanostar are shown in 

blue, peaks from phosphonates are shown in black, and the hydrogen bonding signal is colored 

red. The downfield region (~ 14 ppm) was subjected to exponential apodization (3 Hz) to 

improve the signal-to-noise ratio of the hydrogen-bond region. The remainder of the spectrum 

apodization was set to 0.3 Hz. All counter-cations are tetrabutylammonium. High-resolution 

electrospray ionization mass spectra of 2:2 dimers of cyanostar with aryl vinyl phosphonate 

anions (1 mM, CD2Cl2) at the 1:1 equivalence point. Samples for high resolution ESI mass 

analysis were directly infused with a constant spray voltage of 2.7 kV. 

 

5.3.4 Demonstrating the Versatility of Vinyl Phosphonates as Cyanostar-stabilized Dimers 

The reliable formation of 2:2 complexes motivated us to examine if the versatility of the 

vinyl phosphonates also supports their use as a general platform for supramolecular dimerization. 
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A series of monosubstituted aryl vinyl phosphonates were prepared using a variety of p systems, 

e.g., benzene, 4-trifluoromethyl benzene, naphthalene, anthracene, pyrene, carbazole, 

azobenzene and stilbene.  

Assembly of 4-trifluoromethylphenyl vinyl phosphonate (CF3Phenyl-VP), with cyanostar 

is exemplary of dimerization. Upon addition of 1 equivalent of the phosphonate to the cyanostar 

solution, we observed the characteristic aromatic and hydrogen bonding pattern of the 2:2 dimer 

(Figure 5.5, top). The proton assignments for the complexed dimers were based on their splitting 

pattern and coupling constants. Interestingly, these vinyl phosphonate signals are also subject to 

the influence of the meso and chiral cyanostar dimers with intensity ratios for the diastereomers 

that match cyanostar. Consistent with the complexed architecture, ROESY NMR experiments 

show correlations between macrocycle protons assigned to the meso dimer (e.g., Hd, at 8.62 ppm) 

and the meso form of the aryl-vinyl phosphonate (e.g., Hf, at 6.68 ppm). Similar correlations 

were observed between the macrocycle and phosphonate for the chiral isomers. These 

correlations confirm that the splitting observed in the aromatic signals for the aryl-vinyl 

phosphonate anion stems from meso and chiral forms of the cyanostar dimers.  

All other vinyl phosphonates showed identical signatures with high-fidelity formation of 

2:2 cyanostar:anion complexes at the equivalence point (Figure 5.5). Diastereomeric peaks for 

the cyanostar dimers of these complexes are located in the same aromatic region (7.3- 9.1 ppm). 

The assembly of anthracene vinyl phosphonate with cyanostar also shows visible splitting of 

proton Ha into its diastereomers. This enhanced splitting is carried over to splitting in the 

resonance for the hydrogen bond between each phosphonate dimer. All others show a single 

broaden peak and are located in a range 14-15.5 ppm.  

The high-resolution electrospray ionization (ESI) mass spectra (Figure 5.5) are all 

consistent with 2:2 dimer formation. The parent ions of these complexes were all observed in the 

range from 2400 to 2900 m/z as a consequence of different substituents. In the case of a few, we 

also observe multimers that are attributed to aggregation in the electrospray experiment.   

5.3.5 Crystal-to-crystal Transition of the 2:2 Dimer Upon Desolvation 

We obtained the crystal structure for Phenyl-VP dimer in both its solvated and fully 

desolvated state. The single crystal was obtained by slowly evaporating its mixed solution in 

dichloromethane and acetonitrile (v/v, 3:2). Desolvation of cyanostar-based crystals typically 
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deteriorates the quality of the diffraction data. In the present case, however, we observed a 

crystal-to-crystal transition upon loss of four molecules of acetonitrile per unit cell. The packing 

shows modest changes in relative location of the two cyanostars, the two anions and two cations. 

The P_1 space group does not change, and the unit cell parameters only slightly changed. The 

unit cell volume contracted 88 Å3, which is less than the loss of four acetonitrile molecules (53 

Å3/per molecule). In general, the structures are loosely packed such that the volume change is 

not exactly the volume of the solvent molecules. Consistently, the distance between the two 

cyanostar planes is 3.6 Å for the solvated structure and expands a little to 3.7 Å for the 

desolvated one. The distance between donor and acceptor oxygen atoms also extends from 2.49 

Å to 2.50 Å for the desolvated structure. Both of them are classified as very strong hydrogen 

bond61, and in the range that is typical of hydrogen bonds between anionic dimers.41, 62  We still 

observe the hydrogen bonding between two a-protons of TBA+ and the phosphonate oxygen 

atom. In the solvated structure, we observe the nitrogen atom from acetonitrile interacts with two 

b-protons from TBA+ (2.7 Å) and the hydrogen atom from acetonitrile interacts with the nitrogen 

atom from cyano-group on the macrocycle (2.7 Å).   

5.3.6 Polymerization of the Ditopic Vinyl Phosphonate with Cyanostar Macrocycle 

The modular synthesis and reliable dimerization of aryl vinyl phosphonates provide an 

opportunity to consider formation of supramolecular polymers. For this purpose, dibromo 

fluorene-based building blocks were subjected to Heck coupling to yield the di-vinyl phosphonic 

acid analogues. The diacid was ionized with TBAOH to obtain the dianion as a divergent ditopic 

monomer, then mixed with cyanostar macrocycle in a 1:2 ratio to match the ideal stoichiometry 

of polymers (Figure 5.6a). The first ditopic monomer we prepared was dimethyl fluorene 

bis(vinyl phosphonate) (VP-Me2fluorene-VP). The solubility of the resulting polymer, however, 

is quite low with irreversible precipitation appearing at about 1 mM, which was also observed in 

a prior polymer driven by anion dimerization37 and in other supramolecular polymers.30, 63 By 

taking advantage of the modular synthesis, we prepared the fluorene monomer with two hexyl 

chains in the 9-position but observed precipitation at 2 mM. Subsequently, we prepared a ditopic 

monomer based on a substituted carbazole bearing one 2-ethylhexyl side chain but again 

precipitation occurred at 1 mM. Ultimately, use of a fluorene monomer with branched alkyl 

chains, i.e., 2-ethylhexyl, significantly improved polymer solubility. As a consequence, variable 
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concentration studies were performed without precipitation to help determine the likely 

mechanism of polymerization. 

As observed previously,37, 50 a key signature of supramolecular polymerization is the 

observation of threshold behavior in viscosity as a function of concentration. To determine this 

threshold concentration, i.e., critical polymerization concentration (CPC), the specific viscosity 

of the polymer solutions was recorded from 0.1 to 10 mM based on the cyanostar concentration. 

The double-logarithmic plot of specific viscosity versus concentration (Figure 5.6b) shows a 

linear relationship with an initial slope of 0.29, indicating noninteracting assemblies in 

solution.64, 65 However, at a higher concentration range, the slope changes to 1.31. This stronger 

concentration dependence indicates the formation of polymers with increased size.64, 65 

Consistently, the diffusion coefficient derived from NMR peaks (Hb, Hb', Hc and Hc') assigned to 

the polymers decreases from 9.6 ± 0.3 to 6.2 ± 0.1 × 1011 m2 / s at 2 and 10 mM, respectively. 

Based on the Stokes-Einstein equation for a spherical particle,37 we calculated that the 

normalized volume of the average solution species increases 4-fold from 2 to 10 mM. (Figure 

5.6b) Consistent with previous reports,37 variable concentration 1H NMR spectra also provide 

evidence of the existence of oligomers below CPC (Figure 5.6c). At 0.1 mM, multiple peaks 

appear in the range from 7.3 ï 9.1 ppm, instead of typical 8-line pattern, which indicates the 

coexistence of oligomers and polymers. As concentration increases, the intensity of peaks 

assigned to polymer gradually increases concomitant with the disappearance of peaks assigned to 

oligomers beyond 2 mM, consistent with the CPC. 

The intersection of the two trendlines determines the CPC as 1.6 mM based on 

cyanostar.66 This concentration lies between the previously reported critical polymerization 

concentration of rigid ditopic phosphate (below 1 mM)50 and flexible ditopic phosphonate 

system (5 mM).37 According to the relationship between monomer rigidity and critical 

polymerization concentration predicted by polymer physics, the more rigid monomer gives lower 

polymerization concentration.56 Therefore, this moderate critical polymerization concentration is 

consistent with semi-rigid property of the fluorene-based monomer. 
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Figure 5.6 (a) Scheme of fluorene-based monomer synthesis and supramolecular polymerization. 

(b) Characterization of polymerization using double logarithmic plots of specific viscosity versus 

cyanostar concentration with 0.5 equiv. of diphosphonate (room temperature, CH2Cl2) and the 

normalized species size in 2 and 10 mM solution based on diffusion NMR. (c) Stack of 1H NMR 

spectra of variable concentrations complex solution with 2:1 stoichiometry of 

cyanostar:phosphonate (CD2Cl2, 298 K, 600 MHz). 

 

5.4 Conclusion 

Aryl -vinyl phosphonates fulfill all the hallmarks of a versatile platform for anion-anion 

dimerization inside a pair of cyanostar macrocycles including modular access to 14 examples of 

small molecules and macromolecules. All the assemblies form 2:2 linkages in high fidelity as 

confirmed by characteristic 1H NMR signals, mass spectra and X-ray crystal structures. The on-
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demand synthesis of vinyl phosphonic acids and corresponding vinyl phosphonates allowed 

access to solubility-tuned ditopic monomers for preparing supramolecular polymers. The 

concentration-driven polymerization exhibits a critical polymerization concentration of 1.6 mM, 

which is consistent with prediction from polymer physics prediction for semi-rigid monomer in 

our anion-driven supramolecular polymerization system. The versatility of vinyl phosphonates 

based on modular Heck coupling opens up cyanostar-stabilized anion dimers as a platform for 

prototyping functional supramolecular materials.  
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CHAPTER 6 

SYNTHESIS AND CHARACTERIZATION OF CARBAZOLE-DERIVATIVES OF 
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6.1 Introduction  

The fight against climate change has prompted the need to generate electricity from 

renewable sources such as safe and abundant solar radiation.1 It has been estimated that the 

average yearly consumption of electricity on Earth can be supplied by an hour of sunlight.2 Over 

the last few decades, photovoltaic (PV) technologies have evolved through generations of 

manufacturing that can be divided into four main categories. The 1st generation includes PV cells 

based on monocrystalline and polycrystalline silicon, 2nd generation was designed as a lower-

cost replacement for crystalline silicon cells and includes thin film cells based on gallium 

selenide, cadmium telluride, copper indium gallium (di)selenide (CIGS) and amorphous silicon. 

3rd generation cells include organic photovoltaics (OPVs), dye-sensitized solar cells (DSSCs), 

perovskite solar cells (PSCs), and quantum dot solar cells. Hybrid inorganic cells are classified 

as 4th generation of PV technologies and combine the flexibility of thin films with the stability of 

organic nanostructures.3  Although solar cells made out of silicon dominate the market due to 

their high efficiency and long lifetimes, their manufacturing requires high purity silicon and 

processing at elevated temperatures making it energy and cost intensive.4 Therefore, the sought 

after PV technologies should not only have lower manufacturing cost but have improved stability 

and high efficiency. Among them, the perovskite solar cells have emerged as a game-changer 

due to their low-cost, controllable band gap, ease of fabrication and high absorption coefficient.5 

By altering the material composition, perovskites can be tailored to respond to various parts of 

the solar spectrum, and numerous formulations have shown excellent performance. Such 

versatility allows perovskites to be combined with different absorber material giving rise to 

tandem device architecture.  In addition, in a short period of time PSCs improved in efficiency 

from 3.8% to approaching 26%.6-8  

Figure 6.1 demonstrates the operation principle of the solar cell, using a PSC example 

employing a perovskite absorbing layer for light harvesting. Three operational steps ensure the 

functioning of a photovoltaic system: (1) photon absorption followed by generation of free 

charge, (2) charge transport, (3) charge extraction. When PSC is exposed to sunlight, perovskite 

absorbs light, followed by generation of excitons. Dissociation of excitons that takes place at the 

boundary between the charge-transporting layer and the perovskite layer results in the formation 

of electrons and holes (charge carriers), which are injected in electron-transporting (ETL) and 

hole-transporting layers (HTL) respectively.9  
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Figure 6.1 Operational principle of PSC.  

In recent years our research group has developed a synthetic route to obtaining efficient 

and low cost polymeric HTM to compete with commercial polymers such as poly(triaryl amine) 

or poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA).10-14 Despite high reported 

efficiencies of PSCs fabricated using polymeric HTM, their stability remains a challenge. Self-

assembled monolayers (SAM) are another example of HTM that have anchoring groups that can 

be covalently linked to the transparent conducting oxide (TCO), i.e. indium tin oxide (ITO), tin 

oxide (SnO2), and zinc oxide (ZnO) to name a few.15 Unlike traditional small molecule and 

polymer HTMs, SAMs chemically attach to the substrate, thus in principle forming a much 

stronger interface for charge injection and transport. The formed self-limiting ordered array of 

the SAM molecules on the surface also creates a smooth surface for the growth of perovskite 

layers.16 The structure of the small molecules typically used for SAM-HTL contains an 

arylamine hole-transporting moiety, an anchoring group capable of forming chemical bonds with 

a TCO like carboxylic or phosphonic acid (PA), and a linker between the moieties.  Some 

example PAs are shown in Figure 6.2. 
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Figure 6.2 Structures and device efficiencies of reported SAM-based HTLs in single-junction 

PSCs: MeO-2PACz, 2PACz,17 Br-2EPT,18 CbzNaph.19 

Recent studies demonstrated the potential benefits of using SAM-based HTMs in single-

junction PSCs and perovskite-Si tandem solar cells. The advantages include low-cost potential, 

low material consumption, easy tunability of energy levels, and uniform coating on rough 

substrates.16, 20, 21 Devices containing SAMs bearing PA groups achieved very high power 

conversion efficiencies (PCEs) of over 24%. The reported PA-based molecules possess similar 

structural characteristics including a carbazole group attached at the 9-N position via an alkyl 

linker of various lengths.17, 19, 22, 23 Despite reported high PCE efficiency, the stability tests 

indicated significant degradation of the fabricated devices, especially in the presence of solar-

derived UV radiation.  

Understanding the degradation mechanism is the key to alleviating poor outdoor 

durability and ensuring commercialization of PSCs. The race towards mass production of PSCs 

has been gaining momentum in recent years.24-26 With the improved perovskite intrinsic stability 

and encapsulation, some devices reach T90 after over 10,000 hours (hr) of light exposure, not 

only for small perovskite cells, but also for perovskite minimodules.27 However, almost all the 

light-soaking stability tests were conducted using inorganic light emitting  (LEDs) as light 

sources, which do not have a substantial UV component.28-30 There is no demonstration of 

outdoor stability showing perovskite modules with area >15 cm2 that still have an efficiency 

above 15% after ten weeks of outdoor testing. Thus, a considerable gap exists between the 

indoor and outdoor durability testing results, and inadequate outdoor stability remains the main 
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obstacle towards commercialization of PSCs. Thus, much better outdoor durability is needed for 

perovskite cells to be a viable next-generation photovoltaic technology.  

Outdoor conditions are different from indoor light-soaking or maximum power point 

(MPP) tracking in several ways. Temperature, irradiance, and UV light intensity constantly 

change outdoors.  We speculate that the indoor-outdoor durability gap mainly comes from the 

lack of or weak UV light from most LED lamps for indoor tests, because perovskite devices are 

frequently reported to pass the IEC61215 thermal cycling test.31, 32 UV light has been reported to 

accelerate the degradation of perovskite solar cells, but there is still no consensus yet on the 

mechanisms. Photocatalytic effects have been considered as the main reason for UV-induced 

perovskite degradation in n-i-p structured perovskite solar cells with TiO2 
33 and SnO2 

34 as 

electron transport layers.  

In this study, we investigate the mechanism of UV light-induced degradation in p-i-n 

structured PSCs with organic HTMs and develop a method to narrow down the gap between 

indoor and outdoor durability. The trap density of the perovskite/indium tin oxide (ITO) 

superstrate interface in the devices was found to increase with the exposure under UV light, 

leading to the generation of more positively charged iodine interstitials, which accelerated the 

cation migration and phase segregation at the buried perovskites/ITO interface. Using the new 

HTM with improved bonding in the PSCs, the perovskite/ITO interface was stabilized leading to 

minimodules with demonstrated record outdoor stability.  

We hypothesize that the weak interaction of perovskites with polymeric HTM (PTAA) 

and ITO at the bottom is damaging for the devices under UV light. Thus, enhancing the 

interaction of perovskites with ITO and HTM is needed to improve devicesô UV and thus 

outdoor stability. To this end, we chose SAM molecules that can anchor to ITO at one end and 

bond to perovskites at the other end. Our synthetic approach allowed the functionalization via a 

vinyl or alkyl linker and control over the regiochemistry of the target carbazole-PAs.  

6.2 Experimental Section 

6.2.1 Materials 

Reagents were obtained from commercial suppliers and used as received unless otherwise 

indicated. 3-Bromocarbazole, dicyclohexylmethylamine were purchased from Ambeed. Acetone, 

dioxane, and triethyl silane were obtained from Sigma Aldrich. Bromoethane was purchased 
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from TCI Chemicals. Palladium catalysts were purchased from Strem Chemicals. Thin-layer 

chromatography (TLC) was performed on pre-coated silica gel plates (0.25 mm thick) and 

observed under UV light (254 nm). Nuclear magnetic resonance (NMR) spectra were recorded 

on JEOL ECA-500 (500 MHz) spectrometers at room temperature. The UV-Vis spectra were 

recorded on Beckman Coulter DU 800 spectrophotometer, samples were prepared using 

chloroform as solvent. Emission spectra were obtained using a Horiba Jovin Yvon Nanolog 

spectrofluorometer with THF as solvent. 

6.2.2 Synthesis 

(4-(trifluoromethyl)phenethyl)phosphonic acid (model reaction)  

The double-necked round-bottom flask fit with condenser was charged with (4-

(trifluoromethyl)styryl)phosphonic acid (TFSPA) (0.201 g, 0.800 mmol), 5% Pd/C (0.020 g, 

0.0010 mmol), followed by vacuum and N2 refill cycles (3x). Tetralin (3.00 mL, 22.0 mmol) was 

added to the flask via syringe while stirring. The reaction mixture was heated to 200°C and 

refluxed for 3 h. Reaction progress was monitored with 31P NMR. Upon completion, the reaction 

mixture was cooled to room temperature. Pd/C was separated by using a short silane plug. DCM 

was added to the crude, mixed and placed in the freezer. After 2h the resulting precipitate was 

collected by filtration. Filtered product (white flakes) was dried overnight at 45°C under vacuum. 

0.147g (74%). 1H NMR (500 MHz, DMSO-d6) ŭ 7.63 (d, 1H), 7.47 (d, 1H), 2.85 (t, 1H), 1.85 

(dd, J = 16.7, 7.2 Hz, 1H). 31P NMR (202 MHz, DMSO-d6) ŭ 25.13. 

 

3-bromo-9-ethyl-9H-carbazole  

A 1 L multineck round-bottom flask with stir bar was oven dried.  The flask was fitted 

with air condenser and charged with KOH (6.83g, 0.122 mol) and 3-bromocarbazole (10.1g, 

0.0406 mol), followed by the vacuum and N2 refill cycles (3x). Acetone was gently bubbled with 

N2 for 20 min and added to the flask via syringe with stirring. Bromoethane (8.85g, 0.0812 mol) 

was added to the mixture dropwise via syringe and the reaction was heated at 40°C for 2 h. The 

progress was monitored with TLC (EtOAc/hexanes 1:4). Upon completion the reaction mixture 

was cooled to room temperature and acetone was removed under vacuo. The crude was dissolved 

in EtOAc and washed with 5% HCl (3x), and the organic phase dried over MgSO4 and filtered. 

The obtained organic phase was condensed to a few mL by rotary evaporator and the product 

was purified by flash column chromatography (EtOAc/hexanes 1:4). Product (off-white crystals) 
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was dried overnight at 45°C under vacuum and purity verified with GCMS and NMR. 10.6 g 

(95%). 1H NMR (500 MHz, DMSO-d6) ŭ 8.40 (s, 1H), 8.20 (d, J = 7.7 Hz, 1H), 7.64 ï 7.51 (m, 

3H), 7.48 (t, J = 7.1 Hz, 1H), 7.21 (t, J = 7.0 Hz, 1H), 4.41 (q, J = 7.1 Hz, 2H), 1.27 (t, J = 7.1 

Hz, 3H). 

2-bromo-9-ethyl-9H-carbazole was synthesized analogous to 3-bromo-9-ethyl-9H-

carbazole. 

(E)-(2-(9-ethyl-9H-carbazol-3-yl)vinyl)phosphonic acid 

A 500 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 3-bromo-9-ethyl-9H-carbazole (7.02g, 0.0222 mol) and bis(tri-tert-

butylphosphine)palladium(0) (0.326g, 0.640 mmol), followed by vacuum and N2 refill cycles 

(3x). Vinyl phosphonic acid (VPA) (3.32g, 0.0266 mol) was dissolved in 25 mL of anhydrous 

dioxane and bubbled with N2 for 20 min. Anhydrous dioxane (325 mL) and the VPA solution 

were added to the Schenk flask via syringe with stirring. N,N-dicyclohexylmethylamine 

(10.8mL, 0.0666 mol) was added to the reaction mixture dropwise via syringe and the reaction 

was heated to 80°C for 20 h. The progress was monitored with TLC (EtOAc/hexanes 1:4). Upon 

reaction completion the mixture was cooled to room temperature, the product was extracted with 

EtOAc and washed with 5% HCl (3x). The organic phase was dried over MgSO4, filtered and 

condensed to a few mL by rotary evaporator. Product was precipitated into DCM to yield faint 

olive-green fibers that were dried overnight at 45°C under vacuum. 6.09g (73%). 1H NMR (500 

MHz, DMSO-d6) ŭ 8.44 (d, J = 1.5 Hz, 1H), 8.20 (d, J = 7.7 Hz, 1H), 7.72 (d, J = 8.5 Hz, 1H), 

7.61 (dd, J = 8.3, 6.9 Hz, 2H), 7.47 (t, J = 8.2 Hz, 1H), 7.37 (dd, J = 22.0, 17.4 Hz, 1H), 7.22 (t, 

J = 7.0 Hz, 1H), 6.49 (t, J = 17.0 Hz, 1H), 4.44 (q, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H). 31P 

NMR (202 MHz, DMSO-d6) ŭ 15.13. 
13C NMR (126 MHz, DMSO-D6) ŭ 144.93, 140.76, 

140.52, 127.00, 126.82, 125.82, 123.03, 122.75, 121.15, 120.71, 119.64, 117.76, 116.29, 109.83, 

37.59, 14.21. 

(E)-(2-(9-ethyl-9H-carbazol-2-yl)vinyl)phosphonic acid was synthesized analogous to 

(E)-(2-(9-ethyl-9H-carbazol-3-yl)vinyl)phosphonic acid. Yield: 0.860g (79%). 1H NMR (500 

MHz, DMSO-d6) ŭ 8.14 (dd, J = 7.9, 6.0 Hz, 2H), 7.91 (s, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.54 ï 

7.27 (m, 3H), 7.20 (t, J = 7.4 Hz, 1H), 6.65 (t, J = 16.9 Hz, 1H), 4.48 (q, J = 7.1 Hz, 2H), 1.31 (t, 

J = 7.1 Hz, 3H). 31P NMR (202 MHz, DMSO-d6) ŭ 14.59. 

(2-(9-ethyl-9H-carbazol-3-yl)ethyl)phosphonic acid 
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A 50 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged with 

10% Pd/C (0.063g, 0.030 mmol) and (E)-(2-(9-ethyl-9H-carbazol-3-yl)vinyl)phosphonic acid 

(0.390g, 0.119 mmol), followed by vacuum and N2 refill cycles (3x). Anhydrous THF (15 mL) 

and ethanol (1.2 mL) were added to the Schenk flask via syringe and the resulting solution was 

stirred at room temperature until solids were dissolved. Afterward, the solution was placed on 

ice. While on ice triethyl silane (1.11g, 9.52 mmol) was added to the reaction mixture dropwise 

via syringe and the solution was stirred for 15 min, followed by stirring at room temperature for 

30 min (until bubbling stopped). The reaction mixture was heated to 35°C and stirred for 3 h. 

The reaction progress was monitored with 31P NMR. Upon reaction completion the mixture was 

cooled to room temperature and Pd/C was separated by using a short silane plug. The collected 

solution was condensed under vacuo, the product was extracted with EtOAc and washed with 

5% HCl (3x). The organic phase was dried over MgSO4, filtered and condensed to a few mL by 

rotary evaporator. The product was precipitated into DCM to yield white flakes that were dried 

overnight at 45°C under vacuum. 0.170g (71%). 1H NMR (500 MHz, DMSO-d6) ŭ 8.08 (d, J = 

7.7 Hz, 1H), 8.03 (d, J = 7.9 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.46 (s, 1H), 7.41 (t, J = 7.6 Hz, 

1H), 7.16 (t, J = 7.4 Hz, 1H), 7.06 (d, J = 7.9 Hz, 1H), 4.42 (q, J = 7.1 Hz, 2H), 3.03 ï 2.91 (m, 

2H), 2.02 ï 1.88 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H). 31P NMR (202 MHz, DMSO-d6) ŭ 25.68. 

(2-(9-ethyl-9H-carbazol-2-yl)ethyl)phosphonic acid was synthesized analogous to (2-(9-

ethyl-9H-carbazol-3-yl)ethyl)phosphonic acid. Yield: 0.185g (61%). 1H NMR (500 MHz, 

DMSO-d6) ŭ 8.12 (d, J = 7.7 Hz, 1H), 7.99 (s, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.50 (d, J = 8.4 Hz, 

1H), 7.42 (t, J = 7.6 Hz, 1H), 7.32 (d, J = 8.2 Hz, 1H), 7.16 (t, J = 7.4 Hz, 1H), 4.40 (q, J = 7.1 

Hz, 2H), 3.01 ï 2.87 (m, 2H), 2.03 ï 1.76 (m, 2H), 1.28 (t, J = 7.1 Hz, 3H). 31P NMR (202 MHz, 

DMSO-d6) ŭ 25.75. 

 

3-bromo-9-methyl-9H-carbazole 

A 50 mL round-bottom flask with stir bar was oven dried. The flask was charged with 3-

bromocarbazole (0.601g, 2.44 mmol) and KOH (0.480g, 8.54 mmol). Acetone (20 mL) was 

added to the flask and solution was stirred at room temperature for 20 min. Dimethyl sulfate 

(0.462g, 3.66 mmol) was added to the reaction solution dropwise and the reaction mixture was 

stirred at room temperature. for 1 h. The progress was monitored with TLC (EtOAc/hexanes 

1:4). Upon reaction completion 5% HCl (100 mL) was added to the mixture under stirring. The 
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product was extracted with EtOAc and the organic phase was dried over MgSO4, filtered and 

solvent removed by rotary evaporator to yield off-white crystals that were dried overnight at 

45°C under vacuum. 0.578g (92%). Purity was verified by GCMS  and NMR. 1H NMR (500 

MHz, DMSO-d6) ŭ 8.39 (t, J = 1.1 Hz, 1H), 8.20 (d, J = 7.8 Hz, 1H), 7.62 ï 7.55 (m, 3H), 7.50 

(t, J = 8.3 Hz, 1H), 7.22 (t, J = 7.5 Hz, 1H), 3.86 (s, 3H). 

 

(E)-(2-(9-methyl-9H-carbazol-3-yl)vinyl)phosphonic acid 

A 100 mL Schlenk flask with stir bar was oven dried. The Schlenk flask was charged 

with 3-bromo-9-methyl-9H-carbazole (0.578g, 2.23 mmol) and bis(tri-tert-

butylphosphine)palladium(0) (0.0285g, 0.0558 mmol), followed by vacuum and N2 refill cycles 

(3x). Vinyl phosphonic acid (VPA) (0.313g, 2.90 mmol) was dissolved in anhydrous dioxane (10 

mL) and bubbled with N2 for 20 min. Anhydrous dioxane (50 mL) and the VPA solution were 

added to the Schenk flask via syringe with stirring. N,N-dicyclohexylmethylamine (1.42mL, 6.69 

mmol) was added to the reaction mixture dropwise via syringe and the reaction was heated to 

80°C for 20 h. The progress was monitored with TLC (EtOAc/hexanes 1:4). Upon reaction 

completion the mixture was cooled to room temperature, the product was extracted with EtOAc 

and washed with 5% HCl (3x). The organic phase was dried over MgSO4, filtered and condensed 

to a few mL by rotary evaporator. The product was precipitated into DCM to yield off-white 

powder that was dried overnight at 45°C under vacuum. 0.283g (45%). 1H NMR (500 MHz, 

DMSO-d6) ŭ 8.44 (s, 1H), 8.20 (d, J = 7.7 Hz, 1H), 7.73 (d, J = 8.7 Hz, 1H), 7.60 (dd, J = 8.4, 

3.8 Hz, 2H), 7.49 (t, J = 7.9 Hz, 1H), 7.37 (dd, J = 22.0, 17.4 Hz, 1H), 7.23 (t, J = 7.4 Hz, 1H), 

6.49 (t, J = 17.0 Hz, 1H), 3.88 (s, 3H). 31P NMR (202 MHz, DMSO-d6) ŭ 15.28. 
13C NMR (126 

MHz, DMSO-D6) ŭ 141.82, 141.63, 127.05, 126.87, 125.84, 122.84, 122.57, 121.04, 119.73, 

118.12, 116.65, 109.96, 108.82, 29.64. 

 

6.3 Results and Discussion 

6.3.1 Synthesis Optimization 

Alkylated bromo-carbazole substrates were obtained with the aid of bromo-ethane and 

dimethyl sulfate (Scheme 6.1 a and b respectively). 
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a    

 

b     

 

Scheme 6.1 Alkylation of 3-bromo-carbazole. 

 

 
Scheme 6.2 Synthetic approach to CzVPA. 

 

The carbazole-phosphonic acid (CzVPAs) HTMs were synthesized by Heck-Mizoroki 

coupling between vinyl phosphonic acid (VPA) and 3-bromo-9-ethyl-9H-carbazole (Scheme 

6.2). We tested two different routes to reduce the vinyl linkage of the synthesized CzVPA to 

ethyl links. We began our investigation with a model reaction of (E)-(4-

(trifluoromethyl)styryl)phosphonic acid (TFSPA) and tetralin. The choice of TFSPA as a model 

compound was based on the ease of the purification and characterization of the PA product. The 

reaction followed a previously published procedure35 (Scheme 6.3).  

 

 
 

Scheme 6.3 Reduction of TFSPA with palladium in tetralin. 

 

Upon reaction completion, TFSEPA was separated by the precipitation into DCM. 

Analysis of the 1H and 31P NMR indicated a successful reduction of the vinyl-to-ethyl linkage 
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without affecting other parts of the molecule (Figure 6.2). NMR clearly shows the disappearance 

of the two vinyl protons at 6.68 and 7.26 ppm and the appearance of the four ethyl protons at 

1.85 and 2.86 ppm. The reduction was also evident from the shift of the phosphorus peak from 

12.81 ppm (TFSPA) to 25.13 ppm (TFSEPA). 

Despite the successful conversion of vinyl to ethyl linkage of TFSPA, the tetralin-

reduction approach was not applicable to Cz-VPAs since they had limited solubility in tetralin. 

Thus, we had to explore different avenues for performing these reduction reactions. The 

employment of hydrosilanes can overcome the solubility limitations. We followed and adjusted a 

previously published synthetic approach.36 Employment of triethyl silane (TES) with 10% Pd/C 

in dioxane/EtOH (12.5:1) as solvent resulted in reaction completion in 3 hrs (Scheme 6.4). The 

reduced product was purified by liquid extraction and precipitation into DCM. Such a simple 

synthetic approach allows one to obtain the desired compound in good yields in less than a day. 

Additionally, EtCz3VPA was easily scaled up to a 10 gram reaction. Our optimized synthetic 

approach to obtaining functionalized CzPAs is time- and cost-effective. The simple purification 

method yields target products by employing precipitation into DCM, thus eliminating a need for 

labor- and solvent-consuming column chromatography, unlike the reported synthesis of 

commercially available SAMs such as 2PACz that are also multi-step and use very corrosive 

chemistry.17 

 

 
 

Scheme 6.4 Reduction of EtCzVPA with TES. 

 
1H and 31P NMR were used to verify the chemical transformation. Figure 6.3 shows the 

peak shifts corresponding to the double bond reduction. The vinyl proton peaks at 6.49 and 7.37 

ppm are absent and instead, four new proton peaks in the region of 1.94-2.97 ppm were visible, 

indicating the ethyl linkage. We also observed a downfield shift of phosphorus peak (from 15.13 

to 25.26 ppm). 



  

139 
 

 

 

 
Figure 6.3 Comparison of 1H (a) and 31P (b) NMR spectra of PAs before and after the reduction 

with palladium in tetralin. 
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Figure 6.4 Comparison of 1H (a) and 31P (b) NMR spectra of PAs before and after the reduction 

with TES. 

 

6.3.2 CzVPA/EPA Derivatives Evaluation 

Four synthesized PA derivatives were selected for initial efficiency evaluation to 

determine the effect of two factors: the position of PA on the carbazole ring (2 vs. 3) and the type 

of linker (alkyl vs. vinyl). The devices were prepared using EtCz2EPA, EtCz2VPA, EtCz3EPA 

and EtCz3VPA as SAM-based HTL. The J-V curves of those devices are presented in Figure 6.4, 

while measured PCE values are shown in Table 6.1.  
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Figure 6.5 J-V scans of devices for (A) EtCz2EPA, (B) EtCz2VPA, (C) EtCz3EPA and (D) 

EtCz3VPA. 

 

Table 6.1 PCE data comparison 

Sample PCE (%) Sample PCE (%) 

                            #1 12.91                            #7 20.58 

EtCz2EPA          #2 14.63 EtCz3EPA         #8 21.28 

                           #3 13.86                           #9 20.33 

                           #4 11.37                           #10 19.80 

EtCz2VPA         #5 11.52 EtCz3VPA        #11 19.11 

                           #6 11.35                           #12 19.03 

 

The reported PCEs indicated significant differences in performance based on PA 

functional group position on the carbazole. Based on the results demonstrated in Table 6.1, 

attaching VPA in 3-position drastically improved efficiency vs in the 2-position. One 

explanation for this is that substitution in the 3-position (para to carbazole nitrogen) results in 

less steric hindrance than the 2-position and may lead to improved favorable interactions with the 
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perovskite layer.  For example, it is known that the lone pair electrons on nitrogen interact with 

the lead ions in perovskite.37 

6.3.3 Device Performance 

The in-depth description of the device preparation and subsequent performance 

evaluation is beyond the scope of this dissertation. However, we would like to below highlight 

the key takeaways from the implementation of our synthesized CzPAs into perovskite solar cells.  

For this study, several new and existing molecules were selected as SAMs (Figure 6.5) 

and used to replace PTAA or form linker/PTAA hybrid layer structures as HTM, including a new 

molecule [2-(9-ethyl-9H-carbazol-3-yl)ethyl]phosphonic acid (EtCz3EPA) and well-studied [2-

(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) 17, 38-41. Acid groups such as -COOH and -

PO(OH)2 can form covalent bonds to surface hydroxyl groups on ITO, while -NH-, =O, halide (-

X) and carbazole groups can interact with Pb2+ in the adjacent perovskite layer. The EtCz3EPA 

synthesis utilizes inexpensive chemicals, mild reaction conditions, and simple purification steps. 

EtCz3EPA has similar carbazole and phosphonic acid groups as 2PACz, but the side chain with 

the phosphonic acid group is directly linked to the aromatic rings rather than N in the carbazole. 

As shown in Figure 6.6, EtCz3EPA is more flexible than 2PACz. For example, 2PACz can 

orient vertically on an In2O3 surface, while EtCz3EPA with a relatively small ethyl group prefers 

a flat orientation after binding with In2O3 surface, which allows for better interaction of N with 

Pb2+ in the perovskite. Density functional theory (DFT) calculations revealed that the binding 

energies of EtCz3EPA on the (111) plane of In2O3 surface and the (001) plane of FAPbI3 surface 

are 0.83 eV and 0.17 eV stronger, respectively, than that of 2PACz.  
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Figure 6.6 Chemical structures of molecules used as a hole transport materials in this study. 

 

Figure 6.7 Calculated binding energies of 2PACz and EtCz3EPA molecules with (A) the (001) 

plane of FAPbI3 and (B) the (111) plane of In2O3 surface. 
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Figure 6.8  J-V curves of the perovskite solar cells fabricated with different bifunctional 

molecular layers: (A) 4PyBA, (B) Carprofen, (C) 4ABPA, (D) BNDHP, (E) DBP, (F) 2PACz 

and (G) EtCz3EPA. The active area of small devices is 0.08 cm2. (H) Light-soaking stability of 

2PACz- and EtCz3EPA-only based small devices under LEP lamp (100 mW cm-2, ~3.5% UV 

inside, ~60 ºC, OC conditions). The stability data was collected from 8-10 devices for each 

group. 

 

The use of the EtCz3EPA molecule as an interfacial binder is expected to reduce the 

formation of point defects at the buried interface, leading to suppressed UV-induced degradation. 

The device fabricated with EtCz3EPA also exhibited higher efficiencies and improved stability 
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under the LEP lamp compared to the other molecules tested in this study (Figure 6.7). Therefore, 

EtCz3EPA was selected as the linker for the continued study.  

Direct use of EtCz3EPA to replace PTAA initially resulted in inferior device 

performance, mainly due to lower conductivity and hole extraction capability of EtCz3EPA. 

Since excess holes play a critical role in the UV-accelerated perovskite degradation, we applied a 

EtCz3EPA/PTAA:BCP hybrid HTM, in which a layer of 2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline, (BCP) doped PTAA is coated on EtCz3EPA, which was found to significantly 

enhance device efficiency and stability. BCP was added into PTAA to improve the structural 

stability of perovskites at the bottom interface due to the chelation of BCP with lead ion 24, 

however BCP itself does not enhance the interaction of perovskite with ITO, as BCP does not 

interact with ITO. The contact angle measurement results show that FAPbI3 solution has much 

better wetting on EtCz3EPA than on PTAA:BCP (Figure 6.8C). The contact angle of the hybrid 

HTM is in between, suggesting that the PTAA:BCP layer on the top of EtCz3EPA is likely non-

continuous, as shown in Figure 6.8D, which provides enough space for the contact of perovskite 

and the bottom EtCz3EPA. 
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Figure 6.9 Molecular design for stronger bonding HTM. (A) Schematic interfacial contact of 

perovskite, bifunctional molecular and ITO substrate. (B) Synthesis route of EtCz3EPA. (C) 

Contact angle of FAPbI3 solution (1M, dissolved in 2-ME) on different HTM substrates. (D) 

Illustration for the different HTMs on the ITO substrate. 

 

6.4 Conclusion 

The four CzPAs were synthesized and tested as SAM-based HTL in perovskite solar 

cells. The utilized synthetic approach allowed easy control over  the regiochemistry of the target 

VPA derivatives; we were also able to compare alkyl and vinyl linkages. Based on the initial 

efficiency screening EtCz3EPA was chosen for further studies.  

The UV induced perovskite degradation mechanism was identified and a stronger 

interconnection layer was introduced to the devices to improve the outdoor stability of the 

perovskite minimodules. UV light directly damaged the interface of perovskite and the substrate, 

which resulted in inefficient hole extraction and likely accelerated the A-site cation migration.  

The introduction of stronger bonding molecules at the buried interface reduced the amorphous 

phase around perovskite/HTM/ITO region and suppressed cation migration under UV light. With 

the hybrid HTM, EtCz3EPA/PTAA:BCP, in the small area perovskite solar cells, the T90 

lifetimes measured under LED and LEP lamp were increased to ~4610 and ~1780 hr, 
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respectively. The champion minimodule with the hybrid HTM retained operational efficiency of 

17.5% after 10 weeks of outdoor testing independently measured by PACT center.  
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CHAPTER 7 

GENERAL CONCLUSIONS AND FUTURE OPPORTUNITIES 

7.1 Introduction 

This dissertation describes the design, synthesis, characterization, and applications of 

vinyl aromatic phosphonic acid (VPA) derivatives. The main effort aimed to design and develop 

a viable synthetic route to obtaining dipole tunable and photo-switchable VPA monoesters for 

application in rare earth element (REE) separation. In addition, as mentioned in the introductory 

chapter 1, along the way our aromatic VPAs became of interest to other collaborators who used 

them successfully in novel supramolecular assemblies and as hole transport materials in 

perovskite solar cells.  

7.2 General Conclusion and Future Opportunities 

The original goal of this work was to design and create a library of VPA monoesters to 

develop a light driven REE separation approach. Chapter 2 provides a general overview of REEs, 

their importance, and the challenges associated with commercial production. The synthesis of the 

novel organophosphorus extractant, their performance evaluation, and a description of alternative 

separation approaches can also be found in Chapter 2.  

Chapter 3 was dedicated to reporting the developed synthetic method for obtaining three 

VPA monoesters; the presented research conducted in collaboration with teams from Colorado 

School of Mines (CSM) and National Renewable Energy Laboratory (NREL) aimed to study the 

effect of changing the dipole moment of the ligand on the extraction properties. The work was 

based on previously conducted research showing that the careful manipulation of the ligand 

structure can be used to control the chemical environment of a metal oxide.1-5 We developed the 

viable synthesis and purification procedure for obtaining target aryl-functionalized vinyl 

phosphonic acid monoesters in high purity. The extraction and computational studies performed 

by the collaborators concluded that the synthesized ligands had a high affinity for Eu. We were 

able to establish that the extraction strength depended on the molecules' dipole moment, not pKa, 

which was a new discovery for REE separations community. We hope this work will provide 

new avenues for further investigation of using light for REEs separation. 

Chapter 4 aimed to continue the study of the styryl phosphonic acid derivatives for the 

light-induced separation of REEs. The project's main goal was the synthetic approach and 
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characterization of ligands with photoswitchable moieties. We developed the synthetic route to 

obtaining stilbene, azobenzene, and spiropyran-containing phosphonic acid monoesters. The 

preliminary extraction experiments indicated that the synthesized ligands extraction performance 

is comparable to the three styryl extractants presented in Chapter 3. Future computational and 

spectroscopic studies could provide insight into inter- or intra-ligand strain energy changes 

induced by photoisomerism. We believe that careful ligand design and understanding of its effect 

on REE chemical environment will provide a route to light-driven separation.  

In Chapter 5, we explored the ability of synthesized vinyl phosphonic acid derivatives to 

form supramolecular assemblies. This work was done in collaboration with Dr. Flood's research 

group at Indiana University (IU). In this work together with IU, we used Heck coupling 

conditions to design and prepare several targeted aromatic VPAs. We were able to study the 

complexation behavior of 14 synthesized compounds with an electron deficient macrocycle 

termed cyanostar, developed by Dr. Floodôs group. The target molecules contained various 

aromatic moieties: halogenated, chromophores, and photoswitches. These acids were then 

utilized in dimer and polymer formation inside the cyanostar macrocycles. We designed a simple 

synthetic approach to creating a versatile platform for anion-anion dimerization stabilized inside 

the cyanostar macrocycles. The ease of VPA functionalization allowed tuning of the monomersô 

properties, thus, enabling control over supramolecular polymerization. 

With the ongoing research into improving perovskite solar cell (PSC) technologies, it is 

well known that PAs have been studied for use as hole transport layers (HTL). We hypothesized 

that our VPAs could behave as efficient HTL by controlling the position of the PA attachment to 

an electron rich aromatic moieties and subsequently improve the PSC efficiency and stability. 

Dr. Jinsong Huangôs group at UNC Chapel Hill became very interested in our VPAs and used 

them to prepare many PSC devices.  Chapter 6 describes the synthesis of electron rich VPA 

carbazole derivatives and presents preliminary stability device testing results. We obtained 

carbazole-functionalized VPAs by utilizing the optimized Heck coupling conditions. The 

selected synthetic approach allowed attachment of the vinyl phosphonic acid in various positions 

on the carbazole aromatic ring. In addition, the vinyl bond reduction enabled us to compare the 

two linkers: ethyl and vinyl. The preliminary testing indicated that attaching phosphonic acid 

group to the aromatic ring of the carbazole resulted in higher device stability due to CzPA's 

strong interaction with both ITO and perovskite layer.  
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This dissertation presented the tailored synthesis of the VPA derivatives for specific 

applications: separation, supramolecular assemblies, and SAM-HTL. However, the optimized 

on-demand synthetic approach provided avenues for additional applications. For example, the 

three VPAs mentioned in Chapters 3 and 5 are being tested for surface functionalization of 

graphene, 2D-MXenes, carbon nanodiamonds, and molybdenum carbide (MoxC). The ability to 

tune the properties of phosphonic acid derivatives by using commercially available and 

inexpensive substrates allows the creation of well-defined chemical systems that can be used for 

numerous applications. For instance, we hypothesize that some of the previously mentioned 

functionalized 2- and 3-D materials could be used in the organic photovoltaic (OPV) field, 

specifically perovskite solar cells (PSCs). This avenue could be explored further by 

incorporating functionalized materials into the OPV devices to tune the conductivity. Another 

example of future opportunities for using VPAs is the field of catalysis.6-9 Given their 

coordination properties and chemical reactivity, VPA derivatives could be used in various 

catalytic systems. We are interested in studying the effect of functionalizing the surface of MoxC. 

Transition-metal carbides are known for their exceptional physical and chemical properties, 

making them great candidates for effective catalysts.10-16 Chapter 3 illustrated that the tuning of 

the dipole moment influenced the changes in the chemical environment of metal oxides. This 

finding introduced the idea of controlling the catalysts' electronic structure by varying the 

surface's ligands. We anticipate that such surface modification will result in tuning the catalytic 

activity of functionalized MoxC.  
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APPENDIX A 
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APPENDIX B 

 SPECTRA, TABLES, ADDITIONAL FIGURES AND PERMISSIONS FOR CHAPTER 3 

 

B1. 1H NMR 

 

 

 

Figure B.1 1H NMR of HEHSP. 
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Figure B.2 1H NMR of HEHDFSP 
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Figure B.3 1H NMR of HEHTFSP 
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B2. 31P NMR 

 

 

 

 

Figure B.4 31P NMR of HEHSP 
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Figure B.5 31P NMR of HEHDFSP 
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Figure B.6 31P NMR of HEHTFSP 
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B3. 13C NMR 

 

 

 

 

 

 

Figure B.7 13C NMR of HEHSP 
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Figure B.8 13C NMR of HEHDFSP 
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Figure B.9 13C NMR of HEHTFSP 
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B4. 19F NMR 

 

 

 

 

Figure B.10 19F NMR of HEHTFSP 
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Figure B.11 19F NMR of HEHDFSP 

 

 

 

 

 

 

 

 



  

172 
 

B5. UV-Vis 

 

 

 

 

 

 

 

 

 

Figure B.12 UV-Vis absorption of extractants HEHSP, HEHTFSP, and HEHDFSP in methanol 
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B6. FT-IR 

 

 

 

 

 

 

Figure B.13 FT-IR spectra of extractants HEHSP, HEHTFSP, and HEHDFSP 
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B7. Potentiometric Titration  

 

 

 

 

 

 

Figure B.14 Potentiometric titration of 0.0174 M HEHSP, 0.00991 M HEHDFSP, 0.00971 M 

HEHTFSP, and 0.0109 M HEHEHP with 0.0998 M NaOH in 75 vol% EtOH/25 vol% water at 

25.0 °C 
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B8. Computational Studies 

  

Figure B.15 Display of the dipole vector along the P-C bond of the 3a, 3b, and 3c free ligands in 

the gas phase. 

 

 

Figure B.16 Display of the dipole vector along the P-C bond of the 3a, 3b, and 3c free ligands in 

the CHCl3. 
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