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Dear reader 

If it feels like a trap… 

You’re already in one. 

 

 

Dear reader 

Get out your map… 

Pick somewhere and just run. 

 

 

Dear reader 

Burn all the files… 

Desert all your past lives. 

 

 

And if you don’t recognize yourself… 

 

 

That means you did it right. 

 

 

—Taylor Swift 

Midnights 

”Dear Reader” 
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ABSTRACT 

This dissertation focuses on a very diverse series of studies with synthetic applications to 

organometallic systems supported by a redox non-innocent ligand architecture, α,ω diene 

generation, ionomers for tuning performance of electrochemical CO2 reduction, and design of new 

weakly coordinating anions.  

Chapter 2 discusses the reactivity of a 9,10-anthracenediyl bis(phenoxide) titanium complex, 

where the polyaromatic anthracene motif functions as a non-innocent ligand. This enables access 

to a reduced Ti complex which is competent for oxidative coupling of alkyne and nitrile substrates, 

and pyrimidines and substituted benzenes can be accessed catalytically.  Additional reactivity with 

oximes and oxidative coupling of alkynes and CO2 is explored. 

Chapter 3 reports a two-step method for generation of a distribution of α,ω-dienes from ethylene 

and butadiene. Copolymers are prepared with variable butadiene content, where 1,4-butadiene 

incorporation ensures the double bonds are in the polymer backbone. Subsequent ethenolysis of 

the copolymers produces α,ω-dienes in the C10-C20 range. The conditions can be modified to 

control product selectivity. 

Chapter 4 presents a series of polystyrene-based ionomers to probe the impact of local [K+] in 

the Cu electrode microenvironment on CO2R performance (Part A). Partial current density towards 

C2+ products (|jC2+|) increases with [K+] in ionomer, up to 225 mA cm–2. When K+ is replaced with 

[Me4N]+,  performance lowers to the level of bare Cu, highlighting the crucial role of K+ in 

improving C2+ product selectivity. Molecular dynamics simulations and partial pressure CO2 

experiments support enhanced CO2 mass transport with the ionomers. An expanded series of 

ionomers is presented (Part B), where the incorporation of different neutral comonomers (vinyl 

biphenyl) and cross-linking monomers (biphenyl and terphenyl) dramatically boosts performance. 



 x 

Direct tends between K+ content and CO2R performance are not observed with the expanded series, 

highlighting the non-innocent role of the neutral monomer and polymer structure. 

Chapter 5 presents a new, Si-based weakly-coordinating anion. A library of anions bearing a 

variety of R groups is prepared, enabling facile tuning of sterics and solubility. A range of cations 

employed in chemical reactivity is supported by these anions, including ether-free alkali cations, 

Ph3C
+, and an ethylene/CO copolymerization catalyst [Pd(dppe)(NCMe)Me]+ (generated by salt 

metathesis or protonation of a metal-alkyl bond).  Electrochemical studies on the [Bu4N]+ variant 

show an exceptionally wide stability window for the [MeSiF]- anion of 7.5 V in MeCN.  The 

[C6F5SiF]- variant can be readily modified to access additional diverse and/or dianionic variants.     

Chapter 6 discusses the electrochemical performance of a new class of magnesium electrolytes 

for next-generation batteries.  [Mg(DME)3][
MeSiF]2 demonstrates remarkable performance with 

good stability, moderate conditioning, high coulombic efficiency ( > 96%), and high current 

density ( ~100 mA cm-2). However, the sensitivity of the experiments requires careful study of 

many parameters including impact of MgR2 additives (identity and concentration), cycling 

protocol, synthetic route, and Pt working electrode to understand how the electrochemical 

performance is impacted. While addition of MgMe2 improves electrochemical performance, it is 

not inherently required for reversible Mg deposition and stripping. Following an extensive 

investigation of the cyclic voltammetry (CV) performance of [Mg(DME)3][
MeSiF]2, preliminary 

screening of additional [Mg(DME)3][
RSiF]2 variants is discussed.        

Appendix I discusses the characterization of ethylene/α-olefin copolymers generated from 

monometallic and bimetallic Zr catalysts. The decreased polar monomer incorporation for the 

bimetallic vs. monometallic catalysts is attributed to the steric clash of larger comonomers with 

the distal metal site in bimetallic catalysts.   



 xi 

Appendix II discusses the preparation of bulky anthracene phenoxide ligands for Ti and Ta. 

Appendix III discusses the preparation of mixed aryl/hydride borates as electrolytes for next-

generation Mg batteries.    
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CHAPTER 1. General Introduction  
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This dissertation focuses on a very diverse series of studies, with projects and applications 

ranging from organometallic systems supported by a redox non-innocent ligand architecture to α,ω 

diene generation to the use of ionomers to improve electrochemical CO2 reduction to the design 

of new weakly coordinating anions.  While these projects are exceptionally wide-ranging, they are 

unified by the key concept of chemical synthesis for specific, targeted applications. A detailed 

background with the appropriate references is incorporated in the introduction of each chapter, and 

this chapter aims to provide a very general overview of the main concepts that are tackled with 

this research. 

Within Chapter 2, the chemistry and reactivity of a Ti system supported by a bisphenoxide 

ligand tethered to a redox non-innocent anthracene core is discussed. The ligand design and the 

reactivity of the Zr system was reported by a previous graduate student, Marcus Low, where the 

simultaneous change in the redox state of the ligand and coordination framework enabled access 

to a “ZrII” species.  This work explores the analogous Ti system, as well as an expanded range of 

reactivity for both systems.  

In Chapter 3, a different approach to synthesis is considered, focusing specifically on accessing 

α,ω dienes by pairing reported polymerization and ethenolysis catalysts. While α-olefins are 

industrially prepared by the Shell-Higher Olefin Process, α,ω-dienes do not have a well-established 

synthetic method for generation. Within this work, a two-step method is developed, with initial 

ethylene/butadiene copolymerization and subsequent ethenolysis to access the desired species. 

Modification of the system and reaction conditions is used to control product selectivity and 

distribution of the produced α,ω dienes.  

Chapter 4 considers yet another challenge, specifically the distribution of products generated 

during CO2 reduction (CO2R) with Cu.  While Cu is desirable because it is the only type of metallic 
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electrodes that can facilitate the formation of multi-carbon products (C2+ products), it is hindered 

by poor selectivity and insufficient activity.  Alkali cations can facilitate CO2R. Within Part A, a 

series of potassium-containing copolymers is prepared, where the potassium content is controlled 

by modulating monomer ratios during the polymerization reactions. When tested as Cu coatings 

for CO2R, a trend is observed where performance increases with increasing potassium content in 

the ionomer coating.  This specifically highlights how synthesis can facilitate generation of a series 

of materials that allows for careful and targeted study of specific hypotheses.  In Part B, a more 

diverse collection of polymeric coatings is examined, leveraging less soluble monomers (vinyl 

biphenyl) and cross-linking monomers to decrease polymer solubility, facilitating testing of 

materials with higher potassium content.   

Chapter 5 uses synthesis to target new silicon-based weakly coordinating anions.  Reminiscent 

to the design strategy for [BArF
24]

- where a weakly coordinating anion is prepared by addition of 

an anionic aryl group to a highly Lewis acidic fragment, five-coordinate silicon-based WCAs can 

be designed from a silicon Lewis super acid.  These new anions are readily diversified, where the 

“R” group provides a facile handle for tuning sterics and solubility.  This new class of weakly-

coordinating anions supports routine organometallic chemistry, and the anion has a remarkably 

wide window of electrochemical stability (7.5 V!).  Leveraging the electrochemical window, this 

new class of Mg[RSiF]2 anions demonstrates remarkable electrochemical performance as an 

electrolyte for next-generation Mg batteries.  While the overall performance is impacted by many 

variables (discussed in Chapter 6), stable and consistent performance can be obtained.   

These projects are diverse and wide-ranging, but they convey how well-thought, careful 

synthesis can be the key strategy for many challenging problems.       
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CHAPTER 2. A Redox-Active 9,10-Anthracenyl-linked Bisphenoxide-supported Titanium 

Complex: Comparison to the Zr System, Preparation of Pyridines with Oximes, Reactivity with 

CO2 
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ABSTRACT 

 

Redox-active ligands have widely expanded the scope and reactivity of early transition metals, 

facilitating oxidative and reductive coupling rather than redox-neutral processes which are more 

common for Ti and Zr.  Herein, we report the synthesis, characterization, and reactivity of a TiIV 

species supported by a 9,10-anthracenediyl-linked bisphenoxide ligand.  Upon metalation, the 

complex readily undergoes a photolytic reduction to afford TiO2AnthTHF2 where the TiIV is bound 

to the central arene in an η4-fashion as the anthracene motif is reduced.  Similar to the Zr-congener; 

TiO2AnthTHF2 is competent for the [2+2+2] trimerization of alkynes and nitriles to afford 

pyrimidines, albeit with attenuated selectivity compared to the Zr system.  Stoichiometric 

reactivity reveals TiO2AnthTHF2 has two active competing pathways, explaining the decrease in 

selectivity.  The reducing equivalents of TiO2AnthTHF2 and ZrO2AnthTHF3  can be harnessed for 

a variety of additional transformations including stoichiometric pyridine formation using oximes 

and stoichiometric reactivity with alkynes and CO2. 
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GENERAL INTRODUCTION 

Redox-active ligands can be employed to mediate multi-electron chemical transformations.1-4   

For early metals, including Ti and Zr, redox-neutral processes (olefin polymerization, etc.) are 

common, but redox-active ligands facilitate access to different reactivity.5-10  In typical 

transformations, a redox change occurs at the ligand, with minimal changes in the coordination 

environment around the metal center.  However, redox-active ligands which can change the 

coordination environment around the metal depending on the oxidation state are expected to result 

in improved reactivity when matched to the appropriate electronic and steric demands of the metal 

center.     

Our group (and others) have explored the utility of redox non-innocent pendant arene ligands, 

where expanded reactivity is accessible, including metal phosphide coupling, CO bond cleavage 

and coupling, CO2 bond cleavage, ammonia borane dehydrogenation, etc.11-20  While many of these 

pendant arene systems are based on substituted benzene rings, where very negative potentials are 

necessary for formal reduction, an arene system based on a substituted anthracene core displays a 

milder reduction potential,21 allowing for more accessible redox chemistry.   

In our group, we have demonstrated a Zr system with a pendant anthracene.22  When the ligand 

is in the reduced (dianionic) state, the Zr coordinates in the bridgehead position; and this system 

can be leveraged for [2+2+2] cycloaddition of alkynes and nitriles to afford pyrimidine products 

with high selectivity.  Herein we report the preparation of the corresponding TiIVAnth(THF)2 and 

Figure 2.1: Reductive elimination with noninnocent anthracene moiety.  
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an expanded range of reactivity observed for both the Ti and Zr complexes including pyridine 

formation and reactivity with CO2.  
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RESULTS AND DISCUSSION 

Beginning from previously reported syn-9,10-anthracenediyl-linked bis(phenol) (LH2) 

(Scheme 2.1),22 protonolysis with tetrabenzyl titanium at elevated temperatures affords the 

bisbenzyl complex 1-[Ti].  Preliminary single-crystal X-ray diffraction (XRD) studies confirm the 

identity of 1-[Ti] and displays no significant Ti-arene interactions with distances of ~3.6A (Figure 

2.2).   

  

Analogous to the preparation of ZrIVAnth(THF)3, the reduced Ti compound can be prepared by 

photolysis of 1-[Ti] in tetrahydrofuran.  The new species, TiIVAnth(THF)2 (2-[Ti]), can be cleanly 

prepared after 16 h of irradiation in THF, detected by 1H NMR by loss of the benzylic signals of 

1-[Ti], generation of bibenzyl (the reaction byproduct), and formation of a new species.  Solid-

Scheme 2.1: Synthesis of Titanium Complex with Pendant Anthracene. 

Figure 2.2: Preliminary structure of 1-[Ti].  Due to data quality, only connectivity was 

determined.  Hydrogen atoms omitted for clarity.   

 

Ti 
O 

C 



 9 

state characterization of 2-[Ti] (Figure 2.3) reveals coordination through the two phenoxide 

moieties, binding of two THF molecules, and coordination of the anthracene in an η4 fashion.  We 

observe two shorter C-C bonds within the central ring, C2-C7 and C9-C14 1.433(4) and 1.417(4) 

Å, and four longer bonds, C1-C2 (1.453(5)), C7-C8 (1.451(5)), C8-C9 (1.467(4)), and C1-C14 

Figure 2.3. Solid-state structure of 2-[Ti] and bond metrics of the central ring.  Thermal 

ellipsoids shown at 50% probability. Hydrogen atoms and solvent molecules omitted for clarity.    

 

O Ti 

C 

C2 

C1 
C14 

C7 

C8 

 

C9 

 

Table 2.1. Comparison of Ti system under various nitrile loading and optimized Zr system 

 

acatalyst loading 0.05 equiv bbased on GC-MS cbased on 1H NMR integration 
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(1.467(4)),  consistent with loss of aromatization of the central ring and 2 electron reduction of the 

anthracene motif.23-27 The changes in bond lengths and anthracene planarity are analogous to the 

previously characterized Zr species.22   

Although the metal center is formally Ti(IV), the reduced anthracene stores two electrons, and 

the unique metal/ligand interaction affords a pathway to explore a new scope and range of 

reactivity with this pseudo “Ti(II)” species. The previously reported Zr system is competent for 

the [2+2+2] cotrimerization of alkynes and nitriles to afford the corresponding pyrimidines in the 

presence of excess nitrile. While pyrimidines are generated under catalytic conditions with 2-[Ti] 

(Table 2.1), a decreased selectivity for pyrimidine is observed, with the formation of the substituted 

benzene product (from alkyne trimerization) which was not observed for the Zr system.   The 

optimized conditions for the Zr-system afford the pyrimidine product with 99 % selectivity, yet 

the Ti system only achieves 52 % selectivity with the same catalyst loading and substrate 

equivalents (Table 2.1, entry Zr and 2).  While an improvement in selectivity with 2-[Ti] is 

Scheme 2.2. Stoichiometric reactions involving catalytically relevant species. 
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observed when the nitrile loading is increased to 10 equivalents (Entry 3), the observed selectivity 

is still attenuated compared to the Zr system.  

To gain insight into the observed product selectivity, stoichiometric studies with alkynes and 

nitriles were conducted (Scheme 2.2). The addition of 2 equivalents of PhCCH to 2-[Ti] results in 

the generation of 3a-[Ti] (pathway A) which has been characterized by 1H NMR and X-ray 

crystallography (Figure 2.4). Addition of one equivalent of TolCN and one equivalent of PhCCH 

to 2-[Ti] affords the mixed metallacycle 3b-[Ti] (pathway B).  Stoichiometric reactions carried 

out from the isolated metallacyclyes (3a-[Ti] and 3b-[Ti]) provide information about catalytically 

relevant pathways.  

Exploring pathway A, reaction of 3a-[Ti], with 1 equivalent of TolCCH leads to the formation 

of substituted benzenes with mixed aryl substituents, with 1,3,5-triphenylbenzene and 5-phenyl-

1,3-di(tolyl)benzene detected by GC-MS, indicating that initial coupling of the alkynes is 

reversible. Reaction of  3a-[Ti] with TolCN results in some formation of the pyridine product, but 

Figure 2.4. Solid-state structure of 3a-[Ti]. Thermal ellipsoids shown at 50% probability 

Hydrogen atoms and solvent molecules omitted for clarity.   

 

O 

Ti C 



 12 

product formation is attenuated (by 1H NMR), and substituted benzenes are also detected by GC-

MS. This again confirms the reversibility of initial binding of the alkynes and the more favorable 

formation of the substitute benzene products, consistent with observed selectivity under catalytic 

conditions.  

Exploring pathway B, treatment of 3b-[Ti] with PhCN generates a distribution of the 

pyrimidine products, including 2,4,6-triphenylpyrimidine, 4,6-diphenyl-2-(p-tolyl)pyrimidine, 

and 4-phenyl-2,6-di-p-tolylpyrimidine, with minor formation of pyridine and benzene products, 

indicating the reversibility of the initial alkyne and nitrile coupling is on a similar timescale to 

pyrimidine formation.  Treatment of 3b-[Ti] with TolCCH generates a very wide distribution of 

mixed aryl products (including pyrimidines, pyridines, and benzenes), corresponding with more 

favorable reversibility of initial alkyne/nitrile coupling over pyridine formation, consistent with 

the observed catalytic results.  

Interestingly, under catalytic conditions where alkyne trimerization is active, exclusive 

selectivity for 1,3,5 triphenylbenzene is observed over the more conventionally favored 1,2,4 

triphenylbenzene.28-29 In the absence of nitrile, the formation of both substituted benzenes is 

observed, but the selectivity for 1,3,5 triphenylbenzene can be dramatically increased by sub-

stoichiometric addition of nitrile (0.05 equiv).  In stoichiometric studies, generation of 1,3,5 

triphenylbenzene is still favored with pre-generation of 3a-[Ti]. While not investigated further, the  

formation of substituted benzene products and the dominant selectivity for 1,3,5 triphenylbenzene 

is markedly different than the Zr system.  

Additional chemical reactivity was explored for both the titanium (2-[Ti]) and zirconium 

systems (2-[Zr]).  The reaction of the corresponding alkyne and oxime and subsequent dehydration 

generates stoichiometric pyridines. While pyridines have been generated from alkynes and oximes, 
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they generally require metals including Rh30-36, Ni37, Cu38 which are tolerant to dehydration 

byproducts.  

While pyridine formation was detected by GC-MS for the 2-[Ti] system, improved performance 

was observed with 2-[Zr], with a maximum observed oxime conversion of ~50 % detected by 1H 

NMR. Given the non-catalytic performance, additional oxime substrates were not investigated 

further.    

Given the reactivity observed via supra with a variety of unsaturated organic molecules, 

attempts were made to extend the coupling to other heteroatom-containing unsaturated small 

molecules, particularly CO2.  There is interest in utilizing CO2 and a C1 feedstock, given it is 

abundant and nontoxic,39 but incorporation of CO2 into organic molecules remains challenging 

given the high thermodynamic and kinetic stability.40-43  To explore reactivity, stoichiometric 

Scheme 2.4. Stoichiometric reactions alkynes and CO2 with 2-[Ti] and 2-[Zr]. 

Scheme 2.3. Stiochiometric preparation of pyridines from alkynes and oximes. 
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reactions were carried out with 2-[Ti] and 2-[Zr] with alkynes under an atmosphere of CO2 

(Scheme 2.4). Coupling with CO2 and alkynes was observed for both systems.  The products were 

characterized by XRD, and solid-state characterization revealed the formation of a metallacycle 

formed from one equivalent of alkyne and one equivalent of CO2.  To facilitate turnover of the 

system, numerous attempts were made to remove the organic fragments from the metal center 

(Scheme 2.5).  Due to the strong M-O bonds (M = Ti ~158 kcal/mol; M = Zr ~180 kcal/mol),44 a 

variety of silane and borane reagents were screened due to the strength of the O-E bond (E = 

Si~191 kcal/mol; E = B~193 kcal/mol)44 in the desired products.  Unfortunately, no desired 

reactivity was observed, and the desired compounds were not observed by GC-MS.     

Ti 

O 

C 

Figure 2.5. Preliminary structure of Ti(PhCCH)(CO2)(O2Anth). Due to data quality, 

only connectivity was determined. 

Scheme 2.5. Proposed reactivity for removal of organic fragment. 
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CONCLUSIONS 

We have synthesized and characterized a series of titanium complexes supported by a redox 

non-innocent, hemilabile bis(phenoxide) ligand with a central 9,10-anthracenediyl motif.  

Analogous to the previously reported Zr system, two-electron chemistry at the Ti(IV) center is 

enabled by this ligand platform, including generation of the reduced complex by photolytic 

reductive elimination of bibenzyl from Ti(O2Anth)Bn2 and oxidative coupling of unsaturated 

organic substrates (including alkynes, nitriles).  The Ti system is competent for the [2+2+2] 

cycloaddition of nitriles and alkynes to generate pyrimidines, albeit with lower selectivity than the 

Zr system due to the competing forming of the benzene derivative.  Stoichiometric formation of 

pyridines is accessible with both the the Ti and Zr systems with appropriate alkyne and oxime 

substrates.  Both the Ti and Zr systems are competent for the oxidative cycloaddition of alkynes 

and CO2, although the coupled product remains bound to the metal center.       
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EXPERIMENTAL SECTION 

 

General Considerations. Unless otherwise specified, all operations involving air- or water-

sensitive reagents were carried out in an MBraun drybox under a nitrogen atmosphere or using 

standard Schlenk and vacuum line techniques. Solvents for air- and moisture-sensitive reactions 

were dried by the method of Grubbs.45 Deuterated solvents were purchased from Cambridge 

Isotope Laboratories and C6D6 was vacuum transferred from sodium benzophenone ketyl before 

use. All solvents, once dried and degassed, were stored under a nitrogen atmosphere over 4 Å 

molecular sieves. LH2
22 and tetrabenzyltitanium46 were prepared according to literature 

procedures. Alkynes and nitriles used were either sublimed under reduced pressure or distilled 

from calcium hydride before use. All other reagents were used as received. 1H and 13C{1H} spectra 

were recorded on Varian Mercury 300 MHz or Varian 400 MHz spectrometers at ambient 

temperatures, unless otherwise denoted. 1H and 13C{1H} NMR spectra are reported referenced 

internally to residual solvent peaks reported relative to tetramethylsilane. Gas chromatography-

mass spectrometry (GC-MS) was performed with on an Agilent 6890A instrument using a HP-

5MS column (30 m length, 0.25 mm diameter, 0.50 μm film) and an Agilent 5973N mass-selective 

EI detector. Photolyses were conducted using an Oriel Instruments arc lamp housing and a Osram 

75 W Xe arc lamp set to a current of 5.4 A. 

 

Synthesis of 1-[Ti]. This reaction was conducted under an inert atmosphere and with exclusion 

of light.  To a thawing solution of tetrabenzyltitanium (290 mg, 0.703 mmol, 1 equiv) in toluene 

(20 mL), was added a thawing solution of LH2 (500 mg, 0.703 mmol, 1 equiv) in toluene (10 mL) 
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with stirring. The reaction was allowed to warm up to room temperature and stirred an additional 

2 h, followed by heating at 75 oC for 16 hr, forming a bright red solution. The solution was removed 

from the glovebox in a Schlenk tube and heated to 80 oC for 48 hr.  Reaction progress was 

monitored by 1H NMR.  Upon completion, solvent was removed under reduced pressure.  The 

solid was redissolved in pentane, filtered through a pad of diatomaceous earth, and volatiles were 

removed in vacuo to afford 1-[Ti] as a red/brown solid. (620 mg, 94 %).  1H NMR (400MHz, 

C6D6) 8.06 (dd, 4 H, ArH), 8.03 (d, 2 H, AnthH), 7.33 (d, 2 H, ArH), 7.04 (dd, 4 H, AnthH), 6.85 

(s, 4 H, MesH) 6.81-6.71 (m, 6 H, ArH), 5.87 (d, 4 H, ArH), 2.19 (s, 6 H, ArCH3), 2.13 (s, 12 H, 

ArCH3), 1.65 (s, 4 H, Ph-CH2), 1.37 (s, 18 H, C(CH3)3).   
13C{1H} NMR (101 MHz, C6D6): 161.25 

(aryl-C), 144.81 (aryl-C), 142.51 (aryl-C), 137.06 (aryl-C), 136.88 (aryl-C), 134.76 (aryl-C), 

133.29 (aryl-C), 132.09 (aryl-C), 131.17 (aryl-C), 129.02 (aryl-C), 128.62 (aryl-C), 128.59 (aryl-

C), 126.40 (aryl-C), 126.10 (aryl-C), 124.52 (aryl-C), 123.77 (aryl-C), 88.84 (TiCH2Ph), 34.67 

(C(CH3)3), 31.94 (C(CH3)3), 21.56 (ArCH3), 21.15 (ArCH3). Anal. Calcd. C66H66O2Ti (%): C, 

84.41; H, 7.08. Found: C, 82.22; H, 6.85.  

 

Synthesis of 2-[Ti]. A quartz Schlenk tube was charged with TiO2AnthBn2 (250 mg, 0.266 

mmol) and dissolved in 30 mL THF.  The reaction was stirred at RT under UV light for 16 hr.  After 

complete conversion, the reaction mixture was pumped down to dryness and triturated 3x with 5 

mL hexanes.  The red-brown solid was rinsed with pentane to remove the bibenzyl side-product 

followed by extraction with benzene.  A brown-red solid was obtained.  (203 mg, 85%) 1H NMR 

(400MHz, C6D6) 7.73 (d, 2 H, ArH), 7.36 (dd, 4 H, ArH), 7.34 (d, 2 H, ArH), 6.94 (s, 4 H, MesH), 
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6.73 (dd, 4 H, ArH), 3.48 (br. m., 8 H, THF-OCH2), 2.27 (s, 12 H, ArCH3), 2.21 (s, 6 H, ArCH3), 

1.39 (s, 18 H, C(CH3)3), 1.27 (br. m., 8 H, THF-CH2). 
13C{1H} NMR (101 MHz, C6D6): 163.04 

(aryl-C), 141.51 (aryl-C), 138.18 (aryl-C), 136.93 (aryl-C), 135.85 (aryl-C), 134.90 (aryl-C), 

134.30 (aryl-C), 127.30 (aryl-C), 126.72 (aryl-C), 126.61 (aryl-C), 125.03 (aryl-C), 125.03 (2C, 

aryl-C), 118.80 (aryl-C), 73.40 (THF-OCH2) 34.44 (C(CH3)3), 32.33 (C(CH3)3), 25.08 (THF-CH2), 

21.49 (ArCH3), 21.16 (ArCH3). Anal. Calcd. C60H66O4Ti (%): C, 80.16; H, 7.40. Found: C, 79.59; 

H, 7.62.  

 

Synthesis of 3-[Ti]. A solution of 2-[Ti] (50 mg, 0.0986 mmol) and diphenylacetylene (35.2 mg, 

0.197 mmol) in benzene (5 mL) was heated to 90 °C with stirring for 6 hr. After cooling to room 

temperature, the volatiles were removed in vacuo. The residue was washed with cold pentane, 

extracted with benzene, and filtered through diatomaceous earth. Concentration under vacuum 

provided 3-[Ti] as a brown solid (35.4 mg 70%). %) 1H NMR (400MHz, C6D6): 8.08 (dd, 4 H, 

anth-H), 8.03 (d, 2 H, ArH), 7.27 (d, 2 H, ArH), 7.03 (dd, 4 H, anth-H), 6.91-6.66 (overlapping m, 

18 H, ArH), 6.50 (dd, 4H, ArH), 5.69 (dd, 4H, ArH), 2.25 (s, 6H, ArCH3), 2.02 (s,  12H, ArCH3), 

1.42 (s, 18 H, C(CH3)3).  
13C{1H} NMR (101 MHz, C6D6): 219.23 (Ti-C), 161.06 (aryl-C), 144.85 

(aryl-C), 141.15 (aryl-C), 140.70 (aryl-C), 137.69 (aryl-C), 137.01 (aryl-C), 136.72 (aryl-C), 

136.09 (aryl-C), 134.87 (aryl-C), 133.24 (aryl-C), 132.16 (aryl-C), 131.82 (aryl-C), 130.50 (aryl-

C), 127.33 (aryl-C), 127.29 (aryl-C), 126.22 (aryl-C), 126.18 (aryl-C), 125.36 (aryl-C), 124.35 
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(aryl-C), 34.71 (C(CH3)3), 31.92 (C(CH3)3), 21.57 (ArCH3), 21.31 (ArCH3). Anal. Calcd. 

C80H72O2Ti (%): C, 86.31; H, 6.52. Found: C, 85.99; H, 6.67.     

 
Synthesis of 3a-[Ti]. Phenylacetylene (13.3 mg, 0.13 mmol, 2 equiv) was dissolved in benzene 

(1 mL) and added dropwise to a stirred solution of 2-[Ti] (58.4 mg, 0.065 mmol, 1 equiv) in 

benzene (5 mL) at room temperature.  Upon addition, the solution changed from red-brown to 

yellow-brown.  The reaction was stirred for 5 minutes, and volitates were concentrated in vacuo.  

The material was washed with cold pentane and extracted into benzene.  After drying under 

reduced pressure, 3a-[Ti] was isolated as a light brown powder  (41.2 mg, 62 %).  1H NMR (400 

MHz, C6D6): 8.30 (dd, 4 H, anth-H), 8.04 (d, 2 H, ArH), 7.99 (dd, 4 H, anth-H) 7.32 (d, 2 H, 

ArH), 7.24-7.18 (overlapping m, 5 H, Ar-H), 7.08 (m, 1 H, Ar-H), 6.91-6.80 (overlapping m, 10 

H, ArH), 6.51 (br. s, 2 H, ArH), 5.62 (d, 2 H, ArH), 2.53 (br. t, 4 H, THF-OCH2), 2.40 (s, 6 H, 

ArCH3), 2.19 (s, 6 H, ArCH3), 2.09 (s, 6 H, ArCH3), 1.45 (s, 18 H, C(CH3)3), 0.49 (br. t, 4 H, 

THF-CH2).  13C{1H} NMR (101 MHz, C6D6): 216.92 (Ti-C), 210.36 (Ti-C), 160.80 (aryl-C), 143.50 

(aryl-C), 140.40 (aryl-C), 139.28 (aryl-C), 136.93 (aryl-C), 136.67 (aryl-C), 135.52 (aryl-C), 134.88 (aryl-

C), 133.12 (aryl-C), 132.35 (aryl-C), 132.25 (aryl-C), 130.34 (aryl-C), 129.34 (aryl-C), 129.00 (aryl-

C), 128.59 (aryl-C), 128.45 (aryl-C), 127.59 (aryl-C), 126.78 (aryl-C), 126.64 (aryl-C), 126.56 

(aryl-C), 126.41 (aryl-C), 125.97 (aryl-C), 125.51 (aryl-C), 124.98 (aryl-C), 124.60 (aryl-

C),124.18 (aryl-C), 69.59 (THF-OCH2), 34.65 (C(CH3)3), 31.99 (C(CH3)3), 24.47 (THF-CH2), 

21.55 (ArCH3), 21.25 (ArCH3), 21.21 (ArCH3).  Anal. Calc. for C72H72O3Ti (%): C, 83.70; H, 

7.02. Found C, 83.93; H, 7.00.  
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General procedure of stoichiometric coupling of alkynes and CO2 with 2-[M] 

A Schlenk tube was charged with 2-[M] (1 equiv) in benzene. The tube was then degassed by 3 

freeze-pump-thaw cycles and CO2 (1 atm) was introduced along with PhCCH via syringe (1 equiv) 

and stirred for 2 hours at 90 oC. Remove of volatiles yielded the corresponding complex. 

 

General Setup for Catalytic Pyrimidine Synthesis. In the glovebox, stock solutions of nitrile, 

alkyne, and 2 in the appropriate solvent were measured with syringes and added in that order to a 

vial equipped with a Teflon-coated stir bar, additional solvent was added to ensure total volume of 

the reaction was 3 mL. The vial was capped with a PTFE-lined septum cap, taken out of the box, 

and placed into a preheated heating block at the appropriate temperature. After the reaction time, 

the reaction was cooled to room temperature and quenched by exposure to air with stirring. A small 

volume was taken, filtered through a pad of silica gel, and eluted with CH2Cl2 for GC-MS analysis. 

Conversion and selectivity detected by 1H NMR.  1,3,5 trimethoxybenzene was added as an 

internal standard for quantification.   

Substituted benzenes (1,3,5 triphenylbenzene and 1,2,4 triphenylbenzene) distinguished by 1H 

NMR and GC-MS (by external comparison to authentic samples of 1,3,5 triphenylbenzene and 

1,2,4 triphenylbenzene). 
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Representative GC-MS of Product Mixtures from Stoichiometric Studies  

Figure 2.6. GC-MS chromatograph from reaction of 3a-[Ti] with phenylacetylene.  

 

Figure 2.7. GC-MS chromatograph from reaction of 3a-[Ti] with TolCN  (specific assignments 

of pyridine products not distinguished.  
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Table 2.2. Crystal and refinement data 

 2-[Ti] 3a-[Ti] 

   

Empirical 

formula 
C65H80O4Ti C74.50H78O3Ti 

Formula weight 973.19 1069.26 

T (K) 100 100 

a, Å 16.2834(9) 23.708(3) 

b, Å 16.2834(9) 18.4392(13) 

c, Å 41.577(4) 31.015(4) 

α, ° 90 60 

β, ° 90 101.304(10) 

 , ° 120 90 

Volume, Å3 9547.2(14) 13295(3) 

Z 6 8 

Crystal system Trigonal Monoclinic 

Space group P3221 P21/n 

dcalc, g/cm3 1.016 1.068 

  range, ° 3.134 to 79.994 2.609 to 72.231 

µ, mm-1 1.446 1.418 

Abs. 

Correction 
Multi-scan 

Multi Scan 

GOF 1.031 1.068 

R1
 ,a wR2

 b 

[I>2 (I)] 
0.0482, 0.1052 

0.0909,0.2668 

Radiation Type Cu Kα Cu Kα 
a R1 = ∑||Fo| - |Fc||/∑|Fo|. b wR2 = [∑[w(Fo

2-Fc
2)2]/∑[w(Fo

2)2]1/2. 
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NMR SPECTRA 

 
Figure 2.8. 1H NMR of 1-[Ti] in C6D6. 

 

 

Figure 2.9. 13C NMR of 1-[Ti] in C6D6. 

 
Figure 2.10. 1H NMR of 2-[Ti] in C6D6. 
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Figure 2.11. 13C NMR of 2-[Ti] in C6D6. 

 

 
Figure 2.12. 1H NMR of 3a-[Ti] in C6D6. 
 

 
Figure 2.13. 13C NMR of 3a-[Ti] in C6D6. 
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Figure 2.14. 1H NMR of 3-[Ti] in C6D6. 

 

 
Figure 2.15. 13C NMR of 3-[Ti] in C6D6. 
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CHAPTER 3.  α,ω-Diene Generation from Ethylene and Butadiene by Copolymer Upcycling 
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ABSTRACT 

Linear α-olefins are accessed efficiently from ethylene in the Shell Higher Olefin Process 

(SHOP), an industrial process practiced on a million-ton scale that generates a statistical mixture 

of C4-C30 products. An analogous general process for the preparation of a range of α,ω-dienes is 

lacking. We herein report a two-step method that generates industrially relevant α,ω-dienes. In the 

first step, ethylene and butadiene are copolymerized to generate copolymers with variable 

butadiene content. A titanium bisphenoxide bisthiolate catalyst activated with 

methylaluminumoxane (MAO) was selected for this step due to high selectivity for 1,4-butadiene 

incorporation. Ethenolysis of the copolymers results in a distribution of α,ω-dienes in the C10-C20 

range. Depending on conditions, linear trienes are also generated. The reported protocol provides 

a strategy for copolymer upcycling to value-added olefin products. 
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GENERAL INTRODUCTION 

Linear α-olefins have a plethora of commercial applications with an annual production reaching 

million-ton scale.1-4 They serve as lubricants (SHC oils), comonomers for low-density 

polyethylene (LDPE), and predominant commercial precursors to detergents.2 Industrially, they 

are primarily produced in the Shell higher olefin process (SHOP, Figure 3.1a).2 Under high 

pressure (100-110 bar), high temperature conditions (90-100 oC), a nickel phosphine complex 

serves as a catalyst for the synthesis of short oligomers.  

    α,ω-Dienes, analogs of α-olefins, are much less explored, potentially due to challenges in 

preparation. In addition to similar 

applications as α-olefins, they also serve as 

comonomers to prepare branched 

polyolefins and precursors for 

difunctionalized monomers for 

polymerization.5-23 However, reported 

preparations of α,ω-dienes typically 

require multiple steps from cyclic olefinic 

precursors and are only applicable for 

several specific dienes. 4, 24-25 For example, 

dimerization and trimerization of 

butadiene affords a mixture of 1,5-

cyclooctadiene and 1,5,7-

cyclododecatriene. Partial hydrogenation of 

1,5-cyclooctadiene followed by ethenolysis 

Figure 3.1. (a) Industrial preparation of α-olefins. (b) 

Examples of industrial synthesis of α,ω-dienes. (c) 

Depiction of two-step α,ω-diene generation in this 

work. (d) Key catalysts for optimized conditions (step 

1: Ti-OSSO; step 2: Grubbs I) 

a) 

 

a) b) 

 

b) 

c) 

 

c) 

d) 

 

d) 
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affords the desired 1,9-decadiene.26 Partial hydrogenation of 1,5,7- cyclododecatriene followed by 

ethenolysis affords 1,13-tetradecadiene (Figure 3.1b).26 Ethenolysis of 1,5,7-cyclododecatriene 

generates 1,5-hexadiene.27   

    Aiming to increase the scope of α,ω-diene synthesis, we pursued an integrated two-step process 

involving the preparation of polyolefins featuring randomly distributed internal olefins followed 

by ethenolysis. Previously, ethenolysis has been utilized for polymer degradation,24, 28-29 with 

products including lower MW oligomer/polymer fragments with α,ω divinyl tails. Examples 

include partially hydrogenated cis-1,4-polybutadiene and polyethylene,30-31 copolymers prepared 

from ethylene, butadiene, and 1-octene,32 butadiene/propylene copolymers30, 33-34and 

butadiene/styrene copolymers.35  1,5-Hexadiene has been generated from the ethenolysis of 

polybutadiene.36 More recently, a combination of dehydrogenation, olefin isomerization, and 

olefin metathesis with ethylene has been employed to convert polyethylene to propylene.37-38 

However, a general strategy to target a distribution of chain lengths of α,ω-dienes resembling 

SHOP is not present. Herein we report the conversion of simple chemical feedstocks, butadiene 

and ethylene, into a statistical distribution of linear α,ω-dienes (C10-C20) in a two-step process.  
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RESULTS AND DISCUSSION 

    The preparation of linear α,ω-dienes from butadiene and ethylene via a copolymer intermediate 

requires control of polymer microstructure to generate linear olefins after the final step. Butadiene 

can insert into metal-alkyl bonds with 1,2, 1,4-cis, or 1,4-trans selectivity. Incorporation of 

butadiene in a 1,4 fashion is necessary to install the alkene functionality in the polymer backbone, 

a requirement for breakdown of the long hydrocarbyl chain through ethenolysis. Incorporation of 

butadiene in 1,2 fashion places the double bond in the side chain, which is undesirable because of 

lack of potential for cleavage of the main chain through ethenolysis and generation of branches in 

the cleaved products.  

    Catalysts for the copolymerization of ethylene and butadiene were selected based on their 1,4-

selectivity. While copolymerization has been achieved with a variety of Sc, Y, Ti, Nb, Fe, Co 

catalyst systems, few examples feature high 1,4-selectivity, especially for earth-abundant 

catalysts.39-44 A series of (bis(arylimino)pyridyl cobalt catalysts produce ethylene/butadiene 

copolymers with 1,4-selectivity up to 97% with MMAO as the activator.41 We thus tested a relevant 

cobalt complex (PDI-Co1) under varying ethylene pressures and butadiene concentrations. 

Though PDI-Co1 did produce ethylene/butadiene copolymers in the presence of MMAO, this 

system is not suitable for α,ω-diene generation since: 1) the catalytic activity and content of 

internal olefins (generated after 1,4-insertion of butadiene or elimination following chain walking) 

is relatively low (activity = 33 kg/(mol*h) for %Mol 1,4-BD = 2.6%, EXPERIMENTAL 

SECTION Table 3.6) and 2) subsequent metathesis with olefins (e.g., 4-octene) only yielded 

limited amounts of C9~C20 products, with a significant portion of polymer material remaining 

(>80% compared to starting copolymers, Table 3.7-3.8).  

    A titanium bisphenoxide bisthioether complex (Figure 3.1d), Ti-OSSO,44 was investigated due 

to its reported ability to incorporate varying levels of butadiene with a strong preference for 1,4-
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insertion.  Activated with excess MAO, Ti-OSSO produces a variety of ethylene/butadiene 

copolymers with a relatively high activity around ~2,000-4,000 kg/(mol*h) and butadiene 

incorporation ranging from 4-27% (Sample A: 4.7%, B: 17.8%, C: 27.7%; Table 3.2). 

    Polymer microstructure was interrogated by 13C NMR at elevated temperatures with specific 

arrangements of ethylene and butadiene ascertained based on characteristic peaks in 13C{1H} NMR 

spectra.45 Even with low butadiene incorporation (sample A), the copolymer contains significant 

amounts of TET linkages (where T = trans butadiene and E = ethylene), suggesting the butadiene 

is not evenly distributed within the copolymer.  For copolymers B and C, in addition to significant 

amounts of TET and TEE, some TT linkages are observed. 

Entry Polymer
[b]

 

Polymer 

Mass 

(mg) 

Ru 

(μmol ) 

C
2
H

4
 pressure 

(psi) 

Time 

(hr) 

Temp 

(
o
C) 

Remaining 

polymer 

mass (%) 

1,4 Butadiene 

in remaining 

polymer  (mol 

%) 

Internal 

olefins in 

filtrate (%) 

1 A 300 30 0 1 60 97 4.7 NA
[g]

 

2 A 300 30 25 1 60 83 1.2 34 

3 A 300 30 50 1 60 77 ND 29 

4 A 300 30 100 1 60 82 0.9 23 

5
[c]

 A
4
 150 30 100 1 60 98 0.9 NA

[g]
 

6 A 300 30 125 1 60 83 1.2 29 

7 A 300 0 100 1 60 94 4.7 NA
[g]

 

8 B 150 15 100 0.25 60 61 5.7 40 

9 B 150 15 100 0.5 60 64 4.6 ND 

10 B 900 30 100 1 60 55 3.7 49 

11
[d]

 B
10

 450 30 100 1 60 62 (34)
[f]

 1.5 23 

12
[e]

 B
11

 150 30 100 1 60 ND ND ND 

13 B 300 30 100 2 60 58 5.3 43 

14 B 300 30 100 16 60 52 4.5 42 

15 C 300 30 100 1 60 39 10.8 49 

[a] Solvent, toluene (10 mL).  Following the ethenolysis trial, filtration was performed to remove remaining 

polymer.  Solvent was concentrated under vacuum, and the olefin content of remaining filtrate (C14+) was 

analyzed by 1H NMR spectroscopy. [b] Polymers correspond to Polymer A (4.7% butadiene), Polymer B 

(17.8% butadiene), and Polymer C (27.7% butadiene);  see Table 3.2. [c] Polymer residue from entry 4 was 

used as the precursor polymer. [d] Polymer residue from entry 10 was used as the precursor polymer. [e] 

Polymer residue from entry 11 was used as the precursor polymer. [f] Overall yield for two ethenolysis (entry 

11). [g] Not applicable as no products from degradation were observed. 
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Table 3.1. Ethenolysis of Ethylene/Butadiene Copolymers 

 

 

Entry Polymer
[b] 

Polymer 

Mass 

(mg) 
Ru 

(μmol ) 
C

2
H

4
 

pressure 

(psi) 
Time 
(hr) 

Temp 
(
o
C) 

Remaining 

polymer 

mass (%) 

1,4 Butadiene in 

remaining 

polymer  (mol 

%) 

Internal 

olefins in 

filtrate 

(%) 

1 A 300 30 0 1 60 97 4.7 NA
[g] 

2 A 300 30 25 1 60 83 1.2 34 
3 A 300 30 50 1 60 77 ND 29 
4 A 300 30 100 1 60 82 0.9 23 

5
[c] A

4 150 30 100 1 60 98 0.9 NA
[g] 

6 A 300 30 125 1 60 83 1.2 29 
7 A 300 0 100 1 60 94 4.7 NA

[g] 
8 B 150 15 100 0.25 60 61 5.7 40 
9 B 150 15 100 0.5 60 64 4.6 ND 

10 B 900 30 100 1 60 55 3.7 49 
11

[d] B
10 450 30 100 1 60 62 (34)

[f] 1.5 23 
12

[e] B
11 150 30 100 1 60 ND ND ND 

13 B 300 30 100 2 60 58 5.3 43 
14 B 300 30 100 16 60 52 4.5 42 
15 C 300 30 100 1 60 39 10.8 49 

 [a] Solvent, toluene (10 mL).  Following the ethenolysis trial, filtration was performed to remove 

remaining polymer.  Solvent was concentrated under vacuum, and the olefin content of remaining 

filtrate (C14+) was analyzed by 1H NMR spectroscopy. [b] Polymers correspond to Polymer A (4.7% 

butadiene), Polymer B (17.8% butadiene), and Polymer C (27.7% butadiene);  see Table S1. [c] 

Polymer residue from entry 4 was used as the precursor polymer. [d] Polymer residue from entry 10 

was used as the precursor polymer. [e] Polymer residue from entry 11 was used as the precursor 

polymer. [f] Overall yield for two ethenolysis (entry 11). [g] Not applicable as no products from 

degradation were observed. 
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    With copolymers having a range of butadiene content, the impact of ethenolysis conditions on 

the nature of α,ω-dienes produced was evaluated. Two commercially available ruthenium olefin 

metathesis catalysts, Grubbs 1 (Figure 3.1d) and Grubbs M202, were tested.24, 36 Ethenolysis 

conditions, including reaction time and ethylene pressure, were investigated first with a 

commercially available ruthenium metathesis catalyst, Grubbs I,24, 36 to maximize polymer 

conversion to α, ω-dienes (Table 3.1). The mass of the remaining polymer, its remaining olefin 

content, and the content of internal olefin in the produced α,ω-dienes (after removal of solvent and 

C10-C12 products) were determined. Increasing the ethylene pressure from 25 to 100 psi leads to 

higher conversion of polymer to dienes (Entry 2~4). However, this increase stops with higher 

ethylene pressure (entry 4 vs 5), a scenario that has been previously reported.24, 36 A more thermally 

robust catalyst, Grubbs M202, was also employed for ethenolysis at higher temperatures. 

However, lower amounts of the desired α, ω-dienes were observed, with a wide distribution of 

species of both odd and even carbon numbers, potentially resulting from isomerization and cross-

metathesis. (Figure 3.10, Table 3.4). Therefore, Grubbs I is preferred for this application, despite 

the temperature limitations. 

       1H NMR and 13C{1H} NMR spectroscopy analysis of the remaining polymeric material 

revealed the presence of internal and terminal olefins (see EXPERIMENTAL SECTION). Notably, 

13C{1H} NMR spectra also indicated that the TET units were significantly attenuated compared to 

TEE for all analyzed samples. The α, ω-dienes prepared from polymer degradation were examined 

by GC-MS and 1H and 13C NMR spectroscopy. Commercial 1,9-decadiene, 1-dodecene, 1-

tetradecane, 1-hexadecene, and 1-octadecene were used as references in GC-MS (Table 3.5). 

Compared to the α-olefins, slightly different elution times were observed for α,ω-dienes generated 

in ethenolysis which are assigned to 1,11-dodecadiene, 1,13-tetradecadiene, 1,15-hexadecadiene, 
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and 1,17-octadecadiene, and 1,19-eicosadiene as the major species, in agreement with the MS 

assignment (Figure 3.2a). The nature of the products within each Cn set of isomers varies with the 

nature of the precursor polymers and ethenolysis conditions. In addition to the linear α,ω-dienes, 

more types of products were observed in the GC-MS spectra produced in entries 10 and 15 (Table 

3.1) compared to entry 4  (Figure 3.2b and 3.2d vs 3.2a). Based on MS and NMR data, these peaks 

are assigned to α,ω-divinyl species with an additional internal olefin, arising from incomplete 

ethenolysis.  Indeed, both internal and terminal olefins are observed by 1H NMR after in-vacuo 

removal of the solvent and more volatile α,ω-dienes (C10, C12). Higher amounts of internal olefin 

are observed for trials where GC data are indicative of additional species.  The presence of internal 

olefins has previously been observed for the incomplete ethenolysis of 1,4 cis polybutadiene.36 

    Ethenolysis was conducted again with polymer residues generated in entries 4 and 10 to 

determine if remaining internal olefins could be further cleaved. No reaction was observed with 

copolymers with low olefin content (entry 5). However, degradation was observed for copolymers 

with high butadiene incorporation (entry 11, Table 3.1), coupled with further attenuation of the 

content of internal olefins. Notably, the distribution of products generated from the second 

ethenolysis is different from initial ethenolysis. Only one major congener was observed for each 

of C10, C12, C14, C16, C18, and C20 α,ω-dienes (Figure 3.2c) likely due to significant attenuation in 

the amount of TET linkages from the first ethenolysis trial. This distribution is reminiscent of 

statistical distributions observed in the oligomerization of ethylene with SHOP catalysts.2-3 

Unfortunately, no significant change was observed after a third ethenolysis trial, proposed to be 

caused by the low solubility of the polymer residue, limiting the overall generation of α,ω-dienes. 

    Analysis of possible products for the two-step procedure (Figure 3.2e) reveals that although 

multiple isomers can form for each carbon number, they are limited by the propensity of 
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enchainment of butadiene and ethylene. For example, back-to-back butadiene insertion is not 

Figure 3.2. Gas chromatograms for filtrate samples derived from polymers with low initial content of 

butadiene (a, from entry 4, Table 1) and high initial content of butadiene (b, from entry 10; c, from entry 11; 

d, from entry 15, Table 1), schematic of possible polymer cleavage points labeled with corresponding Cn 

products after ethenolysis (e), comprehensive list of all possible products for C10-C16 species resulting from 

an ethylene-butadiene copolymer upon ethenolysis (f). Notes: In e, number of butadiene insertions is not 

representative of the actual polymer composition. In f, internal double bonds represented in trans 

configuration, but corresponding cis isomers are also expected. Ethylene derived fragment, red; butadiene, 

green; ethylene derived from ethenolysis, blue. Light blue shading highlights products derived from the 

example polymer structure in e). 

c) 

 

a) 

 

b) 

 

d) 

 

e) 

 

f) 
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favored, as indicated by microstructural analysis of the copolymers with  13C{1H} NMR. 

Furthermore, ethenolysis products with an internal double bond are primarily the trans isomers, 

consistent with the more favored 1,4 trans insertions of butadiene vs. the 1,4 cis insertions during 

copolymerization. At higher carbon numbers, the complexity of the product mixture increases. 

While the products with different molecular weights are resolvable by GC-MS, it is not facile to 

distinguish between positional isomers of the same mass. Nevertheless, resonances for conjugated 

olefins are minor or virtually absent by 1H NMR spectroscopy, indicating that double bond walking 

is limited. An example yield (Table 3.1, entry 4) for the generated mixture of α,ω-dienes was 76% 

of the converted polymer, or 13% of the initial polymer amount.  

         In addition to the targeted α, ω dienes, polyolefins with α,ω-divinyl ends and small amounts 

of odd carbon-number α-olefins are observed. Polyolefins with α,ω-divinyl ends, can serve as 

telechelic polymers for synthesis of polyethylene-like polyesters, polyethers, polyamides, and 

poly-α-olefin based lubricants or synthons for cross-linked polymers.24, 30, 46  The odd-carbon α-

olefins result from ethenolysis of polymer chain ends (Figure 3.2e). The commercial SHOP process 

produces only even-carbon α-olefins, making odd-carbon α-olefins less accessible and thus 

expensive for potential applications.47 Current methods target these products via oxidative 

decarbonylation.48-50 Modification of the polymerization and ethenolysis conditions presented here 

may offer an opportunity to access these types of products, though with low conversion. Although 

the present protocol is not practical due to the significant amount of polymer residue, it provides 

proof of principle for a concise two-step synthesis of a range of industrially relevant products via 

polyolefin conversion.   
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CONCLUSIONS     

In summary, we have developed a two-step method for the generation of α,ω-dienes from 

ethylene and butadiene. This method consists of (1) ethylene/butadiene copolymerization with a 

Ti-OSSO/MAO catalyst system and (2) ethenolysis with a ruthenium catalyst.  Careful catalyst 

selection for the initial copolymerization allows for good selectivity for 1,4 butadiene insertion, 

critical for installation of the alkene in the polymer backbone, and the butadiene content in the 

polymer can be controlled by modification of the polymerization conditions. Subsequent 

ethenolysis degrades the material to produce vinyl-terminated polymers and  a distribution of α,ω-

diolefins in an industrially relevant range.         
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EXPERIMENTAL SECTION 

General Considerations  

Unless otherwise specified, all operations involving air- or water-sensitive reagents were carried 

out in an MBraun drybox under a nitrogen atmosphere or using standard Schlenk and vacuum line 

techniques. Solvents for air- and moisture-sensitive reactions were dried by the method of 

Grubbs.51 Deuterated solvents were purchased from Cambridge Isotope Laboratories and C6D6 

was vacuum transferred from sodium benzophenone ketyl before use. All solvents, once dried and 

degassed, were stored under a nitrogen atmosphere over 4 Å molecular sieves. Ligand precursor 

152 and Ti OSSO44 and PDI-Co41 were prepared according to literature procedures.  Ligand 2 was 

prepared with modification to the published procedure. 1H and 13C{1H} NMR spectra were 

recorded on Varian 400 MHz spectrometers at ambient temperatures, unless otherwise denoted. 1H 

and 13C{1H} NMR spectra are reported referenced internally to residual solvent peaks reported 

relative to tetramethylsilane. Gas chromatography-mass spectrometry (GC-MS) were performed 

with on an Agilent 6890A instrument using a HP-5MS column (30 m length, 0.25 mm diameter, 

0.50 μm film) and an Agilent 5973N mass-selective EI detector.  

 

Scheme 3.1. Preparation of 3. 

 

Compound 2 was prepared with modification to the published procedure. 
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To a solution of 1 (1.5 g, 3.1 mmol, 1.0 equiv) in THF was added dropwise a freshly prepared 

solution of sodium napthalenide (6.9 mmol, 2.2 equiv).  The solution was stirred for 1hr at RT, 

before removal of all solvent in vacuo.  The material was resuspended in dry MeOH (30 mL), and 

1,2 dibromoethane (590 mg, 3.1 mmol, 1.0 equiv) was added under a counterflow of N2.  The 

reaction was heated to 70 oC for 1hr.  Upon cooling to RT, the product precipitated and was filtered 

and washed with DCM.  The product was redissolved in Et2O and concentrated in vacuo to afford 

2 as a white solid.  (1.36 g, 86%) 1H NMR (C6D6) 7.49 (d, 2 H, Ar-H), 7.02 (d, 2 H, Ar-H), 2.26 

(m, 4 H, SCH2CH2S), 1.65 (s, 9 H, C(CH3)3), 1.17 (s, 9 H, C(CH3)3). 

General Polymerization Conditions  

A solution of butadiene (20 weight % in toluene, 1000-3000 equiv) and MAO (1000 equiv) were 

transferred to a Fisher Porter Vessel, and toluene was added to a final reaction volume of 14 mL.  

3 (6.2 mg, 10 mmol, 1 equiv) was dissolved in toluene (1 mL) and transferred to a capped luer-

lock syringe.  The N2 atmosphere was replaced with ethylene by pressurizing and venting the 

vessel.  The catalyst was injected under 25 psi of ethylene before increasing the pressure to desired 

reaction conditions.  The reaction was quenched by exposure to air, and the polymer was 

precipitated with MeOH and dried overnight under vacuum.   

General Ethenolysis Conditions  

Polymer sample (300 mg) and Grubbs Catalyst 1 (25 mg, 30 mmol) were dissolved in 10 mL of 

toluene and transferred to a Fisher Porter Vessel. The N2 atmosphere was replaced with ethylene 

by pressurizing and venting the vessel.  The vessel was heated to 60 oC for desired amount of time 

(0.25-16 hr).  Ethyl vinyl ether (0.1 mL) was injected, and the vessel was stirred for an additional 

30 minutes.  The vessel was cooled to room temperature.  The remaining polymer was precipitated 

with methanol (50 mL) and filtered.  The filtrate was analyzed by GC-MS to detect the produced 
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α,ω dienes.  The remaining polymeric material was dried under vacuum overnight, and the internal 

and terminal olefins were analyzed via 1H NMR.  The filtrate was concentrated under vacuum to 

remove solvent and products ≤ C12, and the olefin content was analyzed by 1H NMR .  

Table 3.2: Ethylene/Butadiene Copolymers: Copolymers A, B, and C Prepared from 

Copolymerization of Butadiene and Ethylene  

Entrya 
[Ti] 

/𝜇mol 

[ethylene] 

/psi 

[BD] 

/[Ti] 

Temp. 

(°C) 

time 

(min) 

Yield 

(g) 

Act. 

(kg/(mol·h))b 

Mw 

/103 
PDI 

1,4-

BD 

(mol 

%)c 

A 10 100 1000 25 5 3.5 4542 7.1 3.45 4.6 

B 10 50 3000 25 5 2.1 2505 7.16 3.76 17.8 

C 10 25 3000 25 5 2.0 2345 ND ND 27.8 
a Polymerization conditions: Ti complex (10 μmol), Al/Ti = 1000, total volume = 25 mL  b 

Activity = kg/(mol of Ti h) cDetermined by 1H NMR 

Table 3.3: Ethenolysis Trials for Ethylene/Butadiene Copolymers A, B, and C[a] 

Entry Polymer 

Polymer 

Mass 

(mg) 

Ru 

(μmol) 

C2H4 

pressure 

(psi) 

Time 

(hr) 

Temp 

(oC) 

Remaining 

polymer 

mass (%) 

1,4 

Butadiene 

in 

remaining 

polymer  

(mol %) 

Internal 

olefins 

in 

filtrate 

(%) 

Mw 

x103 
PDI 

Before A       4.7  7.08 3.45 

1 A 300 30 0 1 60 97 4.7 NA ND ND 

2 A 300 30 25 1 60 83 1.2 34 6.95 3.79 

3 A 300 30 50 1 60 77 ND 29 6.96 3.97 

4 A 300 30 100 1 60 82 0.9 23 ND ND 

6 A 300 30 125 1 60 83 1.2 29 6.55 3.84 

7 A 300 0 100 1 60 94 4.7 NA 6.31 3.81 

5 A[b] 150 30 100 1 60 98 0.9 NA   

Before B       17.8  7.16 3.76 

8 B 150 15 100 0.25 60 61 5.7 40 3.11 2.99 

9 B 150 15 100 0.5 60 64 4.6 ND 3.03 2.51 

10 B 900 30 100 1 60 55 3.7 49 2.85 2.87 

11 B[c] 450 30 100 1 60 62 (42)[e] 1.5 23 3.25 2.54 

12 B[d] 150 30 100 1 60 ND ND ND 6.87 3.79 
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13 B 300 30 100 2 60 58 5.3 43 2.86 2.54 

14 B 300 30 100 16 60 52 4.5 42 2.89 2.51 

Before C       27  ND ND 

15 C 300 30 100 1 60 39 10.8 49 ND ND 

[a] V = 10 mL, T= 60 °C, solvent: toluene. Following the ethenolysis trial, filtration was performed to 

remove remaining polymer.  Solvent was concentrated under vacuum, and the olefin content of remaining 

filtrate (C14+) was analyzed by 1H NMR [b] Polymer residue from entry 4 was used as the precursor polymer. 

[c] Polymer residue from entry 10 was used as the precursor polymer. [d] Polymer residue from entry 11 

was used as the precursor polymer. [e] Overall yield for two ethenolysis (entry 11).  

Table 3.4: Ethenolysis Trials with M202 at Elevated Temperatures  

[a]Polymer D prepared from copolymerization of ethylene (100psi) and butadiene (3000equiv) for 

0.08h with 1000equiv MAO and 10μmol Ti-OSSO 

Table 3.5: GC-MS Retention Times for commercially available standards  

Compound Retention Time (minutes) 

1,5-hexadiene 2.008 

1,7-octadiene 4.082 

1,9-decadiene  6.231 

1-decene 6.351 

1-dodecene 8.042 

1-tetradecene 9.517 

1-hexadecene 10.780 

1-octadecene 11.946 

 

Entry Polymer 
Polymer/ 

mg 
Catalyst 

Ru/ 

μmol  

C2H4/ 

psi 
t/h 

Temp 

(oC)  

1,4 butadiene 

in remaining 

polymer 

(mol %) 

Remaining 

polymer 

mass (%) 

Internal 

Olefins 

in 

Filtrate 

(%) 

Before D[a]       13.7   

1 D 300 M202 30 25 1 100 ~5 64 80 

2 D 300 M202 30 50 1 100 ND 59 85 

3 D 300 M202 30 100 1 100 ND 62 94 
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Figure 3.3: Calibration Curve for GC-FID Quantification of 1,9 decadiene  

Calibration Curve for GC-FID Quantification of 1,9 decadiene; internal standard is 1,3,5 

trimethoxybenzene   

Yield calculation for α,ω-diene mixture  

Due to the formation of a distribution of α,ω-dienes, product quantification is somewhat 

complicated.  As an example, product quantification for Entry 4, Table 3.1 was accomplished using 

a combination of GC-FID, GC-MS, and residue mass upon removal of volatiles in vacuo.  This 

ethenolysis trial provides a simple mixture for quantification given the formation of a primarily 

single α,ω-diene isomer for each Cn carbon number product. 1,9-decadiene was quantified by GC-

FID upon calibration against an authentic commercial sample (8.6 mg produced upon ethenolysis).  

To account only for the mass derived from the degradation of polymer, a correction factor was 

applied (see Figure S2), with 6.8 mg of 1,9-decadiene produced from polymer degradation.  1,11-

dodecadiene was quantified based on the GC-MS response relative to 1,9-decadiene (already 

quantified by GC-FID), and a correction factor was applied to account for product mass derived 

from the polymer (7.7 mg produced, with 6.4 mg corresponding to the polymer fragment). Due to 
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the more complex distributions observed for higher carbon number products, products C14 and 

higher were quantified by mass, upon complete removal of smaller dienes and solvent (C10, C12) 

under vacuum.  A mass of 28 mg residue was isolated corresponding to products C14+.  Based on 

the decrease in mass of polymer after ethenolysis, an amount of 54 mg of α,ω-diene products is 

expected.  The quantified amount is 41.2 mg (76%), indicating that the degraded polymeric 

material is primarily being converted to the desired α,ω-dienes. 

Figure 3.4. α,ω dienes C10-C30 (left) with ethylene derived fragment, red; butadiene, green; 

ethylene derived from ethenolysis; blue.  Representative molecular weights and polymer-derived 
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mass weights for C10 and C12 dienes (center).  Correction factors (right) to account for mass 

derived only from degraded polymer. 

Representative Gas Chromatograms  

Figure 3.5. Gas Chromatogram of liquid products for Table 3.1, Entry 6. 

Figure 3.6. Gas Chromatogram of liquid products for Table 3.1, Entry 8.  

Figure 3.7. Gas Chromatogram of liquid products for Table 3.1, Entry 9. 
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Figure 3.8. Gas Chromatogram of liquid products for Table 3.1, Entry 10. 

Figure 3.9. Gas Chromatogram of liquid products for Table 3.1, Entry 14. 

Figure 3.10. Gas Chromatogram of liquid products for Table 3.4, Entry 3. 
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Figure 3.11. Mass Spectrum Analysis for C18 Products. GC Chromatogram of liquid products 

from Table 3.1, Entry 10 after concentration and removal of solvents, selected region shown only 

for C18 products. 

Figure 3.12. Full mass spectrum corresponding to Figure 3.11, peak 1.  Zoom in for selected 

region indicated with red box and shown in Figure 3.15. 
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Figure 3.13. Full mass spectrum corresponding to Figure 3.11, peak 2.  Zoom in for selected 

region indicated with blue box and shown in Figure 3.16. 

 

Figure 3.14. Full mass spectrum corresponding to Figure 3.11, peak 3.  Zoom in for selected 

region indicated with red box and shown in Figure 3.17.  
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Figure 3.15. Selected region of mass corresponding to Figure 3.11, peak 1.  Molecular ion peak 

indicated with red star.  Molecular fragments which differ from molecular fragments in adjacent 

peak (Peak 2, Figure 3.16) by 2 mass units indicated with blue stars.  

Figure 3.16. Selected region of mass corresponding to Figure 3.11, peak 2.  Molecular ion peak 

indicated with red star.  Molecular fragments which differ from molecular fragments in adjacent 

peaks (Peak 1, Figure 3.15 or Peak 3, Figure 3.17) by 2 mass units indicated with blue stars. 
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Figure 3.17. Selected region of mass corresponding to Figure 3.11, peak 3.  Molecular ion peak 

indicated with red star.  Molecular fragments which differ from molecular fragments in adjacent 

peak (Peak 2, Figure 3.16) by 2 mass units indicated with blue stars.  
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1H and 13C NMR Spectra of Copolymers A, B, and C 

Figure 3.18. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of 

ethylene/butadiene copolymer A.  

Figure 3.19. 13C NMR (APT) analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of 

ethylene/butadiene copolymer A.  
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Figure 3.20. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of 

ethylene/butadiene copolymer B. 

Figure 3.21. 13C NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of 

ethylene/butadiene copolymer B. 
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Figure 3.22. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of 

ethylene/butadiene copolymer C. 

Figure 3.23. 13C NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of 

ethylene/butadiene copolymer C. 
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1H NMR Spectra and selected 13C NMR Spectra of Material after Ethenolysis 

Figure 3.24. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 2).  

 

Figure 3.25. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 2).  
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Figure 3.26.  1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 1, Entry 3).  

 

 

Figure 3.27. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 4).   
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Figure 3.28. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 4).  

 

Figure 3.29. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1 , Entry 6).   
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Figure 3.30. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 6).  

 

 

Figure 3.31. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 8).  
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Figure 3.32. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 8).   

Figure 3.33. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 9).  
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Figure 3.34. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 9).  

Figure 3.35. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 10).  
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Figure 3.36. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 10).  

 

Figure 3.37. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 11).  
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Figure 3.38. 1H NMR analysis at 120 oC (Tetrachloroethane-d4) of olefins in the insoluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 11).   

Figure 3.39. 13C NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 11).  
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 Figure 3.40. 13C NMR analysis at 120 oC (Tetrachloroethane-d4) of olefins in the insoluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 11).  

Figure 3.41. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 11).   
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Figure 3.42. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 12).  

Figure 3.43. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 12).   
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Figure 3.44. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 13).  

 

 

Figure 3.45. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 13).  
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Figure 3.46. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 14).   

Figure 3.47. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 14).  
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Figure 3.48. 1H NMR analysis at 120 oC (80% 1,2 dichlorobenzene, 20% benzene-d6) of olefins 

in the insoluble fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 15).  

 

Figure 3.49. 1H NMR analysis at RT (CDCl3) of olefins concentrated in vacuo in the soluble 

fraction of the reaction mixture after ethenolysis (Table 3.1, Entry 15). 
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Ethylene/Butadiene Copolymerization by Cobalt Catalyst and Subsequent Metathesis 

Experiments conducted by Shouyan Xiong   

Table 3.6. Ethylene/butadiene copolymerization by PDI-Co/MAO 

 

 

Entrya,b 
[ethylene]/ 

psi 

[BD]/ 

[Co] 

Temp. 

(°C) 

time 

(h) 

Yield 

(g) 

Act. 

(kg/(mol·h)) 
Mw/103 PDI 

%Mol 

1,4-

BD 

Tm 

(°C) 

1 100 400 30 4 3.5 88 67.2 6.1 0.6 127.0 

2 100 800 30 4 1.9 48 53.7 5.2 1.7 121.1 

3 100 1600 30 4 1.3 33 42.6 4.8 2.6 117.6 

4 60 1600 30 8 0.5 6 21.1 3.2 8.8 117.3 

[a] Conditions unless specified: [Co] = 10 𝜇mol, [MMAO]:[Co] = 200; V = 10 mL, toluene 

solvent; [b] Procedures: to the fisher-porter tube (filled with 3 mL toluene and corresponding 

BD) that have been purged and prefilled by ethylene (20 psi) was injected 2 mL toluene solution 

of PDI-Co 
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Table 3.7. Representative trials of metathesis of ethylene/butadiene copolymers produced by the 

Co system. 

 

 

Entrya Mw/103 Mn PDI %Mol 1,4-BD Tm (°C) 

Before 42.6 8.9 4.8 2.6 117.6 

After 47.4 9.1 5.2 0.6 129.0 

[a] Conditions: Copolymer: 50 mg, Grubbs II: 20 𝜇mol, Cis-octene: 20 mmol, Toluene: 1.2 mL, 

T: 120 °C, time: 72 h. 

 

 

 

Entrya Mw/103 Mn PDI %Mol 1,4-BD Tm (°C) 

Before 42.6 8.9 4.8 2.6 117.6 

After 33.1 8.7 3.8 1.2 125.6 

[a] Conditions: Copolymer: 50 mg, Grubbs II: 20 𝜇mol, Cis-octene: 20 mmol, Toluene: 1.2 mL, 

T: 120 °C, time: 72 h. 
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CHAPTER 4: Ionomers Modulate CO2 Reduction: Potassium Ion Modulation of the Cu 

Electrode-Electrolyte Interface (Part A) and Structural Diversification of Ionomer Series (Part B)  
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Part A: Potassium Ion Modulation of the Cu Electrode-Electrolyte Interface with Ionomers 

Enhances CO2 Reduction to C2+ Products 

ABSTRACT 

Ionomers have shown promise as organic coatings on Cu electrodes to increase the CO2 

reduction (CO2R) selectivity towards multi-carbon (C2+) products. However, effects of systematic 

polymer structure modification on electrocatalytic performance have been seldom reported. 

Herein, we report on a series of polystyrene-based ionomers to probe the effect of local [K+] in the 

Cu electrode microenvironment on CO2R performance. Partial current density towards C2+ 

products (|jC2+|) increases with [K+] in ionomer, up to 225 mA cm–2. Replacing K+ with [Me4N]+ 

lowers performance to the level of bare Cu, highlighting the crucial role of K+ in improving C2+ 

product selectivity. Molecular dynamics simulations show that CO2 diffusivity increases with [K+], 

implicating CO2 transport to the 

electrode as a potential mechanism 

for improved CO2R performance. 

Our results highlight the 

intersection of synthetic polymer 

chemistry and electrocatalysis as a 

promising strategy in electrode 

modification towards achieving 

high selectivity of value-added 

chemicals. 
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INTRODUCTION 

Electrochemical conversion of CO2 to value-added chemicals using renewable energy is a 

potential avenue toward achieving a net-zero carbon economy.1 Cu is the only metallic electrode 

where multi-carbon (C2+) products, including C2H4, C2H5OH, and C3H7OH are produced from 

electrochemical CO2 reduction (CO2R).2 However, unmodified Cu suffers from poor selectivity 

towards C2+ products with significant generation of C1 products and hydrogen.2-4 Coating Cu 

electrodes with organic films is a strategy for steering CO2R selectivity towards C2+ products. 

Organic coatings derived from molecular precursors such as pyridinium,5-9 ionic liquids,10-12 

amines,13-14 and aryl diazonium and iodonium species15 have shown promise. Although the ease 

of precursor synthesis and in situ film generation are attractive features of a general approach, the 

physical properties of the coating and electrocatalyst microenvironment, including local pH, CO2 

concentration, hydrophobicity, and electric field strength, are not readily predicted. Ionomers are 

an alternative approach to organic films.16-23 For example, Bell and co-workers recently examined 

a combination of ionomers to control local pH and hydrophobicity to achieve high C2+ product 

selectivity on Cu.16 Also, Sargent and co-workers have demonstrated high current density 

electrolysis with Nafion on Cu.17 These examples utilizing commercial polymers highlight the 

potential of this approach. However, a dearth of studies examining the effects of systematic 

changes in ionomer structure on CO2R behavior limits fundamental understanding of the crucial 

features of electrochemical performance.21, 23 Of note, Grubbs and co-workers synthesized and 

tested a library of ionomer coatings bearing imidazolium groups and observed high selectivity for 

C2+ products and low hydrogen evolution reaction (HER).21 Computations suggested that high 

local [CO2], as well as an induced electric field effect from the positively charged functional 

groups, drove high selectivity towards C2+ products. Alkali cations were found to facilitate CO2R 
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on metallic electrodes.19, 24-28 Their presence  in the outer Helmholtz plane was hypothesized to 

suppress proton carrier mass transport and stabilize CO2R intermediates.19, 28-30 

With the concentration of alkali metal cations established to affect CO2R, a systematic 

investigation of anionic polymers with alkali cations can provide a strategy to facilitate CO2R and 

possibly shed light on their impact on the electrode-electrolyte interface. Herein we report the 

impact of a series of polystyrene-based ionomer films for CO2R on Cu. A correlation is observed 

between the content of K+ in the ionomer and |jC2+|. The role of the ionomer has been probed 

experimentally and computationally.  
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RESULTS AND DISCUSSION 

Ionomers containing variable K+ content were prepared based on a polystyrene backbone using 

different ratios of 4-methoxystyrene and potassium (4-

styrenesulfonyl)(trifluoromethanesulfonyl)imide  (K-STFSI). A mixture of substituted styrene 

comonomers was treated with 10% azobisisobutyronitrile (AIBN) in MeCN and heated for 3 days 

at 70 oC (Figure 4.1A). Upon purification,31 the resulting polymers were characterized by 1H, 19F, 

and 13C nuclear magnetic resonance (NMR) spectroscopy. The percent of charged comonomer 

A) 

B) 

C) 

D) 

Figure 4.1: Polymers 1-4 and CO2R performance on bare Cu. (A) Ionomer synthesis. (B) Series of 

prepared ionomers. (C) Faradaic efficiency (FE, columns) and current density (white squares) for 

CO2R products on Cu/PTFE in the presence of ionomer films cast from solutions of 1–4. Electrolysis 

performed in 1 M KHCO3(aq) for 30 min with Eapplied = -1.15 V vs. RHE. Corrected potentials (Ecorr) 

determined from measured (uncompensated) resistance are reported. (D) Partial current densities for 

trials shown in (C). 
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incorporated was determined by 1H NMR by integrating the OCH3 peak for 4-methoxyphenyl at 

3.7 ppm versus the protons ortho to the sulfonate moiety, centered at 7.6 ppm. Within this series 

in hand, copolymers were prepared with the content of the K-STFSI ranging from 0-37% (Figure 

4.1B).  While polymers with a higher content of charged monomer were accessed synthetically, 

they were soluble in the electrolyte solution (1 M KHCO3(aq)), hindering further study as electrode 

coatings.  

The ionomer film impact on CO2R was studied in chronoamperometry experiments using a gas 

diffusion electrode (GDE),7   at Eapplied = –1.15 V vs. RHE (1 M KHCO3(aq)).  The coated electrodes 

were prepared by drop casting stock solutions of ionomers in an alcohol mixture (50% v/v 

EtOH/iPrOH) onto a Cu GDE, based on Cu sputtered onto PTFE (Cu/PTFE). All electrolysis 

experiments were carried out in a flow cell designed specifically for GDEs.7, 9 

Ionomers 2-4 each increased C2+ product selectivity compared to both bare Cu and Cu coated 

with 1 (Figure 4.1C). Analysis of the partial current densities reveals that |jC2+| increases as a 

function of K+ content in the ionomer (Figure 4.1D), where |jC2+| on Cu coated with 4 is greater 

than bare Cu (150 vs 34 mA cm–2). The FE for C2+ products is improved using 4 relative to bare 

Cu (75% vs 40%). These results suggest that the charged polymer does not act as a physical barrier 

for the substrate. Rather, increased incorporation of K+ within the microenvironment provided by 

ionomers at the electrode surface facilitates CO2 reduction to C2+ products. While electric field 

effects can augment local cation concentration,32-34 inductively coupled mass spectrometry (ICP-

MS) measurements suggest that differences between the local [K+] are established due to K+ 

content provided by the ionomer (Table 4.6).34-36 This effect is reminiscent of previous strategies 

for enhancing C2+ selectivity by increasing K+ concentration in the bulk electrolyte, up to 4 M; in 
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the present approach, the K+ concentration is increased at the electrode-electrolyte interface via 

the ionomer.19, 30, 37  

CO2R performance was further optimized by increasing the ionomer 3 loading from 4.5 µg to 

13.5 µg, enabling FEC2+ = 82%, |jC2+| = 225 mA cm–2 (Figure 4.5, A-B). Notably, there appears to 

be no decrease of |jH2| (Figure 4.5C) suggesting that the improved selectivity for CO2R is not solely 

a consequence of suppressed HER.5, 8-9, 16 There is likely an insignificant local pH increase (vide 

infra).16 Higher loadings of 4 were also attempted, leading to similarly high |jC2+| but also 

significantly greater |jH2| compared to 3 (Figure 4.6). 

Next, CO2R on a GDE catalyzed by Cu modified with organic films at high current densities 

(|jC2+| > 200 mA cm–2) was compared (Tables 4.3, 4.4). Focusing on anionic ionomers, Nafion 

1100 W tested under the CO2R conditions reported herein (Figure 4.1) provided 36% FEC2+ at a 

|jC2+| = 25 mA cm–2. In contrast, using ionomer 3 resulted in 82% FEC2+ at |jC2+| = 225 mA cm–2 

(Figure 4.5). This result highlights that potential designer ionomers can offer improved CO2R. For 

comparison, the best-in-class performance using Nafion-coated electrodes has been previously 

reported in highly basic, high [K+] conditions (7 M KOH), resulting in FEC2+ = 79.5 %, |jC2+| at 

1232 mA cm–2.7 Similar FEs are obtained with ionomer 3 in 1 M KHCO3(aq), despite the much 

lower [K+] in the electrolyte. 

To address the critical role of the K+ ionomer, CO2R was performed in the absence of any alkali 

metal. Previous work examining ionomers suggested a critical role of the anionic species in 

limiting hydroxide diffusion away from the microenvironment, thus facilitating C–C coupling.16-

17 In addition, a bis(sulfonyl)imide anion was found to promote bulk CO2 solubility.38 Such a 

species alone could enhance local CO2 concentration in the ionomers, leading to enhanced CO2R 

performance.21 Therefore, [Me4N]+ was introduced in both the ionomer and the electrolyte (1 M 
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Me4NHCO3(aq), pH = 7.8). With 1 M Me4NHCO3(aq), H2 was the exclusive product observed in 

each experiment, both with bare Cu and 3-coated Cu (Figure 4.2). Despite the consumption of 

proton carriers, we do not expect local pH to increase significantly at relatively low current 

densities (~–60 mA cm–2),  as previously demonstrated.19, 39 While CO2R was observed with N-

aryl pyridinium films in the absence of alkali cations,9 the results with Me4N
+ indicate that the 

ionomer coating alone is not sufficient to compensate for the detrimental effect of the absence of 

K+ in the electrolyte.26-27  Additionally, no improvement in CO2R selectivity was observed in the 

presence of 3 compared to bare Cu in 1 M Me4NOH(aq), pH = 14. These results underscore the 

importance of local K+ content in the electrode microenvironment in improving CO2R 

performance as the ionomer in the absence of K+ is insufficient. Moreover, a pH effect alone, 

stemming from the ionomer accumulating hydroxide in the microenvironment, is inconsistent with 

these observations. 

Figure 4.2. Replacing K+ with Me4N+ Selectivity profile from CO2R on Cu/PTFE in the presence of ionomer 

film 3 (4.5 mg) tested in various electrolyte solutions. Eapplied = -1.6 V vs. SHE. For 1 M KHCO3(aq) and 1 M 

Me4NHCO3(aq), Eapplied = -1.15 V vs. RHE. For 1 M Me4NOH, Eapplied = -0.80 V vs. RHE. 
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The impact of K+ was also probed at lower concentrations of electrolyte. High selectivity 

towards C2+ products was still observed in 0.1 M KHCO3(aq), albeit at lower current densities 

(Figure 4.9), further demonstrating that high [K+] in the electrolyte is not necessary to obtain good 

selectivity from K+ ionomer-modified electrodes. 

Varying the partial pressure of CO2 (PCO2) provides additional insight into the impact of the 

ionomer. On bare Cu, a non-linear relationship between PCO2 and |jC2+| is observed such that |jC2+| 

is greatest at 0.4 atm (Figure 4.3; see Figure 4.10 for FEs), consistent with previous observations.40-

42  A rationalization of this phenomenon has pointed to surface saturation with *CO, thereby 

excluding *H and preventing the formation of C2+ products.40, 42 Another explanation has also been 

proposed:41 greater local CO2 concentration lowers the local pH, thereby promoting HER. This 

behavior limits CO2R at higher PCO2. However, in the presence of 3 on Cu, a monotonic increase 

in |jC2+| as a function of PCO2 is observed, effectively overcoming the volcano relationship observed 

on bare Cu. A log-log plot of PCO2 and |jC2+| reveals a first-order relationship between C2+ product 

Figure 4.3. Variable partial pressure CO2 electrolysis. Partial current densities from CO2R in the presence of 

the ionomer 3 (ionomer loading: 13.5 mg) tested in 1 M KHCO3(aq) at various CO2 partial pressures (Ar 

balance gas). Eapplied = -1.15 V vs. RHE. 
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formation and CO2 in the presence of 3 (Figure 4.11), suggesting efficient mass transport through 

the ionomer film (vide infra).5, 43-44 In our previous work with pyridinium-derived films on Ag,5 

the relationship between PCO2 and jCO2R was unchanged relative to bare Ag, suggesting no effect 

of the film on CO2 mass transport.  In the present work, the increase in |jC2+| with PCO2 is in stark 

contrast to the relationship on bare Cu, highlighting the ionomers’ ability to enhance reactivity 

with CO2. While the ionomer films could be providing other effects not evident from these 

experiments (including increasing local pH16, 19, 28 and modulating the local electric field28, 37, 45) 

our data points towards an elevation of CO2 mass transport. 

We employed molecular dynamics (MD) calculations to examine thermodynamic and mass 

transport behavior of CO2 molecules in each polymer 1–4. While the model could be constructed 

differently, it is crucial that the [K+] content be varied as consistent with charged comonomer 

incorporation determined by 1H NMR. From the Fourier transform of the velocity autocorrelation 

function, we calculated molecular entropies (S), Helmholtz free energies (Aq), and diffusion 

coefficients (D) via the 2-Phase Thermodynamics (2PT) method.46 This methodology was 

previously employed to understand CO transport with pyridinium-derived films.47 The 

calculations suggest that increasing the amount of charged monomer in the polymer enhances CO2 

mass transport within the bulk polymer environment. For instance, 2PT predicts that the CO2 

entropy increases from 1 to 4 (Table 4.9). 

2PT predicts a decrease in CO2 free energy from 1 to 4. The enhanced CO2 stabilization in 4, 

relative to 1-3, is related to the increase in favorable coulomb interactions between CO2 and nearby 

K+,21, 48 which is a result of increased content of the K-STFSI comonomer. CO2 evidently possesses 
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the most favorable mass transport in the polymer matrix created by 4, giving rise to the largest 

DCO2 among all the polymers. The correlation of DCO2 with K+ concentration trends with an 

increased |jC2+| observed in the CO2R experiments (Figure 4.1D). This suggests that improved 

CO2R is due to more facile mass transport of CO2 to the electrode. This agrees with previous claims 

that improved CO2 diffusion leads to higher performance CO2R towards C2+ products.21, 24, 49-50 

Inspection of the simulation boxes provides insight as to how increasing the amount of charged 

monomer units may increase interactions with CO2 to improve mass transport (Figure 4.4B and 

Figure 4.14). Specifically, as the concentration of K-STFSI is increased, we observe increased 

interactions between CO2 and K+. In polymer 2, only 6% of the CO2 molecules have a K+ within 

A) 

B) 

2   3            4 

      

Figure 4.4. Results from two-phase thermodynamics calculations.(A) Helmholtz free energy (A) and 

diffusion coefficient (D) for 1 through 4 calculated from molecular dynamics calculations. A is normalized 

by the number of CO2 molecules in the simulation box. (B) Top view of simulation box (looking down 

polymer backbone) of 2 through 4. Atom color legend: gray, carbon; white, hydrogen; red, oxygen; green, 

fluorine; yellow, sulfur; purple, potassium. 
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5 Å, whereas in polymer 3, 44% do, and in polymer 4, 56% of the CO2 molecules interact with 

nearby K+ (Table 4.10).  

These interactions lower the energy of the CO2 molecule, shown by the decrease in Aq,CO2, 

effectively improving solubility in the ionomer. Despite lower Aq,CO2 with increasing K+ content, 

reaction with CO2 is not less favorable.51-52 Rather, this gives rise to an enhanced local CO2 

concentration at the ionomer film-electrode interface, providing a possible explanation for 

improved CO2R performance with increasing K+ in the ionomer film. The porosity of the ionomer 

correlates with the amount of K-STFSI in the polymer due to repulsion from like charges. Figure 

4.4B illustrates a top view (looking down the polymer backbone) of 2 through 4, showing that 4 

has the most substantial porosity derived from larger channels. To quantify porosity, we evaluated 

the open volume for polymers 1 through 4, which is the total cell volume minus the volume 

occupied by the polymer backbone (see Computations in EXPERIMENTAL SECTION for 

calculation details). At equilibrium, polymers 1 through 4 have open volumes of 2324, 2442, 2575, 

and 2744 Å3, respectively (Table 4.9). Hence polymer 1 has the lowest porosity while polymer 4 

has the highest. CO2 mass transport to the Cu surface is improved due to favorable interactions 

with K+, and greater K+ content leads to greater polymer porosity.16, 21, 24, 53-55 

To further understand how cation identity affects CO2, K+ was replaced with [NMe4]
+ in 

polymer 4 (Table 4.9). Despite increasing the polymer porosity in 4-NMe4 relative to 4 (3066 vs. 

2744 Å3), CO2 possesses a weakened interaction between CO2 and [Me4N]+ (compared to K+), 

leading to less favorable mass transport and substantially less cation-induced stabilization. CO2 

diffusion decreases for 4-NMe4 as Aq,CO2 is raised.  These calculations, in addition to the 

experimental results displaying lack of improved CO2R in the ionomer films devoid of K+, (Figure 

4.2) demonstrate the crucial role of the alkali cation in driving CO2R performance.  
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CONCLUSIONS 

In summary, we demonstrated a novel strategy for modulating local [K+] at the electrode-

electrolyte interface via systematic variation of ionomer structure. We observed that |jC2+| trends 

with the amount of K+-containing comonomer, reaching |jC2+| = 225 mA cm-2 for the ionomer 

featuring the highest K+ content. Replacing the cation with [Me4N]+ eliminates any improvement 

in selectivity compared to bare Cu, highlighting the indispensable role of K+ in these polymers for 

enhanced CO2R. MD simulations suggest that increased entropy, diffusivity, and lower free energy 

of CO2 in the polymer matrix facilitate CO2 reactivity at the electrode interface. The combined 

results from electrochemistry and MD simulations highlight a crucial effect of K+ within ionomers 

2-4, in which the reaction of CO2R is favored due to enhanced mass transport and stabilization in 

the ionomer microenvironment. Finally, this study highlights a promising strategy for preparing 

film-modified electrodes for higher performance CO2R. 
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EXPERIMENTAL SECTION 

General Considerations All solvents and reagents were obtained from commercial sources 

(Aldrich, Merck, and Combi Blocks) and used as received, unless stated otherwise. 4-

Methoxystyrene was dried with CaH2 and filtered under an inert atmosphere. K-STFSI was 

prepared based on a previously reported synthesis.56 Acetonitrile was dried by passing over 

activated alumina by the method of Grubbs57 and stored over 3 Å molecular sieves in an N2-

filled glovebox. Nafion 1100 W was purchased from Sigma-Aldrich (Product #274704, 5 wt% in 

1-propanol/2-propanol). 

Copper nanoparticles, potassium carbonate (99.995%), trimethylammonium hydroxide 

(semiconductor grade, 99.99% trace metals basis), 4-methoxystyrene, and 1 M aqueous 

trimethylammonium bicarbonate solution (99%), isopropanol (HPLC grade), and ethanol (HPLC 

grade) were purchased from Sigma Aldrich. Polytetrafluoroethylene (PTFE) was purchased from 

McMaster-Carr. The leakless Ag/AgCl reference electrode was purchased from Innovative 

Instruments. Platinum mesh (99.99% Pt, 25 mm × 25 mm × 0.05 mm) was purchased from Alfa 

Aesar. CO2 (research grade) was purchased from Airgas. Deuterium oxide (D, 99.96%), CD3CN 

(D, 99.8%), and CDCl3 (D, 99.8% were purchased from Cambridge Isotope Laboratories. The 1H 

and 19F NMR spectra were recorded on a Bruker 400 MHz with broadband auto-tune OneProbe.  

13C NMR spectra were recorded on a Bruker 400 MHz instrument with a prodigy broadband 

cryoprobe. Shifts were reported relative to the residual solvent peak. Inductively coupled plasma-

mass spectrometry (ICP-MS) was performed on a Thermo Fisher Scientific iCAPTM RQ 

instrument. Each sample was digested/diluted by a factor of 10 with 2% v/v HNO3(aq). 

Water was purified by a Nanopure Analytical Ultrapure Water System (Thermo Scientific) or a 

Milli-Q Advantage A10 Water Purification System (Millipore) with specific resistance of 18.2 
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MΩ·cm at 25 °C. A VWR sympHonyTM pH meter (calibrated with a pH = 1.68 standard) was used 

to determine the pH of the electrolytes before experiments.  

Synthesis of Methoxystyrene Homopolymer: The reaction was conducted under an inert 

atmosphere.  Methoxystyrene (208 mg, 1.55 mmol, 1.0 equiv) was dissolved in MeCN (4 mL).  

AIBN (26 mg, 0.1 equiv) was added and rinsed with MeCN (1 mL).  The vial was sealed, removed 

from the glovebox, and heated at 70 oC for 3 days.  The reaction was quenched by exposure to air.  

The crude material was concentrated, redissolved in THF, and precipitated into MeOH (100 mL).  

The polymer was isolated as a fine white solid. Isolated yield: 108 mg. 1H NMR CD3CN: 7.0-6.5 

(br., 4 H), 3.71 (br., 3 H), 1.8-0.8 (br., multiple peaks, 3 H). 

General Procedure for Copolymer Synthesis: The reaction was conducted under an inert 

atmosphere.  Methoxystyrene was added to a 20-mL scintillation vial and dissolved in MeCN (2 

mL) followed by addition of K-STFSI dissolved in MeCN (2 mL).  AIBN (0.1 equiv) was added 

and rinsed with MeCN (1mL).  The vial was sealed, removed from the glovebox, and heated at 70 

oC for 3 days.  The reaction was quenched by exposure to air.  The crude polymer was precipitated 

into Et2O (100 mL) and filtered.  The precipitate was stirred with 20 mL of an aqueous solution of 

1 M KHCO3 at 90 oC for a minimum of 30 minutes.  The mixture was filtered hot over a glass frit.  

An additional 2 washes with 1 M KHCO3(aq) were necessary for most purifications.  The solid 

material was extracted with MeCN, concentrated under reduced vacuum, redissolved in MeCN 

and filtered.  The filtrate was precipitated with Et2O (100 mL) and filtered.  The polymer was 

isolated as a fine white solid. 

Polymer 2: Methoxystyrene (189 mg, 1.416 mmol, 0.9 equiv), K-STFSI (50mg, 0.1416 mmol, 0.1 

equiv), AIBN (26 mg, 0.157 mmol, 0.1 equiv).  Isolated Yield: 146 mg 1H NMR CD3CN: 7.60, 

6.63, 3.72, 1.8-0.8. 19F NMR -79.22. 
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Polymer 3: Methoxystyrene (456 mg, 3.40 mmol, 0.8 equiv), K-STFSI (300 mg, 0.8499 mmol, 

0.2 equiv), AIBN (69.8 mg, 0.423 mmol, 0.1 equiv).  Isolated yield: 357 mg 1H NMR CD3CN: 

7.63, 6.63, 3.72, 1.8-0.8. 19F NMR -79.22. 

Polymer 4: Methoxystyrene (399.2 mg, 2.97 mmol, 0.7 equiv), K-STFSI (450 mg, 1.27 mmol, 0.3 

equiv), AIBN (69.8 mg, 0.423 mmol, 0.1 equiv).  Isolated yield: 318 mg 1H NMR CD3CN: 7.60, 

6.63, 3.72, 1.8-0.8.  19F NMR -79.22. 

All polymer representations here and in the main text express the ratio of the monomers as 

determined by 1H NMR spectroscopy. However, the comonomers are considered to be ordered 

randomly. 

Electrolyte Preparation 

Potassium bicarbonate electrolyte (1 M KHCO3(aq)) was prepared by sparging an aqueous solution 

of potassium carbonate (0.5 M K2CO3(aq)) with CO2 for at least 1 hour prior to electrolysis. This 

process converts K2CO3 into KHCO3 and saturates the electrolyte solution with CO2. A similar 

preparation was carried out for 0.1 M KHCO3(aq). Before electrolysis with CO(g) or Ar(g), the 

electrolyte was sparged with Ar(g) to remove any residual CO2(g). Trimethylammonium hydroxide 

electrolyte (1 M Me4NOH) was prepared by dissolving solid Me4NOH into water and sparging for 

at least 30 minutes prior to electrolysis under CO2.  

Electrode Preparation 

The gas diffusion electrodes (GDEs) were prepared by sputtering 300 nm Cu onto a 5 cm x 5 cm 

portion of polytetrafluoroethylene membrane (pore size of 450 nm, with polypropylene support on 

backside) using a pure Cu target (99.99%) at a sputtering rate of 1 Å s–1.  
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A 0.3 mg mL–1 stock solution of the ionomer was prepared in 50% v/v EtOH/iPrOH and 

sonicated for 30 minutes to ensure complete dissolution. For a standard loading, 15 µL were drop 

casted (4.5 µg) onto a 2.5 cm2 electrode, ensuring complete coverage of the Cu nanoparticles, and 

allowed to dry under ambient conditions for 1 hour.  

To test Nafion 1100 W, 60 µL of the stock solution (5 wt% in propanol mixture) was drop 

casted onto a 2.5 cm2 electrode to match the loading that was reported by Bell and co-workers.16  

For experiments involving Me4N
+, 15 µL of the standard 0.3 mg mL–1 ionomer solution were 

drop casted onto Cu/PTFE, and the electrode was dried for 1 hour. The cell was assembled and 1 

M Me4NHCO3(aq) (or 1 M Me4NOH(aq)) was circulated using a peristaltic pump at 10 mL min–1 

with 30 sccm CO2 flowing for 30 minutes. Before electrolysis under CO2, the electrolyte was 

replaced with fresh electrolyte. 

Electrochemical Measurements in the GDE (Flow) Cell 

CO2R and COR measurements were conducted in a gas-tight liquid-electrolyte flow cell. 

Chronoamperometry experiments were carried out in a custom-made PEEK liquid-electrolyte cell 

similar to the one reported by Sargent and co-workers.58 The liquid-electrolyte flow cell consists 

of three compartments: gas chamber, catholyte chamber, and anolyte chamber. The PTFE 

electrode was sandwiched between CO2 gas chamber and catholyte chamber with an exposure area 

of 0.5 cm–2. Catholyte and anolyte chambers were separated by a Selemion AMV anion-exchange 

membrane (AGC Engineering Co.). The reference electrode was calibrated against H+/H2 on Pt in 

a 0.5 M sulfuric acid solution (0 V vs. RHE) and saturated calomel electrode (SCE) (+0.241 V 

saturated vs. RHE).  An Autolab PGSTAT204 in a potentiostatic mode was used as the 

electrochemical workstation. The PTFE electrode, leakless Ag/AgCl electrode (Innovative 

Instruments), and Pt mesh (rinsed with water and annealed with a butane torch) were employed as 
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working, reference, and counter electrodes, respectively. The applied potentials were converted to 

the reversible hydrogen electrode (RHE) scale with iR correction through the following equation: 

                     Ecorrected (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210 + iR               (1) 

Eapplied in this report is the applied potential without iR compensation. In order to convert from 

potential vs. Ag/AgCl, we use the following relationship: 

            Eapplied (vs. RHE) = E (vs. Ag/AgCl) + (0.059 × pH) + 0.210                        (2) 

where i is the current at each applied potential and R is the equivalent series resistance measured 

via potentioelectrochemical impedance spectroscopy (PEIS) in the frequency range of 105 – 0.1 

Hz with an amplitude of 10 mV. The appropriate gas-saturated electrolyte was used as both 

catholyte and anolyte and was circulated through the flow cell using peristaltic pumps with a 

silicone Shore A50 tubing. The electrolyte was bubbled with the desired gas during the entire 

electrolysis process. The electrolyte flow rate was kept at 10 mL min–1. The flow rate of the gas 

flowing into the gas chamber was kept at 30 sccm by a digital mass flow controller.  

Ohmic resistance values were determined with procedures described elsewhere59-60 and employed 

in our prior work8-9, 58 PEIS measurements were carried out prior to and after each electrolysis 

experiment to determine the Ohmic resistance of the flow cell and ensure it is unchanged during 

the experiment.61-62 The impedance measurements were carried out at frequencies ranging from 

200 kHz to 100 MHz. A Nyquist plot was obtained, and in the low-frequency region (containing 

a Warburg element) a line was plotted to determine the value of the intersection with the x-axis, 

representing the Ohmic resistance (Figure 4.12).59 An average of 3 measurements was taken to 

calculate the value of R. Typically, small resistances were measured, ranging from 4 to 7 Ω. The 
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potentiostat was set to compensate for 85 % of the Ohmic drop, with the remaining 15 % being 

compensated for after the measurements.59-60  

All chronoamperometric experiments were performed for 30 min at 25 °C. Before each electrolysis 

experiment, the ionomer was drop casted onto a 2.5 cm2 Cu/PTFE electrode. The entire Ohmic 

drop was compensated before and after the measurement. The effluent gas stream coming from 

the cell (30 mL min–1) was flowed into the sample loops of a gas chromatograph (GC-FID/TCD, 

SRI 8610C, in Multi Gas 5 configuration) equipped with HayeSep D and Molsieve 5A columns. 

Methane, ethylene, ethane, and carbon monoxide were detected by a methanizer-flame ionization 

detector (FID) and the hydrogen was detected by a thermal conductivity detector (TCD). Every 15 

minutes, 2 mL of gas was sampled to determine the concentration of gaseous products. After 

electrolysis, the liquid products in the catholytes were quantified by both HPLC (Thermo Scientific 

Ultimate 3000) and 1H NMR spectroscopy (Bruker 400 MHz Spectrometer).  

For 1H NMR analysis, 630 µL of the electrolyte sample was combined with 30 µL of internal 

standard solution (10 mM DMSO and 50 mM phenol) and 70 µL of D2O. Water suppression was 

achieved with a presaturation sequence.8, 62  

The Faradaic efficiencies for gaseous products were calculated from the following equations: 

𝐹𝑚 =
𝑝𝐹𝑣

𝑅𝑇
                      (3) 

𝐹𝐸𝑝𝑟𝑜𝑑 =  
𝑛𝑝𝑟𝑜𝑑𝐹𝑥𝑝𝑟𝑜𝑑𝐹𝑚

𝑖
                     (4) 

𝐹𝑚is the molar flow, defined by the pressure 𝑝, the volume flow 𝐹𝑣, the gas constant 𝑅, and 

temperature  𝑇. 𝐹𝐸𝑝𝑟𝑜𝑑 is the Faradaic efficiency of a gaseous product 𝑝𝑟𝑜𝑑, defined by the 
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electron transfer coefficient of the product 𝑛𝑝𝑟𝑜𝑑, Faraday’s constant 𝐹, the fraction of the product 

𝑥𝑝𝑟𝑜𝑑, the molar flow 𝐹𝑚, and the current 𝑖.  

Error bars shown in all figures and tables represent standard deviations from at least three 

replicate measurements.  

For variable partial pressure CO2(g) (PCO2) experiments, Ar(g) was utilized as the balance gas 

such that the total flow rate remained at 30 sccm. For example, in the case where pCO2 = 0.8 atm, 

the flow rate of CO2(g) was 24 sccm and that of Ar(g) was 6 sccm. 

To compare local K+ between ionomers 2 and 4 each in the presence and absence of applied 

potential, extraction with 0.1 M LiHCO3(aq) was carried out34 to exchange K+ in the ionomer with 

Li+, as was carried out in the cation exchange experiments described above.   

No applied potential: 45 µL of each ionomer solution was drop casted onto a separate 2.5 cm2 

electrode. Each electrode was placed in a 1 mL solution of 0.1 M LiHCO3(aq) and stirred for 72 

hours. The electrodes were rinsed with their extraction solution to ensure complete removal of K+. 

The solutions were submitted for ICP-MS. 

With applied potential: 45 µL of each ionomer solution was drop casted onto a separate 2.5 cm2 

electrode, and each was submitted for electrolysis in 1 M KHCO3(aq) with CO2(g) in the GDE cell 

for 30 minutes. Each electrode was rinsed with 500 µL of nanopure water to remove excess K+ 

from the electrolyte. Each electrode was placed in a 1 mL solution of 0.1 M LiHCO3(aq) and stirred 

for 72 hours. The electrodes were rinsed with their extraction solution to ensure complete removal 

of K+. The solutions were submitted for ICP-MS. 
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Computations 

All molecular dynamics calculations were performed using the LAMMPS software package. 

The Universal Force Field (UFF) was used, along with the qEq charge scheme, which has been 

shown to accurately capture atomic charges calculated from quantum mechanics. All K+ charges 

were fixed at +0.6 and all N– charges were fixed at -0.6. Polymer chains are bound to themselves 

at the periodic boundaries, such that the polymers are infinite in length. When adding the charged 

monomer units to polymers 2 through 4, spacing was chosen to maximize the distance between 

charged groups. 

Calculations were initiated by energy minimization. Minimization was followed by heating via 

Nose-Hoover NVT molecular dynamics (MD) from 1.0 to 300.0 K over 10 ps. Following heating, 

the temperature was held at 300 K (still with Nose-Hoover NVT) while the box was deformed to 

an energy minima. Finally, the simulation box was equilibrated at 300 K at the new cell volume 

for 220 ps; the last 120 ps were used for analysis. 

The periodic simulation boxes for polymers 1-4 each contain 8 polymer chains propagating 

parallel to each other; the polymer chains are each made of 20 explicit monomeric units. 

However, the ends of the polymer chains are bound together at the periodic boundary such that 

the polymers are infinite in length. The simulation boxes also include 16 CO2 molecules and 16 

water molecules.  

The 2 Phase Thermodynamics (2PT) method was used to calculate entropies, free energies, 

and diffusion coefficients from our MD simulations. 2PT tracks atom velocities in order to 

calculate the velocity autocorrelation function, which in turn can undergo a Fourier transform to 

yield the density of state function. Entropy and free energy are calculated via weighted integrals 

over the density of states, and diffusion coefficient is calculated via the density of states at zero 
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frequency. We perform 3 calculations based on the velocity autocorrelation function, which we 

have found requires 40 ps to converge and yield reasonable statistics (120 ps total). 

The polymer open volumes (Vopen, Equation 3) are defined as the total cell volumes (Vtotal) 

minus the volumes occupied by the polymer backbone. The polymer backbone volume is 

computed assuming that all atoms are spheres with radii equivalent to their covalent atomic 

radius (ri), as computed from first principles by Clementi et al.63 ni in Equation 3 is the number 

of atoms of type i. 

     Vopen =  Vtotal − ∑ ni
4

3
πri

3
i   (5) 
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Figure 4.5 Selectivity profile with 3 at different ionomer loadings. A. Faradaic efficiencies 

(FEs, columns) and current densities (white squares) and B. partial current densities from CO2R 

on 3-coated Cu at different loadings. C. Partial current density for hydrogen formation. 

Chronoamperometry performed in 1 M KHCO3 at –1.15 V vs. RHE. Ecorr represents potentials 

corrected after compensating for ohmic losses. 
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Figure 4.6. Selectivity profile with 4 at different ionomer loadings. A. Faradaic efficiencies 

(Fes, columns) and current densities (white squares) and B. partial current densities from CO2R on 

4-coated Cu at different loadings. C. Partial current density for hydrogen formation. 

Chronoamperometry performed in 1 M KHCO3 at –1.15 V vs. RHE.  
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Figure 4.7.  Partial current densities from chronoamperometry in 1 M KHCO3 at –1.16 V vs. RHE 

in the presence of Ar(g) comparing bare Cu/PTFE with 3-coated Cu. 
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Figure 4.8. Partial current density for H2 for each ionomer-coated Cu from electrolysis in 1 M 

KHCO3 with CO2(g). Eapplied = –1.15 V vs. RHE. 
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Figure 4.9. CO2R chronoamperometry in 1 M KHCO3 at –1.15 V vs. RHE in 0.1 M KHCO3 

and 1 M KHCO3 comparing bare Cu/PTFE with 3-coated Cu  A. Faradaic efficiencies (FEs) 

and current densities (white squares) from CO2R on bare Cu/PTFE and 3-coated Cu comparing 

0.1 M KHCO3(aq) and 1 M KHCO3(aq) Chronoamperometry performed in 1 M KHCO3(aq) at –1.15 

V vs. RHE and 0.1 M KHCO3(aq) at –1.05 V vs. RHE. B. Partial current densities of each product. 
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Figure 4.10. Faradaic efficiencies (FEs) and current densities (white squares) from CO2R on 

Cu/PTFE in the presence of film drop casted from 3 (ionomer loading: 13.5 µg) tested in 1 M 

KHCO3(aq) at various CO2 partial pressures (Ar(g) balance gas). 
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Figure 4.11. Plots of log(jprod) vs. log(PCO2) from variable partial pressure CO2 experiments. 

Plots of log(jprod) vs. log(PCO2) from variable partial pressure CO2 experiments for H2 (panel A), 

C2+ products (panel B), CO (panel C), CH4 (panel D). Filled circles represent bare Cu data and 

hollow diamonds represent 3-coated Cu.   
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Figure 4.12. Impedance spectroscopy. A. Example Nyquist plot from CO2R electrolysis with 3-

coated Cu (13.5 µg). B. Linear fit of Warburg region. 
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Table 4.1. Partial current densities from CO2R with different alkali cations (Li+, K+, and Cs+) 

in the ionomer (4.5 µg) and electrolyte.  

Ionomer Electrolyte 

Eapplied 

(V vs. 

RHE) 

Ecorrected 

(V vs. 

RHE) 

|j| (mA/cm2) 

H2 CH4 CO C2H4 HCOO– C2H5OH C3H7OH |jC2+| 

Bare Cu 
0.1 M 

LiHCO3(aq) 
-1.10 -0.98 11.2 + 0.5 2.4 + 0.6 0.12 + 0.03 0.31+0.03 0.6 + 0.1 0 0 0.31+0.03 

4 
0.1 M 

LiHCO3(aq) 
-1.10 -0.98 2.2 + 0.2 0.11+ 0.09 2.8 + 0.7 1.9 + 0.3 3 + 1 1.3 + 0.6 1.1 + 0.6 4.2 + 0.9 

Bare Cu 
0.1 M 

KHCO3(aq) 
-1.10 -0.92 5.6 + 0.6 0.4 + 0.2 1.3 + 0.3 5 + 1 3 + 1 7 + 1 1.5 + 0.5 14 + 2 

4 
0.1 M 

KHCO3(aq) 
-1.10 -0.93 4.2 + 0.4 1.3 + 0.4 1.5 + 0.5 24 + 1 2.82 + 0.03 15 + 2 5.0 + 0.4 44 + 3 

Bare Cu 
0.1 M 

CsHCO3(aq) 
-1.10 

-0.75 

 
11 + 2 0 12 + 1 12.5 + 0.5 7 + 2 10 + 3 5 + 1 30 + 3 

4 
0.1 M 

CsHCO3(aq) 
-1.10 -0.5 10 + 2 0 14.5 + 0.7 22 + 1 12 + 1 23 + 2 4.9 + 0.3 50 + 2 

 

 

Table 4.2. Selectivity profile from CO2R on Cu GDE modified by 1-4; Eapplied = –0.95 V vs. 

RHE. 1 M KHCO3(aq). 

Ionomer 

Ecorrected 

(V vs. 

RHE) 

Faradaic Efficiency (%) 

H2 CO HCOOH CH4 C2H4 C2H5OH C3H7OH Total FEC2+/FEC1 j (mA/cm2) 

Bare Cu -0.89 22 + 4 6.7 + 0.2 17 + 0.4 17 + 2 19 + 4 10 + 1 3.0 + 0.4 95 + 6 1.2 + 0.5 -45 + 1 

1 -0.88 23 + 1 9 + 1 20 + 1 4 + 1 18 + 2 11 + 1 3 + 1 98 + 4 1.0 + 0.1 -46 + 1 

2 -0.87   20 + 4 6 + 1 15 + 1 4 + 1 25 + 6 17 + 4 2 + 1 90 + 4 1.8 + 0.8 –55 + 5 

3 -0.78 18 + 2 8 + 2 19 + 5 4 + 3 30 + 3  15 + 2 3 + 1 97 + 6 1.5 + 0.7 –65 + 3 

4 -0.85 18 + 2 4.0 + 0.7 8 + 1 2 + 1 34 + 3 15 + 5 4 + 1 85 + 4 4.1 + 0.8 –80 + 8 

Nafion 

1100W 
-0.92 32 + 2 15.6 + 0.7 27 + 5 4.4 + 0.7 5 + 3 19 + 6 7 + 1 110 + 8 1.1 + 0.5 –17 + 4 
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Table 4.3. Selectivity profile from CO2R on Cu GDE modified by 1-4; Eapplied = –1.05 V vs. 

RHE. 1 M KHCO3(aq). 

Ionomer 

Ecorrected 

(V vs. 

RHE) 

Faradaic Efficiency (%) 

H2 CO HCOOH CH4           C2H4 C2H5OH C3H7OH Total FEC2+/FEC1 j (mA/cm2) 

Bare Cu -0.99 27 + 1 13 + 3 27 + 1 4 + 2           17 + 1 10.6 + 0.5 4.5 + 0.4 103 + 6 0.7 + 0.1 –65 + 1 

1 -0.98 23 + 5 13 + 3 19.7 + 0.3 9 + 3 18 + 2 12 + 1 4.30 + 0.05 99 + 6 0.82 + 0.08 –65 + 1 

2 -0.94 13 + 4 6.2 + 0.4 11 + 1 4.5 + 0.7 40 + 6 22 + 4 5 + 1 102 + 8 3.1 + 0.4 –99 + 5 

3 -0.96 14 + 2    6 + 2 12 + 5 4 + 2 34 + 3  25 + 2 4 + 1  99 + 7 2.9 + 0.9 –105 + 7 

4 -0.87 11 + 2 3.3 + 0.7 8.4 + 0.3 2.1 + 0.2 34 + 3 
20.3 + 

0.2 
5.6 + 0.1      85 + 6 4.3 + 0.8 –111 + 8 

Nafion 

1100 W 
-0.96 22 + 2 6 + 1 30 + 2 2.5 + 0.5 18 + 3 18 + 2 5 + 1 102 + 5 1.1 + 0.5 –58 + 2 

 

 

Table 4.4. Selectivity profile from CO2R on Cu GDE modified by 1-4; Eapplied = –1.15 V vs. 

RHE. 1 M KHCO3(aq). 

Ionomer 

Ecorrected 

(V vs. 

RHE) 

Faradaic Efficiency (%) 

H2 CO HCOOH CH4          C2H4 C2H5OH C3H7OH   Total FEC2+/FEC1 j (mA/cm2) 

Bare Cu -1.07 15 + 3 10 + 3 19 + 4 4.4 + 0.8             22 + 2     14 + 4 4 + 1 90 + 8 1.2 + 0.3 –84 + 5 

1 -1.05 21 + 4 12 + 3 19 + 3 10 + 3 20 + 2 12 + 2 4.3 + 0.6 98 + 8 0.9 + 0.2 –90 + 1 

2 -1.05 9 + 1 7 + 1 15 + 8 1 + 1 34.1 + 0.2 21 + 1 4.23 + 0.03  92 + 6 2.6 + 0.9 –135 + 5 

3 -1.05 8 + 1 5 + 1 15.5 + 0.5 2 + 1 34 + 3  25 + 2 4 + 1 97 + 6 3.0 + 0.3 –166 + 8 

4 -0.96 7.3 + 8 2.7 + 0.1 8.4 + 0.3 2.7 + 0.5 43 + 5 28 + 5 4.86 + 0.05 90 + 5 7.5 + 0.8 –202 + 9 

Nafion 

1100 W 
-1.07 25 + 2 3 + 1 30 + 1 1.0 + 0.5 22 + 1 11 + 2 4 + 1 96 + 4 1.1 + 0.5 -69 + 2 
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Table 4.5. Selectivity profile from CO2R on Cu GDE modified by 4 with Me4N+-containing 

electrolyte. Eapplied = –1.6 V vs. SHE. 

Ionomer Electrolyte 

Ecorrected 

(V vs. 

RHE) 

Faradaic Efficiency (%) 

H2 CH4 CO C2H4 HCOO– C2H5OH C3H7OH Total j (mA/cm2) 

Bare Cu 1 M Me4NHCO3 (aq) -1.07 91 + 3 0 0 0 0   x          0 0 91 + 3 -65 + 1 

4 1 M Me4NHCO3 (aq) -1.07 95 + 3 0 0 0 0  0 0     95 + 3   -67 + 1 

4-Me4Na 1 M Me4NHCO3 (aq) -1.07 97 + 1 0 0 0 0  0 0   97 + 3   -67 + 1 

Bare Cu 1 M Me4NOH (aq) -0.72 14 + 4 3 + 2 10 + 1  26 + 1 12 + 3 23 + 3 9 + 1   97 + 8 -40 + 3 

4 1 M Me4NOH (aq) -0.72 22 + 4 9 + 4 7 + 4  24 + 3 17 + 5 18 + 2 8.8 + 0.1   106 + 8 -40 + 5 

aPerformed cation exchange with 4 or 3 in 1 M Me4NHCO3(aq), then drop casted onto Cu GDE. 

 

Table 4.6. ICP-MS data to determine K+ concentration from each ionomer with and without 

electrolysis.  

Sample [K+] (µg mL–1) a 

[K+] (µg mL–1) with 

background 

subtraction 

Water 20 ± 1 N/A 

0.1 M LiHCO3(aq) 20 ± 1 N/A 

4, no electrolysis 53 ± 6 33 + 6 

4, with 

electrolysis 
360 ± 10 340 + 10 

2, no electrolysis 41 ± 2 21 + 2 

2, with 

electrolysis 
210 ± 10 190 + 10 

aStandard deviations represent error from triplicate measurements. 
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Figure 4.13. Sample 1H NMR spectrum (400 MHz, 10% v/v D2O) of catholyte after 30-minute 

CO2R chronoamperometry (Eapplied = –1.15 V vs. RHE) with 3-coated Cu (4.5 µg). DMSO and 

phenol were used as standards.  
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Table 4.7. Comparing CO2R performance between Cu electrodes with coated with ionomer 

films. 

 

Authors Ionomer Electrolyte 
Ecorrected (V vs. 

RHE) 
FEC2+ |jC2+| (mA cm–2) FEH2 

This work 

3 
1 M 

KHCO3 
–0.96 82% 225 8% 

Nafion 

1100 W 

1 M 

KHCO3 
–1.07 36% 25 25% 

Sinton, 

Sargent, 

and co-

workers17 

Nafion 

1000 W 7 M KOH  –0.91 79.5% 1232.3 6.8% 

Nafion 

1000 W 
7 M KOH –1.43  82.5% 420.8 13% 

Bell and 

co-

workers16 

Nafion 

1100 W 

0.1 M 

CsHCO3 
–1.15 64% 6.5 12.1% 

Sinton, 

Sargent, 

and co-

workers19 

Aquivion  
3 M KCl/1 

M H3PO4  
Not reported ~48% 576 35% 

Agapie, 

Peters, 

Sargent, 

and co-

workers18 

Aquivion 
None 

(MEA) 
Not reported 45% 68 10% 

Zhuang, 

L., et al.23  
QAPEEK 

None 

(MEA) 
Not reported 

73.4% 587 10.6% 

65.3% 653 16.4% 
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Table 4.8. Comparing CO2R performance between Cu electrodes with various coatings that 

impart high performance towards C2+ products. 

 

Authors Ionomer Electrolyte 
Ecorrected (V vs. 

RHE) 
FEC2+ |jC2+| (mA cm–2) FEH2 

This work 

3 
1 M 

KHCO3 
–0.96 82% 225 8% 

Nafion 

1100 W 

1 M 

KHCO3 
–1.07 36% 25 25% 

Sinton, 

Sargent, 

and co-

workers17 

Nafion 

1000 W 7 M KOH  –0.91 79.5% 1232.3 6.8% 

Nafion 

1000 W 
7 M KOH –1.43  82.5% 420.8 13% 

Bell and 

co-

workers16 

Nafion 

1100 W 

0.1 M 

CsHCO3 
–1.15 64% 6.5 12.1% 

Sinton, 

Sargent, 

and co-

workers19 

Aquivion  
3 M KCl/1 

M H3PO4  
Not reported ~48% 576 35% 

Agapie, 

Peters, 

Sargent, 

and co-

workers18 

Aquivion 
None 

(MEA) 
Not reported 45% 68 10% 

Zhuang, 

L., et al.23  
QAPEEK 

None 

(MEA) 
Not reported 

73.4% 587 10.6% 

65.3% 653 16.4% 
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Figure 4.14. Computational model representing CO2 and K+ in polymers 2 through 4. The O–K 

distance cutoff is set to 5 Å.  

 

Table 4.9. Thermodynamic values computed from 2PT method. 

Polymer 
Entropy (S, 

J/mol/K/CO2) 

Helmholtz Free 

Energy (A, 

kJ/mol/K/CO2) 

 Diffusion 

coefficient 

(D, cm2/s) 

Total 

number 

of K+ a 

Total 

volume (Å3) 

Polymer 

volume 

(Å3) 

Open 

volume 

(Å3)b 

1 3.26 -0.95 3.6*10-6 0 2504 180.4 2324 

2  4.96 -2.09  2.6*10-5 16  2629 187.3 2442 

3 5.91 -3.22 1.07*10-4 32 2769 194.2 2575 

4 6.26 -3.58  1.6*10-4 48 2945 201.1 2744 

4-NMe4 3.73 -1.13 1.92*10-5 0 3267 201 3066 

4 (remove 

charges)c 3.33 -0.98 3.7*10-6 0 2451 180 2271 

a160 total monomeric units; one K+ per monomer 

b(Open volume) = (Total volume) – (Polymer volume) 

cFrom the optimized structure of polymer 4, the charged comonomer units were removed and 

the structure and parameters recalculated. 
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Table 4.10. Coordination of CO2 molecules to ionomers derived from simulations. 

Polymer 

Average number 

of CO2 molecules 

within 5 Å 

% CO2 molecules 

within 5 Å of K+ 

2 1 6 

3  7 44 

4 9 56 
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Figure 4.15. 1H NMR of polymer 1 in CD3CN. 

 

Figure 4.16. 1H NMR of polymer 1 in CDCl3. 

*CD3CN 

H2O* 

*CDCl3 
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 Figure 4.17. 13C NMR of polymer 1 in CDCl3. 

Figure 4.18. 1H NMR of polymer 2 in CD3CN. 

 

*CDCl3 

*CD3CN 

H2O* 
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Figure 4.19. 19F NMR of polymer 2 in CD3CN. 

Figure 4.20. 13C NMR of polymer 2 in CD3CN. 

*CD3CN 

*CD3CN 
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Figure 4.21. 1H NMR of polymer 3 in CD3CN. 

Figure 4.22. 19F NMR of polymer 3 in CD3CN. 

*CD3CN 

H2O* 
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Figure 4.23. 13C NMR of polymer 3 in CD3CN. 

Figure 4.24. 1H NMR of polymer 4 in CD3CN. 

*CD3CN 

*CD3CN 

*CD3CN 

H2O* 

*Et2O 
*Et2O 
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Figure 4.25. 19F NMR of polymer 4 in CD3CN. 
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Part B: Structural Diversification of Ionomer Series 

ABSTRACT 

As discussed in Part A, we observed a correlation between [K+] in the ionomer coating and 

|jC2+|.  Experimental and computational results were consistent with elevated CO2 mass transport 

at the electrode surface. To expand upon the results discussed in Part A, a diversified series of 

ionomers was prepared to explore the impact of a larger, more extensive series of ionomer coating 

on CO2R. 

Within this section, we additional (charged and neutral) polymer coatings.  While many of the 

coatings exhibit good performance (current density > 200 mA cm-2, Faradaic Efficiency (FE) > 

70% for multi-carbon products) with significant improvement over bare Cu, the trends observed 

with the methoxystyrene series (Part A) do not extend to series with other neutral comonomers 

(vinyl biphenyl) or cross-linked polymers.  In some cases, the analogous K+-free polymer exhibits 

similar performance to the K+-containing congener, suggesting a non-innocent role of neutral 

monomers.      
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RESULTS AND DISCUSSION 

One of the main challenges encountered in Part A was the solubility of the prepared ionomers.  

Because a correlation was observed between an increase in [K+] and an increase in CO2R 

performance, obtaining ionomers with higher [K+] was hypothesized to further improve CO2R.  

However, within the initial series, [K+] was limited to ~37%; ionomers with a higher [K+] were 

soluble in the electrolyte solution (1 M KHCO3(aq)), prohibiting their use as electrode coatings.  

Therefore, modification of the ionomer components was necessary to probe the impact of higher 

cation concentrations.  Several design strategies are discussed below, including (1) a vinyl 

biphenyl monomer and (2) ionomer variants with cross-linking comonomers.     

Seeking a less soluble comonomer than the previously utilized methoxystyrene, a series of 

polymers were prepared and studied based on a vinyl-biphenyl monomer.  [K+] ranged from 0 to 

~30 %.64  A comparison of performance across the series is shown in Figure 4.26.  Notably, unlike 

the methoxystyrene series discussed in Part A, an obvious correlation between [K+] and 

performance is not observed.  While an increase in current density is observed for 8 (the higher 

[K+]), this is accompanied by a decrease in selectivity for C2+ products.  While the same type of 

trend is not observed, these results are notable in that all of the polymers have improved 

performance over bare Cu, including the vinyl biphenyl homopolymer. The observation suggests 

that the modified performance for CO2RR is complicated by varying a number of parameters 

including porosity, solubility, polymer structure, etc.  While additional electrochemical and 

computational studies would be necessary to probe further, the improved performance with the 

biphenyl comonomer is reminiscent of the increased performance with electrodeposition of 

bis(aryl)iodonium triflate salts to generate poly(aryl) films.15  
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Alternative strategies to decrease the ionomer solubility were targeted, including the use of 

cross-linking monomers, with the hypothesis that ionomers with a higher [K+] would be accessible 

(while remaining insoluble in the electrolyte solution).  This is indeed possible, with heavily cross- 

Figure 4.26. Polymers 5-8 and CO2R performance on bare Cu. Top. Faradaic efficiency (FE, columns) 

and current density (white squares) for CO2R products on Cu/PTFE in the presence of ionomer films 

casted from solutions of 5-8. Electrolysis performed in 1 M KHCO3(aq) for 30 minutes with Eapplied = –

1.15 V vs. RHE. Corrected potentials (Ecorr) determined from measured (uncompensated) resistance are 

reported. Bottom. Partial current densities for trials shown in top panel.  Where present, error bars 

represent standard deviations from multiple measurements.  
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Figure 4.27. Polymers 9-15 and CO2R performance on bare Cu. Top. Faradaic efficiency (FE, columns) 

and current density (white squares) for CO2R products on Cu/PTFE in the presence of ionomer films 

casted from solutions of 9-15. Electrolysis performed in 1 M KHCO3(aq) for 30 minutes with Eapplied = –

1.15 V vs. RHE. Corrected potentials (Ecorr) determined from measured (uncompensated) resistance are 

reported. Bottom. Partial current densities for trials shown in top panel. Error bars represent standard 

deviations from multiple measurements. 
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Figure 4.28. Polymers 17-23 and CO2R performance on bare Cu.Top. Faradaic efficiency (FE, columns) 

and current density (white squares) for CO2R products on Cu/PTFE in the presence of ionomer films casted 

from solutions of 17-23. Electrolysis performed in 1 M KHCO3(aq) for 30 minutes with Eapplied = –1.15 V 

vs. RHE. Corrected potentials (Ecorr) determined from measured (uncompensated) resistance are reported. 

Bottom. Partial current densities for trials shown in top panel. Error bars represent standard deviations 

from multiple measurements. 
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linked polymers reaching 50% and 70% mol K-STFSI with a 4,4'-divinyl-1,1'-biphenyl cross-

linking monomer (polymers 9 and 10, respectively).  Unfortunately, these ionomers do not exhibit 

the desired performance, with 10 (the higher [K+] ionomer) displaying a notably worse CO2R 

performance (|<j>| = ~200 vs ~230 mA cm-2 and FEC2+ = ~65% vs. ~75%).  Similar to the vinyl 

biphenyl series of ionomers (5-8) where the neutral comonomer impacts performance, 9 and 10 

suggest that polymer structure and degree of cross-linking (and therefore, the degree of porosity) 

impact performance.  This is consistent with the computations discussed in Part A where porosity, 

open volume, and [K+] impacted performance.   

To minimize the negative impacts of very high content of the cross-linking monomer (while 

still decreasing solubility in the electrolyte solution), tricomponent ionomers were prepared with 

methoxystyrene and vinylbiphenyl as the major neutral monomer.  The electrochemical 

performance of the methoxystyrene series (11-13) and the vinylbiphenyl series (14-16) is shown 

in Figure 4.27.  For both sets of compounds, high performance is observed without an obvious 

trend in [K]+ and increased performance.   

Any overall conclusions remain quite speculative without additional studies, but an interesting 

comparison is the performance of 9 and 16.  While both ionomers have the same [K+], 9 has a 

large ratio of cross-linking comonomer (50 %) and 16 has a modest content (10 %)  and additional 

vinyl biphenyl monomer (40 %).  As coatings on Cu, 16 has a similar selectivity to 9 but a much 

higher overall current density, resulting in a higher |<jC2+>|.  This again suggests that the overall 

flexibility and porosity (enforced by the extent of cross-linking) of the polymer may be crucial.       

Additional cross-linking monomers were investigated, including terphenyl and poly(ethylene 

glycol)-based linkers.  Due to the detrimental impact of a high amount of cross-linking monomer 

observed previously (9 and 10), tricomponent polymers were prepared, with methoxystyrene and 
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vinylbiphenyl as the major neutral monomer.  In an effort to partially deconvolute the impact [K+] 

and polymer structure, neutral polymers with the same relative ratio of cross-linking 

monomer:neutral monomer.65  The performance of polymers 17-23 is shown in Figure 4.28.  

Notably, polymer 21 demonstrates the record performance (across all polymers discussed), with 

|<jC2+>| of 260 mA cm-2 (9-fold increase vs. bare Cu).  However, it is interesting to observe that 

each K+-free variant demonstrates quite similar high performance for CO2R.  Again, this 

demonstrates the non-innocent impact of the neutral components.  The polyaromatic motifs may 

improve CO2R by increasing local [K+] by a cation-π effect66 or improved CO2 mass transport. 

However, additional experiments are necessary to more accurately understand the observed 

performance.   
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CONCLUSIONS 

In summary, an expanded series of ionomers was investigated as coatings on Cu electrodes for 

CO2R.  Modification of the neutral comonomer and use of aryl (biphenyl, terphenyl) and 

poly(ethylene glycol)-based cross-linkers enabled access to a diverse range of polymer coatings.  

While significant increases in product selectivity and current density were observed for all of the 

tested materials, a direct trend between [K+] and performance was not observed, indicating a more 

complicated balance of factors to drive the modification in selectivity, including the identity of the 

neutral comonomer, the degree of cross-linking, and the [K+].  Future work will facilitate an 

improved understanding of how these polymers impact CO2R on Cu.  Scattered angle X-ray 

spectroscopy measurements (SAXS) will be carried out to rule out morphological changes to Cu, 

and electrochemical measurements will also be performed to determine CO2 diffusion coefficients. 

Complimentary MD simulations (similar to those discussed in Part A) can help elucidate the films’ 

effects on CO2R performance.  
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EXPERIMENTAL SECTION 

For details related to electrochemistry experiments, please see Part A (page 88).  

General Considerations. All solvents and reagents were obtained from commercial sources 

(Aldrich, Merck, and Combi Blocks) and used as received, unless stated otherwise.  4-

Methoxystyrene was dried with CaH2 and filtered under inert atmosphere. Azobisisobutyronitrile 

(AIBN) was dried under vacuum for 16 hr.  4-vinylbiphenyl was dried under vacuum for 16 hr.  

K-STFSI was prepared based on a previously reported synthesis.56 Acetonitrile was dried by 

passing over activated alumina by the method of Grubbs57 and stored over 3 Å molecular sieves 

in a N2-filled glovebox. Anhydrous dimethylformamide (DMF) was degassed and stored over 3 Å 

molecular sieves in a N2-filled glovebox. KHCO3 (grade) for polymer purification was purchased 

from Sigma Aldrich. 

Preparation of Cross-Linking Monomers: 

 

4-Bromostyrene (3.36 g, 18.35 mmol, 1.0 equiv) and 4-vinylphenylboronic acid (2.72 g, 18.35 

mmol, 1.0 equiv) were added as solids to a Schlenk tube and suspended in toluene (20 mL), ethanol 

(20 mL) and 2 M aqueous K2CO3 (10 mL).  The reaction mixture was thoroughly degassed 3x 

before addition of Pd(PPh3)4 (5 mol%), and the reaction was heated to 70 oC for 16 hr.  The reaction 

was quenched with exposure to air, and the reaction was filtered over a silica plug and extracted 

with DCM.  The volatiles were concentrated in vacuo, dissolved in DCM, and the mixture was 

washed 3x with water. The organic layer was dried with MgSO4, and the volatiles were removed 
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in vacuo.  The product was purified by column chromatography.  The product was isolated as a 

light yellow solid.  Characterization is consistent with previous reports.67 

 

 

1,4 dibromobenzene (3.98 g, 16.89 mmol, 1.0 equiv) and 4-vinylphenylboronic acid (5 g, 33.79 

mmol) were added as solids to a Schlenk tube and suspended in toluene (120 mL), ethanol (40 

mL), and 2 M aqueous K2CO3 (66 mL).  The reaction mixture was thoroughly degassed 3x before 

addition of Pd(PPh3)4 (400 mg, 0.3379 mmol, 0.02 equiv), and the reaction was heated to 70 oC 

for 16 hr.  The reaction was quenched with exposure to air, and the reaction was filtered over a 

silica plug and extracted with DCM.  The volatiles were concentrated in vacuo, dissolved in DCM, 

and the mixture was washed 3x with water. The organic layer was dried with MgSO4, and the 

volatiles were removed in vacuo.  The product was purified by column chromatography.  The 

product was isolated as a light yellow solid.  Characterization is consistent with previous reports.67 

 

 

4-Acetoxystyrene (1.965 g, 12.12 mmol, 2.0 equiv) was dissolved in EtOH followed by addition 

of KOH (0.85 g, 15.15 mmol, 2.5 equiv).  The reaction was heated to 70 oC for 1.5 hr, followed 

by addition of triethylene glycol di(p-toluenesulfonate) (2.77 g, 6.05 mmol, 1.0 equiv). The 
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reaction was stirred for 16 hr at RT. The volatiles were concentrated in vacuo, dissolved in DCM, 

and the mixture was washed 3x with water.  The product was purified by column chromatography.  

The product was isolated as a white solid.  Characterization is consistent with previous reports. 

 

General Procedure for Synthesis of Neutral Homopolymer: The reaction was conducted under 

an inert atmosphere.  The neutral monomer (methoxystyrene or vinylbiphenyl) was dissolved in 

MeCN (4 mL).  AIBN (26 mg, 0.1 equiv) was added and rinsed with MeCN (1 mL).  The vial was 

sealed, removed from the glovebox, and heated at 70 oC for 3 days.  The reaction was quenched 

by exposure to air.  The crude material was concentrated, redissolved in THF, and precipitated into 

MeOH (100 mL).  The polymer was isolated as a fine white solid.  

   

General Procedure for Copolymer Synthesis: The reaction was conducted under an inert 

atmosphere.  The neutral monomer (methoxystyrene or vinylbiphenyl) was added to a 20-mL 

scintillation vial and dissolved in MeCN (2 mL) followed by addition of K-STFSI dissolved in 

MeCN (2 mL).  AIBN (0.1 equiv) was added and rinsed with MeCN (1 mL).  The vial was sealed, 

removed from the glovebox, and heated at 70 oC for 3 days.  The reaction was quenched by 

exposure to air.  The crude polymer was precipitated into Et2O (100 mL) and filtered.  The 

precipitate was stirred with 20 mL of an aqueous solution of 1 M KHCO3 at 90 oC for a minimum 

of 30 minutes.  The mixture was filtered hot over a glass frit.  An additional 2 washes with 1 M 

KHCO3(aq) were necessary for most purifications.  The solid material was extracted with MeCN, 

concentrated under reduced vacuum, redissolved in MeCN, and filtered.  The filtrate was 

precipitated with Et2O (100 mL) and filtered.  The polymer dried under vacuum and was isolated 

as a fine white solid. 
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General Procedure for Cross-Linking Copolymers Synthesis with Cross-Linking Monomer 

A: The reaction was conducted under an inert atmosphere.  The neutral monomer (methoxystyrene 

or vinylbiphenyl) was added to a 20-mL scintillation vial and dissolved in MeCN (2 mL) followed 

by addition of cross-linking comonomer and K-STFSI dissolved in MeCN (1 mL, each).  AIBN 

(0.1 equiv) was added and rinsed with MeCN (1 mL).  The vial was sealed, removed from the 

glovebox, and heated at 70 oC for 3 days.  The reaction was quenched by exposure to air.  The 

polymer was precipitated into Et2O (100 mL) and filtered.  The precipitate was stirred with 20 mL 

of an aqueous solution of 1 M KHCO3 at 90 oC for a minimum of 30 minutes.  The mixture was 

filtered hot over a glass frit.  An additional 2 washes with 1 M KHCO3(aq) were necessary for most 

purifications.  The solid material was extracted with MeCN, concentrated under reduced vacuum, 

redissolved in MeCN, and filtered.  The filtrate was precipitated with Et2O (100 mL) and filtered.  

The polymer dried under vacuum and was isolated as a fine white solid. 

 

General Procedure for Cross-Linking Copolymers Synthesis with Cross-Linking Monomers 

B and C: The reaction was conducted under an inert atmosphere.  The neutral monomer 

(methoxystyrene or vinylbiphenyl) was added to a 20-mL scintillation vial and dissolved in DMF 

(2 mL) followed by addition of cross-linking comonomer and K-STFSI dissolved in DMF (1 mL, 

each).  AIBN (0.1 equiv) was added and rinsed with DMF (1 mL).  The vial was sealed, removed 

from the glovebox, and heated at 70 oC for 3 days.  The reaction was quenched by exposure to air.  

DMF was removed in vacuo, and the crude polymer was redissolved in minimal MeCN (~5 mL).  

The polymer was precipitated into Et2O (100 mL) and filtered.  The precipitate was stirred with 

20 mL of an aqueous solution of 1 M KHCO3 at 90 oC for a minimum of 30 minutes.  The mixture 

was filtered hot over a glass frit.  An additional 2 washes with 1 M KHCO3(aq) were necessary for 
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most purifications.  The solid material was extracted with MeCN, concentrated under reduced 

vacuum, redissolved in MeCN, and filtered.  The filtrate was precipitated with Et2O (100 mL) and 

filtered.  The polymer dried under vacuum and was isolated as a fine white solid. 

 

Note about Polymer Purification:  For some copolymers with a higher content of charged 

comonomer where some moderate solubility in 90 oC 1 M KHCO3 is observed, an alternative 

purification was used to remove unreacted K-STFSI.  The crude polymer was dissolved in minimal 

MeCN (< 5 mL) and precipitated by addition to 1 M aqueous KHCO3 (25 mL).  The purification 

was repeated until residual unreacted monomer was removed (generally 3-5 washes).  The polymer 

was then further purified with the same procedure described above (redissolved in MeCN, filtered, 

and precipitated with Et2O). 
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NMR Spectra of Prepared Polymers 

Figure 4.29. 1H NMR of 5 in CD3CN.  
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Figure 4.30. 1H NMR of 6 in CD3CN. 

 

 

 

 

Figure 4.31. 19F NMR of 6 in CD3CN. 
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Figure 4.32. 1H NMR of 7 in CD3CN. 

 

 

Figure 4.33. 19F NMR of 7 in CD3CN. 
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Figure 4.34. 1H NMR of 8 in CD3CN.  

 

 

 

 

Figure 4.35. 19F NMR of 8 in CD3CN. 
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Figure 4.36. 1H NMR of 9 in CD3CN. 

 

Figure 4.37. 19F NMR of 9 in CD3CN.  
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Figure 4.38. 1H NMR of 10 in CD3CN. 

 

 

Figure 4.39. 19F NMR of 10 in CD3CN.   
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Figure 4.40. 1H NMR of 10/80/10 K-STFSI/methoxystyrene/biphenyl cross-linker polymer in 

CD3CN (not tested for CO2R performance). 

 

 

 

Figure 4.41. 19F NMR of 10/80/10 K-STFSI/methoxystyrene/biphenyl cross-linker polymer in 

CD3CN (not tested for CO2R performance). 
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Figure 4.42. 1H NMR of 11 in CD3CN. 

 

 

 

Figure 4.43. 19F NMR of 11 in CD3CN. 
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Figure 4.44. 1H NMR of 12 in CD3CN. 

 

Figure 4.45. 19F NMR of 12 in CD3CN. 
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Figure 4.46. 1H NMR of 40/50/10 (K-STFSI/methoxystyrene/biphenyl cross-linker) polymer in 

CD3CN (not tested for CO2R performance). 

 

Figure 4.47. 19F NMR of 40/50/10 (K-STFSI/methoxystyrene/biphenyl cross-linker) polymer in 

CD3CN (not tested for CO2R performance). 
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Figure 4.48. 1H NMR of 13 in CD3CN. 

 

 

 

Figure 4.49. 19F NMR of 13 in CD3CN. 
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Figure 4.50. 1H NMR of 14 in CD3CN. 

 

 

 

Figure 4.51. 19F NMR of 14 in CD3CN. 
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Figure 4.52. 1H NMR of 15 in CD3CN. 

 

Figure  4.53. 19F NMR of 15 in CD3CN. 
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Figure 4.54. 1H NMR of 40/50/10 (K-STFSI/vinylbiphenyl/biphenyl cross-linker) polymer in 

CD3CN (not tested for CO2R performance). 

 

Figure 4.55. 19F NMR of 40/50/10 (K-STFSI/vinylbiphenyl/biphenyl cross-linker) polymer in 

CD3CN (not tested for CO2R performance). 
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Figure 4.56. 1H NMR of 16 in CD3CN. 

 

 

 

Figure 4.57. 19F NMR of 16 in CD3CN. 
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Figure 4.58. 1H NMR of 17 in CD3CN. 

Figure 4.59. 19F NMR of 17 in CD3CN.   
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Figure 4.60. 1H NMR of 18 in THF-h8. 

 

Figure 4.61. 1H NMR of 19 in THF-h8. 
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Figure 4.62. 1H NMR of 20 in CD3CN. 

 

Figure 4.63. 19F NMR of 20 in CD3CN. 
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Figure 4.64. 1H NMR of 21 in CD3CN. 

 

 

Figure 4.65. 19F NMR of 21 in CD3CN.  
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Figure 4.66. 1H NMR of 22 in CD3CN. 

 

 

Figure 4.67. 19F NMR of 22 in CD3CN.   
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Figure 4.68. 1H NMR of 23 in THF-h8. 
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CHAPTER 5. Novel Silicate Platform as Weakly-Coordinating Anions for Organometallic and 

Electrochemical Applications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For author contributions, see Page vii. 

 



 160 

ABSTRACT 

Weakly-coordinating anions (WCAs) are employed in a wide range of applications, but 

limitations remain, including high reactivity, limited redox window, complicated synthesis, high 

cost, low solubility, and low structural tunability. Herein, we report a new class of WCA based on 

alkyl or aryl (R) substituted silicates bearing fluorinated pinacolate ligands, "[RSiF]-". Anions 

bearing a variety of R groups were prepared, enabling facile tuning of sterics and solubility. A 

range of cations employed in chemical reactivity has been supported by these anions, including 

ether-free alkali cations (useful for subsequent salt metathesis reactions), Ph3C
+, and an 

ethylene/CO copolymerization catalyst [Pd(dppe)(NCMe)Me]+ (generated by salt metathesis or 

protonation of a metal-alkyl bond).  These examples showcase the ability of the RSiF- anions to 

support applications in coordination chemistry. Electrochemical studies on the [Bu4N]+ variant 

show an exceptionally wide stability window for the MeSiF- anion of 7.5 V in MeCN.  The [C6F5SiF]- 

variant can be readily further modified to access diverse and/or dianionic variants.    

 



 161 

INTRODUCTION  

Weakly-coordinating anions1 (WCAs) facilitate diverse chemistry from access to highly 

electrophilic centers for olefin polymerization or C-H bond activation, to redox stability for battery 

electrolytes and electron transfer reactions, to Bronsted superacidity.2-4 Typically, a WCA features: 

(1) Weak cation-anion interaction, (2) Low propensity to undergo oxidation/reduction, and (3) 

Low reactivity towards highly electrophilic fragments.5 Early examples of WCA include [PF6]
-, 

[BF4]
-, [O3SCF3]

- and [N(SO2CF3)2].
1-9 These species typically feature wide redox stability 

windows and they are frequently employed as supporting electrolytes for electrochemical studies 

of organometallic compounds because of their stability and commercial availability.7 However, in 

the presence of highly electrophilic cations, these anions decompose via fluoride abstraction.5, 8, 10 

Less nucleophilic anions, less susceptible to decomposition have been developed for a variety of 

transformations, including borates, carboranes, and aluminates. Borates that feature multiple 

electron-withdrawing aryl substituents, including tetrakis (pentafluorophenyl)borate ([B(C6F5)4]
-) 

and tetrakis-[3,5-(bistrifluoromethyl)phenyl] borate ([BArF
24]

-), are commercially available.4, 8, 11 

The electron-deficient aryl substituents impart high stability, high solubility, and low propensity 

to coordinate. While less soluble than [BArF
24]

- the performance of [B(C6F5)4]
-  as a WCA is 

highlighted by its tolerance towards highly electrophilic cations such as zirconocene and silylium 

because of its robust Csp2-F bonds.9, 12 Halogenated carborane anions, such as [HCB12H5Cl6] and 

[HCB12H5Br6], support Et3Si+-catalyzed hydrodefluorination reactions with higher turnover 

numbers (TON) and conversion compared to [B(C6F5)4]
-.9 Weakly-coordinating aluminates with 

highly-fluorinated, bulky alkoxide ligands support unusual, reactive motifs such as cationic binary 

P-X species (X = halogen), CS2Br3
+, CX3

+ (X = Br, I) that are otherwise unknown in the condensed 
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phase. In addition to supporting challenging, reactive cations, these more modern WCAs also 

support cations commonly used as reagents in coordination chemistry such as [H(OEt2)2] 
+, 

[Ph3C]+, [Ag]+ .5, 8, 10  

The development of new weakly-coordinating anions including the following properties is of 

particular interest: 1) facile preparation and functionalization; 2) support of coordination chemistry 

applications, and 3) wide redox window. Herein, we report the design and synthesis of a new class 

of WCA based on silicon (“RSiF anions”) and their applications in coordination chemistry, 

organometallic catalysis, and electrochemistry.  

 

 

 

 

 

 

 

 

Figure 5.1.  Common weakly coordinating anions with application in coordination chemistry 
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RESULTS AND DISCUSSION 

Our design for a WCA is inspired by weakly-coordinating borates, [BArF
24]

- and [B(C6F5)4]
-. 

Charge delocalization over several electron-deficient substituents imparts low nucleophilicity, 

basicity, and propensity to oxidize.8 Conceptually, a highly Lewis acidic fragment (e.g., neutral 

borane, such as B(C6F5)3) results in a WCA (e.g., [B(C6F5)4]
- ) upon incorporation of an aryl, 

(C6F5)
-, or other anionic groups.8 Lewis acids based on Si were identified as potential candidates 

given their synthetic accessibility and high Lewis acidity.13-17 Recently, Si-based Lewis acids have 

been shown to possess fluoride ion affinities (FIA) higher or comparable to that of SbF5,
13-17 the 

baseline for Lewis superacidity.18 For example, Si supported by two perfluoropinacolato ligands, 

(MeCN)Si(O2C6F12)2
  (Figure 5.2), was calculated to have a fluoride affinity of 474 kJ/mol, closer 

to SbF5 (501 kJ/mol) than B(C6F5)3 (435 kJ/mol), suggesting that it may serve as the basis for a 

five-coordinate Si WCA.17 Indeed, (MeCN)Si(O2C6F12)2 is highly reactive and activates the Si-F 

bond of Et3SiF.17 Although little is known about the ability of pentacoordinate silicates to act as 

WCAs, some simple variants have been known since the 1960s.19-21
 

We targeted pentacoordinate silicates of the form [RSi(O2C6F12)2]
- (RSiF-), with the 

perfluoropinacolato ligands imparting steric protection and oxidative stability, and the alkyl/aryl 

Figure 5.2. Design principle of a pentacoordinate silicate anion. 
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substituent R imparting structural and electronic tunability. With the precedent to access 

pentacoordinate silicate anions from RSiCl3 precursors (R = H or Cl),17 stoichiometric treatment 

of RSiCl3 (R = 3,5-di-tert-butylphenyl) with 2 equivalents of Li2(O2(C(CF3)2)2 (Li2F12-pin) in 

acetonitrile results in LiCl precipitation and generates [Li(NCMe)n][
RSiF]. Cation exchange with 

excess [Et3NH][Cl] in water affords [Et3NH][RSiF] (1-[Et3NH]). The 1H NMR spectrum of 1-

[Et3NH] displays six peaks, corresponding to the aryl protons and the tBu groups as well as the 

peaks corresponding to the [Et3NH]+ motif. The 19F NMR of 1-[Et3NH] displays two multiplets 

centered δ -69.2 ppm and δ -69.8 ppm, and the 29Si spectrum displays a single peak at -88.9 ppm,  

consistent with previously reported silicates bearing two perfluoropinacolato motifs.17   

As indicated by a single crystal X-ray diffraction study (Figure 5.3), in the solid state, the 

anionic silicate motif was found to be pseudo-trigonal bipyramidal, with the aryl group in the 

equatorial plane. A hydrogen bonding interaction is observed with a fluoride, reminiscent of 

hydrogen bonding interactions observed in borates.22-24 The structural tunability of [RSiF]- anions 

was explored with a variety of alkyl and aryl substituents (2-[Et3NH] - 6-[Et3NH]) to tune the 

solubility and sterics of the anion. 

Scheme 5.1. Preparation of [Et3NH][RSiF]. 
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To target a more fully fluorinated version of the [RSiF] anion with R = C6F5, the same 

preparation route used for 1-[Et3NH] – 6-[Et3NH] was attempted.  However, no formation of the 

desired product was observed, with only formation of many unidentified species by 19F NMR. Use 

of more forcing conditions (extended reaction time, heating) did not improve the reaction. Due to 

the formation of many new Aryl-F peaks, concern of nucleophilic attack from the (Li2F12-pin) 

resulted in development of different reaction conditions (Scheme 5.1, right), where 7-[Et3NH] is 

formed directly from C6F5SiCl3 by treatment with 2 equivalents of perfluoropinacol (F12-pin) and 

4 equivalents of NEt3 in toluene. Following purification to remove the generated [Et3NH]Cl, 7-

[Et3NH] can be isolated. While this route can be applied to other variants, the initial 2-step method 

is preferred when possible. The solid-state structure of 7-[Et3NH] is shown in Figure 5.4, with the 

same pseudo-trigonal bipyramidal seen in Figure 5.3.  The triethylammonium cation is hydrogen-

bonded to a molecule of co-crystallized THF.   

All [Et3NH][RSiF] variants have been prepared on multi-gram batches, enabling extensive 

Figure 5.3. Crystal structure of 1-[Et3NH]. Thermal ellipsoids shown at 50% probability. 

Hydrogen atoms omitted for clarity.  
 

Si 

F 

O 

C 

N 



 166 

further study of cations supported by this new class of WCA. Due to the improved solubility and 

useful NMR handles (aromatic and alkyl signals), 1-[Et3NH] was the representative variant used 

for further exploration. Inspired by synthetic approaches in borate chemistry, where NaBArF
24 is 

a versatile intermediate,3-5, 7-8 variants displaying alkaline metal cations were targeted. 1-[M] (M 

= Na+, K+) can be directly prepared from 1-[Et3NH] by treatment with the corresponding 

hexamethyldisilazide regents (M(N(SiMe3)) in aromatic solvents (Scheme 5.2).  Notably, 1-[Na] 

and 1-[K] are free of coordinated ethereal solvents and do not require prolonged heating under 

vacuum.  1-[K] displays mild solubility in benzene and dichloromethane (0.1 mmol/L in benzene, 

0.4 mmol/L in dichloromethane) with improved solubility with 1-[Na] (2 mmol/L in benzene, 1.3 

Scheme 5.2. Preparation of [alkali metal][RSiF] compounds. 

Figure 5.4. Crystal structure of 7-[Et3NH]. Thermal ellipsoids shown at 50% probability. 

Hydrogen atoms omitted for clarity. 
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mmol/L in dichloromethane).  The solid-state structure of 1-[K] is shown in Figure 5.5, where the 

compound forms a polymeric structure, where each potassium cation has close interactions with 

two O and two F atoms on each SiF anion.  These short interactions are very reminiscent of solid-

state structures of solvent-free K[BArF24]
25 and K[B(C6F5)4].

26   

The [Ph3C]+ cation is a versatile reagent for both hydride abstraction and chemical oxidation.2, 

9, 27-28 Conveniently, the high solubility of 1-[K] in CH2Cl2 and lack of coordinated ether ligands 

allowed facile preparation of 1-[Ph3C] (Scheme 5.3).  The solid-state structure of 1-[Ph3C] (Figure 

5.6) is consistent with formation of the desired compound.  

Scheme 5.3. Preparation of 1-[Ph3C]. 

Figure 5.5. Crystal structure of 1-[K]. Thermal ellipsoids shown at 50% probability. 

Hydrogen atoms omitted for clarity. 
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The [Ph3C]+ cation is also the common precursor used to generate [R3Si]+ cations.29  Due to 

the reactive nature of [R3Si]+ cations, they are only stable with a small sub-set of weakly 

coordinating anions including B(C6F5)4 and carboranes.29  Attempts were made to access 

[R3Si][RSiF] from Ph3SiH or Et3SiH, but only anion decomposition was observed.      

To explore application in a catalytic organometallic system, we studied the generation of 

[Pd(dppe)(solvent)Me]+[RSiF]- from precatalysts Pd(dppe)MeCl and Pd(dppe)Me2 by halide 

Scheme 5.4. Preparation of 1-[Pd(dppe)(NCMe)Me] by salt metathesis (left) or 

protonlysis (right). 

Figure 5.6. Crystal structure of 1-[Ph3C]. Thermal ellipsoids shown at 50% probability. 

Hydrogen atoms omitted for clarity. 
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abstraction and protonation of a metal-alkyl bond, respectively. The cationic Pd-Me species has 

been reported to be competent for the alternating copolymerization of ethylene and carbon 

monoxide to generate polyketones.30-31 Under typical activation conditions,  

[Pd(dppe)(solvent)Me]+[BArF
24]

-
,
  is prepared from reaction with NaBArF

24. Generation of the 

cationic active species was probed with 1-[Na] (Scheme 5.4, left). The salt metathesis proceeds 

cleanly, forming the cationic Pd compound by precipitation of NaCl. Analysis of the product by 

1H and 31P NMR in CDCl3 revealed full conversion to the desired product, with a diagnostic pair 

of inequivalent, coupled 31P resonances at δ 60.7 ppm and δ 38.6 ppm, shifted from those of the 

starting material (δ 59.1 ppm and δ 30.7 ppm). The same cationic species has also been accessed 

by protonation of Pd(dppe)Me2 with [(Et2O)2H][BArF
24].

32-33  Conveniently, analogous reactivity 

was observed with 1-[Et3NH] (Scheme 5.4, right).  Under polymerization conditions, 1-

[Pd(dppe)(NCMe)Me] is catalytically active (activity = 1.7 g mmol-1 hr-1) and exhibits activity 

similar to the system with the BArF24 anion ([Pd(dppe)(NCMe)Me][BArF
24], activity = 2.3 g 

mmol-1 hr-1).   

The electrochemical stability window of this novel class of WCAs is of interest. Therefore, 

the electrochemistry of [Bu4N][MeSiF] (a related variant that can be prepared on 60+ gram scales) 

was evaluated with cyclic voltammetry (CV) and linear sweep voltammetry (LSV) (Figure 5.7).  

The performance was compared to [Bu4N][PF6], a common electrolyte employed in 

electrochemical characterization of coordination compounds. While MeSiF- and PF6
- anions have 

effectively the same reductive stability in MeCN of ca. -3.1 V vs. Fc/Fc+, the MeSiF- anion 

displayed increased oxidative stability up to 4.5 V vs. Fc/Fc+, surpassing the oxidative stability of 

PF6
- by ca. 1 V. Together, [Bu4N][MeSiF] has a wide stability window of ca. 7.5 V in MeCN, 

highlighting its potential for supporting highly oxidizing, electrophilic cations in both chemical 



 170 

and electrochemical oxidation reactions.   

The R = -C6F5 variant provides unique access to a readily modifiable [RSiF]- anion, where 

aromatic nucleophilic substitution in the para position34 facilitates formation of a functionalized 

SiF anion (Scheme 5.5).  In all cases, the formation of the desired product was confirmed by 1H 

and 19F NMR, with additional confirmation by ESI-MS, as needed.  In 19F NMR, the disappearance 

of the para-fluorine and formation of two new sets of doublets of doublets is consistent with the 

expected transformation.  Due to the bulky nature of the SiF anion, substitution in the ortho- 

Figure 5.7. Cyclic voltammetry and linear sweep voltammetry experiments of 0.1 M 

[Bu4N][MeSiF] and [Bu4N][PF6] in MeCN; Current shown were normalized to the highest current 

in each experiment; Top: Cyclic voltammogram of [Bu4N][MeSiF] in MeCN; WE: Glassy carbon; 

CE: Pt wire; RE: Ag wire; scan rate = 100 mVs-1; Bottom: Linear sweep voltammograms of 0.1 M 

[Bu4N][MeSiF] and [Bu4N][PF6] in MeCN; WE: Glassy carbon; CE: Pt wire; RE: Ag wire; scan 

rate = 50 mVs-1. 
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position is sterically hindered. Notably, in cases where a complex product mixture is obtained, 

neither formation of di-/tri- substituted species nor ortho- or meta- substitution is observed (by 19F 

NMR or ESI-MS). Trace amounts of these species may form, but they have not been observed in 

a detectable amount. Many differentiated SiF anions have been accessed (some selected examples 

shown in Scheme 5.5). Using the corresponding Ar-Li reagent, a variety of chemical 

functionalities can be installed on the SiF including a protected alkyne (which has been 

subsequently deprotected to access the terminal alkyne), aryl halides (useful synthons for 

subsequent Li/halogen exchange and/or cross-coupling reactions), phenols, and aryls with alkyl 

ethers.  Beyond monoanionic [RSiF]- anions, a dianionic version can be prepared by treating the 

[C6F5SiF] anion with 1,4 di-lithium aryl (Scheme 5.6).     

Scheme 5.5: Preparation of variants from [C6F5SiF]-  

Scheme 5.6: Preparation of dianionic silicate ([SiF]-Ar-[SiF]) 
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Due to the reliable and tolerant nature of this reaction, it is currently being investigated as a 

straightforward method to install [RSiF] anions on complex/difficult to functionalize ligands.  
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CONCLUSIONS 

In summary, we have developed a new class of WCAs featuring a pseudo-trigonal bipyramidal 

silicate. The synthetic routes reported have allowed access to a variety of [RSiF]- structures. 

Cations relevant to coordination chemistry and catalysis were supported by these novel anions. 

The electrochemical stability window of the [MeSiF]- anion was found to be 7.5 V in MeCN, 

surpassing that of [Bu4N][PF6] by ca. 1 V oxidatively. The [C6F5SiF]- variant provides a unique 

strategy for further modification of a [RSiF]- anion. Together, these results demonstrate that the 

[RSiF]- anion platform is readily diversified and supports coordination chemistry applications. The 

tunability of this platform allows for development of anions with tailored performance. 
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EXPERIMENTAL SECTION  

General Considerations   

Unless otherwise specified, all operations were carried out in an MBraun drybox under a nitrogen 

atmosphere or using standard Schlenk line or high vacuum techniques. Solvents for air- and 

moisture-sensitive reactions were dried with sodium mirror (1,4 dioxane), sodium benzophenone 

ketyl (DME), or by the method of Grubbs35 (THF, Et2O, toluene, pentane, benzene). Solvents, 

once dried and degassed, were vacuum transferred directly and stored under inert atmosphere over 

3 Å molecular sieves. C6D6, C7D8, CD3CN, CD2Cl2 were purchased from Cambridge Isotope 

Laboratories and vacuum transferred from sodium benzophenone ketyl (C6D6, C7D8) or CaH2 

(CD3CN, CD2Cl2) after three freeze-pump-thaw cycles. Et3N was dried over CaH2, degassed, and 

vacuum transferred prior to use. Perfluoropinacol was purchased from TCI America and used as 

received. Li2(O2(C(CF3)2)2) was prepared according to literature procedures.17 For the preparation 

of Li2(O2(C(CF3)2)2), perfluoropinacol was dried over 3 Å molecular sieves at 40 C for at least 

16 hours and vacuum transferred. SiCl4 was purchased from Sigma-Aldrich, dried over CaH2, and 

distilled immediately before use. Unless otherwise noted, RSiCl3 precursors were purchased from 

commercial vendors, freeze-pump-thawed thrice, and bump-degassed before use.  

Unless otherwise noted, all other chemicals were purchased from commercial vendors and used as 

received. 1H, 13C, 19F, and 29Si NMR spectra were either recorded on a Varian 400 MHz 

spectrometer or a Bruker 400 MHz spectrometer with chemical shifts reported in parts per million 

(ppm). 1H NMR spectra were referenced to residual solvent peaks. 1 Multiplicities are abbreviated 

as follows: s = singlet, d = doublet, t = triplet, dd = doublet of doublets, dt = doublet of triplets, td 

= triplet of doublets, m = multiplet, br = broad, and app = apparent.  
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Electrochemical characterization: Linear sweep voltammetry experiments of 1-[Bu4N] and 

[Bu4N][PF6]  were performed under an N2 atmosphere using a Pine Instrument Company 

AFCBP1 potentiostat using the AfterMath software package. Linear sweep voltammograms 

were recorded in the glovebox at 25 C with an auxiliary Pt-coil counter electrode, Ag-wire 

reference electrode, and 3.0 mm glassy carbon working electrode (BASI). The electrolyte 

solution was 0.1 M of the corresponding tetra-n-butylammonium salt in MeCN. All reported 

values are referenced to an internal ferrocene/ferrocenium couple. 

 

 

Synthesis of trichloro(3,5-di-tert-butylphenyl)silane: In an N2-filled glovebox, Mg turnings (5 

equiv) were transferred to a Schlenk tube and suspended in 200 mL of THF.  1-Bromo-3,5-di-tert-

butylbenzene (11.5 g, 1 equiv) was dissolved in 50 mL of THF and added dropwise while 

maintaining vigorous stirring.  Upon complete addition of the aryl bromide, the Grignard was 

stirred for 30 min at RT.  A separate Schlenk tube was filled with 200 mL of THF and cycled onto 

the Schlenk tube before transferring  15 mL SiCl4 (21.73 g, 4 equiv).  The flask was then cooled 

to -78 oC, and the Schlenk tube containing the Grignard was cycled onto the line.  The Grignard 

solution was transferred dropwise (1 drop/second) via cannula to the chilled SiCl4 solution.  After 

complete addition, the reaction continued to stir in the chilled bath for 16 hr, slowly warming to 

RT.  The volatiles were concentrated in vacuo, and the desired product was extracted with pentane 

and filtration to remove the salts.  The product was isolated as clear, colorless oil and used in 

subsequent steps without further purification.   
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(4-(tert-butyl)phenyl)trichlorosilane and C6F5SiCl3 can be prepared analogously beginning from 

1-bromo-4-tert-butylbenzene and pentafluorobromobenzene, respectively, and used without 

further purification.   

 

Synthesis of [Et3H][tBu2PhSiF]/1-[Et3NH]: In an N2-filled glovebox, Li2(O2(C(CF3)2)2) (16.7 g, 

48.2 mmol, 2.0 equiv) was dissolved in MeCN (100 mL).  (3,5-ditBuPh)SiCl3 (7.8 g, 24.1 mmol, 

1.0 equiv) was dissolved in MeCN and added to the stirring solution, with precipitation of LiCl 

within 5 minutes.  The reaction was stirred for an additional 30 min at RT, and the LiCl was 

subsequently removed by filtration.  The solvent was removed in vacuo, and the thick oil was 

suspended in DI H2O with excess HNEt3Cl.  The suspension was stirred at RT for 1 hr, and the 

solids were subsequently collected by filtration.  The solid was washed extensively with DI water 

to remove excess HNEt3Cl.  The solid was dried for 16 hr under vacuum before being transferred 

to an N2-filled and washed with anhydrous toluene.  1-[HNEt3] was isolated as a fine white 

powder.  Yield: (15.8 g, 66 %).         

[Et3NH][tBu2PhSiF]/1-[Et3NH]  

1H (CD3CN, 400 MHz): 7.77 (d, 2 H, Ar-H), 7.38 (t, 1 H, Ar-H), 6.51 (br s, 1 H, N-H), 3.14 (q, 6 

H, NCH2CH3), 1.28 (s, 18 H, C(CH3)3), 1.24 (t, 9 H, NCH2CH3).  
19F (CD3CN, 376 MHz,): -69.24 

(app m, 12 F, CF3), -69.83 (app m, 12 F, CF3). 
13C{1H} (CD3CN, 101 MHz): 148.81 (s, Ar-C), 

137.86 (s, Ar-C), 132.57 (s, Ar-C), 123.12 (s, Ar-C), 123.12 (q app m, CF3), 84.36 (br s, 

OC(CF3)2), 48.08 (s, NCH2CH3), 35.31 (s, C(CH3)3), 31.80 (s, C(CH3)3), 9.20 (s, NCH2CH3).  
29Si 
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(CD3CN, 80 MHz): -88.91 (s). Anal. Calcd. for C32H37F24NO4Si (%): C, 39.07; H, 3.79; N, 1.42. 

Found: C, 39.04; H, 3.83; N, 1.23.  

[Et3NH][ CH2CH2(CF2)5CF33SiF]/2-[Et3NH], [Et3NH][DecylSiF]/3-[Et3NH], [Et3NH][tBuPhSiF]/4-

[Et3NH], [Et3NH][StySiF]/5-[Et3NH], [Et3NH][VinylSiF]/6-[Et3NH], and  can be prepared 

analogously using the corresponding RSiCl3 reagent.  

[Et3NH][CH2CH2(CF2)5CF3SiF]/2-[Et3NH]  

1H (CD3CN, 400 MHz): 6.52 (br app. t, 1 H, N-H), 3.14 (q, 6 H, NCH2CH3), 2.21 (m, 2H, 

SiCH2CH2(CF2)5CF3), 1.24 (t, 9 H, NCH2CH3), 1.02 (m, 2H, SiCH2CH2(CF2)5CF3). 
19F (CD3CN, 

376 MHz,): -69.84 (app m, 12 F, CF3), -70.13 (app m, 12 F, CF3), -81.68 (tt, 3 F, 

SiCH2CH2(CF2)5CF3), -116.99 (m, 2 F, SiCH2CH2(CF2)5CF3), -122.53 (m, 2 F, 

SiCH2CH2(CF2)5CF3), -123.46 (m, 2 F, SiCH2CH2(CF2)5CF3), -124.51 (m, 2 F, 

SiCH2CH2(CF2)5CF3), -126.71 (m, 2 F, SiCH2CH2(CF2)5CF3). 
13C{1H} (CD3CN, 101 MHz): 

122.03 (q app m, CF3), 117.19 (indirectly detected by 19F-13C HSQC, SiCH2CH2(CF2)5CF3), 

118.95 (indirectly detected by 19F-13C HSQC, SiCH2CH2(CF2)5CF3), 111.45 (indirectly detected 

by 19F-13C HSQC, SiCH2CH2(CF2)5CF3), 111.09 (indirectly detected by 19F-13C HSQC, 

SiCH2CH2(CF2)5CF3), 110.31 (indirectly detected by 19F-13C HSQC, SiCH2CH2(CF2)5CF3), 

108.52 (indirectly detected by 19F-13C HSQC, SiCH2CH2(CF2)5CF3) 84.50 (br s, OC(CF3)2), 48.10 

(s, NCH2CH3), 27.30 (t, SiCH2CH2(CF2)5CF3), 9.19 (s, NCH2CH3), 7.36 (s, SiCH2CH2(CF2)5CF3).  

29Si (CD3CN, 80 MHz): -78.01 (s). Anal. Calcd. for C26H20F37NO4Si (%): C, 27.36; H, 1.77; N, 

1.23. Found: C, 27.46; H, 1.72; N, 1.46. 

[Et3NH][DecylSiF]/3-[Et3NH] 

1H (CD3CN, 400 MHz): 6.59 (br s, 1 H, N-H), 3.14 (q, 6 H, NCH2CH3), 1.38 (m, 2 H, alkyl-H), 

1.30 (br. app. s, 14 H, alkyl-H), 1.27 (t, 9 H, NCH2CH3), 0.91 (t, 3 H, alkyl-H), 0.79 (t, 2 H, alkyl-
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H). 19F (CD3CN, 376 MHz,):  -69.75 (app s, 12 F, CF3), -69.86 (app s, 12 F, CF3). 
13C{1H} 

(CD3CN, 101 MHz): 123.25 (q app m, CF3), 84.56 (br s, OC(CF3)2), 48.12 (s, NCH2CH3), 34.04 

(s, alkyl-C), 32.70 (s, alkyl-C), 30.42 (s, alkyl-C), 30.32 (s, alkyl-C), 30.16 (s, alkyl-C), 30.14 (s, 

alkyl-C) 25.07 (s, alkyl-C), 23.45 (s, alkyl-C), 18.39 (s, alkyl-C), 14.42 (s, alkyl-C), 9.20 (s, 

NCH2CH3). 
29Si (CD3CN, 80 MHz): -75.44 (s). Anal. Calcd. for C28H37F24NO4Si (%): C, 35.94; 

H, 3.99; N, 1.50. Found: C, 36.05; H, 3.96; N, 1.27.  

[Et3NH][tBuPhSiF]/4-[Et3NH]  

1H (CD3CN, 400 MHz): 7.74 (dt, 2 H, Ar-H), 7.27 (dt, 2 H, Ar-H), 6.53 (br s, 1 H, N-H), 3.14 (q, 

6 H, NCH2CH3), 1.29 (s, 9 H, -tBu), 1.27 (t, 9 H, NCH2CH3). 
19F (CD3CN, 376 MHz,): -69.48 

(app m, 12 F, CF3), -69.81 (app m, 12 F, CF3). 
13C{1H} (CD3CN, 101 MHz): 152.02 (s, Ar-C), 

137.42 (s, Ar-C), 136.45 (s, Ar-C), 124.21 (s, Ar-C), 123.26 (q app m, CF3), 84.29 (br s, 

OC(CF3)2),  48.09 (s, NCH2CH3), 35.07 (s, C(CH3)3), 31.60 (s, C(CH3)3), 9.19 (s, NCH2CH3). 
29Si 

(CD3CN, 80 MHz): -89.08 (s). Anal. Calcd. for C28H29F24NO4Si∙0.38 THF (based on residual 

solvent in NMR)  (%): C, 37.18; H, 3.23; N, 1.47. Found: 37.17, 3.35, 1.83.  

[Et3NH][StySiF]/5-[Et3NH]  

1H (CD3CN, 400 MHz): 7.75 (d, 2 H, Ar-H), 7.31 (d, 2 H, Ar-H), 6.73 (dd, 1 H, Ar-CH=CH2), 

6.54 (br s, 1 H, N-H), 5.80 (dd, 1 H, Ar-CH=CH,H), 5.22 (dd, 1 H, Ar-CH=CH,H), 3.13 (q, 6 H, 

NCH2CH3), 1.23 (t, 9 H, NCH2CH3). 
19F (CD3CN, 376 MHz,): -69.47 (app m, 12 F, CF3), -69.91 

(app m, 12 F, CF3). 
13C{1H} (CD3CN, 101 MHz): 140.01 (s, Ar-C), 138.35 (s, Ar-C), 138.06 (s, 

Ar-CH=CH2), 137.58 (s, Ar-C), 125.20 (s, Ar-C), 123.09 (q app m, CF3), 114.26 (s, Ar-CH=CH2), 

48.08 (s, NCH2CH3), 9.19 (s, NCH2CH3). 
29Si (CD3CN, 80 MHz): -89.54 (s). Anal. Calcd. for 

C26H23F24NO4Si∙0.12 THF (based on residual solvent in NMR)  (%): C, 35.12; H, 2.61; N, 1.55. 

Found:  C, 35.42; H, 2.60; N, 1.46.  
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[Et3NH][VinylSiF]/6-[Et3NH] 

1H (CD3CN, 400 MHz): 6.60 (br s, 1 H, N-H), 5.88 (m, 3 H, vinyl-H) 3.13 (q, 6 H, NCH2CH3), 

l1.24 (t, 9 H, NCH2CH3). 
19F (CD3CN, 376 MHz,): -69.59 (app m, 12 F, CF3), -69.79 (app m, 12 

F, CF3). 
13C{1H} (CD3CN, 101 MHz): 138.55 (s, vinyl-C), 135.76 (s, vinyl-C), 123.16 (q app m, 

CF3), 84.42 (br s, OC(CF3)2),  48.07 (s, NCH2CH3), 9.19 (s, NCH2CH3). 
29Si (CD3CN, 80 MHz): 

-90.39 (s). Anal. Calcd. for C20H19F24NO4Si (%): C, 29.24; H, 2.33; N, 1.71. Found: C, 29.36; H, 

2.23; N, 1.57. 

 

Synthesis of [Et3H][C6F5SiF]/7-[Et3NH]: In an N2-filled glovebox, C6F5SiCl3 (11.98 g, 39.7 mmol, 

1 equiv) was dissolved in toluene (100 mL) and transferred to a Schlenk tube.  Pinacol(F12) (26.76 

g, 79.45 mmol, 2 equiv) and NEt3 (11.21 g, 158.94 mmol, 4 equiv) were added, resulting in rapid 

precipitation of HNEt3Cl and the desired product.  The reaction was stirred an additional 30 

minutes at RT before volatiles were removed in vacuo.  The solid was washed extensively with 

pentane and extracted with THF.  After removal of the solvents, the thick brown oil was washed 

with toluene, resulting in precipitation of the product as a white solid.  The solid was washed with 

additional toluene (50 mL) and extracted with THF (50 mL).  The solvents were removed, and 7-

[Et3NH] was isolated as a white solid. Yield: 13.2 g (14 %). 

[Et3NH][C6F5SiF]/7-[Et3NH]: 1H NMR (CD3CN, 400MHz): 6.60 (s, 1 H, N-H) 3.14 (q, 6H, 

NCH2CH3), 1.24 (t, 9H, NCH2CH3). 
19F (CD3CN, 376 MHz): -69.96 (app. br. s, 24 F, CF3), -

129.21  (dd, 2 F, Ar-F), -157.08 (tt, 1 F, Ar-F), -165.95 (m, 2 F, , Ar-F). 13C{1H}: (CD3CN, 101 
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MHz): 148.05 (d app, m, Ar-F), 141.91 (d app. m, Ar-F), 137.39 (d app. m, Ar-F), 122.83 (q app 

m, CF3), 84.04 (br s, OC(CF3)2), 48.09 (s, NCH2CH3), 9.19 (s, NCH2CH3).
 29Si: (CD3CN, 80 

MHz): -92.14 (s) 

Anal. Calcd. for C24H16F29NO4Si∙0.55 THF (based on residual solvent in NMR)  (%): C, 31.52; H, 

1.84; N, 1.40. Found: C, 32.33; H, 2.34; N, 1.60. 

 

Synthesis of [Na][tBu2PhSiF]/1-[Na]: In an N2-filled glovebox, 1-[HNEt3] (1 g, 1.016 mmol, 1 

equiv) was suspended in C6H6 (30 mL) and KHMDS (243.3 mg, 1.22 mmol, 1.2 equiv) was added 

as a solid.  The solution was stirred for 16 hr at RT before collecting the product by filtration.  The 

solid was further washed with additional C6H6 and dried under vacuum.  The product was isolated 

as a white solid.   

Note: The alkali cation readily coordinates trace ethereal solvents (THF, Et2O), so all compounds 

must be handled appropriately to avoid unwanted solvent coordination.   

1-[K] can be prepared analogously using KHMDS. 

[Na][tBu2PhSiF]/1-[Na]  

1H (CD3CN, 400 MHz): 7.77 (d, 2 H,  Ar-H), 7.38 (t, 1 H, Ar-H), 1.28 (s, 18 H, , C(CH3)3).  
19F 

(CD3CN, 376 MHz,): -69.26 (app m, 12 F, CF3), -69.83 (app m, 12 F, CF3). 
13C{1H} (CD3CN, 

101 MHz): 148.81 (s, Ar-C), 137.86 (s, Ar-C), 132.56 (s, Ar-C), 123.11 (s, Ar-C), 123.11 (q app 

m, CF3), 84.36 (br s, OC(CF3)2), 35.31 (s, C(CH3)3), 31.79 (s, C(CH3)3). 
29Si (CD3CN, 80 MHz): 
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-88.82 (s, indirectly detected by 1H-29Si HMBC). Anal. Calcd. For C26H21F24NaO4Si (%): C, 34.53; 

H, 2.34.  Found: C, 35.55; H, 2.31.  

[K][tBu2PhSiF]/1-[K]  

1H (CD3CN, 400 MHz): 7.77 (d, 2 H,  Ar-H), 7.38 (t, 1 H, Ar-H), 1.28 (s, 18 H, , C(CH3)3). 
19F 

(CD3CN, 376 MHz,): -69.25 (app m, 12 F, CF3), -69.83 (app m, 12 F, CF3). 
13C{1H} (CD3CN, 

101 MHz): 148.81 (s, Ar-C), 137.86 (s, Ar-C), 132.57 (s, Ar-C), 123.12 (s, Ar-C), 123.12 (q app 

m, CF3), 84.36 (br s, OC(CF3)2), 35.31 (s, C(CH3)3), 31.79 (s, C(CH3)3). 
29Si (CD3CN, 80 MHz): 

-88.82 (s). Anal. Calcd. For C26H21F24KO4Si (%): C, 33.92; H, 2.30. Found: C, 33.90; H, 2.31.  

 

Prepared by Tianyi He 

 

Synthesis of [Bu4N][MeSiF]: In an N2-filled glovebox, [Et3NH][MeSiF] (6.14 g, 7.60 mmol) and 

BnK (1.19 g, 9.14 mmol) were combined in a 250 mL Schlenk tube with a Teflon stir bar. The 

Schlenk tube was cycled onto a high vacuum line manifold, and ca. 60 mL of THF from a 

Na/benzophenone pot was condensed directly onto the solid reactants at -196 C. The Schlenk 

tube was allowed to thaw and stirring was initiated. After the reaction mixture was warmed to 

room temperature, the mixture was dried in vacuo. [Bu4N][Cl] (ca. 15 g, ~54 mmol) was dissolved 

in ca. 200 mL of H2O and poured into the Schlenk tube on the bench. The suspension was stirred 

under air for 16 hours and the solids were collected on a medium porosity sintered glass frit. The 

solids were washed with ca. 2 L of H2O and dried over CaSO4 under high vacuum for 16 hours. 

The resulting off-white solids were redissolved in CH2Cl2, filtered over a glass fiber filter paper, 

and layered with pentane. The resulting microcrystalline solids were collected on a medium 
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porosity sintered glass frit and washed with 50 mL of pentane. The solids were once again dried 

under high vacuum for 16 hours to yield analytically pure [Bu4N][MeSiF] (4.3 g, 60 %). 

1H (CD3CN, 400 MHz): 3.07 (m, 8 H, NCH2CH2CH2CH3), 1.60 (m, 8 H, NCH2CH2CH2CH3), 

1.35 (m, 8 H, NCH2CH2CH2CH3), 0.97 (t, 12 H, NCH2CH2CH2CH3), 0.19 (s, 3 H, SiCH3). 
19F 

(CD3CN, 376 MHz): -69.79 (overlapping app br s, 12 F, -CF3), -69.83 (overlapping app br s, 12 

F, -CF3). 
13C{1H} (CD3CN, 101 MHz): 123.7 (q app m, CF3), 84.5 (br s, OC(CF3)2), 59.3 (t, 

NCH2CH2CH2CH3), 24.3 (s, NCH2CH2CH2CH3), 20.3 (t, NCH2CH2CH2CH3), 13.7 (s, 

NCH2CH2CH2CH3), 1.0 (s, SiCH3). 
29Si (CD3CN, 80 MHz): -73.8 (s). Anal. Calcd. for 

C29H39F24NO4Si (%): C, 36.68; H, 4.14; N, 1.47. Found: C, 36.64; H, 4.08; N, 1.20. 

 

Synthesis of [Ph3C][tBu2PhSiF]/1-[Ph3C]: In an N2-filled glovebox, 1-[K] (400 mg, 0.434 mmol, 

1 equiv) and Ph3CCl  (157.5 mg, 1.26 mmol, 2.9 equiv) were transferred to a 100 mL round bottom 

flask connected to a swivel frit.  Note: 1-[K] must not have coordinated Et2O or THF.  The 

glassware was cycled onto a high vacuum line, and anhydrous DCM (10 mL) was vacuum 

transferred onto the reactants at -196oC.  The reaction was warmed to RT and stirred for 16 hr.  

Upon completion, the mixture was filtered to remove KCl; the product was extracted 3x with 

DCM.  Volatiles were removed in vacuo, and the product was washed thoroughly with pentane.  

The product was dried and transferred to a glovebox.  Recrystallization from layered DCM and 

pentane afforded a dark orange solid. 

1H (CD2Cl2, 400 MHz): 8.29 (t, 3 H, Ar-H), 7.90 (t, 6 H, Ar-H), 7.78 (d, 2 H, tBu2Ar-H), 7.67 (d, 

6 H, Ar-H), 7.30 (t, 1 H, tBu2Ar-H), 1.27 (s, 18 H, C(CH3)3). 
19F (CD2Cl2, 376 MHz): -68.83 (m, 
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12 F, CF3), -69.63 (m, 12 F, CF3). 
13C{1H} (CD2Cl2, 101 MHz): 211.20 (s, Ph3C

+), 147.88 (s, 

tBu2Ph-C), 144.11 (s, Ph-C), 143.05 (s, Ph-C), 140.29 (s, Ph-C), 137.38 (tBu2Ph-C), 132.10 (s, 

tBu2Ph-C), 131.11 (s, Ph-C), 128.23 (s, tBu2Ph-C), 122.42 q app m, CF3), 121.87 (tBu2Ph-C), 83.30 

(s, OC(CF3)2), 34.95 (s, C(CH3)3), 31.65 (C(CH3)3). 
29Si (CD2Cl2, 80 MHz): -88.59 (s). Anal. 

Calcd. for C45H36F24O4Si (%): C, 48.05; H, 3.23. Found: C: 47.97; H, 2.92. 

7-[Ph3C] can be prepared analogously using 7-[Na]. 

[Ph3C][C6F5SiF]/7-[Ph3C] 

1H (CD2Cl2, 400 MHz): 8.29 (t, 3 H, Ar-H), 7.90 (t, 6 H, Ar-H), 7.68 (d, 6 H, Ar-H). 19F NMR 

(CD2Cl2, 376 MHz): -69.64 (m, 12 F, CF3), -69.69 (m, 12 F, CF3), -128.41 (dd, 2 F, Ar-F), -157.28 

(t, 1 F, Ar-F), -165.28 (m, 2 F, Ar-F).  Anal. Calcd. for C37H15F29O4Si (%): C, 40.31; H, 1.37. 

Found: C: 40.14; H, 1.30. 

 

Polymerization Trials  

In a N2 glovebox, Pd catalyst (10 μmol) was dissolved in toluene (10 mL) was transferred to a 

Fisher-Porter vessel.  The reactor was removed from the glovebox and connected to a C2H4/CO 

gas feed.  The N2 atmosphere was replaced with a 1:1 mixture of C2H4/CO (flow rate 300 sccm 

for each gas) by pressurizing the vessel to 100 psi and venting 3x. After pressurizing to 100 psi, 

polymerization was run for 3 hr at RT.  The reaction was quenched upon exposure to air, and the 

polymer was precipitated by stirring with acidic methanol (0.6 mL HCl/10 mL MeOH).  The 

polymer was collected and dried under vacuum overnight.   

NMRs were recorded in a mixture of 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol and C6D6 (4:1) at RT.     

Catalyst Polymer Yield Activity (g mol-1 hr-1) 

[Pd(dppe)(NCMe)Me]+[BArF
24]

- 68.6 2.28 

[Pd(dppe)(NCMe)Me]+[tBu2PhSiF] 50.2 1.67 

  Table 5.1. Ethylene/CO Copolymerization Performance  
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Procedure for Determining Solubility 

1-[Na] and 1-[K] (~50 mg each) were suspended in C6D6 and stirred vigorously for 16 hr. Each 

sample was filtered, and 600 mL was transferred to a new vial.  Fluorobenzene (5 mL) was added 

as an internal standard to the filtered solution and mixed thoroughly via pipette.  Concentration 

was determined by 19F NMR by integrating the flurobenzene peak (1 F) at -112.9 ppm (in benzene) 

or -114.0 ppm (in dichloromethane) vs. the silicate (24 F) at ~68-70 ppm.         

 

Determination of Trigonal Bipyramidal vs. Square Pyramidal Geometry 

As a representative example, bond angles for 1-[HNEt3] were examined to determine geometry. 

 

Et3NH tBu2PhSiF 

O1-Si-O3 171.06(9) 

t = 0.84-0.86 
O2-Si-O4 120.13(9) 

O2-Si-R 120.4(1) 

O4-Si-R 119.5(1) 

Table 5.2. Bond Angles of [Et3NH][tBu2PhSiF] 

An index parameter was previously developed to calculate the distorted geometry,36 where t = 0 

for perfectly square pyramidal and t = 1 for perfectly trigonal bipyramidal.   

𝜏 =
(𝛽 − 𝛼)

60
 

For our complexes, β is the O1-Si-O3 angle and α is the O2-Si-O4, O2-Si-R, O4-Si-R angles.  For 1-

[HNEt3], the geometry is trigonal bipyramidal.   
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General Procedure for Treatment of [Et3NH][C6F5SiF] (7-[Et3NH]) with Aryl-Li 

[Et3NH][C6F5SiF] was dissolved in THF and treated with LiCH2SiMe3 (1 equiv).  Within 5 minutes, 

the solution turned bright yellow.  A solution of aryl-Li in THF was added dropwise, and the 

reaction was stirred for 15 minutes.  Upon completion, the reaction was quenched by exposure to 

air.  The volatiles were removed in vacuo.  If necessary, the product was purified by 

recrystallization. Due to the complexity of the 13C NMR and low signal intensity of 29Si, only 1H 

and 19F are reported for most of the compounds below.     

 

[Li][RSiF] R = 3',5'-di-tert-butyl-2,3,5,6-tetrafluoro-1,1'-biphenyl 

Product not isolated 19F (THF h8, 376 MHz): -68.08 (m, 12 F), -68.47 (m, 12 F), -126.93 (m, 2 F), -146.59 

(m, 2 F). 

 

[Li][RSiF] R = 2,3,5,6-tetrafluoro-4'-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1,1'-biphenyl  
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Purified by washing with Et2O and extracting product into acetone.  Product isolated as a white 

solid.    

1H (Acetone-d6, 400 MHz): 7.46 (d, 2 H, Ar-H), 7.10 (d, 2 H, Ar-H), 4.22 (m, 2 H, Peg-H), 3.86 

(m, 2 H, Peg-H), 3.67 (m, 2 H, Peg-H), 3.62-3.57 (overlapping peaks, 4 H, Peg-H), 3.47 (m, 2 H, 

Peg-H), 3.28 (s, 3 H, Peg-H). 19F (Acetone-d6, 376 MHz): -69.67 (m, 12 F, CF3), -69.89 (m, 12 F, 

CF3), -128.77 (dd, 2 F, Ar-F), -148.39 (dd, 2 F, Ar-F). 13C{1H} (Acetone-d6, 101 MHz): 160.36 

(s, Ar-C), 132.38 (s, Ar-C), 115.48 (s, Ar-C), 72.63 (s, Peg-C), 71.43 (s, Peg-C), 71.25 (s, Peg-C), 

71.09 (s, Peg-C), 70.28 (s, Peg-C), 68.45 (s, Peg-C), 58.77 (s, Peg-C). 

 

[Li][RSiF] R = trimethyl((2',3',5',6'-tetrafluoro-[1,1'-biphenyl]-4-yl)ethynyl)silane. Product 

isolated as a white solid. 

1H (THF-h8, 400 MHz): 8.09 (d, 2 H, Ar-H), 8.04 (d, 2 H, Ar-H). 19F (THF-h8, 376 MHz): -69.26 

(m, 12 F, CF3), -69.51 (m, 12 F, CF3), -127.52 (dd, 2 F, Ar-F), -147.96 (dd, 2 F, Ar-F). 
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[Li][RSiF] R = 4'-bromo-2,3,5,6-tetrafluoro-1,1'-biphenyl. Purified by washing extensively 

with hexanes and extracting product into Et2O.  Isolated as a white solid. 1H (THF-h8, 400 MHz): 

8.19 (d, 2 H, Ar-H), 8.00 (d, 2 H, Ar-H) 19F (THF-h8, 376 MHz): -69.29 (m, 12 F, CF3), -69.50 (m, 

12 F, CF3), -127.70 (m, 2 F, Ar-F), -147.93 (m, 2 F, Ar-F). 

 

[Li][RSiF] R = 2',3',5',6'-tetrafluoro-[1,1'-biphenyl]-4-ol. Recrystallized by layering 

THF/pentane.  Isolated as a pale pink solid. 1H (Acetone-d6, 400 MHz): 7.14 (d, 2 H, Ar-H), 6.72 

(d, 2 H, Ar-H), 3.62 (m, 16 H, THF-H), 1.78 (m, 16 H, THF-H). 19F (Acetone-d6, 376 MHz): -

69.65 (m, 12 F, CF3), -69.83 (m, 12 F, CF3), -129.57 (dd, 2 F, Ar-F), -148.72 (dd, 2 F, Ar-F). 29Si 

(Acetone-d6, 80 MHz): -91.25 (s). 

 

Dianionic RSiF. Purified by washing with Et2O and extracting product into THF. Isolated as a 

white solid. 

1H (THF-h8, 400 MHz): 7.59 (s, 4 H, Ar-H). 19F (THF-h8,  376 MHz): -70.55 (m, 12 F, CF3), -70.84 

(m, 12 F, CF3), -128.88 (dd, 2 F, Ar-F), -149.08 (dd, 2 F, Ar-F). 
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Crystallography refinement details 

Refinement Details—In each case, crystals were mounted on a glass fiber or MiTeGen loop using 

Paratone oil, then placed on the diffractometer under a nitrogen stream. Low temperature (100 K 

or 200 K) X-ray data were obtained on a Bruker KAPPA APEXII CCD-based diffractometer (Mo 

fine-focus sealed X-ray tube, Kα = 0.71073 Å) or a Bruker D8 VENTURE Kappa Duo PHOTON 

100 CMOS based diffractometer (Mo IμS HB micro-focus sealed X-ray tube, Kα = 0.71073 Å). 

All diffractometer manipulations, including data collection, integration, and scaling were carried 

out using the Bruker APEXIII software. Absorption corrections were applied using SADABS. 

Space groups were determined on the basis of systematic absences and intensity statistics and the 

structures were solved in the Olex 2 software interface by intrinsic phasing using XT (incorporated 

into SHELXTL) and refined by full-matrix least-squares on F2. All non-hydrogen atoms were 

refined using anisotropic displacement parameters. Hydrogen atoms were placed in the idealized 

positions and refined using a riding model, unless noted otherwise. The structure was refined 

(weighed least-squares refinement on F2) to convergence. Graphical representation of structures 

with 50% probability thermal ellipsoids were generated using the Diamond3 visualization 

software. 
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Figure 5.8. Preliminary solid-state structure of 2-[Et3NH]. Hydrogen atoms and Et3NH cation 

omitted for clarity. 

Figure 5.9. Preliminary solid-state structure of 3-[Et3NH]. Hydrogen atoms and Et3NH cation 

omitted for clarity.  
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Figure 5.10. Solid-state structure of 5-[Et3NH]. Thermal ellipsoids shown at 50% probability. 

Hydrogen atoms omitted for clarity.  

 Figure 5.11. Solid-state structure of 7-[Ph3C]. Thermal ellipsoids shown at 50% probability. 

Hydrogen atoms omitted for clarity.  
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Table 5.3. Crystal and refinement data  

 [Et3NH][C6F5SiF] [Et3NH][tBu2PhSiF] [Et3NH][vinylSiF] [K][tBu2PhSiF] 

 7-[Et3NH] 1-[Et3NH] 5-[Et3NH] 1-[K] 

Empirical 

formula 
C28H24F29NO5Si 

C32H37F24NO4Si C20H19F24NO4Si C61H50F48K2O8Si2 

Formula weight 1033.57 983.70 821.45 1957.39 

T (K) 100 100 100 100 

a, Å 10.0337(9) 27.756(3) 12.2552(10) 12.5486(8) 

b, Å 30.638(3) 19.1647(17) 18.553(2) 14.7156(12) 

c, Å 11.9905(12) 19.0790(17) 12.8226(15) 22.537(2) 

α, ° 90 90 90 74.584(6) 

β, ° 91.423(5) 130.208(2) 95.263(7) 87.270(4) 

 , ° 90 90 90 68.875(4) 

Volume, Å3 3684.9(6) 7750.7(12) 2903.2(5) 3736.9(6) 

Z 4 8 4 2 

Crystal system Monoclinic Monoclinic Monoclinic Triclinic 

Space group P21/n C2/c P21/n P1̅ 

dcalc, g/cm3 1.863 1.686 1.879 1.945 

  range, ° 2.885 to 72.372 3.109 to 67.679 4.203 to 72.135 2.036 to 74.686 

µ, mm-1 2.349 1.983 2.497 13.486 

Abs. 

Correction 
Multi-scan Multi-scan Multi-scan Multi-scan 

GOF 1.051 1.082 0.958 0.913 

R1
 ,a wR2

 b 

[I>2 (I)] 
0.0353, 0.0891 0.0521,0.1493 

 
0.0325, 0.1093 0.0361, 0.1087 

Radiation Type Cu Kα Cu Kα Cu Kα Cu Kα 
a R1 = ∑||Fo| - |Fc||/∑|Fo|. b wR2 = [∑[w(Fo

2-Fc
2)2]/∑[w(Fo

2)2]1/2. 
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Table 5.3. Crystal and refinement data (continued) 

 [Ph3C][tBu2PhSiF] [Ph3C][C6F5PhSiF]  

 1-[Ph3C] 7-[Ph3C] 

Empirical 

formula 
C45H36F24O4Si C37H15F29O4Si 

Formula weight 1124.83 1102.58 

T (K) 100 100 

a, Å 12.0592(9) 10.8407(9) 

b, Å 12.4407(10) 12.1087(12) 

c, Å 16.2264(11) 16.775(2) 

α, ° 89.738(7) 93.315(6) 

β, ° 88.738(7) 94.008(4) 

 , ° 78.830(6) 115.671 

Volume, Å3 2387.6(3) 1970.2(4) 

Z 2 2 

Crystal system Triclinic Triclinic 

Space group P1̅ P1̅ 

dcalc, g/cm3 1.565 1.859 

  range, ° 2.724 to 72.156 2.653 to 72.441 

µ, mm-1 1.693 2.230 

Abs. Correction 
Multi-scan Multi-scan 

GOF 1.037 1.067 

R1
 ,a wR2

 b 

[I>2 (I)] 
0.0287, 0.0719 0.0372, 0.1024 

Radiation Type 
Cu Kα Cu Kα  
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Figure 5.12. 1H NMR of 1-[Et3NH] in CD3CN. 

 

Figure 5.13. 19F NMR of 1-[Et3NH] in CD3CN. 

 

 

Figure 5.14. 13C NMR of 1-[Et3NH] in CD3CN. 
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Figure 5.15. 1H/29Si HMBC NMR of 1-[Et3NH] in CD3CN. 

Figure 5.16. 1H NMR of 2-[Et3NH] in CD3CN. 

Figure 5.17. 19F NMR of 2-[Et3NH] in CD3CN.   
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Figure 5.18. 19F/13C HSQC of 2-[Et3NH] in CD3CN. 

Figure 5.19.  19F/13C HSQC of 2-[Et3NH] in CD3CN. 

 

Figure 5.20. 13C NMR of 2-[Et3NH] in CD3CN. 
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Figure 5.21. 29Si NMR of 2-[Et3NH] in CD3CN. 

Figure 5.22. 1H NMR of 3-[Et3NH] in CD3CN.  

 

Figure 5.23. 19F NMR of 3-[Et3NH] in CD3CN.  
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Figure 5.24. 13C NMR of 3-[Et3NH] in CD3CN.  

Figure 5.25. 29Si NMR of 3-[Et3NH] in CD3CN.  

 

Figure 5.26. 1H NMR of 4-[Et3NH] in CD3CN.  
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Figure 5.27. 19F NMR of 4-[Et3NH] in CD3CN.  

 

Figure 5.28. 13C NMR of 4-[Et3NH] in CD3CN.  

 

Figure 5.29. 29Si NMR of 4-[Et3NH] in CD3CN.  
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Figure 5.30. 1H NMR of 5-[Et3NH] in CD3CN.  

 

 

Figure 5.31. 19F NMR of 5-[Et3NH] in CD3CN.  

 

 

Figure 5.32. 13C NMR of 5-[Et3NH] in CD3CN.  
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Figure 5.33. 1H/29Si HMBC of 5-[Et3NH] in CD3CN.  

 

Figure 5.34. 1H NMR of 6-[Et3NH] in CD3CN.  

 

 

Figure 5.35. 19F NMR of 6-[Et3NH] in CD3CN.  
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Figure 5.36. 13C NMR of 6-[Et3NH] in CD3CN. 

Figure 5.37. 29Si NMR of 6-[Et3NH] in CD3CN.  

Figure 5.38. 1H NMR of 7-[Et3NH] in CD3CN. 
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Figure 5.39. 19F NMR of 7-[Et3NH] in CD3CN. 

Figure 5.40. 13C NMR of 7-[Et3NH] in CD3CN. 

 

Figure 5.41. 29Si NMR of 7-[Et3NH] in CD3CN.  
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Figure 5.42. 1H NMR of 1-[Na] in CD3CN.  

Figure 5.43. 19F NMR of 1-[Na] in CD3CN.  

Figure 5.44. 13C NMR of 1-[Na] in CD3CN. 
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Figure 5.45. 1H/29Si HMBC NMR of 1-[Na] in CD3CN. 

 

 
Figure 5.46. 1H NMR of 1-[K] in CD3CN. 

 

 
 

Figure 5.47. 19F NMR of 1-[K] in CD3CN. 
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Figure 5.48. 13C NMR of 1-[K] in CD3CN. 

 

Figure 5.49. 1H/29Si NMR of 1-[K] in CD3CN. 

Figure 5.50. 1H NMR of 1-[Ph3C] in CD3CN. 
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Figure 5.51. 19F NMR of 1-[Ph3C] in CD3CN.

 

Figure 5.52. 13C NMR of 1-[Ph3C] in CD3CN. 

Figure 5.53. 29Si NMR of 1-[Ph3C] in CD3CN. 
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Figure 5.54. 19F NMR of [Li][RSiF] R = 3',5'-di-tert-butyl-2,3,5,6-tetrafluoro-1,1'-biphenyl in THF-h8. 

 

Figure 5.55. 1H NMR of [Li][RSiF] R = 2,3,5,6-tetrafluoro-4'-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)-1,1'-biphenyl in Acetone-d6. 

 

Figure 5.56. 19F NMR of [Li][RSiF] R = 2,3,5,6-tetrafluoro-4’-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)-1,1’-biphenyl in Acetone-d6. 
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Figure 5.57. 13C NMR of [Li][RSiF] R = 2,3,5,6-tetrafluoro-4'-(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)-1,1'-biphenyl in Acetone-d6. 

 

Figure 5.58. 19F NMR of [Li][RSiF] R = trimethyl((2',3',5',6'-tetrafluoro-[1,1'-biphenyl]-4-

yl)ethynyl)silane in THF-h8. 

 
Figure 5.59. 19F NMR of [Li][RSiF] R = 4'-bromo-2,3,5,6-tetrafluoro-1,1'-biphenyl in 

Acetone-d6. 
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Figure 5.60. 1H NMR of [Li][RSiF] R = 2’,3’,5’,6’-tetrafluoro-[1,1’-biphenyl]-4-ol in 

Acetone-d6.

 

Figure 5.61. 19F NMR of [Li][RSiF] R = 2’,3’,5’,6’-tetrafluoro-[1,1’-biphenyl]-4-ol in 

Acetone-d6. 

 

Figure 5.62. 13C NMR of [Li][RSiF] R = 2',3',5',6'-tetrafluoro-[1,1'-biphenyl]-4-ol in 

Acetone-d6. 
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Figure 5.63. 19F NMR of Dianionic RSiF in THF-h8.  
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CHAPTER 6. Magnesium Silicates as Electrolytes for Next-Generation Mg Batteries 
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ABSTRACT 

We report the synthesis and electrochemical performance of a new class of magnesium 

electrolytes for next-generation batteries.  The electrolytes are based on weakly-coordinating 

anions with alkyl or aryl (R) substituted silicates bearing fluorinated pinacolate ligands, "[RSiF]-

". [Mg(DME)3][
MeSiF]2 demonstrates remarkable performance with good stability with moderate 

conditioning, coulumbic efficiency ( > 96%), and current density ( ~100 mAcm-2). However, the 

electrochemical performance is intrinsically sensitive, requiring careful study of many parameters 

including the impact of MgR2 additives (identity and concentration), cycling protocol, synthetic 

route, Pt working electrode, etc. to understand how the electrochemical performance is impacted. 

While addition of MgMe2 improves electrochemical performance, it is not inherently required for 

reversible Mg deposition and stripping. Following an extensive investigation of the cyclic 

voltammetry (CV) performance of [Mg(DME)3][
MeSiF]2, preliminary screening of additional 

Mg(DME)3[
RSiF]2 variants was conducted.        
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INTRODUCTION  

As the use of renewable energy continually grows to replace fossil fuels and coal, there is a 

paramount need for energy storage to compensate for the intermittent nature of these greener 

energy sources.2-3   Li-ion batteries (LIBs) are the current industry standard, and their use continues 

to climb rapidly.4-7 Demand for LIBs is expected to increase more than 10x between 2020 and 

2030 to an astonishing ~2000 GWh.4 However, there are rising concerns over (1) the price, 

availability, and uneven global distribution of Li,8-9 (2) the availability of Co and Ni (key 

components of LIB cathodes),12-13 (3) the safety hazard of LIBs with a combustible material and 

oxidizing agent,14-15 and (4) volumetric energy density.16  As modern LIBs approach their 

theoretical capacity limits (dictated by the density of available crystallographic sites in 

intercalation cathodes), research has shifted to focus on anode development—use of Li-metal 

anodes or Li-Si anodes—but these are both challenging due to the formation of Li dendrites or 

large volume changes, respectively.   To accommodate the energy storage requirements of the 

future, research has shifted to focus on development of alternative battery technologies.      

Many next-generation batteries have been explored as viable candidates to replace Li, including 

systems based on monovalents (Na+ and K+),17-18 divalents (Mg2+, Ca2+, and Zn2+)19-21 and 

trivalents (Al3+).22-24  A comparison of the atomic radii, energy densities (gravimetric and 

volumetric), abundance in the earth’s crust, and standard reduction potentials for Li and next-

generation systems is shown in Figure 6.1. 

Compared to other next-generation systems and existing Li-based technologies, Mg-based 

systems have clear logistical and technical advantages.  Mg (1) is significantly more abundant than 

Li (2.6 wt. % in Earth’s crust vs. 0.0065 %),25 (2) has a theoretical volumetric capacity 2x greater 
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than Li (due to the similar ionic radii, 0.072 and 0.076 nm for Mg2+ and Li+, respectively and 

divalent charge of Mg2+), and (3) Mg is much less prone to dendrite formation, enabling the use 

of Mg metal anodes for high energy density.  The increased abundance alleviates concerns about 

limited resources;  the increased volumetric density is particularly attractive for the development 

of small energy storage devices, and the less dendritic Mg anodes address the safety concerns 

posed by the reactivity and dendritic behavior of Li anodes.   

One of the main challenges of Mg batteries is electrolyte compatibility. General design 

strategies for electrolytes prioritize ionic conductivity, chemical and electrochemical stability 

(within a large electrochemical window to enable use with high-voltage cathodes), and moderate 

interactions between the active ion and solvent molecules (to facilitate sufficient solubility and 

reasonable desolvation energy).26  While LIBs electrolytes achieve excellent performance with 

simple fluorinated salts (PF6
-, BF4

-, etc.), balancing these criteria is inherently more challenging 

Figure 6.1: Comparison of  ionic radius, volumetric capacity, gravimetric capacity, abundance 

in the earth’s crust, and standard reduction potential in candidates for next-generation batteries.  

Figure adapted from Ref.24  
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for Mg2+.  Anion decomposition and formation of MgF2 results in surface passivation.27-28  

Formation of passivation films can be attenuated by the use of (corrosive) chloride-containing 

electrolytes.  This is exemplified by the success of early Mg electrolytes including the magnesium 

aluminum chloride complex (MACC)29-31 and the all-phenyl complex (APC).32  However, the 

necessity of Cl- is not ideal—the oxidative stability of these electrolytes is limited to < 3.5 V (vs. 

Mg/Mg2+) due to oxidative formation of chlorine gas, and these electrolytes are corrosive, 

rendering them incompatible with materials of many common cell components (including stainless 

steel).28   

Research has shifted focus towards the use of halide-free electrolyte systems to increase the 

compatibility with cell components.  Beyond Mg(PF6)2, systems based on Mg(BH4)2,
33-35 

Mg(BPh2R2)2 (R = nBu or Ph),28, 36 and Mg(TFSI)2
37-41 have been shown to reversibly plate and 

strip Mg.  However, each of these systems have inherent limitations: Mg(BH4)2 is water-sensitive, 

poorly conductive (without additional added salts), and has limited oxidative stability (1.7 V vs. 

Mg/Mg2+).33  Mg(BPh2R2)2 (R = nBu or Ph) electrolytes also suffer from limited oxidative stability 

(due to the electron-rich alkyl and aryl substituents), limiting practical use with high-voltage 

cathode materials.28  Mg(TFSI)2, while more oxidatively stable, suffers from high reductive 

overpotentials and is prone to significant decomposition of the TFSI anion.42-43 

Current research on electrolyte design for Mg-batteries focuses on designer weakly-

coordinating anions (WCAs).  Use of bulkier, less nucleophilic WCA-supported electrolytes 

imparts higher ionic conductivity, stability, and reversibility.  Aluminates and borates featuring 

bulky and electron-withdrawing fluorinated alkoxide ligands such as [B(O(CH(CF3)2))4]
-,44 

[Al(O(CH(CF3)2))4]
-1, 45-46 and [B(O2C2(CF3)4)2]

-47 have been shown to support reversible Mg 
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deposition and stripping.  Monocarborane electrolytes have also demonstrated remarkable 

electrochemical performance,41,48-51,52 and alkylation can significantly improve the solubility of 

carboranes,48 (enabling the use of DME instead of requiring longer chained, more solubilizing 

glymes). While many of these systems have shown promise, there are many challenges which 

remain (see discussion below)   

Batch Dependence 

Magnesium electrochemistry is intrinsically sensitive, where minor impurities can be reduced 

on the Mg surface to form insulating surface films.27, 53 This is inherently different than Li systems 

where surface films on Li anodes form a solid-electrode interphase (SEI) which conducts Li, 

retaining electrochemical performance. Because the majority of Mg electrolytes are not 

commercially available, they require synthetic preparation, with consideration of potential 

impurities arising from each step. Minor impurities in the commercially available starting materials 

must also be considered as they may carry through the synthesis and may dictate observed 

Figure 6.2: Fluorinated, halide-free Mg electrolytes with associated challenges   
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electrochemical performance. While WCA-supported Mg electrolytes have seen considerable 

success, the field remains challenged by irreproducible, inconsistent electrolyte performance 

between published reports likely due, in part, to the sensitivity of Mg electrochemistry. To examine 

these challenges in depth, particularly the aspects of synthesis, the various preparations and 

performances of two electrolytes, Mg[B(O(CH(CF3)2))4]2 and Mg[Al(O(CF3)3))4]2, will be 

discussed.   

Mg[B(O(CH(CF3)2))4]2, (commonly referred to in the literature as Mg[B(HFIP)4]2, 

demonstrated remarkable performance in the initial report, with a low deposition overpotential 

(~200 mV) and high columbic efficiency (98 %).54  However, this performance (and 

reproducibility of performance) has been found to be dependent on the synthetic route (Scheme 

6.1). Mg[B(O(CH(CF3)2))4]2 is prepared by protonlysis or transmetalation. When generated from 

direct protonolysis of Mg(BH4)2 by (CF3)2CHOH (Scheme 6.1, left), different batches of 

Mg[B(O(CH(CF3)2))4]2 showed distinct electrochemical performance, ranging from reversible Mg 

deposition/stripping to no reversible performance.45 Mg[B(O(CH(CF3)2))4]2 prepared by 

transmetalation from B[OCH(CF3)2]3 and Mg(OCH(CF3)2)2 generated in situ (Scheme 6.1, right) 

were found to have better electrochemical performance and consistency across different batches.45  

This improved performance and reproducibility was attributed to the presence of fewer inorganic 

impurities.  
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Scheme 6.1. Synthetic preparations of Mg[B(O(CH(CF3)2))4]2 with protonolysis (left) and 

transmetalation (right). 
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Similarly, the performance of Mg[Al(O(CF3)3))4]2 is dependent on the preparation (Scheme 

6.2). Grey et al. reported a synthesis that starts from NaAlH4 (Scheme 6.2, top), where the product, 

[Mg(THF)6][Al(O(CF3)3))4]2, exhibited some reversible electrochemical performance. However, 

this synthetic route led to known chloride contamination of the final product (2.64 % by weight, 

lowered by 0.11 % by extraction into CH2Cl2).
1 Reversible performance was also observed for Lau 

et. al. (Scheme 6.2, middle),10 when preparing [Mg(solvent)n][Al(OC(CF3)4)]2 beginning from 

LiAlH4. Krossing et al.11 developed a multi-step route, less susceptible to trace inorganic 

impurities, beginning from LiAlH4.  However, they were unable to obtain reversible Mg 

electrochemistry with the cleaner [Mg(solvent)n][Al(OC(CF3)4)]2 material, and subsequent 

addition of inorganic salts as additives did not result in reversible Mg electrochemistry.11 Again, 

the reported differences in performance were attributed to different impurities in the electrolyte.    

In a discussion about inconsistent performance in extensively studied Mg electrolytes, it is 

notable that carborane-based Mg electrolytes do not seem to exhibit the severe degree of 

batch/route dependence seen with aluminates and borates. While somewhat speculative, it is 

Scheme 6.2. Synthetic routes towards [Mg(solvent)n][Al(OC(CF3)4)]2 reported by Grey et al. 

(top)1, Lau et al (middle).10 and Krossing et al. (bottom)11 that resulted in materials with different 

Mg deposition/stripping performance.  
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important to note that carboranes require either (1) significant financial investment to purchase the 

Cs+[HCB11H11] precursor (~$1000/g)55 or (2) advanced synthetic technique to access the materials, 

limiting the general use.  Additionally, preparations of carborane electrolytes frequently involve 

recrystallization of the electrolytes prior to use, affording cleaner (and therefore more 

reproducible) material.    

Possible contamination from synthetic routes 

To understand the different impurities that can carry through a synthesis (which may explain 

the batch/route-dependent electrochemical performance discussed above), it helps to consider 

some general protocols used for electrolyte preparation, particularly synthetic protocols for 

alkoxyborate and aluminate WCA-based electrolytes. For many electrolytes, a salt metathesis 

reaction is necessary to exchange the cation to the desired Mg2+. However, cation exchange 

without a strong thermodynamic driving force is not 100% effective (especially salt metathesis of 

magnesium halides with alkali metal cations).56 The polarity of the solvent can dictate (1) the 

completion of the reaction and (2) the purity of the material.  In addition, complete removal of all 

byproducts and/or starting materials is challenging in both hydrocarbon and ethereal solvents 

given the similar solubilities of the materials. Incomplete removal of reactants and byproducts 

cannot be detected by 1H NMR spectroscopy, and detection instead requires inductively coupled 

plasma mass spectrometry (ICP-MS) or related analysis methods.    

Protonlysis as a means of cation exchange (with R2Mg (where R = alkyl or aryl groups) and/or 

Mg(N(SiMe3)2)) is generally more effective due to the difference in solubility of the starting 

materials (allowing for more effective removal of unreacted starting material), and the resulting 

byproducts are readily removed by drying in vacuo or washing.  Incomplete removal of starting 

materials can be detected by 1H NMR spectroscopy.  
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However, beyond the considerations discussed above, the purity of commercially available 

materials must also be considered (MgnBu2 can contain varying minor amounts of THF and 

AlEt3,
57

 LiAlH4,
58 Mg(N(SiMe3)2)2,

59 etc are typically available at purities ~95-97 %). Depending 

on the route of preparation, the starting material ([BH][WCA]) could carry salt or halide impurities 

from earlier steps in the synthesis.  

Solvent purity 

Mg electrochemistry requires compatible solvents which are not reduced by metallic 

magnesium, commonly ethereal solvents (including THF and glymes).60-61 The solvent is used in 

a large excess compared to the Mg salt, rendering even minor contaminants potentially 

problematic.  For example, a 0.25 M solution of Mg[WCA]2 in DME with 20 ppm of water present 

in the solvent would amount to ca. 0.08 mol % of water vs. the electrolyte in the electrolyte 

solution. However, commercial “anhydrous” grade solvents typically have a water content >> 1 

ppm (~ 30-50 ppm for DME) if used as received (Sigma), and it is well-documented in the 

literature that additional solvent drying is necessary for reversible electrochemical performance.62-

63 Trace O2 contamination is possible if the solvent is not degassed prior to use.  Mg 

electrochemistry is sensitive to trace water and oxygen in the electrolyte solution, as formation of 

passivating Mg(OH)2 and MgO layers on the electrode surface can alter Mg deposition/stripping 

behaviors.  To ensure electrochemical analysis of the electrolyte solution is not convoluted with 

water or oxygen effects, additional purification of commercial solvents is necessary.  

However, additional purification itself can introduce different forms of contamination. While 

likely less problematic than residual water and oxygen, even minor potential contaminants warrant 

consideration.  For example, distillation from Na/benzophenone is effective for drying, but 

decomposition of the Na ketyl radical can yield a variety of aromatic by-products (including 
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benzene, which can transfer over during distillation). Additionally, glymes are more acidic than 

THF, and heating a Na/benzophenone-glyme mixture can result in deprotonation of the solvent. 

For DME, a formal E2 reaction generates methyl vinyl ether and sodium methoxide. While these 

potential contaminants (benzene, methyl vinyl ether, etc) are quite minor, given the sensitivity of 

Mg electrochemistry, a thorough consideration of all possible contaminants is worthwhile.  In 

many cases, a thorough analysis may explain many of the observed differences in electrochemical 

performance.   

Herein, we discuss efforts towards reproducible/reliable Mg electrochemistry with a new 

silicon-based WCA electrolyte, [Mg(DME)3][
MeSiF]2. Reversible Mg deposition and stripping 

(with minimal conditioning) and stable CE requires consideration of the quality of Pt wire working 

electrode (WE), batch dependence of different synthetic routes, presence of basic and acidic/protic 

additives in electrolyte solutions, and the quality of glovebox atmosphere. Following the extensive 

characterization of Mg(DME)3[
MeSiF]2, some preliminary experiments with additional 

Mg(DME)3[
RSiF]2 variants are discussed.     
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RESTULS AND DISCUSSION: 

Leveraging the wide electrochemical window of [Bu4N][MeSiF] previously explored (see 

Chapter 5), a Mg2+ salt was targeted to serve as a potential Mg battery electrolyte with high 

oxidative stability.  Treating [Et3NH][MeSiF] with a slight excess of MgMe2 affords the 

corresponding [Mg(DME)3][
MeSiF]2 (Scheme 6.3). The 1H NMR is consistent with three DME 

molecules coordinated to the Mg2+ cation.  

 

Scheme 6.3. Synthesis of [Mg(DME)3][
MeSiF]2 

Preliminary electrochemical studies (Notes about preliminary electrochemical studies (in 

EXPERIMENTAL SECTION), suggested intriguing electrochemical performance, but 

independent electrochemical investigation was necessary to obtain meaningful results.  

      

Within in this work, the cyclic voltammograms of Mg(DME)3[
MeSiF]2 are reported (Notes about 

preliminary electrochemical studies (in EXPERIMENTAL SECTION).  While 

Mg(DME)3[
MeSiF]2 exhibits remarkable performance for a Mg electrolyte (average CE > 96 %, 

oxidative stability > 4 V vs. Mg/Mg2+, and conditioning-free), reproducible Mg electrochemistry 

is very sensitive.  Herein, we consider the following parameters and impacts on stability, 

reproducibility, and/or performance:  

1) Additives (identity and concentration)—Impact on Performance 

2) Pt wire—Impact on Stability 

3) Batch dependence—Impact on Reproducibility 
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4) Synthetic route—Impact on Reproducibility 

5) Cycling protocol and scan rate—Impact on Performance 

6) Addition of [Et3NH][MeSiF]—Impact on Performance 

7) Use of 3-methoxypropylamine as a cosolvent—Impact on Performance 

8) Impact of glovebox atmosphere—Impact on Reproducibility and Stability  

 

Statement on general reproducibility 

Unless otherwise specified, all CV experiments were run pairwise with two separate batches of 

[Mg(DME)3][
MeSiF]2. The batches were prepared independently by two researchers by the same 

synthetic protocol.  This ensures changes observed in electrochemical performance are not due to 

“batch-dependent” (unknown impurities) differences in a specific batch. Synthetic protocol and 

additional information are described in the EXPERIMENTAL SECTION.  

 

Impact of additives (identity and concentration) on Performance  

As mentioned in Notes about preliminary electrochemical studies (in EXPERIMENTAL 

SECTION), it was initially hypothesized that the presence of excess dialkylmagnesium was 

necessary for reversible Mg deposition and stripping. However, with careful optimization of 

synthesis and electrochemical conditions, it was found that [Mg(DME)3][
MeSiF]2 supports 

reversible Mg deposition/stripping in the absence of dialkylmagnesium additive. While not 

required, the addition of Me2Mg does improve performance with a reduction in the number of 

cycles before optimal electrochemical performance was observed (termed “conditioning” in 

battery literature). This is reminiscent of the performance improvements observed with other types 

of additives.64-65 Within this section, the effect of additive concentration on Mg 
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deposition/stripping supported by [Mg(DME)3][
MeSiF]2 is discussed. Discussion of MgMe2 

concentration is limited to 10, 0.1, and 0 mM; while reversible electrochemical performance was 

obtained at intermediate MgMe2 concentrations, other parameters (Pt wire, etc) were not yet 

optimized.   

We began an investigation of the cycling behavior of [Mg(DME)3][
MeSiF]2 in the absence of 

any additive (Figure 6.3). Gratifyingly, reversible Mg plating and stripping was observed from 

cycle 1 and persisted throughout all 200 cycles of the experiment, although initial cycles displayed 

high deposition overpotential (> 600 mV vs. Mg/Mg2+) and lower coulombic efficiencies (Figure 

6.3, bottom right). Electrochemical performance, however, improves with cycling and stabilizes 

past cycle 100 with CE ~97%. The conditioning behavior was attributed to the gradual formation 

of a favorable SEI on the working electrode that facilitates deposition/stripping of Mg.  

  To explore strategies to decrease the conditioning, CV experiments were performed in the 

presence of 0.1 mM of Me2Mg (Figure 6.4). Similar to that of 0.26 M [Mg(DME)3][
MeSiF]2 

without Me2Mg, cycle 1 of the electrolyte solution with 0.1 mM Me2Mg showed high deposition 

Figure 6.3. Representative cycling performance of 0.26 M [Mg(DME)3][
MeSiF]2 in DME. 

Cycling protocol: WE: Pt wire; CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 4.0 V; 

scan rate = 25 mVs-1. 
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overpotential (>600 mV vs. Mg/Mg2+) and low current density.  The performance improved with 

prolonged cycling, and the conditioning process with 0.1 mM Me2Mg (less than 50 cycles) is 

significantly shorter than that with no Me2Mg (ca. 100 cycles).  

  Additional incremental increases in MgMe2 were investigated, with optimal performance 

achieved with 10 mM MgMe2. All experiments in subsequent sections utilize the optimized 

MgMe2 conditions. Comparison of CE and deposition stripping curves for 0 mM and 10 mM 

MgMe2 are shown in Figure 6.5, where higher CE is observed in the presence of MgMe2, beginning 

from cycle 1.      

While not visible on the typical scale for CV experiments, experiments run with 10 mM Me2Mg 

invariably showed an irreversible oxidation wave between 3 to 4 V with Ep ~3.1 V vs. Mg/Mg2+ 

that was attributed to oxidation of Me2Mg (Figure 6.6). Intriguingly, in the absence of Me2Mg, the 

same irreversible oxidation was observed after the Mg oxidation wave, albeit at much lower 

current density (Figure 6.6). The current density of the irreversible oxidation feature increased 

Figure 6.5. Comparison of cycling performances of 0.26 M [Mg(DME)3][
MeSiF]2 with 0 mM (cycle 

100 shown) and 10 mM (cycle 75 shown) of Me2Mg additive. Cycling protocol: -0.8 V to 4.0 V; 

scan rate = 25 mVs-1. 
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Figure 6.4. Selected CV traces of 0.26 M [Mg(DME)3][ MeSiF]2 + 0.1 mM Me2Mg in DME; WE: Pt 

wire; CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 4.0 V; scan rate = 25 mVs-1. 
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with cycling, concomitant with improvement in cycling performance (including decreasing 

deposition overpotential and improved oxidation kinetics, cf. Figure 6.3). Therefore, it was 

proposed that in the absence of bulk Me2Mg, this oxidation wave corresponded to the 

electrochemical oxidation of the favorable SEI that facilitated Mg deposition and stripping. While 

the exact composition of the SEI is unknown, it is likely a mixture of HMgX or MeMgX species 

formed during Mg deposition, because of the similarity of Ep with that of Me2Mg. Indeed, 1H NMR 

spectra of the electrolyte solution (with no Me2Mg additive) after cycling in DME-h12 revealed up-

field signals near δ -1.7 ppm, further suggesting the presence of HMgX or MeMgX in solution 

(Figure 6.21).  

Figure 6.6. Zoomed-in view of experiments run with 10 mM and 0 mM of Me2Mg between 2.4 

V to 4.0 V vs. Mg/Mg2+. 
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During optimization of electrochemical conditions, Mg(N(SiMe3)2)2 was also investigated as 

an electrolyte additive as an alternative to MgMe2. To rule out effects from different impurities 

across different commercial batches, Mg(N(SiMe3)2)2 was prepared from Me2Mg and 

H(N(SiMe3)2)2. Aside from the initial high deposition overpotential (>600 mV), cycling did not 

improve deposition overpotential beyond 500 mV, suggesting an SEI that is distinct from those 

formed with cycling with or without Me2Mg. Indeed, the irreversible oxidation waves between 3 

Figure 6.7. Zoomed-in view of experiments run with 10 mM and 0 mM of Me2Mg between 2.4 V to 

4.0 V vs. Mg/Mg2+. Current normalized to largest current within each cycle for comparison. 

 

Figure 6.8. CV traces of 0.26 M [Mg(DME)3][
MeSiF]2 + 10 mM Mg(N(SiMe3)2)2. The Pt wire used 

was one of the wires that showed abnormal shapes of the initial Mg oxidation wave (vide supra). 

Cycling protocol: WE: Pt wire; CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 4.0 V; scan 

rate = 25 mVs-1. Bottom right: Selected cycles highlighting the region where minor oxidation features 

that likely correspond to SEI/additive oxidation typically show up.  
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to 4 V vs. Mg/Mg2+ when Mg(N(SiMe3)2)2 was used as the additive (Figure 6.8, bottom right) was 

found to be distinct from that with or without Me2Mg (Figure 6.6).  

While the role of nBu2Mg40, 66-67 and Mg(N(SiMe3)2)2 as an Mg electrolyte additive is frequently 

summarized as water/impurity scavengers, the actual effect of these additives is likely more 

complicated. For example, comproportionation between solvated Mg2+ and Ph2Mg is known to 

generate the PhMg(solvent)n
+ cation, which can be the active species for Mg plating/stripping.51 

While experiments to probe comproportionation between [Mg(DME)3]
2+ and Me2Mg have thus 

far been unsuccessful, it was proposed that formations of species such as MeMg(solvent)n
+ could 

be responsible for lowering the overpotential of initial Mg deposition/stripping on cycle 1 and/or 

forming the favorable SEI for facile Mg deposition/stripping. In the absence of Me2Mg, generation 

of such species and/or such an SEI would necessitate reductive decomposition of either the MeSiF- 

anion or coordinated DME molecules on Mg;54 this is a topic of ongoing investigation. 

 

Impact of Pt wire on Stability 

The Pt wires used in initial CV experiments had visibly “rough” surfaces after cleaning in 

concentrated HNO3. When annealed in with an H2/air flame, the wires did not glow evenly (due 

to the roughness of the surface).  Reversible Mg deposition and stripping was observed, but the 

systems were very unstable, with erratic cycling performance and unstable CE (Figure 6.9, left and 

Figure 6.10, left). While some stable cycling behavior was observed before cycle 10, large 

fluctuations are observed on later cycles (>10). 
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The instability in cycling performance can be resolved with the use of new Pt wires that were 

(visually) much smoother. When cleaned and annealed by the same method, the new wires glowed 

evenly in the H2 flame.  Comparison of the cycling performance and CE are shown in Figure 6.9, 

Figure 6.9. Representative comparisons between electrochemical performances of the same 

batch of 0.26 M [Mg(DME)3][
MeSiF]2 + 10 mM Me2Mg with two different Pt wires under the 

same cycling conditions (TH-III-189 vs. TH-III-173). Left: Pristine (new, unused) Pt wire, 

cycles 1 – 75. Right: old (with jagged surface) Pt wire, cycles 1-75. WE: Pt wire; CE: Mg strip; 

RE: Mg strip; cycling protocol: -0.8 V to 4.0 V; scan rate = 25 mVs-1.  
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Figure 6.10. Representative comparisons between electrochemical performances of the same 

batch of 0.25 M [Mg(DME)3][
MeSiF]2 + 10 mM Me2Mg with two different Pt wires under the 

same cycling conditions (MB5140 vs. MB5117). Left: Pristine (new, unused) Pt wire, cycles 1 

– 75. Right: old (with jagged surface) Pt wire, cycles 1-75. WE: Pt wire; CE: Mg strip; RE: Mg 

strip; cycling protocol: -0.8 V to 4.0 V; scan rate = 25 mVs-1.        
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right and 6.10, right.  The Pt wire was the only variable that changed, and this profound difference 

in performance stability was observed across multiple batches of Mg(DME)3[
MeSiF]2. It has been 

explored in the literature that the roughness and curvature of the electrode surface can impact 

growth behavior of metal deposition for Li68-69 and Na70 batteries.  It is hypothesized that the new 

(smooth) Pt wires facilitated more even deposition and stripping of Mg.  

 

Impact of batch dependence on Reproducibility  

  As discussed at length in the introduction, batch-dependent electrochemistry behavior, “batch 

dependence,” is a challenge with many Mg electrolytes.  There are several key considerations 

about the preparation of [Mg(DME)3][
MeSiF]2 which minimize potential “batch dependent” 

performance. [Mg(DME)3][
MeSiF]2 is synthesized from [Et3NH][MeSiF] and Me2Mg, where 

Me2Mg is prepared by the dioxane precipitation method, beginning from commercially available 

MeMgBr in Et2O.71 While Cl- contamination has been reported to alter the electrochemical 

behavior of Mg deposition/stripping, the possible presence of trace Br- attenuates concern. A slight 

excess of Me2Mg (at least 1.2 equiv) is used to ensure complete protonlysis [Et3NH][MeSiF], and 

the excess Me2Mg is removed by recrystallization of a concentrated DME solution with Et2O. The 

recrystallization step also removes the coordinated dioxane carried over from Me2Mg. In all 

instances, complete removal of Me2Mg was confirmed via 1H NMR spectroscopy.  

  To demonstrate the remarkable reproducibility of [Mg(DME)3][
MeSiF]2, 4 cycling experiments 

(2 electrolyte batches with 2 replicates each) were collected under the same conditions (Figure 

6.12). The small degree of variation between each experiment is more pronounced than the 

differences between the batches.  In all experiments, similar deposition/stripping curves, reductive 

and oxidative overpotentials, and stable CE were observed.   
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Impact of synthetic route on Reproducibility  

 

Scheme 6.4. Synthesis of [Mg(DME)3][
MeSiF]2 by modified protocol (Protocol 2)  

Figure 6.11. Comparison of cycle 10, 25, 50, 75 across four experiments run with two batches 

(batch 1 and batch 2) prepared by two researchers independently from the same synthetic 

procedure. Current normalized to largest current within each cycle for comparison. WE: Pt 

wire; CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 4.0 V; scan rate = 25 mVs-1. 

Me2Mg loading: 10 mM. 
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To begin probing the impact of the synthetic route (and solvent) on [Mg(DME)3][
MeSiF]2, 

materials were prepared by a two-step method (Scheme 6.2).  Notably, the reaction solvents 

(THF/DME vs. DME), purification (washing extensively with Et2O vs. no washing), and 

crystallization conditions (DME/Pentane vs. DME/Et2O) were modified.  Prior to electrochemical 

experiments, the material was examined by 1H and 19F NMR, and the material was 

spectroscopically identical to previous batches.   

Gratifyingly, the electrochemical performance was identical to the results of previous batches 

(within previously observed minor experiment-to-experiment variations) (Figure 6.12).  Notably, 

Figure 6.12. Comparisons across electrochemical performances of electrolytes prepared via 

two synthetic protocols. Batch 1 and 2 were prepared via protocol 1 by two researchers 

independently. Current normalized to largest current within each cycle for comparison. WE: 

Pt wire; CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 4.0 V; scan rate = 25 mVs-1. 

Me2Mg loading: 10 mM. 
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CV traces of electrolyte prepared via protocol 2 was found to be very similar, if not identical, to 

those of batch 2, protocol 1. Within different protocols (and different batches within the same 

synthetic protocol), the performance metrics of [Mg(DME)3][
MeSiF]2, including the shape of Mg 

deposition/stripping features, reductive and oxidative overpotentials, and coulombic efficiencies, 

were found to be identical within experiment-to-experiment variation. It is important to note that 

while the difference between the two protocols was minute, the electrochemical performance 

demonstrates that electrochemical performances could be free of batch/protocol differences (with 

sufficient care taken in synthetic protocols). The consistency of the performance of 

[Mg(DME)3][
MeSiF]2 was also a testament to its reliability and potential as an Mg electrolyte. If 

necessary, [Mg(DME)3][
MeSiF]2 could be prepared beginning from alternative silicon starting 

materials (MeSiCl3).  However, this is not an area of ongoing investigation.    

 

Cycling protocol and scan rate—Impact on Performance 

All of the discussed results were collected with the same cycling parameters (scan rate = 25 

mV/s, -0.8 to 4 V vs. Mg/Mg2+).  To examine how cycling protocol and scan rate impacts 

performance, CVs were collected with a different cycling window (-0.8 to 2 V vs. Mg/Mg2+) or a 

slower scan rate (5 mV/s).  

While the bulk of the electrochemical studies were done with a wide cycling window of -0.8 V 

to 4.0 V, preliminary electrochemical characterizations (as mentioned in Note about preliminary 

electrochemical studies in the Experimental Section) were done with a smaller cycling window of 
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-0.8 V to 2.0 V, where stable cycling performances were observed. To examine how cycling 

protocol, CVs were collected with a different cycling window of -0.8 V to 2.0 V (Figure 6.13). 

As shown in Figure 6.13, while the deposition/stripping waves were identical across the two 

protocols, cycle 50 and cycle 75 of the narrower window showed the growth of a second feature 

in the Mg oxidation wave, suggesting speciation of the plated Mg (such as formation of MgO), 

likely unrelated to the cycling protocol. Notably, the narrower window showed diminishing plating 

overpotential from ca. 400 mV (-0.8 V to 4.0 V) to ca. 320 mV (-0.8 V to 2.0 V). It was 

hypothesized that the higher overpotential for the wider cycling window was from the continual 

oxidation of a favorable SEI (solid-electrolyte-interphase) between 3.0 to 4.0 V vs. Mg/Mg2+. 

Cycling with a slower scan rate (5 mVs-1) was also attempted. While scan rate dependence of 

Mg electrolyte performances has not been extensively discussed/studied and prior examples of 

WCA-based electrolytes were reported with varying scan rates, ranging from (50 mVs-1 to 5 mVs-

1).41, 50, 54 To probe the stability and reversibility of [Mg(DME)3][
MeSiF]2, CV traces were recorded 

with 5 mVs-1 scan rate (Figure 4.14).  

Figure 6.13. Comparison of cycling performances across two cycling protocols. WE: Pt wire; 

CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 4.0 V (black), -0.8 V to 2.0 V (red) ; 

scan rate = 25 mVs-1. Me2Mg loading: 10 mM. 
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The electrochemical performance of [Mg(DME)3][
MeSiF]2 was very unstable when cycled at 5 

mVs-1. Starting from cycle 1, the deposition/stripping waves were visibly “jagged”, indicating 

unstable deposition/stripping behavior. In addition, experiments run with a 5 mVs-1 scan rate were 

found to short-circuit around cycle 15 due to an accumulation of Mg0, limiting evaluation of further 

cycling behavior. While the exact causes of the unstable cycling behavior at 5 mVs-1 remained 

elusive, it was hypothesized that the slower scan rate resulted in a much greater amount of Mg0 

during deposition because of the long time spent at potentials negative of Mg2+/Mg. Because Mg 

was deposited on a thin Pt wire, it is conceivable that the deposited Mg could “break off” of the Pt 

surface, resulting in the observed unstable cycling behavior. Notably, the carborane electrolytes 

with 5 mVs-1 scan rates have notably lower current densities,49 resulting in less Mg0 deposition at 

slow scan rates, possibly explaining the reported stable performance.  

Use of 3-methoxypropylamine as a cosolvent (Impact on Performance)  

  Previous studies on the solvent effect of Mg deposition overpotential have suggested that 

incorporating 3-methoxypropylamine (3-MPA) as a co-solvent of Mg can decrease de-solvation 

energy, translating as a decrease in Mg deposition overpotential. It was also proposed that 

incorporation of 3-MPA in the electrolyte renders a higher tolerance to trace levels of water, with 

the N-H protons able to hydrogen-bond to water. To examine the impact of 3-methoxypropylamine 

(3MPA) on Mg(DME)3[
MeSiF]2 electrochemistry, several CV preliminary experiments were 

conducted.  While the ionic conductivity of 3-methoxypropylamine is greater than DME (0.94 vs. 

Figure 6.14. Representative CV traces of 0.26 M [Mg(DME)3][
MeSiF]2 + 10 mM Me2Mg in 

DME. Cycling protocol: WE: Pt wire; CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 

4.0 V; scan rate = 5 mVs-1. 
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0.34 mS cm-1, respectively),72 it is significantly more viscous (1.27 vs. 0.5 mpa s).72  CVs were 

conducted in varying 3MPA:DME conditions including 100:0 (neat 3MPA, Figure 6.15) and 1:9 

v/v (Figure 6.15).  In all experiments, the Mg deposition overpotential was dramatically lower than 

the previously optimized conditions (discussed above.  Significantly more electrochemical 

conditioning was observed at early cycles, and the shape of the Mg stripping feature is broader, 

with a tail that beyond 1 V (vs. Mg/Mg2+). In all cases, electrochemical performance was less ideal 

than performances observed with 0.26 M [Mg(DME)3][
MeSiF]2 + 10 mM Me2Mg.  

 

 

Figure 6.X. CV traces of 0.26 M [Mg(DME)3][
MeSiF]2 in neat 3MPA (left) and 1:9 

3MPA:DME (right); Current normalized to highest current for the duration of the experiment; 

Cycling protocol: WE: Pt wire; CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 4.0 V; 

scan rate = 25 mVs-1. 

 

Figure 6.15. CV traces of 0.26 M [Mg(DME)3][
MeSiF]2 in 3-methoxypropylamine (left) and 

1:9 3-methoxypropylamine:DME. Current normalized to highest current for the duration of 

the experiment; Cycling protocol: WE: Pt wire; CE: Mg strip; RE: Mg strip; cycling protocol: 

-0.8 V to 4.0 V; scan rate = 25 mVs-1. Irregular “spikes” at oxidative potentials observed even 

with “new” Pt wires (see section: Impact of Pt Wire on Stability)    
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Addition of Et3NH[MeSiF] (Impact on Performance) 

  Based on the observed (but not well-understood) decrease in reductive overpotential in mixed 

3MPA:DME solvent mixtures, it was hypothesized that addition of Et3NH[MeSiF] may serve a 

similar role to 3MPA with N-H protons, where the proton of [Et3NH]+ is significantly more acidic. 

To test this hypothesis, 20 mM Et3NH[MeSiF] was introduced as an additive (Figure 6.16). 

Unfortunately, addition of Et3NH[MeSiF] does not decrease the Mg deposition overpotential.  On 

cycle 1, the reductive overpotential is ~380 mV which further decreases to ~280 mV with cycling.  

There is a significant increase in current density and change in Mg stripping peak shape from cycle 

1 to cycle 2, somewhat reminiscent of the conditioning observed with 3MPA.  However, unlike 

Figure 6.16. CV traces of 0.26 M [Mg(DME)3][
MeSiF]2 + 20 mM [Et3NH][MeSiF]; Zoomed in 

view of CV traces highlight jagged Mg deposition and HER. Current normalized to highest 

current for the duration of the experiment; Cycling protocol: WE: Pt wire; CE: Mg strip; RE: 

Mg strip; cycling protocol: -0.8 V to 4.0 V; scan rate = 25 mVs-1. 
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electrolyte mixtures containing 3MPA, the shape of the reductive and oxidative features is 

significantly different.   

Unfortunately, [Et3NH][MeSiF] does not engender the desired decrease in Mg deposition 

overpotential.  On cycle 1, the reductive overpotential was 550 mV which further decreases to ca. 

450 mV with cycling.  The increase in current density and change in Mg stripping peak shape from 

cycle 1 to cycle 2 was reminiscent of the electrochemical conditioning observed with 3MPA.  

However, unlike electrolyte mixtures containing 3MPA, the shape of the reductive and oxidative 

features was significantly different from that in the presence of 3MPA: a) From cycle 50 onwards, 

the Mg deposition waves were visibly “jagged”, suggesting markedly different charge-transfer 

kinetics; b) For every cycle, there was a catalytic reduction wave at ca. 1.2 V vs. Mg/Mg2+, which 

was assigned to the Hydrogen Evolution Reaction (HER) via electroreduction of the N-H proton. 

 

Impact of glovebox atmosphere on Reproducibility/Performance 

   All CVs were conducted in an empty glovebox (no chemical or solvent storage) without exposure 

to the catalyst bed (to prevent atmospheric contamination from trace impurities in the catalyst bed).  

The glovebox atmosphere was monitored with ZnEt2 (< low ppm O2)
73 and titanocene (< 5 ppm 

O2),
73 and the atmosphere was purged for an additional 20 minutes with a nitrogen pressure > 3.0 

mbar before each CV.  Oxygen and moisture sensors were not used due to (1) cost and (2) need 

for frequent and regular recalibration for accurate measurement.   

   However, this strict purification procedure is insufficient for cycling experiments.  As shown in 

Figure 6.17, CVs were run with the same batch of material.  For both experiments, no changes in 

glovebox atmosphere (with ZnEt2 and/or titanocene) were detected over the course of the 

experiment.  However, without rigorous drying of the glovebox interior, a shoulder develops on 
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the Mg oxidative peak, with the shoulder increasing over time.  This feature is tentatively assigned 

to MgO or Mg(OH)2 formation. 

Preliminary Exploration of Additional Variants 

To begin a structure/function study of [RSiF]- anions, preliminary experiments were conducted 

with several Mg(DME)3[
RSiF]2 variants, including R = Ph, C10H21, 3,5 ditBuPh, and C6F5. All 

Mg(DME)3[
RSiF]2 electrolytes were prepared by the same procedure as previously discussed 

Mg(DME)3[
RSiF]2 (Scheme 6.1).  For additional synthetic information for each variant, see 

EXPERIMENTAL SECTION. The electrochemical performance of each variant was only tested 

Figure 6.17. CV traces of 0.26 M [Mg(DME)3][
MeSiF]2 + 10 mM Me2Mg run in a glove box 

where the interior has not been rigorously dried. Current normalized to highest current for the 

duration of the experiment; Cycling protocol: WE: Pt wire; CE: Mg strip; RE: Mg strip; 

cycling protocol: -0.8 V to 4.0 V; scan rate = 25 mVs-1. 
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once, so the discussion below is very preliminary.  

All [Mg(DME)3][
RSiF]2 variants displayed reversible Mg deposition and stripping was 

observed, albeit with significant differences in (1) reductive and oxidative overpotentials and (2) 

performance stability.  The CVs are shown in Figure 6.18-6.19. Due to concerns about decreased 

oxidative stability, arising from the more electron-rich R-groups, the CVs were collected with 

slightly modified protocols.  Each electrolyte was tested from -0.8 to 3.5 V (vs. Mg/Mg2+) for 100 

cycles at 25 mV/s.   

For R = Ph, very stable, consistent performance is observed, with a decrease in reductive 

overpotential with cycling.  Smooth and stable performance is observed for the full 100 cycles.  

Figure 6.18. CV traces of 0.25 M [Mg(DME)3][
PhSiF]2 + 10.75 mM Me2Mg (left) and 0.25 M 

[Mg(DME)3][
decylSiF]2 + 10 mM Me2Mg. Current normalized to highest current for the duration 

of the experiment; Cycling protocol: WE: Pt wire; CE: Mg strip; RE: Mg strip; cycling protocol: 

-0.8 V to 4.0 V; scan rate = 25 mVs-1. 
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Similar performance is observed for R = C10H21 during early cycles. Unfortunately, a dramatic loss 

of reversible performance is observed in cycle 49; additional runs are necessary to determine if the 

loss of reversible performance is reproducible.   

The R = C6F5 variant was targeted to further increase the oxidative stability by addition of the 

electron-withdrawing aryl group. However, this variant exhibited a dramatically decreased 

solubility in DME compared to other [RSiF]- variants, with solution saturation at ~56 mM (by 19F 

NMR). As this concentration is too low for sufficient ion concentration and conductivity, 

Mg(DME)3[
C6F5SiF]2  (0.01 M) was combined with the thoroughly studied Mg(DME)3[

MeSiF]2 

(0.24 M) to prepare an electrolyte mixture where [Mg2+] = 0.25 M.  The CV is shown in Figure 

Figure 6.19. CV traces of 0.24 M [Mg(DME)3][
MeSiF]2 + 0.01 M [Mg(DME)3][

C6F5SiF] + 10 

mM Me2Mg (left) and 0.25 M [Mg(DME)3][
3,5ditBuArSiF]2 + 10 mM Me2Mg. Current 

normalized to highest current for the duration of the experiment; Cycling protocol: WE: Pt 

wire; CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 4.0 V; scan rate = 25 mVs-1. 
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6.19 (right). Reversible Mg deposition and stripping is observed from cycle 1, albeit with a 

dramatic increase in deposition and stripping overpotentials compared to the Mg(DME)3[
MeSiF]2 

(0.25 M) electrochemistry discussed above, likely due to reductive decomposition of the [C6F5SiF] 

anion.  For the R = 3,5 ditBuPh variant, the voltage window was modified to -1.2 V to 3 V (vs. 

Mg/Mg2+) as no reversible performance was observed when sweeping only to -0.8 V, and the 

oxidative limit was further reduced due to additional concern over oxidative decomposition.  While 

this variant was prepared to target a more soluble SiF variant to examine the performance at higher 

concentrations (> 0.25 M), the electrochemical performance was markedly inferior to the other 

variants.  No reversible performance was observed even in early cycles, with anomalous features 

growing in throughout cycling. With this electrolyte variant, a dramatic increase in viscosity was 

qualitatively observed during preparation of the electrolyte solution. Solution viscosity can impact 

ion mobility,74 and may explain the poor electrochemical performance.   

While preliminary, these experiments of additional variants begin a possible structure/function 

study of how the anion structure impacts electrochemical performance, a type of study that is not 

possible with most other Mg electrolytes. 
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CONCLUSIONS 

In summary, we extensively examined parameters required for reproducible/reliable Mg 

electrochemistry with a new silicon-based WCA electrolyte, [Mg(DME)3][
MeSiF]2. While not 

inherently necessary for reversible Mg deposition and stripping, addition of 10 mM MgMe2 

minimizes electrochemical conditioning. The stability of performance is dictated by the quality of 

the working electrode (Pt wire), and the addition of co-solvents (3MPA) or other proton sources 

[Et3NH][MeSiF] does not improve performance. Preliminary exploration of additional [RSiF] 

variants demonstrates significant differences in electrochemical performance, allowing access to 

a future electrolyte structure/function study.     
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EXPERIMENTAL SECTION   

General Considerations - Synthesis Unless otherwise specified, all operations were carried out 

in an MBraun drybox under a nitrogen atmosphere or using standard Schlenk line or high vacuum 

techniques. Solvents for air- and moisture-sensitive reactions were dried with sodium mirror (1,4 

dioxane), sodium benzophenone ketyl (DME), or by the method of Grubbs75 (THF, Et2O, toluene, 

pentane, benzene). Solvents, once dried and degassed, were vacuum transferred directly and stored 

under inert atmosphere over 3 Å molecular sieves. C6D6, C7D8, CD3CN, CD2Cl2 were purchased 

from Cambridge Isotope Laboratories and vacuum transferred from CaH2 (CD3CN) after three 

freeze-pump-thaw cycles. [Et3NH][RSiF] were prepared according to modified literature 

procedures76 or by routes discussed in Chapter 5. Unless otherwise noted, all other chemicals were 

purchased from commercial vendors and used as received. 1H, 13C, 19F, and 29Si NMR spectra were 

either recorded on a Varian 400 MHz spectrometer or a Bruker 400 MHz spectrometer with 

chemical shifts reported in parts per million (ppm). 1H NMR spectra were referenced to residual 

solvent peaks. 1 Multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, dd = 

doublet of doublets, dt = doublet of triplets, td = triplet of doublets, m = multiplet, br = broad, and 

app = apparent.  

 

Special considerations for electrochemistry:  

DME and [Mg(DME)3][RSiF]2 were only used with the glovebox circulation purifier turned 

off after extensive purging of the glovebox atmosphere (minimum 20 minutes at 4.0 bar above 

atmospheric pressure to ensure full atmosphere exchange) to avoid cross-contamination with 

other atmospheric solvents. Cyclic voltammetry experiments of [Mg(DME)3][RSiF] were run 

in an empty N2-filled glovebox where no solvent or chemicals were stored. Electrolyte 
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solutions were prepared in a separate glovebox by dissolving [Mg(DME)3][RSiF] in 0.5 mL of 

DME and stirred with a new Teflon stir bar until complete dissolution, sealed, and transported 

to the electrochemistry glovebox immediately before electrochemical experiments were 

performed. 

Mg electrodes (99.9%, MTI) were polished with a razor blade immediately before use. Pt 

electrodes (wire, 0.5 mm diameter, 99.999%, Thermo Scientific) were soaked in concentrated 

HNO3 for at least 72 hours, rinsed with deionized water at least thrice, annealed with an H2 torch, 

and immediately brought into the glovebox in a flame-dried 20 mL scintillation vial while hot. 

Cyclic voltammetry experiments of [Mg(DME)3][RSiF] were performed in 3-neck glass cells with 

0.5 mL of electrolyte. A Pt wire served as the working electrode, and Mg foils were the counter 

and reference electrodes. Electrodes were secured with Li BMC 1.5 mm Substrate Holders 

(Gamry). Experiments of [Mg(DME)3][RSiF] were conducted on either a Biologic SP150 

potentiostat or a Biologic VSP-300 potentiostat. 

 

Note about preliminary electrochemical studies (not shown) 

Preliminary electrochemical conditions were investigated collaboratively with the See group. 

Initial preparation of Mg(DME)3[
MeSiF]2 contained residual unreacted Mg(nBu)2. This material 

demonstrated reversible Mg deposition and stripping with high current densities, but 

decomposition above ~2.4 V (from Mg(nBu)2) severely hindered oxidative stability.  

Unfortunately, with complete removal of Mg(nBu)2, Mg(DME)3[
MeSiF]2  did not exhibit reversible 

Mg electrochemistry.  Based on previous literature where addition of Mg(nBu)2 to electrolytes can 

facilitate removal of water, oxygen, and protic impurities;40 it was hypothesized that Mg(nBu)2 

may be performing a similar role in this system. Indeed, with introduction of small, quantified 
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amounts of Mg(nBu)2, reversible Mg electrochemistry was observed again (with minimal 

decomposition above 2.4 V).   

Mg(nBu)2 was replaced with MgMe2 which did not negatively impact the electrochemistry.  

This change of MgR2 additive was done to (1) improve the purity of the MgR2 (by avoiding direct 

use of commercially available material without purification), (2) improve ease-of-use (fine solid 

powder vs. viscous oily solid). and (3) avoid supply-chain challenges. 

However, due to inconsistent glovebox practices, reproducible electrochemical results could 

not be obtained within this preliminary investigation. Independent study in the Agapie group was 

performed resulting in the reproducible data reported here. 

 

Additional impact of Pt wire: 

Beyond the observed impacts on cycling stability and CE, a subset of new Pt wires displayed 

an oxidative feature on the end of the Mg stripping trace (hereinafter termed “oxtail”), regardless 

of whether the wire has been previously used (Figure 6.20).  This oxtail was only observed at low 

cycle numbers ( < cycle 3) and did not impact later cycles or the overall stability of the system.  

This feature was observed across different batches of [Mg(DME)3][
MeSiF]2 and with different Pt 

wires; even within the same electrolyte batch, certain Pt wires displayed different Mg stripping 

behavior on cycle 1 (Figure 6.20). This suggests that the presence of this oxidation feature is solely 

dependent on the Pt wire. It is hypothesized that certain Pt wires may have more impurities or 

contaminants on the surface than others, resulting in different Mg stripping traces.  

Aside from the “oxtail” behavior, use of new Pt wires resulted in stable electrochemical 

performance.  For the additional parameters discussed below, all data was collected with newer Pt 
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wires.  In the subset of cases where the data set had an oxidative tail on early cycles, this behavior 

was noted but does not impact the overall conclusions about the impact of each parameter.   

 

Synthesis of [Mg(DME)3][MeSiF]2 Synthesis developed by Tianyi He. [Mg(DME)3][MeSiF]2 

prepared by Meaghan Bruening and Tianyi He 

  

In an N2-filled glovebox, solid Me2Mg•0.85(dioxane) (1.16 g, 8.8 mmol) was slowly added to a 

vigorously stirring solution of [Et3NH][MeSiF] (12.1 g, 14.8 mmol) in DME (80 mL), resulting in 

a slight color change to yellow. Caution: protonolysis of Me2Mg is exothermic. Solid Me2Mg is 

pyrophoric and must be handled with caution. An aliquot was drawn and analyzed via 1H NMR 

spectroscopy to confirm complete consumption of the starting material as evidenced by the 

presence of excess Me2Mg. The mixture was concentrated in vacuo until a waxy solid was 

Figure 6.20. Comparison across the first cycles for three experiments (0.26 M 

[Mg(DME)3][
MeSiF]2 + 10 mM Me2Mg) run with three different Pt wires. Pristine Pt wire 

electrodes 1 and 2 were cut from the same Pt wire purchased from Thermo Fischer Scientific. 

The old Pt wire used in this experiment was visibly jagged (cf. Figure 6.X, experiment 

MB5117). Current normalized to largest current within each cycle for comparison. WE: Pt wire; 

CE: Mg strip; RE: Mg strip; cycling protocol: -0.8 V to 4.0 V; scan rate = 25 mVs-1. Me2Mg 

loading: 10 mM. 
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obtained. The white precipitate was extracted into minimal DME and then layered with Et2O. The 

microcrystalline solid was collected, rinsed with additional Et2O, and dried in vacuo. Yield = 9.8 

g (78 %).   

1H (CD3CN, 400 MHz): 3.58 (s, 12 H, CH3OCH2CH2OCH3), 3.38 (s, 18 H, CH3OCH2CH2OCH3), 

0.19 (s, 6 H, SiCH3).
19F (CD3CN, 376 MHz): -69.84 (app s, 12 F, CF3), -69.87 (app s, 12 F, CF3). 

13C{1H} (CD3CN, 101 MHz): 123.65 (q app m, CF3), 84.47 (br s, OC(CF3)2), 71.93 (s, 

CH3OCH2CH2OCH3), 59.46 (s, CH3OCH2CH2OCH3), 0.97 (s, SiCH3). 
29Si (CD3CN, 80 MHz): -

73.76 (s). Anal. Calcd. for C38H36F48MgO14Si2 (%): C, 26.71; H, 2.12; Found: C: 26.61; H: 1.93. 

 

[Mg(DME)3][PhSiF]2, [Mg(DME)3][tBu2PhSiF]2, [Mg(DME)3][DecylSiF]2, and 

[Mg(DME)3][C6F5SiF]2 were prepared by an analogous procedure beginning from [Et3NH] 

[PhSiF]2, [Et3NH][tBu2PhSiF], [Et3NH][DecylSiF], and[Et3NH][C6F5SiF], respectively.    

[Mg(DME)3][PhSiF]2 Prepared by Tianyi He 

1H (CD3CN, 400 MHz): 7.80 (app dd, 4 H, Ar-H), 7.30-7.20 (overlapping m, 6 H, Ar-H), 3.57 (s, 

8 H, CH3OCH2CH2OCH3), 3.38 (s, 12 H, CH3OCH2CH2OCH3). 
19F (CD3CN, 376 MHz): -69.47 

(app m, 24 F, CF3), -69.90 (app m, 24 F, CF3). 
13C{1H} (CD3CN, 101 MHz): 140.19 (s, Ar-C), 

137.27 (s, Ar-C), 129.38 (s, Ar-C), 127.49 (s, Ar-C), 123.08 (q app m, CF3), 84.37 (br s, 

OC(CF3)2), 72.14 (s, CH3OCH2CH2OCH3), 59.49 (s, CH3OCH2CH2OCH3). 
29Si (CD3CN, 80 

MHz): -89.33 (s). Anal. Calcd. For C48H40F48MgO14Si2 (%): C, 31.45; H, 2.20. Found: C, 31.36; 

H, 2.06.   

[Mg(DME)3][tBu2PhSiF]2  

1H (CD3CN, 400 MHz): 7.77 (d, 4 H, Ar-H), 7.38 (t, 2 H, Ar-H), 3.51 (s, 12 H, 

CH3OCH2CH2OCH3), , 3.33 (s, 18 H, CH3OCH2CH2OCH3), 1.28 (s, 36 H, C(CH3)3). 
19F (CD3CN, 



 252 

376 MHz,): -69.23 (app m, 24 F, CF3), -69.81 (app m, 24 F, CF3). 
13C{1H} (CD3CN, 101 MHz): 

148.84 (s, Ar-C), 137.86 (s, Ar-C), 132.57 (s, Ar-C), 123.14 (s, Ar-C), 123.14 (q app m, CF3), 

84.33 (br s, OC(CF3)2), 72.23 (s, CH3OCH2CH2OCH3), 59.10 (s, CH3OCH2CH2OCH3), 35.32 (s, 

C(CH3)3), 31.81 (s, C(CH3)3).  29Si (CD3CN, 80 MHz): -88.92 (s). Anal. Calcd. for 

C64H72F48MgO14Si2 (%): C, 37.36; H, 3.53. Found: C, 37.52; H, 3.39. 

 

[Mg(DME)3][DecylSiF]2 

1H (CD3CN, 400 MHz): 3.51 (s, 12 H, CH3OCH2CH2OCH3), 3.33 (s, 18 H, CH3OCH2CH2OCH3), 

1.36 (m, 4 H, alkyl-H), 1.25 (br. app. s, 28 H, alkyl-H), 0.87 (t, 6 H, alkyl-H), 0.76 (t, 4 H, alkyl-

H). 19F (CD3CN, 376 MHz,):  -69.76 (app m, 24 F, CF3), -69.86 (app m, 24 F, CF3).
 13C{1H} 

(CD3CN, 101 MHz): 123.19 (q app m, CF3), 84.51 (br s, OC(CF3)2), 72.25 (s, 

CH3OCH2CH2OCH3), 59.13 (s, CH3OCH2CH2OCH3), 33.97 (s, alkyl-C), 32.65 (s, alkyl-C), 30.37 

(s, alkyl-C), 30.26 (s, alkyl-C), 30.10 (s, alkyl-C), 30.07 (s, alkyl-C) 25.01 (s, alkyl-C), 23.40 (s, 

alkyl-C), 18.32 (s, alkyl-C), 14.38 (s, alkyl-C). 29Si (CD3CN, 80 MHz): -75.43 (s). Anal. Calcd. 

For C56H72F48MgO14Si2 (%): C, 34.29; H, 3.70. Found: C, 34.25; H, 3.41. 

 

[Mg(DME)3][C6F5SiF]2 

1H (CD3CN, 400 MHz): 3.52 (s, 12 H, CH3OCH2CH2OCH3), 3.34 (s, 18 H, CH3OCH2CH2OCH3). 

19F (CD3CN, 376 MHz,):   -69.96 (br. s, 48 F, -CF3), -12.25 (dd, 2F, Ar-F), -157.0. (tt, 2 F, Ar-F), 

-165.92 (m, 4 F, Ar-F). 13C{1H} (CD3CN, 101 MHz): 148.57 (d app m, Ar-C), 141.81 (d app m, 

Ar-C), 137.70 (d app m, Ar-C), 122.75 (q app m, CF3), 114.17 (app t, Ar-C), 84.05 (br s, 

OC(CF3)2), 72.22 (s, CH3OCH2CH2OCH3), 59.16 (s, CH3OCH2CH2OCH3). Anal. Calcd. For 

C48H30F58MgO14Si2 (%): C, 28.64; H, 1.50. Found: C, 28.56; H, 1.54. 
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Figure 6.21. Post-CV 1H NMR of 0.26 M [Mg(DME)3][
MeSiF]2 with 0 mM MgMe2 (replicate 

experiments with different electrolyte batches. The peak at ~0.2 ppm corresponds to -CH3 of 

[MeSiF]-
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 NMR SPECTRA of [Mg(DME)3][MeSiF]2

 

Figure 6.21. 1H NMR of [Mg(DME)3][
MeSiF]2 in CD3CN. 

 

 
Figure 6.22. 13C NMR of [Mg(DME)3][

MeSiF]2 in CD3CN. 

 

 
Figure 6.23. 19F NMR of [Mg(DME)3][

MeSiF]2 in CD3CN. 
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Figure 6.24. 29Si NMR of [Mg(DME)3][

MeSiF]2 in CD3CN. 

 

 
Figure 6.25. 1H NMR of [Mg(DME)3][

PhSiF]2 in CD3CN. 

 

 
Figure 6.26. 13C NMR of [Mg(DME)3][

PhSiF]2 in CD3CN. 
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Figure 6.27. 19F NMR of [Mg(DME)3][

PhSiF]2 in CD3CN. 

 
Figure 6.28. 29Si NMR of [Mg(DME)3][

PhSiF]2 in CD3CN.  

 

 
Figure 6.29. 1H NMR of [Mg(DME)3][

DecylSiF]2 in CD3CN. 
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Figure 6.30. 13C NMR of [Mg(DME)3][

DecylSiF]2 in CD3CN. 

 

 
Figure 6.31. 19F NMR of [Mg(DME)3][

DecylSiF]2 in CD3CN. 

 

 

Figure 6.32. 29Si NMR of [Mg(DME)3][
DecylSiF]2 in CD3CN. 
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Figure 6.33. 1H NMR of [Mg(DME)3][

tBu2PhSiF]2 in CD3CN. 

 

Figure 6.34. 13C NMR of [Mg(DME)3][
tBu2PhSiF]2 in CD3CN. 

 

Figure 6.35. 19F NMR of [Mg(DME)3][
tBu2PhSiF]2 in CD3CN. 
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Figure 6.36. 29Si NMR of [Mg(DME)3][

tBu2PhSiF]2 in CD3CN.  

 

 
Figure 6.37. 1H NMR of [Mg(DME)3][

C6F5SiF]2 in CD3CN. 

 
Figure 6.38. 13C NMR of [Mg(DME)3][

C6F5SiF]2 in CD3CN. 
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Figure 6.39. 19F NMR of [Mg(DME)3][

C6F5SiF]2 in CD3CN. 
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APPENDIX A: Copolymerization of Ethylene and Long-Chain Functional α-Olefins by 

Dinuclear Zirconium Catalysts 
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ABSTRACT  

Bimetallic catalysts have shown promise for improving polar comonomer incorporation by late 

transition metals, but such effects are underexplored using early transition metal catalysts. Herein, 

the copolymerization of ethylene and α-olefins bearing alcohol groups was performed using mono- 

and dizirconium bisamine bisphenolate catalysts in the presence of MAO and AliBu3. Under these 

conditions, catalyst activity was retained with comonomer incorporation trends mirroring those 

observed with unfunctionalized α-olefins, i.e., lower incorporation by bimetallic catalysts. 

Although incorporation levels are low, these data provide mechanistic insight for polar comonomer 

incorporation. These results are consistent with our earlier proposal that larger comonomers 

sterically clash with the distal metal center of the bimetallic catalysts, leading to lower 

incorporation. Additionally, a bimetallic mechanism for polar comonomer coordination and 

incorporation is not supported by the current data. 
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GENERAL INTRODUCTION 

Multimetallic catalysts have been pursued as a method for synthesizing functionalized 

polyethylene via a direct copolymerization of ethylene and polar monomers.1 Examples of 

bimetallic catalysts with rigid linkers that feature improved performance include enhanced 

incorporation of functionalized norbornenes using dinickel catalysts (A; Figure A.1),2 higher 

incorporation of ester-containing comonomers and acrylic anhydride using macrocyclic 

frameworks to support “double-decker” dinickel or dipalladium catalysts with phenoxy-imine (B) 

or α-diimine (C) donors,3-7 and increased tolerance to amine additives and incorporation of amino 

olefins by terphenyl-supported bis(phenoxy-imine)dinickel catalysts (D).8-10 Bimetallic catalysts 

displaying early transition metals have been demonstrated to affect performance by increasing the 

incorporation of α-olefins (E and F), 11-19 though not those containing polar groups. A bimetallic 

mechanism of α-olefin incorporation was proposed where distal C–H bonds interact with the 

second metal to facilitate enchainment.15-17, 20-23 An analogous bimetallic mechanism for 

comonomer incorporation is particularly appealing for polar olefins. 

Incorporation of polar comonomers by early transition metal catalysts is desirable due to the 

high performance of the catalysts and abundance and low cost of those metals. However, catalyst 

poisoning by Lewis basic functional groups on typical comonomers requires the use of masking 

agents such as MAO or other alkylaluminum reagents.24 This strategy has been employed for the 

copolymerization of long-chain esters by (phenoxy-imine)Ti catalysts, 25 incorporation of allyl 

alcohol derivatives by metallocenes,26 modified (phenoxy-imine)Ti catalysts, 27-28 half-

metallocene or guanidinate Ti catalysts,29 and incorporation of halogen- and amine-functionalized 

comonomers by (pyridylamido)hafnium catalysts.30-31 Direct polymerization or copolymerization 

of either silyl ether or amine containing comonomers by metallocenes has been reported.32-34  

https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#fig1
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#fig1
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Our previously reported dizirconium 

olefin polymerization catalysts represent 

suitable candidates for studies of early 

transition metals, addressing the differences 

in performance of bimetallic and 

monometallic precatalysts in polar 

comonomer copolymerization.35-36 We have 

employed bimetallic versions of the 

zirconium bisamine bisphenolate 

catalysts 37 based on a rigid teraryl 

framework (G) and showed that isotactically 

enriched poly(α-olefins) are generated via a 

site epimerization mechanism.35 The 

dizirconium catalysts show enhanced activity 

relative to monozirconium controls, and a 

subsequent study demonstrated that such 

catalysts could also be employed for 

ethylene-α-olefin copolymerization.36 These results provide a substantial basis for comparison to 

probe the effect of the catalyst nuclearity on the copolymerization of ethylene and comonomers 

bearing functional groups such as alcohols. Herein, we report that the incorporation of polar 

monomers, including 10-undecen-1-ol (5) and 5-hexen-1-ol (6), is catalyzed by both 

monozirconium and dizirconium catalysts, with enhanced incorporation by the monozirconium 

catalysts. Comparison of the performance of monometallic and bimetallic catalysts with 

Figure A.1. Bimetallic catalysts for polymer monomer 

copolymerization 
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comonomers of different lengths allows for mechanistic insight into dinuclear effects on 

comonomer incorporation. 

RESULTS AND DISCUSSION 

Precatalysts 1–

4 (Figure A.2) were prepared as 

previously described.36 These 

precatalysts were selected for the 

current study due to the relative ease 

by which the C2 isomers of the 

bimetallic catalysts could be 

isolated on moderate scales. The 

reactivities of 1 and 3 with 10-

undecen-1-ol (5) and ethylene were evaluated over comonomer concentrations ranging from 0.02 

to 0.16 M upon treatment of the polar comonomer with AliBu3 (TIBA) and precatalyst activation 

with MAO (Table A.1). Low levels of comonomer incorporation were observed across these 

concentrations, ranging from 0.13 to 1.4% based on 1H NMR analysis of the resulting polymers. 

Throughout this concentration range, increased comonomer incorporation was observed from the 

monometallic 1 compared to the bimetallic 3. This decreased incorporation by the bimetallic 

system is similar to what was observed in our previous studies of ethylene and non-polar α-olefin 

copolymerization by these catalysts; decreasing levels of comonomer incorporation were observed 

with the increasing comonomer chain length. In agreement with the NMR characterization, 

the TM values for the polymers decreased with increased comonomer incorporation.38 Based on gel 

permeation chromatography (GPC) characterization, molecular weights produced by 1 and 3 were 

Figure A.2. Compounds evaluated in this study 

https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#fig2
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#fig2
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#tbl1
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#tbl1
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not substantially impacted by the presence of the comonomer in the reaction mixture. Lower 

dispersities were observed in the presence of the comonomers, which could result from the 

interaction of the polar comonomer with MAO.39 

Table A.1. Copolymerization of 5 with Ethylenea 

The activity of catalysts 2 and 4 for 10-undecen-1-ol (5) copolymerization and the activities of all 

catalysts for 5-hexen-1-ol (6) were evaluated for comparison (Table A.2). Values are provided for 

those reactions run with an initial comonomer concentration of 0.04 M, except as noted. Diffusion 

ordered spectroscopy (DOSY) characterization of the products of select copolymerizations of 

ethylene and 10-undecen-1-ol by 2 confirmed that peaks assigned to the incorporated comonomer 

were associated with species of a similar diffusion constant as peaks associated with the polymer 

entry Cat C
b
 activity

c
 % I T

M

d
 M

N

e
 Đ

e
 

1 1 0 0.8 
 

127 1.6 22 

2 1 0.02 1.23 0.22 126 1.4 9.8 

3 1 0.04 1.48 0.38 125 1.5 7.3 

4 1 0.08 1.56 0.47 123 1.2 7.9 

5 1 0.16 1.58 1.4 121 1.1 5.9 

6 3 0 1.82 
 

136 10.4 46 

7 3 0.02 1.78 0.13 132 6.6 26 

8 3 0.04 1.49 0.21 132 4.3 16 

9 3 0.08 1.11 0.35 129 8.9 14 

10 3 0.16 1.08 0.81 126 4.3 13 

aCopolymerizations were run with 10 μmol of Zr, 100 equiv TIBA, and 1000 equiv MAO in 100 mL 

of toluene for 60 min at a 5 bar ethylene pressure and a temperature of 80 °C. bComonomer 

concentration in M; the comonomer was pretreated with 1 equiv TIBA prior to copolymerization. 
cActivity in kg mmolZr

−1h−1. dBased on differential scanning calorimetry (DSC) data (°C). eBased on 

GPC data where MN is provided in kDa and Đ = MW/MN 

https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#tbl2
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#tbl2
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backbone (see Figures A.22 and A.23). As observed for precatalysts 1 and 3 in the 

copolymerization with 10-undecen-1-ol (5), precatalysts 2 and 4 incorporate low levels of  

Table A.2. Copolymerization of 5 and 6 with Ethylenea 

comonomer 5, with greater incorporation observed from monometallic 2. This increased 

incorporation from 2 was observed across a series of experiments where the initial comonomer 

concentration was increased from 0.02 to 0.16 M (see Table A.4). To compare the behavior of the 

mono- and bimetallic catalysts as a function of chain length between olefin and alcohol 

functionality, the activity of all precatalysts was tested for the copolymerization of ethylene and 

5-hexen-1-ol (6). As with the other comonomers, using the bimetallic catalysts leads to lower 

incorporation compared with their monometallic conjoiners, though incorporation levels were 

lower than for 5. 

entry cat comonomer activity
b % I T

M

c M
N

d Đ
d 

1 1 5 1.48 0.38 125 1.5 7.3 

2 1 6 1.19 0.26 124 1.2 2.9 

3 3 5 1.49 0.21 132 1.2 16 

4 3 6 1.68 0.08 133 5.9 30 

5 2 5 1.43 0.37 125 1.7 7.4 

6
e 2 5 1.03 1.7 122 1.4 9.7 

7 2 6 1.39 0.14 127 2.1 2.3 

8 4 5 1.52 0.18 131 7.2 12 

9
e 4 5 1.79 0.78 126 5.6 17 

10 4 6 1.75 0.04 135 8.2 16.5 

aCopolymerizations were run with 10μmol of Zr, 100 equiv TIBA, and 1000 equiv MAO in 100 mL of 

toluene for 60 min at a 5 bar ethylene pressure with a 0.04 M comonomer. Comonomers were pretreated 

with TIBA prior to copolymerization (1.1 equiv).bActivity in kg mmolZr
−1h−1. cBased on DSC data (°C). 

dBased on GPC data where MN is provided in kDa and Đ = MW/MN. eComonomer concentration was 

0.16 M in these experiments. 
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From these and previous copolymerization 

studies, a general trend emerges, i.e., lower 

levels of incorporation are observed starting 

from bimetallic precatalysts as compared with 

starting from monometallic precatalysts. 

These observations suggest that steric 

repulsion between the distal metal site and the 

large comonomers, arising from the rigid 

nature of the teraryl linker, leads to lower 

incorporation compared with monometallic 

catalysts that lack this steric constraint 

(Figure A.3). A similar trend was previously 

observed in our study of ethylene 

copolymerization with the non-polar 

comonomers propylene, 1-hexene, and 1-

tetradecene.36 In that study, the bimetallic precatalysts were observed to incorporate more of the 

smaller α-olefin (propylene) than the monometallic precatalysts; however, more incorporation of 

the larger 1-hexene and 1-tetradecene was observed from the monometallic precatalysts. Steric 

clash between the longer comonomers and the more congested sites of the bimetallic precatalysts 

is likely exacerbated with comonomers 5 and 6 because of the formation of O–Al bonds with 

TIBA and MAO. It is worth noting that the large Đ values suggest that multiple catalyst structures 

could be operative under catalytic conditions. From the bimetallic catalysts, two active species 

may be generated, depending on whether benzyl abstraction occurs at one or two of the Zr sites. 

Figure A.3. Models of comonomer incorporation 

from mono- and bimetallic catalysts highlighting 

steric inhibition of comonomer coordination as the 

main reason for decreased incorporation with the 

bimetallic framework. P, growing polymer chain. 

https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#fig3
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#fig3
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The large dispersities may also result from chain transfer, as noted above. Consistent with this 

hypothesis, the NMR spectra of the polymers show predominant alkyl end groups, with only minor 

terminal alkene signals (see Figures A.4-A.21). 

This pattern of increased comonomer incorporation by monometallic catalysts is furthermore 

inconsistent with a mechanism for polar monomer incorporation that involves heteroatom and 

olefin binding across the two metals of the bimetallic catalyst. 15-17, 20-23 Moreover, comparing 

results with different chain lengths between the olefin and the polar group, 5 and 6, incorporation 

is slightly suppressed with the shorter comonomer, one that may be better suited to span the 

distance between the two metals. The alkylaluminum groups expected to be associated with the 

alkoxide moieties increase the bulk of the shorter comonomer closer to the olefin, likely 

exacerbating the steric interaction with the second metal center compared with the monomers 

where the functionality is further down the chain. These results further support that the second 

metal center serves as a steric influence on the catalyst behavior, rather than acting as a site for 

comonomer coordination (Figure A.3). 

 

 

 

 

 

 

 

 

 

https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#fig3
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00126#fig3
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CONCLUSION 

The reactivity of a series of mono- and dizirconium catalysts based on a rigid teraryl framework 

was tested in the copolymerization of ethylene with alcohol-functionalized comonomers in the 

presence of MAO and AliBu3. Although modest comonomer incorporation was observed, it was 

sufficient to compare the performance of the different catalysts. The largest incorporation was 

observed from one of the monometallic catalysts at elevated comonomer concentration. Generally, 

comonomer incorporation was lower for the bimetallic vs monometallic catalysts. This is 

consistent with these catalysts’ behavior in the copolymerization of ethylene and linear, 

unfunctionalized α-olefins and supports a mechanism involving steric interactions between the 

larger comonomers and the distal metal site in the bimetallic catalysts. Our studies do not support 

a coordinative interaction between the polar group and the second metal center for these catalyst 

structures. Future bimetallic catalyst designs will require finding the optimal balance of the 

potential steric repulsion and monomer coordination effects. 
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EXPERIMENTAL SECTION 

General Experimental Considerations 

All air- and water-sensitive compounds were manipulated under N2 or Ar using standard Schlenk 

or glovebox techniques. Complexes 1, 2, 3, and 4 were prepared as previously reported.36 Toluene 

was purified by the method of Grubbs and coworkers40 and stored over activated molecular sieves. 

MMAO-12, 10-undecen-1-ol, 5-hexen-1-ol, triisobutylaluminum (TIBA), and toluene (HPLC 

grade) were purchased from Sigma Aldrich. Polar comonomers treated with 1.1 equiv. AliBu3 

(TIBA) prior to polymerization. Ethylene, N2, and Ar were purified by passage through molecular 

sieves and a copper-based catalyst (GetterMax 133) to remove moisture and oxygen, respectively. 

 

Polymerization Procedure 

The polymerization experiments were carried out in a 0.25 L stainless steel Buchi reactor 

assembled by Hi-Tech (India). The reactor was heated to 110 °C, purged several times with Ar to 

remove air and moisture, and then cooled to 80 °C. A stock solution containing TIBA (2.5 mL, 10 

wt% in toluene), MAO (7.5 mL, 10 wt% in toluene, 10.0 mmol, 1000 equiv. to Zr), TIBA pacified 

comonomer (0-16 mmol) was prepared in the glovebox and diluted with toluene to a total volume 

of 95 mL. This solution was transferred to the reactor, saturated with ethylene at 5 bar, and allowed 

to equilibrate at the desired polymerization temperature. The reactor vessel was then charged with 

a solution of the Zr catalyst (10 µmol Zr) in toluene (5 mL). The 5 bar ethylene pressure was 

maintained for 1 h, after which excess ethylene was allowed to vent and the reaction was quenched 

by addition of 5% HCl/MeOH (30 mL). The polymer was isolated by filtration, washed with fresh 

methanol, and dried under high vacuum at 60 °C. 
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GPC Analysis 

Gel permeation chromatographic analyses of ethylene homo- and copolymers were performed at 

160 °C using a PL-GPC 220 (Agilent Technologies) equipped with two PLgel Olexis 300 x 7.5 

mm columns. BHT (0.0125 wt%) was added to 1,2,4-trichlorobenzene to prevent polymer sample 

degradation. A sample solution of 5 mg/1.5 mL (w/v) was prepared at 140 °C and 100 µL was 

injected into the GPC columns. Chromatogram data was analyzed using the Cirrus software, which 

was calibrated using polystyrene standards. The polystyrene-based calibration curve was 

converted into the universal one using the MarkHouwink constants of polystyrene (K = 0.000121 

dL/g and α = 0.707) and polyethylene (K = 0.000406 dL/g and α = 0.725).41 

 

Differential Scanning Calorimetry 

Differential scanning calorimetric (DSC) analysis was performed using a DSC Q2000 (TA 

Instruments). The temperature and heat flow of the apparatus were calibrated with an indium 

standard. Polymer samples were first equilibrated at 25 °C, followed by heating from 25 °C to 200 

°C at a rate of 10 °C/min under N2 flow (5 mL/min). This temperature was maintained for 5 min 

then samples were cooled to 25 °C at a rate of 10 °C/min. This temperature was maintained for 5 

min then samples were reheated to 200 °C at a rate of 10 °C/min. The melting temperature (Tm) 

was determined from the second heating scan. The percent crystallinity was calculated from ΔHf 

(J/g)/ΔHstd (J/g), where ΔHstd is the heat of fusion for a perfectly crystalline polyethylene; this 

equals to 290.0 J/g.42 
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NMR Sample Preparation and Analysis Procedure 

Polymer NMR spectra were recorded on a Bruker 400 MHz spectrometer at 120 °C in 1,2-

dichlorobenzene-D4. Samples were prepared using ca. 80 mg polymer per mL of solvent. Each 

sample was pre-heated and agitated by hand, before placing in a pre-heated probe at 120 °C. The 

sample was equilibrated for 5 minutes in the probe prior to data acquisition and 1H NMR spectra 

were collected using 128 scans with an acquisition time of 4 s and a d1 of 1 s. Note: an initial 

spectrum for one of the samples was performed using acquisition times of 8, 16, or 32 s (all with 

d1 values of 1 s) and no change was observed in the integrals of the signals used to determine % 

I. While we anticipate there may be some error associated with this pulse sequence, we expect that 

trends determined from integrals for the same peak will hold, given the similar number of protons 

attached to the integrated signals and the similar molecular weights of the polymers under 

consideration. 

The %I values were calculated from integration of the 1H NMR spectra according to the formula 

below. For ease of operation, the value of the integral of the methylene protons adjacent to oxygen 

(ni, OCH2CH2R, centered at 3.5 ppm) was defined as 2. ICH2 = integral of the peaks centered at 1.5 

ppm, corresponding to both polymer backbone signals and comonomer methylene signals. nH = 

number of protons on the comonomer – nα. 

%I =
equiv.  comonomer

(equiv.  ethylene)  
× 100% =

(
𝑛𝑖
2 )

(
𝐼𝐶𝐻2 − 𝑛𝐻

4 )
× 100% =

  4

(ICH2 − nH ) 
× 100% 

Spectra were referenced relative to residual solvent. Signals arising from trace solvents present 

during sample preparation are observed in some of the 1H NMR spectra; such traces include 

toluene (s, δH = 2.1), diethyl ether (q, δH = 3.33), and tetrahydrofuran (m, δH = 3.6). 
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Complete Polymerization Tables 

Table A.3. Ethylene homopolymerization 

Entry EXP # Catalyst 
Activity  

(kg molZr
-1 h-1) 

Yield 

(g) 

TM 

(°C) 

MN
 

(kDa) 
Ð 

1 PP225 1 800 8.02 127 1.6 22 

2 PP237 3 1820 18.18 136 10.4 46 

3 PP215 2 740 7.38 128 2.0 20.6 

4 PP205 4 1120 11.23 133 6.9 14.1 

Conditions: 10 µmol Zr, 100 equiv. AliBu3, and 1000 equiv. MAO in 100 mL total volume for 

60 min at 5 atm ethylene pressure and 80 °C. 

 

Table A.4. Copolymerization of ethylene and 10-undecen-1-ol 

Entry EXP # Cat 
Comonomer 

Conc. (M) 

Comonomer 

Conversion 

(%) 

Activity  

(kg molZr
-

1 h-1) 

Yield 

(g) 
% I 

TM 

(°C

) 

MN
 

(kDa) 
Ð 

1 PP228 1 0.02 49 1230 12.34 0.22 126 1.4 9.8 

2 PP229 1 0.04 49 1480 14.76 0.38 125 1.5 7.3 

3 PP230 1 0.08 32 1560 15.55 0.47 123 1.2 7.9 

4 PP231 1 0.16 45 1580 15.78 1.4 121 1.1 5.9 

5 PP238 3 0.02 41 1780 17.8 0.13 132 6.6 26 

6 PP239 3 0.04 27 1490 14.89 0.21 132 4.3 16 

7 PP240 3 0.08 17 1110 11.09 0.35 129 8.9 14 

8 PP241 3 0.16 19 1080 10.82 0.82 126 4.3 13 

9 PP207 2 0.02 64 1220 12.2 0.30 127 2.0 10 

10 PP208 2 0.04 46 1430 14.28 0.37 125 1.7 7.4 

11 PP209 2 0.08 58 1700 17.03 0.80 125 1.6 7.6 

12 PP210 2 0.16 35 1000 10.33 1.7 122 1.4 9.7 

13 PP217 4 0.02 26 1430 14.3 0.10 131 6.4 12 

14 PP218 4 0.04 25 1520 15.24 0.19 131 7.2 12 

15 PP219 4 0.08 17 1380 13.77 0.28 129 5.5 8.4 

16 PP220 4 0.16 30 1790 17.86 0.79 126 5.6 17 
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Conditions: 10 µmol Zr, 100 equiv. AliBu3, and 1000 equiv. MAO in 100 mL total volume for 60 

min at 5 atm ethylene pressure and 80 °C; 10-undecen-1-ol was treated with 1.1 equiv. AliBu3
 prior 

to each polymerization. 

 

Table A.5. Copolymerization of ethylene and 5-hexen-1-ol 

Entry Exp # Catalyst 

Comonomer 

Conversion 

(%) 

Activity  

(kg molZr
-1 

h-1) 

Yield 

(g) 
% I 

TM 

(oC) 

MN
 

(kDa) 
Ð 

1 PP232 1 28 1190 11.93 0.26 124 1.2 2.9 

2 PP242 3 12 1680 16.83 0.08 133 5.9 30.0 

3 PP226 2 17 1390 13.91 0.14 127 2.1 2.3 

4 PP227 4 6 1750 17.5 0.04 134 8.2 16.5 

Conditions: 10 µmol Zr, 100 equiv. AliBu3, and 1000 equiv. MAO in 100 mL total volume for 

60 min at 5 atm ethylene pressure and 80 oC temperature; 5-hexen-1-ol was treated with 1.1 

equiv. AliBu3 prior to each polymerization. 
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Representative Polymer NMRs 

Figure A.4. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 1 at 0.02 M comonomer 

concentration (Table A.1, Entry 2; Table A.4, Entry 1; PP228)  

 

Figure A.5. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 1 at 0.04 M comonomer 

concentration (Table A.1, Entry 3; Table A.2, Entry 1; Table A.4, Entry 2; PP229) 
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Figure A.6. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 1 at 0.08 M comonomer 

concentration (Table A.1, Entry 4; Table A.4, Entry 3; PP230) 

 

 

Figure A.7. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 1 at 0.16 M comonomer 

concentration (Table A.1, Entry 5; Table A.4, Entry 4, PP231) 
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Figure A.8. 13C NMR of ethylene copolymer with 10-undecen-1-ol by 1 at 0.16 M comonomer 

concentration (Table A.1, Entry 5; Table A.4, Entry 4, PP231) 

 

Figure A.9. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 3 at 0.02 M comonomer 

concentration (Table A.1, Entry 7; Table A.4, Entry 5; PP238)  
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Figure A.10. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 3 at 0.04 M comonomer 

concentration (Table A.1, Entry 8; Table A.2, Entry 3; Table A.4, Entry 6; PP239) 

 

Figure A.11. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 3 at 0.08 M comonomer 

concentration (Table A.1, Entry 9; Table A.4, Entry 7; PP240) 
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Figure A.12. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 3 at 0.16 M comonomer 

concentration (Table A.1, Entry 10; Table A.4, Entry 8, PP241) 

 

Figure A.13. 1H NMR of ethylene copolymer with 5-hexen-1-ol by 1 at 0.04 M comonomer 

concentration (Table A.1, Entry 2; Table A.5, Entry 1, PP232) 
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Figure A.14. 1H NMR of ethylene copolymer with 5-hexen-1-ol by 3 at 0.04 M comonomer 

concentration (Table A.2, Entry 4; Table A.5, Entry 2, PP242) 

 

Figure A.15. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 2 at 0.04 M comonomer 

concentration (Table A.2, Entry 5; Table A.4, Entry 10, PP208) 
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Figure A.16. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 2 at 0.16 M comonomer 

concentration (Table A.2, Entry 6; Table A.4, Entry 12, PP210) 

 

Figure A.17. 13C NMR of ethylene copolymer with 10-undecen-1-ol by 2 at 0.16 M comonomer 

concentration (Table A.2, Entry 6; Table A.4, Entry 12, PP210) 
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Figure A.18. 1H NMR of ethylene copolymer with 5-hexen-1-ol by 2 at 0.04 M comonomer 

concentration (Table A.2, Entry 7; Table A.5, Entry 3, PP226) 

 

Figure A.19. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 4 at 0.04 M comonomer 

concentration (Table A.2, Entry 8; Table A.4, Entry 14, PP218) 
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Figure A.20. 1H NMR of ethylene copolymer with 10-undecen-1-ol by 4 at 0.16 M comonomer 

concentration (Table A.2, Entry 9; Table A.4, Entry 16, PP220) 

 

Figure A.21. 1H NMR of ethylene copolymer with 5-hexen-1-ol by 4 at 0.04 M comonomer 

concentration (Table A.2, Entry 10; Table A.5, Entry 4, PP227) 
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Figure A.22. DOSY spectra of ethylene/10-undecen-1-ol copolymer by 2 (Table A.4, Entry 12; 

PP210)

 

Figure A.23. DOSY spectra of ethylene/10-undecen-1-ol copolymer by 1 (Table A.4, Entry 4; 

PP231) 
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Appendix B: Ti and Ta Complexes Supported by Bulky Anthracene-Containing Phenoxide 

Ligands  
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ABSTRACT 

Reported herein is the preparation of series of anthracene-containing bulky mono(phenoxide) 

ligands.  Using modified experimental procedures, both mono(anthracene) with ethereal donors 

and bis(anthracene) variants were accessed.  Metalation studies with titanium and tantalum are 

reported.  Preliminary investigation of ethylene oligomerization activity did not afford selective 

oligomerization formation.  Further study of these complexes was not pursued.           
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INTRODUCTION   

Based on the chemistry that has been developed for the Ti and Zr systems with the 

bis(phenoxide) ligand platform (discussed in Chapter 2 and previous publications1), there is 

interest in preparation of differentiated mono-ligating anthracene-containing systems to explore 

the different accessible reactivity, particularly for less-reactive unsaturated olefins (including 

ethylene) as the complexes may be viable for oligomerization and/or polymerization.   

The development of highly active catalysts for selective ethylene oligomerization remains an 

active area of research, particularly due to the use of 1-hexene and 1-octene as comonomers for 

the industrial production of linear low-density polyethylene (LLDPE).2-4  There are literature 

examples of a variety catalysts including Cr,2-3, 5-6 Ti,7-12 and Ta13 systems that are competent for 

ethylene oligomerization. For some catalytic systems, the selectivity for oligomer formation over 

polymer generation is well understood,14-16 while the selectivity in other systems is less readily 

explained. In the case of mono(cyclopentadienyl)titaniumtrichloride systems, the polyethylene vs. 

1-hexene selectivity can be altered by attachment of a pendent arene group to the cyclopentadienyl 

ligand, where the hemilability of the arene directs the modification in performance and selectivity.7  

With this in mind, it was hypothesized that Ti and/or Ta systems based on anthracene-containing 

ligands may be competent for selective ethylene oligomerization. 
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RESULTS AND DISCUSSION 

The design and synthesis of the mono-anthracene monoanionic ligands was targeted (Scheme 

B.1).  The proligands were accessed in three steps from a common intermediate used previously 

for the bis(phenol) proligand. For the 2,6-dimethoybenzene and 2,6-diethoxybenzene variants, use 

of the di-substituted aryl prevented the formation of different syn- and anti-isomers.  With the 

quinoline variant, a 1:1 mixture of isomers was formed, and the isomers were separated by column 

chromatography before deprotection. 

 

Using similar synthetic strategies to those discussed above, the synthesis of the bis-anthracene 

monoanionic ligands was also targeted (Scheme B.2).  To avoid formation of complicated mixtures 

of isomers in later steps of the synthesis, only symmetric aryl groups (2,6-dimethoybenzene and 

2,6-diethoxybenzene) were used to modify 1,9-dibromoanthracene.    

 

 

 

Scheme B.2. Preparation of proligands 4-6 

Scheme B.1. Preparation of proligands S1, A1, 2, 3. 
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Metalation with proligands was carried out by addition of 2 in toluene to a thawing toluene 

solution of TiBn4 and then warmed to room temperature and stirred overnight.  In the 1H NMR 

spectrum, a new species (2-[Ti]) is observed, consistent with loss of the phenolic proton and the 

presence of a peak at 1.47 ppm (corresponding to the TiCH2Ph protons).  This peak corresponds 

to 6 protons, consistent with three benzyl groups in the newly formed species.  Solid-state 

characterization of 2-[Ti] confirms this initial assignment, where 2-[Ti] has a phenoxide-bound Ti 

center with three benzyl groups bound in a tetrahedral geometry.  No significant interaction with 

the ether groups is observed.  Analogous titanium complexes were prepared from ligands S1, A1, 

and 3 following the same procedure.  While solid-state characterization was not collected for S1-

Ti 

O 

C 

Figure B.1. Solid-state structure of 2-[Ti].  Thermal ellipsoids shown at 50% probability.  Solvent 

molecules and hydrogen atoms omitted for clarity 

Scheme B.3. Metalation of 2 with TiBn4 
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[Ti], A1-[Ti], and 3-[Ti], they are expected to bind in an isostructural fashion, consistent with the 

similar 1H NMR spectra.   

 

To access the TaMe3L2 systems, metalation was carried out by deprotonation of LH with KBn, 

Subsequent addition of TaMe3Cl2, and the reaction stirred at room temperature overnight.  In the 

1H NMR spectrum, a new species was observed, with a peak at -2.41 ppm corresponding to the 

Ta-CH3 protons.  This peak corresponds to nine protons, consistent with three methyl groups on 

the Ta center.  Preliminary solid-state characterization is consistent with this initial assignment 

where the Ta center has three methyl ligands and 2 phenoxide ligands.  Preliminary solid-state 

characterization is consistent with a trigonal bipyramidal geometry.   

These Ti and Ta complexes have been screened for oligomerization performance at 1 atm C2H4, 

but no selective formation of 1-hexene or 1-octene was observed.  Given this observation, 

additional studies were not pursued.   

 

 

 

 

Scheme B.4. Metalation of 4 with TaMe3Cl2 
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Ta 
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Figure B.2. Preliminary solid-state structure of 4-[Ta].  Hydrogen atoms and solvent omitted for clarity. 
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CONCLUSIONS 

A series of mono-ligating anthracene-based phenoxide ligands were prepared.  By modifying 

the substituents, a range of proligands was accessed.  Metalation of the mono-anthracene 

proligands (S1, A1, 2, 3) with TiBn4 provides the corresponding tris(benzyl) complexes.  Solid-

state characterization is consistent with formation of the desired species. Metalation of the bis-

anthracene proligands (4-6) by deprotonation and reaction with TaMe3Cl2 provides the 

corresponding TaMe3L2 complexes. Preliminary solid-state characterization is consistent with 

formation of the desired species. 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 



 303 

EXPERIMENTAL SECTION  

Unless otherwise specified, all operations involving air- or water-sensitive reagents were carried 

out in an MBraun drybox under a nitrogen atmosphere or using standard Schlenk and vacuum line 

techniques. Solvents for air- and moisture-sensitive reactions were dried by the method of 

Grubbs.1 Deuterated solvents were purchased from Cambridge Isotope Laboratories and C6D6 

vacuum transferred from sodium benzophenone ketyl before use. All solvents, once dried and 

degassed, were stored under a nitrogen atmosphere over 4 Å molecular sieves. TiBn4
17 and 

TaMe3Cl2
18 were prepared according to literature procedures. All other reagents were used as 

received. 1H spectra were recorded on Varian Mercury 300 MHz or Varian 400 MHz spectrometers 

at ambient temperatures, unless otherwise denoted. 1H NMR spectra are reported referenced 

internally to residual solvent peaks reported relative to tetramethylsilane.  

 

9-(5-(tert-butyl)-2-(methoxymethoxy)-2',4',6'-trimethyl-[1,1'-biphenyl]-3-yl)-10-(2,6-

diethoxyphenyl)anthracene. A Schlenk flask fitted with a screw-in Teflon stopper was charged 

with a solution of 1,3-diethoxybenzene (0.160 g, 0.96 mmol, 1 equiv) in THF (100 mL) and frozen 

in the cold well.  A hexanes solution of nBuLi (0.4 mL, 2.5 M, 1.05 equiv) was added dropwise to 

the thawing solution. The reaction was allowed to warm to room temperature and stirred for 1 h 

forming a dark orange solution. ZnCl2 (0.092 g, 0.67 mmol, 0.7 equiv) was added slowly to the 
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reaction resulting in the formation of a cloudy pale yellow mixture. The reaction was allowed to 

stir at room temperature for 30 min after which 9-bromo-10-(5-tert-butyl)-2-(methoxymethoxy-

2’,4’,6’-trimethyl-[1,1’-biphenyl]-3-yl)anthracene (0.491 g, 0.86 mmol, 0.9 equiv) and Pd(PPh3)4 

(11 mg, 0.0096 mmol, 0.01 equiv) were added. The flask was sealed and warmed to 70 °C for 48 

h. After cooling to room temperature, water (10 mL) was added to quench the reaction, and the 

mixture was concentrated in vacuo to about 25 mL. The resulting suspension was taken up in 

CH2Cl2 (100 mL) and filtered through a silica gel plug, eluting further with CH2Cl2. The filtrate 

was then washed with water (2 × 50 mL), dried over MgSO4, filtered, and concentrated in vacuo 

The product was isolated as pale yellow solid. 1H NMR (CDCl3): 8.08 (d, 2 H, Ar-H), 7.93 (d, 2 

H, Ar-H), 7.75 (m, 2 H, Ar-H), 7.64 (t, 2 H, Ar-H), 7.54 (s, 1 H, Ar-H), 7.10 (d, 2 H, Ar-H), 7.04 

(d, 2 H, Ar-H), 4.30 (s, 2 H, -OCH2OCH3), 4.24 (q, 2 H, -OCH2CH3), 4.08 (q, 2 H, -OCH2CH3), 

2.62 (s, 3 H, Ar-CH3), 2.57 (s, 6 H, Ar-CH3), 2.16 (s, 3 H, -OCH2OCH3), 1.68 (s, 9 H, -C(CH3)3), 

1.27 (t, 3 H, -OCH2CH3), 1.03 (t, 3 H, -OCH2CH3). 

 

5-(tert-butyl)-3-(10-(2,6-diethoxyphenyl)anthracen-9-yl)-2',4',6'-trimethyl-[1,1'-biphenyl]-

2-ol (3). A Schlenk flask fitted with a screw-in Teflon stopper was charged with 9-(5-(tert-butyl)-

2-(methoxymethoxy)-2',4',6'-trimethyl-[1,1'-biphenyl]-3-yl)-10-(2,6-diethoxyphenyl)anthracene 

(100 mg), MeOH (5 mL) and CH2Cl2 (10 mL). Concentrated aqueous HCl (1 mL) was added, and 

the flask sealed and heated to 45 °C. After complete deprotection, about 6 h, the reaction was 

cooled and concentrated in vacuo. The suspension was taken up in CH2Cl2 (25 mL) and washed 
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with H2O (2 × 10 mL) and then saturated aqueous NaHCO3 (10 mL). The organic fraction was 

dried over MgSO4, filtered, and concentrated under reduced pressure to provide the product as a 

pale yellow solid. 1H NMR (CDCl3): 8.03 (d, 2 H, Ar-H), 7.95 (d, 2 H, Ar-H), 7.72 (t, 1 H, Ar-H), 

7.65 (m, 2 H, Ar-H), 7.63-7.50 (multiple overlapping peaks, 6 H,  Ar-H), 7.07 (d, 2 H, Ar-H), 7.03 

(d, 2 H, Ar-H), 4.21 (q, 2 H, -OCH2CH3), 4.09 (q, 2 H, -OCH2CH3), 2.59 (s, 3 H, Ar-CH3), 2.48 

(s, 6 H, Ar-CH3),1.64 (s, 9 H, -C(CH3)3), 1.23 (t, 3 H, -OCH2CH3), 1.05 (t, 3 H, -OCH2CH3). 

 

8-(10-(5-(tert-butyl)-2-(methoxymethoxy)-2',4',6'-trimethyl-[1,1'-biphenyl]-3-yl)anthracen-

9-yl)quinoline (mixture of isomers). A Schlenk flask fitted with a screw-in Teflon stopper was 

charged with a solution of 9-bromo-10-(5-tert-butyl)-2-(methoxymethoxy-2’,4’,6’-trimethyl-

[1,1’-biphenyl]-3-yl)anthracene (0.5 g, 0.88 mmol, 1 equiv) in THF (100 mL) and frozen in the 

cold well.  A pentane solution of tBuLi (0.119 g, 1.85 mmol, 2.1 equiv) was added dropwise to the 

thawing solution. The reaction was allowed to warm to room temperature and stirred for 1 h 

forming a dark orange solution. ZnCl2 (0.084 g, 0.61 mmol, 0.7 equiv) was added slowly to the 

reaction resulting in the formation of a cloudy pale yellow mixture. The reaction was allowed to 

stir at room temperature for 30 min after which  8-bromoquinoline (0.164 g, 0.79 mmol, 0.9 equiv) 

and Pd(PPh3)4 (10.2 mg, 0.0088 mmol, 0.01 equiv) was added. The flask was sealed and warmed 

to 70 °C for 48 h. After cooling to room temperature, water (10 mL) was added to quench the 

reaction, and the mixture was concentrated in vacuo to about 25 mL. The resulting suspension was 
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taken up in CH2Cl2 (100 mL) and filtered through a silica gel plug, eluting further with CH2Cl2. 

The filtrate was then washed with water (2 × 50 mL), dried over MgSO4, filtered, and concentrated 

in vacuo The product was isolated as a pale yellow solid.  The isomers were separated by column 

chromatography  (95:5, Hexanes:EtOAc) 

Isomer 1: 1H NMR (CDCl3): 8.85 (br. s, 1 H, Ar-H), 8.38 (d, 1 H, Ar-H), 8.07 (d, 1 H, Ar-H), 7.81 

(d, 2 H, Ar-H), 7.76 (d, 1 H, Ar-H), 7.71 (d, 1 H, Ar-H), 7.54 (s, 1 H, Ar-H), 7.46 (m, 1 H, Ar-H), 

7..37-7.30 (overlapping peaks, 5 H, Ar-H), 7.20 (t, 2 H, Ar-H), 6.97 (s, 2 H, Ar-H), 4.08 (s, 2 H, -

OCH2OCH3), 2.32 (s, 3 H, Ar-CH3), 2.28 (s, 6 H, Ar-CH3), 2.07 (s, 3 H, -OCH2OCH3), 1.38 (s, 9 

H, -C(CH3)3).  

Isomer 2: 1H NMR (CDCl3): 8.52 (d, 1 H, Ar-H), 8.28 (d, 1 H, Ar-H), 8.04 (d, 1 H, Ar-H), 7.86-

7.81 (overlapping peaks, 3 H, Ar-H), 7.77 (t, 1 H, Ar-H), 7.45 (d, 1 H, Ar-H), 7.40- 7.32 

(overlapping peaks, 6 H, Ar-H), 7.21 (t, 2 H, Ar-H), 6.97 (s, 2 H, Ar-H),  4.13 (s, 2 H, -

OCH2OCH3), 2.33 (s, 3 H, Ar-CH3), 2.27 (s, 6 H, Ar-CH3), 2.05 (s, 3 H, -OCH2OCH3), 1.38 (s, 9 

H, -C(CH3)3).  

 

5-(tert-butyl)-2',4',6'-trimethyl-3-(10-(quinolin-8-yl)anthracen-9-yl)-[1,1'-biphenyl]-2-ol (S1 

and A1).  A Schlenk flask fitted with a screw-in Teflon stopper was charged with 8-(10-(5-(tert-

butyl)-2-(methoxymethoxy)-2',4',6'-trimethyl-[1,1'-biphenyl]-3-yl)anthracen-9-yl)quinoline (100 

mg), MeOH (5 mL) and CH2Cl2 (10 mL). Concentrated aqueous HCl (1 mL) was added, the flask 

was sealed and heated to 45 °C. After complete deprotection, about 6 h, the reaction was cooled 
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and concentrated in vacuo. The suspension was taken up in CH2Cl2 (25 mL) and washed with H2O 

(2 × 10 mL) and then saturated aqueous NaHCO3 (10 mL). The organic fraction was dried over 

MgSO4, filtered, and concentrated under reduced pressure to provide the product as a pale yellow 

solid. 

Isomer 1: 1H NMR (CDCl3): 8.81 (br. d, 1 H, Ar-H), 8.34 (d, 1 H, Ar-H), 8.07 (d, 1 H, Ar-H), 7.84-

7.74 (overlapping peaks, 4 H, Ar-H), 7.47 (d, 1 H, Ar-H),7.46-7.39 (overlapping peaks, 3 H, Ar-

H), 7.36 (t, 2 H, Ar-H), 7.28 (d, 1 H, Ar-H), 7.26-7.21 (overlapping peaks,, 3 H, Ar-H), 7.02 (s, 2 

H, Ar-H), 4.51 (s, 1 H, -OH), 2.35 (s, 3 H, Ar-CH3), 2.24 (s, 6 H, Ar-CH3), 1.38 (s, 9 H, -C(CH3)3).  

Isomer 2: 1H NMR (CDCl3): 8.66 (d, 1 H, Ar-H), 8.34 (d, 1 H, Ar-H), 8.08 (d, 1 H, Ar-H), 7.87-

7.76 (overlapping peaks, 4 H, Ar-H), 7.45-7.34 (overlapping peaks, 6 H, Ar-H), 7.30 (s, 1 H, Ar-

H), 7.25 (t, 2 H, Ar-H), 7.03 (s, 2 H, Ar-H),  5.00 (s, 1 H, -OH), 2.36 (s, 3 H, Ar-CH3), 2.25 (s, 6 

H, Ar-CH3), 1.39 (s, 9 H, -C(CH3)3). 

 

Representative example of metalation of monophenol anthracene proligands  

 

A vial charged with a Teflon-coated stir bar and 2 (0.2 g, 0.34 mmol, 1 equiv) in toluene (5 mL) 

was frozen in the cold well in a glove box. Allowing it to warm till thawing, it was added to a 

thawing solution of TiBn4 (0.142 g, 0.2mmol, 1 equiv.) in toluene (3 mL). The reaction was 

allowed to warm to room temperature, stirring for an additional 2 h. After removal of the volatiles 

under vacuum, the residue was extracted with benzene and dried in vacuo to yield 2-[Ti]. 

Recrystallized from toluene/pentane vapor diffusion in the freezer. 1H NMR (C6D6, 400 MHz): 
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8.31 (d, 2 H, Ar-H), 7.89 (d, 2 H, Ar-H), 7.43 (app. s, 2 H, Ar-H), 7.23 (app t, 3 H, Ar-H), 7.08 

(app t, 8 H, Ar-H), 6.98 (app. t, 3 H, Ar-H), 6.78 (app. t, 2 H, Ar-H), 6.42 (app. dd, 2 H, Ar-H), 

5.94 (d, 6 H, Ar-H), 2.99 (s, 3 H, ArOCH3), 2.79 (s, 3 H, ArOCH3), 2.47 (s, 3 H, ArCH3), 2.07 (s, 

6 H, ArCH3), 1.47 (s, 6 H, TiCH2Ph), 1.23 (s, 9 H, ArC(CH3)3) 

 

 

 

9-bromo-10-(2,6-dimethoxyphenyl)anthracene. A Schlenk flask fitted with a screw-in Teflon 

stopper was charged with a solution of 1,3-dimethoxybenzene (0.433 g, 3.13 mmol, 1 equiv) in 

THF (40 mL) and frozen in the cold well. A hexanes solution of nBuLi (1.3 mL, 2.5 M, 3.29 mmol, 

1.05 equiv) was added dropwise to the thawing solution The reaction was allowed to warm to room 

temperature and stirred for 1 h forming a dark orange solution. ZnCl2 (0.3 g, 2.19 mmol, 0.7 equiv) 

was added slowly to the reaction resulting in the formation of a cloudy pale yellow mixture. The 

reaction was allowed to stir at room temperature for 30 min after which 9,10-dibromoanthracene 

(1 g, 2.98 mmol, 0.95 equiv) and Pd(PPh3)4 (36 mg, 0.031 mmol, 0.01 equiv) was added. The flask 

was sealed and warmed to 70 °C for 48 h. After cooling to room temperature, water (5 mL) was 

added to quench the reaction, and the mixture concentrated in vacuo to about 10 mL. The resulting 

suspension was taken up in CH2Cl2 (50 mL) and filtered through a silica gel plug, eluting further 

with CH2Cl2. The filtrate was then washed with water (2 × 10 mL), dried over MgSO4, filtered, 

and concentrated in vacuo The product was isolated as pale yellow solid. 1H NMR (400 MHz, 
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CDCl3): δ 8.59 (d, 2 H, Ar-H), 7.58 (t, 4 H, Ar-H), 7.51 (t, 1 H, Ar-H), 7.35 (t, 2 H, Ar-H), 6.80 (d, 

2 H, Ar-H), 3.55 (s, 6 H, ArOCH3)  

9-bromo-10-(2,6-diethoxyphenyl)anthracene. A Schlenk flask fitted with a screw-in Teflon 

stopper was charged with a solution of 1,3-diethoxybenzene (0.521 g, 3.13 mmol, 1 equiv) in THF 

(40 mL) and frozen in the cold well. A hexanes solution of nBuLi (1.3 mL, 2.5 M, 3.29 mmol, 1.05 

equiv) was added dropwise to the thawing solution The reaction was allowed to warm to room 

temperature and stirred for 1 h forming a dark orange solution. ZnCl2 (0.3 g, 2.19 mmol, 0.7 equiv) 

was added slowly to the reaction resulting in the formation of a cloudy pale-yellow mixture. The 

reaction was allowed to stir at room temperature for 30 min after which 9,10-dibromoanthracene 

(1 g, 2.98 mmol, 0.95 equiv) and Pd(PPh3)4 (36 mg, 0.031 mmol, 0.01 equiv) was added. The flask 

was sealed and warmed to 70 °C for 48 h. After cooling to room temperature, water (5 mL) was 

added to quench the reaction, and the mixture concentrated in vacuo to about 10 mL. The resulting 

suspension was taken up in CH2Cl2 (50 mL) and filtered through a silica gel plug, eluting further 

with CH2Cl2. The filtrate was then washed with water (2 × 10 mL), dried over MgSO4, filtered, 

and concentrated in vacuo The product was isolated as pale yellow solid. 1H NMR (CDCl3): 8.58 

(d, 2 H, Ar-H), 7.62 (d, 2 H, Ar-H), 7.55 (app. t, 2 H, Ar-H), 7.45 (t, 1 H, Ar-H), 7.33 (app. t, 2 H, 

Ar-H), 6.76 (d, 2 H, Ar-H), 3.85 (q, 4 H, ArOCH2CH3), 0.84  (t, 6 H, ArOCH2CH3).  
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10,10'-(5-(tert-butyl)-2-(methoxymethoxy)-1,3-phenylene)bis(9-(2,6-diethoxyphenyl) 

anthracene). A Schlenk flask fitted with a screw-in Teflon stopper was charged with a solution of 

9-bromo-10-(2,6-diethoxyphenyl)anthracene (0.620 g, 1.48 mmol, 1 equiv) in THF (40 mL) and 

frozen in the cold well. A pentane solution of tBuLi (200 mg, 3.1 mmol, 2.1 equiv) was added 

dropwise to the thawing solution The reaction was allowed to warm to room temperature and 

stirred for 1 h forming a dark orange solution. ZnCl2 (0.141 g, 1.03 mmol, 0.7 equiv) was added 

slowly to the reaction resulting in the formation of a cloudy mixture. The reaction was allowed to 

stir at room temperature for 30 min after which 1,3-dibromo-5-(tert-butyl)-2-

(methoxymethoxy)benzene (0.201 g, 0.59 mmol, 0.4 equiv) and Pd(PPh3)4 (17 mg, 0.0148 mmol, 

0.01 equiv) was added. The flask was sealed and warmed to 70 °C for 48 h. After cooling to room 

temperature, water (5 mL) was added to quench the reaction, and the mixture concentrated in vacuo 

to about 10 mL. The resulting suspension was taken up in CH2Cl2 (50 mL) and filtered through a 

silica gel plug, eluting further with CH2Cl2. The filtrate was then washed with water (2 × 10 mL), 

dried over MgSO4, filtered, and concentrated in vacuo The product was isolated as pale yellow 

solid. 1H NMR (CDCl3): 8.04 (d, 4 H, Ar-H), 7.70 (s, 2 H, Ar-H), 7.64 (d, 4 H, Ar-H), 7.50-7.40 

(overlapping peaks, 6 H, Ar-H), 7.31 (app. t, 4 H, Ar-H), 6.82 (d, 2 H, Ar-H), 6.72 (d, 2 H, Ar-H), 

3.97 (q, 4 H, ArOCH2CH3), 3.72 (q, 4 H, ArOCH2CH3).  
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4-(tert-butyl)-2,6-bis(10-(2,6-diethoxyphenyl)anthracen-9-yl)phenol (6). A Schlenk flask 

fitted with a screw-in Teflon stopper was charged with 10,10'-(5-(tert-butyl)-2-(methoxymethoxy)-

1,3-phenylene)bis(9-(2,6-diethoxyphenyl) anthracene)  (150 mg), MeOH (5 mL) and CH2Cl2 (10 

mL). Concentrated aqueous HCl (1 mL) was added, the flask was sealed and heated to 45 °C. After 

complete deprotection, about 6 h, the reaction was cooled and concentrated in vacuo. The 

suspension was taken up in CH2Cl2 (25 mL) and washed with H2O (2 × 10 mL) and then saturated 

aqueous NaHCO3 (10 mL). The organic fraction was dried over MgSO4, filtered and concentrated 

under reduced pressure to provide the product as a pale yellow solid.1H NMR (400 MHz, CDCl3): 

δ 7.99 (d, 4 H, Ar-H), 7.69-7.61 (overlapping peaks, 6 H, Ar-H), 7.45 (m, 6 H, Ar-H), 7.32 (m, 4 

H, Ar-H), 6.81 (d, 2 H, Ar-H), 6.74 (d, 2 H, Ar-H), 3.96 (q, 4 H, ArOCH2CH3), 3.76 (q, 4 H, 

ArOCH2CH3), 0.99 (t, 6 H, ArOCH2CH3), 0.73 (t, 6 H, ArOCH2CH3).    

 

(s)-9,9'-(5-(tert-butyl)-2-(methoxymethoxy)-1,3-phenylene)dianthracene. A Schlenk flask 

fitted with a screw-in Teflon stopper was charged with a solution of 9-bromoanthracene (4.86 g, 

18.9 mmol, 1 equiv) in THF (100 mL) and frozen in the cold well.  A pentane solution of tBuLi 
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(2.57g, 39.7 mmol, 2.1 equiv) was added dropwise to the thawing solution. The reaction was 

allowed to warm to room temperature and stirred for 1 h forming a dark orange solution. ZnCl2 

(1.8 g, 13.2 mmol, 0.7 equiv) was added slowly to the reaction resulting in the formation of a 

cloudy pale-yellow mixture. The reaction was allowed to stir at room temperature for 30 min after 

which 1,3-dibromo-5-(tert-butyl)-2-(methoxymethoxy)benzene (3 g, 8.5 mmol, 0.45 equiv) and 

Pd(PPh3)4 (219 mg, 0.019 mmol, 0.01 equiv) was added. The flask was sealed and warmed to 70 

°C for 48 h. After cooling to room temperature, water (10 mL) was added to quench the reaction, 

and the mixture was concentrated in vacuo to about 25 mL. The resulting suspension was taken up 

in CH2Cl2 (100 mL) and filtered through a silica gel plug, eluting further with CH2Cl2. The filtrate 

was then washed with water (2 × 50 mL), dried over MgSO4, filtered, and concentrated in vacuo 

The product was isolated as a pale yellow solid. 1H NMR (400 MHz, CDCl3): 8.51 (s, 2 H, Ar-H), 

8.05 (m, 4 H, Ar-H), 7.80 (m, 4 H, Ar-H), 7.57-7.46 (overlapping peaks, 10 H, Ar-H), 3.76 (s, 2 H, 

OCH2OCH3), 2.06 (s, 2 H, OCH2OCH3), 1.40 (s, 9 H, C(CH3)3). 

 

 

2,6-di(anthracen-9-yl)-4-(tert-butyl)phenol (4). A Schlenk flask fitted with a screw-in Teflon 

stopper was charged with (s)-9,9'-(5-(tert-butyl)-2-(methoxymethoxy)-1,3-

phenylene)dianthracene (1.5 g), MeOH (25 mL) and CH2Cl2 (50 mL). Concentrated aqueous HCl 

(5 mL) was added, and the flask was sealed and heated to 45 °C. After complete deprotection, 

about 6 h, the reaction was cooled and concentrated in vacuo. The suspension was taken up in 

CH2Cl2 (50 mL) and washed with H2O (2 × 25 mL) and then saturated aqueous NaHCO3 (25 mL). 



 313 

The organic fraction was dried over MgSO4, filtered, and concentrated under reduced pressure to 

provide the product as a pale yellow solid. 1H NMR (CDCl3): 8.54 (s, 2 H, Ar-H), 8.07 (m, 4 H, 

Ar-H), 7.93 (m, 4 H, Ar-H), 7.52-7.46 (overlapping peaks, 10 H, Ar-H), 4.35 (s, 1 H, -OH), 1.40 

(s, 9 H, ArC(CH3)3). 
 

 

 

9-((S)-5-(tert-butyl)-3-((r)-10-(2,6-dimethoxyphenyl)anthracen-9-yl)-2-

(methoxymethoxy)phenyl)-0-(2,6-dimethoxyphenyl)anthracene.  

A Schlenk flask fitted with a screw-in Teflon stopper was charged with a solution of 9-bromo-10-

(2,6-dimethoxyphenyl)anthracene (2 g, 5.1 mmol, 1 equiv) in THF (100 mL) and frozen in the 

cold well.  A pentane solution of tBuLi (0.691 g, 10.7 mmol, 2.1 equiv) was added dropwise to the 

thawing solution. The reaction was allowed to warm to room temperature and stirred for 1 h 

forming a dark orange solution. ZnCl2 (0.486 g, 3.57 mmol, 0.7 equiv) was added slowly to the 

reaction resulting in the formation of a cloudy pale-yellow mixture. The reaction was allowed to 

stir at room temperature for 30 min after which 1,3-dibromo-5-(tert-butyl)-2-

(methoxymethoxy)benzene (0.719 g, 2.0 mmol, 0.4 equiv) and Pd(PPh3)4 (0.059 mg, 0.051 mmol, 

0.01 equiv) was added. The flask was sealed and warmed to 70 °C for 48 h. After cooling to room 

temperature, water (10 mL) was added to quench the reaction, and the mixture was concentrated 

in vacuo to about 25 mL. The resulting suspension was taken up in CH2Cl2 (100 mL) and filtered 
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through a silica gel plug, eluting further with CH2Cl2. The filtrate was then washed with water (2 

× 50 mL), dried over MgSO4, filtered, and concentrated in vacuo The product was isolated as a 

pale yellow solid. Isolated as a mixture of products and used for subsequent deprotection with 

further purification.   

 

 

(S)-4-(tert-butyl)-2-((r)-10-(2,6-dimethoxyphenyl)anthracen-9-yl)-6-(10-(2,6-

dimethoxyphenyl)anthracen-9-yl)phenol (5). A Schlenk flask fitted with a screw-in Teflon 

stopper was charged with 9-((S)-5-(tert-butyl)-3-((r)-10-(2,6-dimethoxyphenyl)anthracen-9-yl)-2-

(methoxymethoxy)phenyl)-0-(2,6-dimethoxyphenyl)anthracene (1.5 g), MeOH (10 mL) and 

CH2Cl2 (25 mL). Concentrated aqueous HCl (1 mL) was added, and the flask was sealed and 

heated to 45 °C. After complete deprotection, about 6 h, the reaction was cooled and concentrated 

in vacuo. The suspension was taken up in CH2Cl2 (25 mL) and washed with H2O (2 × 20 mL) and 

then saturated aqueous NaHCO3 (10 mL). The organic fraction was dried over MgSO4, filtered, 

and concentrated under reduced pressure to provide the product as a pale yellow solid. 

1H NMR (CDCl3): 8.00 (d, 4 H, Ar-H), 7.65 (overlapping peaks, 7 H, Ar-H), 7.50 (t, 2 H, Ar-H), 

7.46 (t, 1 H, Ar-H), 7.34 (t, 5 H, Ar-H), 6.84 (d, 2 H, Ar-H), 6.78 (d, 2 H, Ar-H), 4.74 (s,  1 H, -

OH), 3.65 (s, 6 H, ArOCH3), 3.47 (s, 6 H, ArOCH3), 1.45 (s, 9 H, ArC(CH3)3). 

 

 



 315 

Representative example of metalation of bis(anthracene) proligands 

 

 

A vial charged with a Teflon-coated stir bar and 4 (0.2 g, 0.39 mmol, 1 equiv) in toluene (5 mL). 

KBn (0.054 mg, 0.41 mmol, 1.05 equiv) was added as a solid in one portion.  After stirring for 10 

min at rt, the red-orange mixture was frozen in the old well.  TaCl2Me3 (0.059 g, 0.20 mmol, 0.5 

equiv) was added as a solid in one portion.  The reaction was warmed to rt and stirring for 16 hr. 

After removal of the volatiles under vacuum, the residue was extracted with benzene and dried in 

vacuo to yield 4-[Ta]. 1H NMR (C6D6): 8.12 (s, 4 H, Ar-H), 7.84 (app. dd, 16 H, Ar-H), 7.36 (s, 4 

H, Ar-H), 7.21 (app t, 8 H, Ar-H), 7.02 (app t, 8 H, Ar-H), 1.04 (s, 18 H, -C(CH3)3), -2.41 (s, 9 H, 

Ta-CH3). 
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NMR Spectra 

 

Figure B.3. 1H NMR of 9-(5-(tert-butyl)-2-(methoxymethoxy)-2',4',6'-trimethyl-[1,1'-

biphenyl]-3-yl)-10-(2,6-diethoxyphenyl)anthracene in CDCl3. 

 

Figure B.4. 1H NMR of 5-(tert-butyl)-3-(10-(2,6-diethoxyphenyl)anthracen-9-yl)-2',4',6'-

trimethyl-[1,1'-biphenyl]-2-ol in CDCl3. 

 

Figure B.5. 1H NMR of 8-(10-(5-(tert-butyl)-2-(methoxymethoxy)-2',4',6'-trimethyl-[1,1'-

biphenyl]-3-yl)anthracen-9-yl)quinoline (Isomer 1) in CDCl3. 
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Figure B.6. 1H NMR of 8-(10-(5-(tert-butyl)-2-(methoxymethoxy)-2',4',6'-trimethyl-[1,1'-

biphenyl]-3-yl)anthracen-9-yl)quinoline (Isomer 2) in CDCl3. 

Figure B.7. 1H NMR of 5-(tert-butyl)-2',4',6'-trimethyl-3-(10-(quinolin-8-yl)anthracen-9-yl)-

[1,1'-biphenyl]-2-ol (Isomer 1) in CDCl3. 

 

Figure B.8. 1H NMR of 5-(tert-butyl)-2',4',6'-trimethyl-3-(10-(quinolin-8-yl)anthracen-9-yl)-

[1,1'-biphenyl]-2-ol (Isomer 2) in CDCl3. 
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Figure B.9. 1H NMR of 9-bromo-10-(2,6-dimethoxyphenyl)anthracene in CDCl3. 

  

Figure B.10. 1H NMR of 9-bromo-10-(2,6-diethoxyphenyl)anthracene in CDCl3. 

 

Figure B.11. 1H NMR of (s)-9,9'-(5-(tert-butyl)-2-(methoxymethoxy)-1,3-phenylene) 

dianthracene in CDCl3. 
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Figure B.12. 1H NMR of 2,6-di(anthracen-9-yl)-4-(tert-butyl)phenol (4) in CDCl3. 

 

Figure B.13. 1H NMR of 10,10'-(5-(tert-butyl)-2-(methoxymethoxy)-1,3-phenylene)bis(9-

(2,6-diethoxyphenyl) anthracene) in CDCl3. 

 

Figure B.14. 1H NMR of (S)-4-(tert-butyl)-2-((r)-10-(2,6-dimethoxyphenyl)anthracen-9-yl)-6-

(10-(2,6-dimethoxyphenyl)anthracen-9-yl)phenol (5) in CDCl3. 
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Figure B.15. 1H NMR of 4-(tert-butyl)-2,6-bis(10-(2,6-diethoxyphenyl)anthracen-9-

yl)phenol (6)  in CDCl3. 

Figure B.16. 1H NMR of 1-[Ti] in C6D6. 

 

 

Figure B.17. 1H NMR of 4-[Ta] in C6D6. 

 



 321 

REFERENCES 

1. Low, C. H.; Rosenberg, J. N.; Lopez, M. A.; Agapie, T., Oxidative Coupling with Zr(IV) 

Supported by a Noninnocent Anthracene-Based Ligand: Application to the Catalytic 

Cotrimerization of Alkynes and Nitriles to Pyrimidines. J. Am. Chem. Soc. 2018, 140 (38), 

11906-11910. 10.1021/jacs.8b07418 

2. McGuinness, D. S., Olefin Oligomerization via Metallacycles: Dimerization, Trimerization, 

Tetramerization, and Beyond. Chem. Rev. 2011, 111 (3), 2321-2341. 10.1021/cr100217q 

3. Agapie, T., Selective ethylene oligomerization: Recent advances in chromium catalysis and 

mechanistic investigations. Coord. Chem. Rev. 2011, 255 (7), 861-880. 

10.1016/j.ccr.2010.11.035 

4. Sydora, O. L., Selective Ethylene Oligomerization. Organometallics 2019, 38 (5), 997-1010. 

10.1021/acs.organomet.8b00799 

5. Hirscher, N. A.; Perez Sierra, D.; Agapie, T., Robust Chromium Precursors for Catalysis: 

Isolation and Structure of a Single-Component Ethylene Tetramerization Precatalyst. J. Am. 

Chem. Soc. 2019, 141 (14), 6022-6029. 10.1021/jacs.9b01387 

6. Boelter, S. D.; Davies, D. R.; Margl, P.; Milbrandt, K. A.; Mort, D.; Vanchura, B. A., II; Wilson, 

D. R.; Wiltzius, M.; Rosen, M. S.; Klosin, J., Phospholane-Based Ligands for Chromium-

Catalyzed Ethylene Tri- and Tetramerization. Organometallics 2020, 39 (7), 976-987. 

10.1021/acs.organomet.9b00722 

7. Deckers, P. J. W.; Hessen, B.; Teuben, J. H., Switching a Catalyst System from Ethene 

Polymerization to Ethene Trimerization with a Hemilabile Ancillary Ligand. Angewandte 

Chemie International Edition 2001, 40 (13), 2516-2519. 10.1002/1521-

3773(20010702)40:13<2516::Aid-anie2516>3.0.Co;2-v 

8. Deckers, P. J. W.; Hessen, B.; Teuben, J. H., Catalytic Trimerization of Ethene with Highly 

Active Cyclopentadienyl−Arene Titanium Catalysts. Organometallics 2002, 21 (23), 5122-

5135. 10.1021/om020765a 

9. Otten, E.; Batinas, A. A.; Meetsma, A.; Hessen, B., Versatile Coordination of Cyclopentadienyl-

Arene Ligands and Its Role in Titanium-Catalyzed Ethylene Trimerization. J. Am. Chem. Soc. 

2009, 131 (14), 5298-5312. 10.1021/ja810089f 

10. Huang, J.; Wu, T.; Qian, Y., Ethylene trimerization with a half-sandwich titanium complex 

bearing a pendant thienyl group. Chem. Commun. 2003,  (22), 2816-2817. 10.1039/B309749H 

11. Wu, T.; Qian, Y.; Huang, J., Catalytic trimerization of ethylene by half-sandwich titanium 

complexes bearing a pendant ethereal group. J. Mol. Catal. A: Chem. 2004, 214 (2), 227-229. 

10.1016/j.molcata.2003.12.018 

12. Suzuki, Y.; Kinoshita, S.; Shibahara, A.; Ishii, S.; Kawamura, K.; Inoue, Y.; Fujita, T., 

Trimerization of Ethylene to 1-Hexene with Titanium Complexes Bearing Phenoxy−Imine 

Ligands with Pendant Donors Combined with MAO. Organometallics 2010, 29 (11), 2394-

2396. 10.1021/om1003368 

13. Chen, Y.; Credendino, R.; Callens, E.; Atiqullah, M.; Al-Harthi, M. A.; Cavallo, L.; Basset, J.-

M., Understanding Tantalum-Catalyzed Ethylene Trimerization: When Things Go Wrong. ACS 

Catalysis 2013, 3 (6), 1360-1364. 10.1021/cs400349p 

14. Johnson, L. K.; Killian, C. M.; Brookhart, M., New Pd(II)- and Ni(II)-Based Catalysts for 

Polymerization of Ethylene and .alpha.-Olefins. J. Am. Chem. Soc. 1995, 117 (23), 6414-6415. 

10.1021/ja00128a054 

https://doi.org/10.1016/j.ccr.2010.11.035
https://doi.org/10.1016/j.molcata.2003.12.018


 322 

15. Zhang, J.; Qiu, P.; Liu, Z.; Liu, B.; Batrice, R. J.; Botoshansky, M.; Eisen, M. S., Mechanistic 

Studies on the Switching from Ethylene Polymerization to Nonselective Oligomerization over 

the Triphenylsiloxy Chromium(II)/Methylaluminoxane Catalyst. ACS Catalysis 2015, 5 (6), 

3562-3574. 10.1021/acscatal.5b00240 

16. Despagnet-Ayoub, E.; Takase, M. K.; Henling, L. M.; Labinger, J. A.; Bercaw, J. E., 

Mechanistic Insights on the Controlled Switch from Oligomerization to Polymerization of 1-

Hexene Catalyzed by an NHC-Zirconium Complex. Organometallics 2015, 34 (19), 4707-

4716. 10.1021/acs.organomet.5b00472 

17. Hamaed, A.; Hoang, T. K. A.; Trudeau, M.; Antonelli, D. M., Optimization of hydrogen storage 

capacity in silica-supported low valent Ti systems exploiting Kubas binding of hydrogen. J. 

Organomet. Chem. 2009, 694 (17), 2793-2800. 10.1016/j.jorganchem.2009.02.034 

18. Sattler, A.; Ruccolo, S.; Parkin, G., Structural characterization of TaMe3Cl2 and 

Ta(PMe3)2Me3Cl2, a pair of five and seven-coordinate d0 tantalum methyl compounds. Dalton 

Transactions 2011, 40 (30), 7777-7782. 10.1039/C1DT10806A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 323 

Appendix C: Magnesium Aryl Borohydrides as Electrolytes for Next-Generation Batteries    
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ABSTRACT: 

Discussed herein is the targeted preparation of new electrolytes for next-generation Mg 

batteries.  While Mg(BH4)2 and Ca(BH4)2 systems have demonstrated reversible deposition and 

stripping of Mg or Ca, respectively, these systems suffer from poor solubility, poor oxidative 

stability, and limited conductivity (in the absence of added salts).  The report synthetic efforts 

towards the preparation of mixed aryl/hydride borates including Mg(DME)2[H3BAr]2 and 

Mg(DME)3[HBAr3]2.  
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GENERAL INTRODUCTION: 

In Chapter 6, Mg(DME)3[
RSiF]2 anions were developed as electrolytes for next-generation Mg 

batteries.  This appendix discusses other classes of electrolytes targeted. 

For both Mg (and Ca-based) systems, M2+(BH4)2 has been demonstrated to reversibly plate 

magnesium1-4 or calcium,2, 5-10 respectively, in solution-phase electrolytes.  However,  these 

systems are limited by (1) the limited solubility of the [BH4]
- anion, (2) poor solution conductivity, 

(3) limited oxidative stability (~1.7 V vs. Mg/Mg2+), and (4) these systems have challenges with 

reproducibility arising from different levels of purity in commercially available Mg(BH4)2 and 

Ca(BH4)2.
10 Based on the previously reported electrochemistry, we hypothesized that by using 

mixed aryl/hydride borates, a more soluble, tunable electrolyte could be developed.    
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RESULTS AND DISCUSSION: 

The preparation of several Mg compounds was investigated with mixed hydride/aryl borates. 

The attempted scheme for preparation of Mg[H3BAr]2 is shown in Figure C.1. It is well-established 

that reaction of a Grignard or ArLi with BH3∙SMe2 generally affords a mixture of [BH4], [BH3Ar], 

and [BH2Ar2] due to the facile hydride and aryl exchange.11-12 Similar to the previous reports, in 

the presence of most aryl groups, a mixture of ArxBH4-x anions was obtained.  Attempts were made 

to remove and purify the mixture (with limited success).  Solid state characterization revealed 

formation of the desired Mg(DME)2[H3BAr]2 compound (Figure C.1).   

However, large-scale preparation and purification was not successful.  Alternative preparation 

pathways were attempted, beginning with from  Li[H3BAr], where formation of a single product 

Scheme C.1. Attempted preparation of Mg[H3BAr]2 salts  

Figure C.1. Solid-state structure of Mg(DME)2[H3BAr]2. Hydrogen atoms (except B-H) omitted for clarity.  
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avoids the distribution of hydride-containing species.  However, subsequent transmetallation to 

Mg was continually plagued by incomplete removal of Li salts.  Intermediate formation of 

K[H3BAr] was hypothesized to ensure complete removal of any Li impurities.  While enriched 

materials were accessed, complete removal of Li (and K) salts was not possible, even with repeated 

treatment.  Similar to above, sufficiently clean material (required for meaningful electrochemical 

studies) was not able to be obtained.  

Alternative mixed aryl/hydride borates were targeted. Inspired by the previously reported 

preparation of Mg(THF)6[HBPh3]2,
13 where the desired product is accessed by treatment of the 

BPh3 with Mg(N(SiHMe2)2)2 by BPh3-mediated β-SiH abstraction.  Gratifyingly, treatment of 

BAr3 with an excess of Mg(TMDS)2 in THF (Scheme C.2) resulted in formation of the desired 

Mg(THF)x[HBAr3]2 complexes and recrystallization with dimethoxyethane (DME) generated the 

corresponding DME-solvated species (Mg(DME)3[HBAr3]2). While not amenable to solid-state 

characterization, the 1H and 11B NMR spectra are consistent with formation of the desired species, 

with a diagnostic 1:1:1:1 quartet (at 3.69 ppm) corresponding to the B-H proton and a sharp singlet 

at 14.54 ppm corresponding to the Ar3BH, respectively.  Preliminary electrochemistry experiments 

conducted by others demonstrate reversible performance, but the data is not discussed further in 

this thesis. 

 

Scheme C.2. Preparation of Mg[HBAr3]2 salts  
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CONCLUSIONS: 

Towards the investigation of new next-generation Mg electrolytes, mixed hydride/aryl borates 

were targeted. While Mg(DME)2[H3BAr]2 was characterized by crystallography, purification was 

severely hindered due to the similarity in solubility between the generated [BH4], [BH3Ar], and 

[BH2Ar2] species.  Alternative salt metathesis routes were also unsuccessful. Mg(DME)3[HBAr3]2 

was targeted by treatment of the corresponding neutral borane with Mg(N(SiHMe2)2)2.  While not 

amenable to solid-state characterization, 1H and 11B NMR are consistent with formation of the 

desired species Mg(DME)3[HBAr3]2. Preliminary electrochemical experiments were conducted by 

others and are not discussed.       
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EXPERIMENTAL SECTION: 

General Considerations - Unless otherwise specified, all operations were carried out in an MBraun 

drybox under a nitrogen atmosphere or using standard Schlenk line or high vacuum techniques. 

Solvents for air- and moisture-sensitive reactions were dried by the method of Grubbs14 (THF, 

Et2O, toluene, pentane, benzene). Solvents, once dried and degassed, were vacuum transferred 

directly and stored under inert atmosphere over 3 Å molecular sieves. C6D6, C7D8, CD3CN, CD2Cl2 

were purchased from Cambridge Isotope Laboratories and vacuum transferred from CaH2 

(CD3CN) after three freeze-pump-thaw cycles. Mg(TMDS)2,
15 2-bromo-5-(tert-butyl)-1,3-

dimethylbenzene16 were prepared by previously reported procedures. 

 

Preparation of BAr3 (Ar = 2,6-dimethyl,4-tert(butyl)benzene): 1-Bromo-2,6-dimethyl-4-

tert(butyl)benzene (5 g, 20.82 mmol, 1.0 equiv) was dissolved in Et2O (50 mL) and frozen.  tBuLi 

(2.8 g, 43.74 mmol, 2.1 equiv) was dissolved in pentane (10 mL) and added dropwise to the 

thawing solution.  The reaction was allowed to warm to RT and stir for 30 min.  The reaction was 

re-cooled to 0 oC followed by addition of BF3∙Et2O (0.99 mL, 7.98 mmol, 0.383 equiv).  The 

reaction was warmed to RT and stirred for 16 hr.  The reaction was quenched by exposure to air.  

The volatiles were concentrated in vauco and the product was purified by column chromatography.  

The product BAr3 (Ar = 2,6-dimethyl,4-tert(butyl)benzene) was isolated as a white solid.  2.3 g 

(60%)  1H (CDCl3, 400 MHz): 6.88 (s, 6 H, Ar-H), 2.01 (s, 18 H, Ar-CH3), 1.28 (s, 27 H, -C(CH3)3).  

11B (CDCl3, 128 MHz): 77.72 (vr. br. s)  
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Preparation of Mg(DME)3[HB(Mes)3]2: A vial charged with a Teflon-coated stir bar and BMes3 

(500 mg, 1.36 mmol, 1 equiv) in THF (10 mL) in a glove box. A solution of Mg(N(SiHMe2)2)2 

(1.17 g, 4.07 mmol, 3 equiv) in THF was added dropwise, and the reaction was stirred at RT for 

16 hr, with precipitation of a white solid.  The reaction was filtered, and the white solid was washed 

extensively with THF.  The product was extracted into DME, and the volitates were concentrated 

in vacuo. The product was recrystallized by DME/HMDSO vapor diffusion. The product was 

isolated as a white solid. 1H (CD3CN, 400 MHz): 6.44 (br. app. d, 12 H, Ar-H), 3.69 (1:1:1:1, 2 H, 

B-H), 3.47 (s, 12 H, CH3OCH2CH2OCH3), 3.30 (s, 18 H, CH3OCH2CH2OCH3), 2.13 (s, 18 H, 

Mes-H) 1.96 (br. app. s, 18 H, Mes-H), 1.69 (br. app. s, 18 H, Mes-H).   11B (CD3CN, 128 MHz): 

14.54 (s) 

 

Preparation of Mg(DME)3[HB(Ar)3]2 (Ar = 2,6-dimethyl,4-tert(butyl)benzene): A vial charged 

with a Teflon-coated stir bar and BAr3 (1.37 mg,  2.8 mmol, 1 equiv) in THF (10 mL) in a glove 

box. A solution of MgN(SiHMe2)2)2 (2.40 g, 8.3 mmol, 3 equiv) in THF was added dropwise, and 

the reaction was stirred at RT for 16 hr, with precipitation of a white solid.  The reaction was 
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filtered, and the white solid was washed extensively with THF.  The product was extracted into 

DME, and the volatiles were concentrated in vacuo.  The product was isolated as a white solid. 

1H (CD3CN, 400 MHz): 6.65 (br. app. s, 12 H, Ar-H), 3.65 (1:1:1:1, 2 H, B-H), 3.50 (s, 12 H, 

CH3OCH2CH2OCH3), 3.32 (s, 18 H, CH3OCH2CH2OCH3), 1.93 (br. app. s, 18 H, Mes-H), 1.81 

(br. app. s, 18 H, Mes-H), 1.24 (s, 54 H, C(CH3)3.   
11B (CD3CN, 128 MHz): 14.62 (s). 
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Appendix IV: Additional Crystal Structures    

 
 

Figure D.1. Crystal from reaction TiCl2(OOMeAnth)2 

Figure D.2. Crystal from reaction V(Mes)(OAnth2)2 
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Figure D.3. Crystal from reaction TaCl4Py(OOMeAnth) 
 

 

Figure D.4. Crystal from reaction [V(S2Benz)THF]2Cl 
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Figure D.5. Crystal from reaction [Ti(O2Anth)(TolCN)O]2 
 

Figure D.6. Crystal from reaction VCl2(O
iPr2PBenz)(THF)2 
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Figure D.7. Crystal from reaction (Mg(DME)3
nBu)[HBAr3] 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 338 

ABOUT THE AUTHOR 

 

Meaghan Bruening was born in Marshfield, WI on November 29th, 1994.  She and her older brother 

(Robert) grew up in Mosinee, WI and she graduated from high school in 2013.  She completed her 

undergraduate studies at Saint Catherine University in St. Paul, MN.  As an undergraduate, she 

worked in the labs of Prof. Daron Janzen (St. Kate’s), Prof. Mark Distefano (University of 

Minnesota), and Prof. Richard Van Duyne (Northwestern), before graduating from St. Kate’s in 

2017 with a B.S. in Chemistry.  She completed her PhD at the California Institute of Technology 

in the lab of Prof. Theodor Agapie.  When not in lab, she is often found cross-stitching, eating ice 

cream, and teaching her cats to talk with buttons.   

 

 

 

 

 

 

 

 



 339 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

That old familiar body ache 

The snaps from the same little breaks in my soul 

 

I know… 

   When it’s time to go 

 

-Taylor Swift 

Evermore 

“it’s time to go” 


