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ABSTRACT 

Water-splitting, dye-sensitized photoelectrochemical cells (WS-DSPECs) use molecular 

sensitizers to harvest solar energy and facilitate the catalytic reactions necessary to generate 

hydrogen and oxygen from water. Photostability of sensitizers and cross-surface hole diffusion on 

the electrode surface are two properties that have received recent attention as key limiting factors 

in the efficiency of WS-DSPECs. We have synthesized a novel oligomeric ruthenium polypyridyl 

dye that has dramatically improved adhesion to TiO2 electrodes at pH 4.8 and pH 7.8. Long-term 

stability of the oligomer was observed at high pH ranges traditionally incompatible with 

monomeric dyes. The apparent hole diffusion constant, Dapp, of the oligomer was an order of 

magnitude higher than the monomeric dye, indicating the oligomer’s effectiveness in enhancing 

cross-surface transport of oxidizing equivalents to water-splitting catalytic sites. These results 

demonstrate that use of oligomeric dyes is an effective strategy in designing high-stability 

chromophores for WS-DSPECs. 

In the pursuit of solid-state, solvent-free lithium ion batteries, polyelectrolytes have gained 

considerable attention. Zwitterions with large static dielectric constants have been shown to 

dramatically increase ionic conductivity in polyelectrolytes by enhancing ion dissociation from the 

polymer backbone. Low-melting temperature zwitterions mitigate complications caused by 

addition of a solid molecule to the conductive polymer system. Additionally, it is possible to 

directly measure the static dielectric constant, 𝜀𝑠, of the pure liquid zwitterions at room 

temperature. We have successfully synthesized two imidazolium sulfonate zwitterions, OE2ImPS 

and OE2ImBS, the latter of which is a novel molecule, which display glass transitions well below 

room temperature (Tg = -9.75 and -10.75, respectively) and exceptionally high static dielectric 

constants (𝜀𝑠 = 204.8 and 205.1 at 20 °C). These findings indicate that the synthesized zwitterions 

should be highly effective at increasing ionic conductivity in polyelectrolytes. 
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PREFACE 

 The research included in the following thesis was completed in two laboratories and 

represents two fields of study I explored during my undergraduate career. In May 2020 I will 

graduate with a B.S. in Chemistry and a minor in Polymer Science; Chapter 1 highlights my 

experience in the Department of Chemistry while Chapter 2 describes a project in the field of 

Materials Science and Engineering. Both projects are joined through the fields of energy science: 

Chapter 1 involves the field of energy generation via solar-driven conversion of water to hydrogen 

gas, Chapter 2 relates to the use of ion conductive polymers in next-generation lithium-ion 

batteries. This wide lens through which I have approached the field of energy science will likely 

prove useful as continue my education in graduate school.  

 The work included in Chapter 1, “A Ruthenium Polypyridyl Oligomer to Improve Water-

Splitting Dye-Sensitized Photoelectrochemical Cells,” was conducted in the laboratory of Thomas 

E. Mallouk, who is a Professor Emeritus of Chemistry at Penn State and a Vagelos Professor in 

Energy Research and Professor of Chemistry at the University of Pennsylvania. The research 

incorporates the fields of organometallic synthesis, materials chemistry, and electrochemistry in 

the synthesis and analysis of a novel dye molecule to use at the photoanode of water-splitting 

devices. Continued development of these photoelectrochemical devices may eventually lead to 

their widespread adoption to renewably generate clean burning hydrogen gas as an energy source. 

The projects I directly worked on in the Mallouk group are described in this thesis; the full results 

of the study are published in the Journal of Physical Chemistry C.1 

 Research included in Chapter 2, “Liquid Imidazolium Zwitterions to Improve the 

Conductivity of Lithium Ion Battery Polyelectrolytes,” was performed in the laboratory of Robert 

J. Hickey, an Assistant Professor of Materials Science and Engineering at Penn State. The project 
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involved the synthesis and study of low melting temperature zwitterions with high dielectric 

constants. The overarching theme in Chapter 2 is the development of solid-state polyelectrolytes 

to eliminate the use of dangerous organic solvents in lithium ion batteries. Other concepts explored 

include the emerging usage of zwitterions as ionic conductivity enhancers, the effect of molecular 

structure on a zwitterion’s glass transition temperature and static dielectric constant, as well as the 

comparison of different anions in otherwise equivalent zwitterions.  
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A Ruthenium Polypyridyl Oligomer to Improve Water-Splitting Dye-Sensitized 

Photoelectrochemical Cells 

1.1 Introduction 

1.1.1 Photoelectrochemical Cells 

The ability to harness the unlimited power of the sun to meet increasing energy demands 

has long been a goal of scientists. If it were possible to cover only 1% of land on earth with 10% 

efficient solar capture devices, the energy would generate 36 TW of power per year–the global 

energy consumption predicted until at least 2050.2 One approach to achieving this goal is to 

develop biomimetic devices capable of replicating nature’s photosynthetic pathways. Water-

splitting, dye-sensitized photoelectrochemical cells (WS-DSPECs) harvest sunlight using 

molecular sensitizers and use the energy to split water into oxygen and hydrogen gas. The storage 

of renewable energy in the form of hydrogen and liquid fuels will be an important factor in 

preventing the rise of atmospheric carbon dioxide emissions from conventional fossil fuel burning 

in the near future. Hydrogen generated using WS-DSPECs could be used as a clean energy source 

with the only emission being water vapor. Additionally, hydrogen gas can be stored effectively 

and densely,3 rectifying energy loss pathways present in other renewables that generate electricity 

which must be immediately sent into the grid or stored in batteries. 

The research of photoelectrochemical systems began with the observation of the Honda-

Fujishima effect, where irradiation of the semiconductor TiO2 enabled splitting of water into 

hydrogen and oxygen gas with a small applied external potential.4 A simple photoelectrochemical 

cell could be constructed by submerging TiO2 and a platinum counter electrode in water. When the 



2 

TiO2 anode is exposed to sunlight, electron promotion to the conduction band forms holes in the 

valence band and creates a potential of 3.2 V across the band gap (Equation 1-1). 

 𝑇𝑖𝑂2 + ℎ𝜈 ⟶ 𝑒− + ℎ+ (1-1)  

The created potential is capable of facilitating the oxygen evolution reaction (OER), defined by 

Equation 1-2, which requires an overall potential of 1.23 V between two electrodes. The holes 

created in the valence band of TiO2 are thus quenched using electrons generated from splitting of 

water.  

 2𝐻2𝑂 + 4ℎ+ → 𝑂2 + 4𝐻+ (1-2) 

Since the promoted electrons in TiO2 are now displaced, they flow across the cell to the platinum 

cathode and are used to facilitate the hydrogen evolution reaction, reducing protons to hydrogen 

gas (Equation 1-3). The balanced redox reaction for the photoelectrochemical cell (Equation 1-4) 

defines water splitting. 

 2𝐻+ + 2𝑒− → 𝐻2 (1-3) 

 2𝐻2𝑂 + 4ℎ𝜈 → 𝑂2 + 2𝐻2 (1-4) 

Many semiconducting materials including hematite (α-Fe2O3),5 BiVO4,6,7 CdS,2 tantalum 

nitrides such as TaON and Ta3N5,
7 and tungstates such as CuWO4 and Fe2WO6,

8 have since been 

analyzed as absorbers in photoelectrochemical systems with various advantages and drawbacks. 

TiO2 in the anatase morphology is still largely considered one of the better prospects for 

photoelectrochemical water splitting due to the well-rounded traits of efficient photoactivity, high 

stability in acidic and basic conditions,2 low cost, and nontoxicity to humans.4 However, the wide 

band gap of 3.2 eV require that photons have a wavelength less than 387 nm to facilitate the 

electron transition event, limiting the percentage of the solar spectrum that can be absorbed to 5%.2 

TiO2 systems thus have a very low maximum solar-to-hydrogen (STH) efficiency, measured as 
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hydrogen evolved at a specific photocurrent density. Anatase TiO2 has a meager theoretical STH 

of 1.3%,2 which does not meet the US Department of Energy’s STH target of least 10% for 

photoelectrochemical water splitting devices to be commercially viable and competitive with other 

renewables.9 

1.1.2 Dye-Sensitization for Water-Splitting  

While efforts have been made to dope TiO2 with carbon, nitrogen, sulfur, and iron to extend 

its range into the visible regions,10,11 few significant changes to photoelectrochemical water 

splitting ability have been realized. Another strategy is the attachment of sensitizers capable of 

absorbing a larger portion of the solar spectrum to the photoanode. Sensitizers are molecular dyes 

which have a long-lived excited state able to inject an electron into the conduction band of TiO2. 

Grätzel and co-workers successfully implemented the strategy in the design of dye-sensitized solar 

cells (DSSCs) which convert incident photons to an electric current through facilitation of redox 

shuttling in I3
-/I- solution.12 WS-DSPECs could be considered aqueous DSSCs where the anode is 

coupled to a water oxidation catalyst to facilitate the OER. However, while DSSCs have been 

optimized extensively and can reach power conversion efficiencies of nearly 15%,13 WS-DSPECs 

have struggled to break 1% efficiency.14 The kinetically demanding water oxidation reaction is 

slow and the aqueous electrolyte introduces stability issues that are much less pronounced in 

DSSCs. 

A diagram depicting electron transport in a WS-DSPEC is shown in Figure 1. To define 

terminology, oxidizing equivalents (holes) are formed by the absence of an electron and travel in 

the opposite direction as electrons. The catalytic cycle begins when an incident photon is absorbed 

by the sensitizer. The excited-state sensitizer then injects an electron into the conduction band of 
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TiO2; the now oxidized sensitizer receives an electron from the OER catalyst. The catalyst must 

be capable of reaching a high oxidation state; four oxidizing equivalents must be transferred to the 

catalyst from oxidized dye molecules to generate one oxygen molecule from water. Colloidal 

iridium dioxide is a robust and highly active OER catalyst used by the Mallouk group.15 Electron 

recombination occurs if the oxidizing equivalent is transferred to the TiO2 conduction band from 

the sensitizer rather than to an OER catalyst. Recombination is a major source of inefficiency in 

WS-DSPECs and is often the dominant electron transport kinetic pathway, occurring on the time 

scale of hundreds of microseconds.16 Optimizing photoanode architecture to reduce recombination 

is a popular area of research to increase effectiveness of WS-DSPECs.  

 

Figure 1. Simplified electron transport in a WS-DSPEC. Light absorption by a molecular 

sensitizer (RuII) transfers an electron to the conduction band of TiO2 where it is 

transported to the cathode to reduce protons. The oxidized sensitizers then regain electrons 

from the water splitting reaction.  

RuII* 



5 

1.1.3 Challenges Faced by Ruthenium Bipyridyl WS-DSPEC Systems 

Previous studies of WS-DSPECs have primarily utilized a derivative of tris(2,2’-

bipyridine)ruthenium(II) with a pair of phosphonate anchoring groups at the 4,4’ position of one 

bipyridine ligand, [Ru(bpy)2(4,4-PO3H2)2bpy)]2+ (RuP),14,17,18 although porphyrins,19 perylene 

diimides,20 and triarylamine dye systems21 have also been incorporated into water splitting 

systems. Ruthenium bipyridyl dyes are advantageous due to their intense metal-to-ligand charge 

transfer (MLCT) absorption22 and long lived 3MLCT state lasting hundreds of nanoseconds,23,24 

allowing for effective injection into the TiO2 conduction band. 

 

Figure 2. Structure of [Ru(bpy)2(4,4-PO3H2)2bpy)]2+ (RuP). 

One of the major challenges when designing WS-DSPECs is sensitizer instability. The 

ideal anchor group must be oxidation resistant across a range of pH conditions, effectively bond 

the sensitizer to TiO2, and facilitate electron injection from an excited sensitizer to TiO2. Due to 

these constraints, carboxylic acid, phosphonic acid, hydroxamic acid, and silatranes are among the 

few anchor groups that have been used to secure sensitizers at the photoanode.25 The phosphonate 

anchoring group trades increased stability for decreased efficiency of electron injection. Despite 

the stability of phosphonate anchor groups, dye desorption from the electrode surface is still a 

major factor compromising the lifetime of WS-DSPECs.14,17,25 The US Department of Energy set 

the target for photoelectrochemical cells to have a lifetime of at least 5000 hours;9 sensitizers 

require significantly increased optimization before that goal is reached.  
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Efficient charge transfer across the surface of the photoanode must be ensured to limit 

inefficiency through recombination pathways. Previous studies have shown that each OER 

catalytic site effectively draws holes only from ruthenium centers nearby it; however, catalysts are 

typically sparsely distributed on the photoanode surface (on the order of pmol/cm2).16 Therefore, 

only a fraction of the dye coated surface contributes to the water splitting catalytic cycle; many of 

the oxidized sensitizers are instead quenched through recombination. However, sensitizers that are 

distant from catalyst sites can still contribute oxidizing equivalents to the catalyst through a cross-

surface hole hopping mechanism between nearby ruthenium centers (pathway xi in Figure 3). 

Recent work has identified the rate of cross-surface hole diffusion as one of the limiting factors in 

catalytic turnover of these cells.16,26,27 If hole diffusion is rapid enough, distant dye molecules 

contribute oxidizing equivalents to the catalyst. If the hole diffusion is slow, then most of the 

absorbed light energy is not transferred to the catalytic reaction. Designing dyes with improved 

hole diffusion should correspondingly enhance photoanode activity and efficiency. 

 

Figure 3. Charge transfer pathways at the photoanode. IrO2 is an OER catalyst. (i) 

injection, (ii) recombination, (iii) proton intercalation, (iv) electron scavenging by IrO2, (v) 

electron transport to FTO, (vi,vii) reversible detrapping/trapping, (viii)trapping of an 
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electron at a proton-stabilized site, (ix)proton-stabilized trap state, (x) regeneration of 

Ru(III), (xi) cross surface hole transport (Reproduced from Ref. 16) 

1.1.4 Summary and Significance of Project 

 Many groups have attempted to exploit the increased stability of polymers to improve 

lifetimes of DSSCs28 and WS-DSPECs. Some techniques include the deposition of polymeric 

dyes,29 polymerization of dyes after deposition,30–32 encasing molecular dyes in a polymer 

overlayer33,34 or encasing dyes in a metal oxide shell.18,35–37 These attempts generally increase cell 

lifetime but tend to vastly complicate sensitizer deposition techniques when constructing 

photoanodes. Additionally, since the hole diffusion constant is largely determined by the distance 

between ruthenium centers,26,27 covalent polymer linkages should be ideal for more effective hole 

diffusion. Use of a short chain (less than 10 repeat units) oligomeric dye might provide the 

advantageous aspects of polymeric dyes but would simplify deposition since the sensitizer would 

likely behave as a small molecule in solution. 

The goal of this project was to synthesize and analyze a novel phosphonated oligomeric 

ruthenium dye ([RuP]n) in order to improve the photostability and cross-surface hole diffusion at 

the anode of a WS-DSPEC. The light-absorbing metal centers in the oligomer are covalently linked 

before deposition and thereby guaranteed to be a certain distance from each other on the electrode 

surface. Holes should be transferred more quickly between individual dye complexes than for 

monomeric dyes, resulting in an improvement to cross-surface hole diffusion. Additionally, 

incorporating more phosphonate anchor groups per dye molecule should significantly increase 

attachment points to the TiO2 surface, thereby enhancing the photostability of the sensitizer. 
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Figure 4. Structure of the phosphonated oligomeric ruthenium bipyridyl sensitizer ([RuP]n) 
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1.2 Synthesis of RuP and [RuP]n 

The 4,4'-bis(diethylphosphonate)-2,2'-bipyridine ligand, (4,4-PO3Et2)2bpy, was purchased 

from Carbosynth and used without further purification. The monomer, bis(2,2-bipyridine)(4,4-

diphosphonato-2,2-bipyridine)-ruthenium bromide, [Ru(bpy)2(4,4-PO3H2)2bpy)]2+ (RuP), was 

prepared according to literature.38 The synthesis of [RuP]n was performed using a supramolecular 

polymerization method depicted in Figure 5. 

 Synthesis of Oligomeric Dye ([RuP]n). Dichlorotetrakis(dimethylsulfoxide) 

ruthenium(II)39 and 1,5-bis-(4-methyl-2,2-bipyridyl-4-yl)pentane linker15,40 were prepared using 

literature methods. The pentane linker was purified by recrystallization from hot t-butyl methyl 

ketone. Ru(DMSO)4Cl2 (0.20 g, 0.40 mmol) and 1,5-bis(4-methyl-2,2-bipyridyl-4-yl)pentane 

(0.17 g, 0.40 mmol) were added to 50 mL of chloroform and refluxed under argon for 1.5 h. 

Removing the solvent under reduced pressure yielded a dark brown oil which was dissolved in a 

mixture of 10 mL of H2O/15 mL of ethanol. (4,4-PO3Et2)2bpy (0.10 g, 0.64 mmol) was added, and 

the solution was refluxed for 2.5 h to yield a clear, dark-red solution. The solvent was reduced to 

about 10 mL by rotary evaporation, then the product was precipitated using aqueous ammonium 

hexafluorophosphate. The precipitate was filtered and washed with H2O and diethyl ether to yield 

a dark red powder (0.29 g, 78%). The ethyl ester groups of [RuP]n were hydrolyzed by reaction 

with excess TMS-Br in MeOH to produce the oligomer with phosphonate anchor groups in the 

same manner as the monomer dye.38 
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Figure 5. Synthetic scheme for [RuP]n. First the oligomer is prepared from the ruthenium 

precursor and linker, then chain growth is capped using the (4,4-PO3Et2)2bpy anchor 

group. Finally, anchor groups are formed by hydrolysis. 

The degree of polymerization was determined using 1H NMR spectroscopy analysis of end 

groups as performed in literature.15 In the NMR spectrum of [RuP]n, it is assumed that the end 

groups contained two phosphonated-2,2-bipyridine units and the interior Ru2+ centers had one. 

The degree of polymerization can then be calculated from the ratio between the average peak areas 

for the 1,5-bis(4-methyl-2,2-bipyridyl-4-yl)pentane units and phosphonated-2,2-bipyridine units, 

indicated in Figure 6. By this method, the average [RuP]n molecule was determined to have about 

7 metal centers.  
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Figure 6. 1H NMR Spectrum of [RuP]n. The ratio between the two peaks within the boxed 

area is used to determine chain length. The downfield peak represents the anchor group 

due to electron withdrawal from the phosphonate. Peaks are labeled to their corresponding 

proton on the oligomer structure. 

1.2.1 Gel Permeation Chromatography 

Gel permeation chromatography (GPC) was performed on the ethyl-ester protected 

oligomer [RuP-Et]n to determine the distribution of chain lengths. The sample was run in 

chloroform solution with molecular weights and dispersity measured using a Shimadzu pump 

(Shimadzu corporation), coupled with Shimadzu UV and RI detectors, controlled by an EZStart 

program, calibrated against polystyrene standards. The column and guard column utilized were 

pre-packed from American Polymer Standards in chloroform (AM GPC Gel, 10 μm pre-column, 

attached to 10 μm 500 Å, and linear mixed bed columns in CHCl3; American Polymer Standards, 

Mentor, OH) and the column temperature was maintained at 40 ˚C.  All samples were measured 

Ha Hb 

Ha 

Hb Hb 
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with a mobile phase consisting of chloroform (Sigma-Aldrich, HPLC grade, containing amylene 

as a stabilizer).  The injection volume was 10 µL and the flow rate was 1 mL min-1.   

 

Figure 7. Gel permeation chromatography trace of oligomeric ethyl-ester precursor ([RuP-

Et]n) 

Table 1. Gel permeation chromatography peak data for ([RuP-Et]n) 

Peak# Mn (g/mol) Mw (g/mol) 
Dispersity 

(Mw/Mn) 

n 

(Approx.) 
% 

Total 3400 12100 3.48 4-14 100.00 

1 34400 35000 1.01 41 24.8 

2 19300 19450 1.00 23 2.7 

3 10800 10800 1.00 13 1.2 

4 5600 5700 1.01 7 41.3 

5 2300 2300 1.00 3 6.5 

6 1270 1300 1.02 2 23.4 

 

There were six distinct peaks in the GPC trace ranging from Mn = 1270 to Mn = 34400. 

The dispersity (ĐM) of the entire sample was 3.48; however, if we consider only the oligomers 
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ranging up to 10 units long and comprising the majority of the sample, Đ = 1.56.  Each peak is 

likely a combination of similar chain lengths that elute from the column together, owing to columns 

that are packed with crosslinked poly(styrene) beads specializing in separations of up to 1,000,000 

g/mol.  It is likely that all chain lengths of the oligomer exist in the sample and that the distinct 

peaks observed are a mixture of similar lengths that elute at similar times. For example, the 

heptamer peak is likely composed of chain lengths ranging from 5 to 9 units that elute at similar 

times. These results indicate the solution contains a broad distribution of chain lengths. 

Considering the entire sample volume and oligomers detected by GPC, the overall 

dispersity was large; however, all constituent peaks comprised a narrow dispersity. Discrete 

signals corresponding to dimers and trimers represented 23.4% and 6.5% of the sample, 

respectively, while a heptamer peak could be observed that constitutes 41.3% of the sample. 

Intermediate length oligomers (10,000 < Mn < 20000) comprise approximately 3.9% of the sample. 

The longer chains (Mn > 30000), which comprise the remaining 24.8% of the sample, are unlikely 

to penetrate into the electrode pore network. Taking into account the spread of oligomers ranging 

from 2-10 units long in structure, the sample dispersity is 1.56, akin to what might be expected 

from a supramolecular polymerization that is likely both concentration and solubility limited. 
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1.3 Materials and Methods 

1.3.1 Electrode Preparation 

All electrodes were prepared on 18 Ω/cm2 fluorine-doped tin oxide-coated glass (FTO-

glass, Hartford Glass Company). A colloidal suspension of anatase TiO2, prepared as previously 

described in literature,16,41 was deposited onto the FTO-glass via the doctor blade method to form 

a 1 cm2 area. Layers of transparent tape were used to control the thickness of the suspension that 

was applied to the electrodes.  The resulting films were sintered at 300 °C for 20 min, 350 °C for 

10 min, and 500 °C for 30 min. For one and two pieces of tape the thickness of the films was 

measured to be approximately 3 µm and 6 µm, respectively, by profilometry (Tencor P16+).   

Electrodes were sensitized by soaking in 2 mL of 100 μM of sensitizer (RuP or [RuP]n) in 

ethanol overnight at room temperature in the dark, then rinsed with ethanol and dried under a 

stream of N2. Following dye deposition, electrodes were kept in the dark until use. Insulated silver-

plated copper wire was attached to the electrode using silver paste (DuPont CP4922N-100), and 

contacts were protected using white epoxy (Loctite 1C Hysol). Absorption spectra of the electrodes 

were collected in ethanol solutions. 

1.3.2 Emission Measurements 

Steady-state emission data were collected at room temperature on a custom-built 

fluorimeter. For emission experiments, samples were excited using a light output from a housed 

450 W Xe lamp. Sensitizer solutions were freshly prepared in ethanol at 100 μM concentration, 

added to quartz cuvettes, and degassed with nitrogen for 20 min. Emission studies conducted on 

sensitized electrodes were performed in argon-purged acetate buffer (pH = 4.8). 
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1.3.3 Photostability  

 The long-term adhesion of the sensitizer molecules was evaluated using a technique 

developed by Meyer and coworkers.17 Briefly, the electrode was subjected to constant irradiation 

under open-circuit conditions in phosphonate buffer solution (pH = 7.8). The light from a high-

power blue LED (455 nm, fwhm 30 nm, 475 mW/cm2, Thorlabs, Inc., M455L2) powered by a T-

Cube LED driver (Thorlabs, Inc., LEDD1B) was directed onto the sensitized electrodes placed at 

45° in a standard 10 mm path length cuvette containing 5 mL of the solutions of interest. The 

incident light intensity was measured using a thermopile detector (Newport Corp 1918-C meter 

and 818P-020-12 detector). The absorbance of the electrodes was measured to determine the 

amount of dye still attached every 5 minutes over the first hour and every 15 minutes throughout 

the remainder of the experiment. The electrodes were rinsed with water between each 

measurement. 

1.3.4 Cross-Surface Hole Transfer 

All photoelectrochemical measurements were carried out using a Metrohm Autolab 

potentiostat (PGSTAT128N) in a three-electrode electrochemical cell using a Pt wire as the 

counter electrode and an Ag/AgCl (3 M NaCl) electrode as the reference electrode. Absorption 

spectra were recorded on a Cary 6000i UV-Vis spectrophotometer. Following the method of 

Hanson et. al.,16,17 the cross-surface electron diffusion constant (Dapp) was measured in 0.1 M 

HClO4(aq) by applying a potential of 2.0 V vs Ag/AgCl (3.5 M NaCl) for 5 min, then 0.0 V for an 

additional 5 min. Dapp was calculated by monitoring the change in absorbance at 450 nm and then 

analyzing the data according to Equation 1-5: 
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 ∆𝐴 =
2𝐴𝑚𝑎𝑥𝐷𝑎𝑝𝑝

1/2
𝑡1/2

𝑑𝜋1/2  (1-5) 

Here ΔA is the change in absorbance (Amax - A(t)), Amax is the initial absorbance of the fully 

reduced film, t is the time in seconds, and d is the thickness of the film (6 μm). Dapp was determined 

by fitting the change in absorbance over the linear portion of the experimental data.  
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1.4 Results and Discussion  

1.4.1 Emission of Dye Aggregates 

Aggregation of dye molecules on the electrode surface is a concern when constructing dye-

sensitized electrodes. Molecules not directly adhered to TiO2 through phosphonate anchor groups 

have lowered injection yields which leads to decreased efficiency of the photoelectrochemical 

cell.42,43 Without an injection route to quench excited state dye molecules, the aggregates strongly 

luminesce. To ensure that electrodes were absent of dye aggregates, steady-state luminescence 

emission spectra was used to analyze the emission intensity of dye samples adhered to TiO2 

electrodes compared to dye samples in solution. Results are shown in Figure 8. 

 

Figure 8. Steady state emission spectra of RuP (black) and [RuP]n (red) on electrodes 

(emission maxima ~200-400 cts) versus dye in solution (maximum ~6000 cts). Inset displays 

magnified spectra for dyes deposited onto electrodes.   

When Ru(bpy)3 derivatives are covalently anchored to semiconducting TiO2, the excited 

state is rapidly quenched through electron injection into the conduction band.44 Both sensitizers 
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RuP and [RuP]n displayed weak luminescence when adhered to TiO2 electrodes. Sensitizers 

dissolved in solution strongly luminesce, since there is no route to quench excited state dye 

molecules. The order of magnitude decrease in luminescence for the adsorbed dye molecules 

indicates that the electrode preparation methods result in the majority of dye complexes being 

directly attached to the TiO2 surface by phosphonate anchor groups. Electrodes with dye 

aggregation would strongly luminesce as if the sensitizer molecules were in solution. 

1.4.2 Photostability of Sensitizers 

As previously discussed, dye desorption from the electrode surface is a major cause of 

inefficiency in WS-DSPECs. The results of constant dye irradiation under open-circuit conditions 

for 3h in phosphate buffer pH = 7.8 are displayed in Figure 9. The inset shows absorbance versus 

time at the maximum absorbance value of 450 nm. Phosphate buffer was used since the highest 

efficiency Ru(bpy)3 cells have been reported in similar pH phosphate buffer solutions.45 We 

observed that the absorbance of monomer-sensitized electrodes rapidly decreased due to dye 

desorption from the electrode, ultimately reaching the baseline absorbance of the TiO2 after 3h. 

The ~60% drop in absorbance for RuP is consistent with observations from other groups working 

with monomeric, phosphonate anchored Ru(bpy)3 dye complexes.17,46 Under identical conditions, 

the oligomer-sensitized electrodes exhibit a 15% drop in absorbance over the first 30 min of 

irradiation but then display stable absorbance for the remainder of the experiment. 
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Figure 9. Absorbance of RuP (black) and [RuP]n (red) electrodes during the photostability 

experiment. Inset shows decay at peak absorbance wavelength. Photo shows visible dye 

saturation on electrodes after completion of the experiment. 

The oligomer performs significantly better in stability studies than conventional 

monomeric Ru(bpy)3 complexes. [RuP]n experiences a smaller decay in absorbance at 450 nm than 

RuP and exhibits a steady absorbance of 0.51. In pH 4.8 buffer solution, the oligomer also 

remained adhered to electrodes longer than monomer during the photostability experiment. The 

high steady absorbance for [RuP]n is profoundly significant in studying WS-DSPECs. The 

synthesis of an oligomeric phosphonated Ru(bpy)3 dye complex which is stable at high pH allows 

for the electrochemical study of WS-DSPECs at a much broader pH range, including at pH 6.8 

where the highest efficiency cells have been reported.45 The results of this photostability study for 

our oligomer demonstrate such viability under a broader pH range. Studies of electrochemical cell 

performance as a function of pH that were previously inaccessible due to rapid monomer 

desorption could now be possible using [RuP]n. 
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1.4.3 Cross-Surface Hole Transfer  

In WS-DSPECs, hole diffusion between oxidized and reduced sensitizer molecules is an 

important process to connect the photoinduced charge transfer and catalytic water oxidation steps.  

The apparent cross-surface hole transfer diffusion coefficient, Dapp was measured for TiO2 films 

sensitized with ethanol solutions of RuP and [RuP]n. Spectroelectrochemical absorbance data for 

a typical monomer and oligomer-sensitized electrode are shown in Figure 10.  

 

Figure 10. Representative set of absorbance versus time data during the cross-surface hole 

transfer study used to calculate Dapp values for RuP (black) and [RuP]n (red) electrodes. 

The inset fits the data to Equation 1-5 over the linear region for the drop in absorbance. 

Before the experiment begins, the dye absorbs incident photons at a maximum value and 

injects electrons into TiO2. The photoanode is absent of an OER catalyst, so the majority of 

oxidized dye molecules are quenched by recombination and continue to absorb photons; a 

miniscule current of electrons flow to the platinum electrode. The intense 2.0 V overpotential 

prevents recombination; all electrons injected into TiO2 travel through the potentiostat to the 
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cathode. The overpotential effectively oxidizes all illuminated dye molecules and prevents further 

light absorption, so a decrease in absorbance is realized. Since the incident photon beam path is 

small compared to the area of the photoanode, much of the dye is not illuminated and therefore 

not oxidized. These non-illuminated dye molecules can each transfer one electron to the 

illuminated area, where it will then be injected into TiO2 and transferred to the cathode. Dye 

molecules further from the illuminated area can transfer an electron to an oxidized dye molecule, 

this “hole-hopping” continues until the entire electrode surface is oxidized and the absorbance 

reaches a minimum. The drop in absorbance is proportional to the rate of electron transport to the 

illuminated area which is comparable to hole transfer to a catalytic site in a WS-DSPEC.    

Table 2. Cross-surface hole diffusion constants for synthesized sensitizers 

Sensitizer Dapp (cm2/s) 

RuP 1.79 ± 0.58 ∗ 10−10 

[RuP]n 28.1 ± 1.6 ∗ 10−10 

 

Dapp was calculated as the slope of the fitted data for the linear region of the drop in 

absorbance and is recorded in Table 2. The monomer values (black lines in Figure 10) are in good 

agreement with literature values for monomer deposited from ethanol.16 By covalently linking the 

oligomer units together the hole diffusion constant is increased by an order of magnitude relative 

to the monomer. It should be noted that Dapp is an apparent measurement for the entire photoanode 

surface, meaning it is an averaged value of all possible hole transfer mechanisms. It is possible 

that hole transfer between metal centers on the oligomer is fast relative to Dapp, which is likely 

limited by hole transfer between chains adsorbed on the electrode surface.  

It has also been shown that an order of magnitude increase in Dapp can be obtained by 

depositing the monomer from aqueous 0.1 M HClO4,
16,17 compared to deposition from ethanol. 

However, the Mallouk group has previously shown that acidic depositions negatively affect the 
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photocurrent and overall performance of the electrodes.16,47 The oligomer is not soluble in aqueous 

HClO4 solutions, so it was not possible to compare the monomer and oligomer from acidic 

deposition solutions. Nevertheless, the oligomer displays significant improvement over the 

monomer, while avoiding the complications of acidic deposition solutions. 
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1.5 Conclusions 

Photostability of sensitizers and cross-surface hole diffusion on the electrode surface are 

two properties that have received recent attention as key limiting factors in the efficiency of WS-

DSPECs. The newly synthesized oligomeric dye [RuP]n has dramatically improved electrode 

adhesion at pH 4.8 and pH 7.8. Long-term stability of the [RuP]n was also observed at higher pHs 

traditionally incompatible with monomeric dyes. This finding allowed for the performance of 

previously inaccessible experiments, such as the measurement of charge recombination from TiO2 

to oxidized dye molecules by intensity-modulated photovoltage spectroscopy as a function of pH.1 

The apparent hole diffusion constant of [RuP]n was an order of magnitude higher than the 

monomeric RuP, indicating the oligomer’s effectiveness in enhancing cross-surface transport of 

oxidizing equivalents to OER catalytic sites. These results demonstrate that oligomeric dyes are 

an effective strategy in designing high-stability chromophores for WS-DSPECs.  

An essential future direction for experimentation is to compare RuP and [RuP]n as 

sensitizers in working WS-DSPECs. The experiments described in this report measured certain 

metrics such as photostability and cross-surface hole diffusion which indicate that the oligomer 

would perform better than the monomer in a water-splitting system. Incorporation of [RuP]n into 

a WS-DSPEC would provide more thorough metrics by which to define the sensitizer such as 

solar-to-hydrogen efficiency and allow for direct comparison between [RuP]n and other studied 

sensitizers. Additionally, the synthesis of [RuP]n should be optimized or a separation process 

established to ensure a smaller dispersity of chain lengths. Our findings are currently associated 

with the heptamer as it represents the plurality of active dye molecules on our electrodes; however, 

isolating and comparing sensitizers of various chain sizes could confirm this hypothesis.  
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Liquid Imidazolium Zwitterions to Improve Conductivity of Lithium Ion Battery 

Polyelectrolytes 

2.1 Introduction 

2.1.1 Solid-State Polyelectrolytes in Lithium Ion Batteries 

The development of lithium ion batteries (LIBs) has drastically impacted modern 

technology as recognized by the 2019 Nobel Prize in Chemistry.48 Commercially available LIBs 

are optimized with large gravimetric energy densities and minimal charge loss after repeated 

charging cycles.49 A significant disadvantage of contemporary LIBs is the use of organic 

electrolytes such as ethylene carbonate, diethylene carbonate, or dimethyl carbonate to ensure high 

lithium ion conductivity and rapid discharging. These solvents are highly flammable and damaged 

batteries are known to explode or cause serious fires; therefore, LIBs must be protected with a 

durable, bulky encasing. Solid-state polymeric electrolytes, polymers with ions covalently 

anchored to the backbone, are a rapidly developing technology which could eliminate the use of 

dangerous organic electrolytes in LIBs. Solid-state polyelectrolytes can be designed to have large 

energy densities, low flammability, chemical stability, and widely tunable physical properties.50 

They could eliminate the need for a protective encasing, both increasing the gravimetric energy 

density of LIBs while enhancing safety. Additionally, the mechanical properties of solid-state 

polymers could promote the development of flexible LIBs as well as other electrochemical 

membranes such as polymeric actuators.51 

Unfortunately, one significant drawback of solid-state polymer electrolytes is poor ionic 

conductivity since intermolecular forces inhibit dissociation of ions from the polymer backbone.52 
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Lithium polymer batteries, common in household electronics, already use a polymer electrolyte; 

however, the polymer must be swollen with volatile solvent to sufficiently increase the ionic 

conductivity.53 One proposed solution to improving ionic conductivity without organic solvents is 

the introduction of ionic liquids into polymer electrolytes. Ionic liquids are composed entirely of 

cations and anions; they can act as both a charge carrier and a plasticizer in polymer electrolyte 

systems.54,55 While useful, addition of ionic liquids in significant quantities often sacrifices desired 

mechanical properties in polyelectrolytes. Moreover, the mobility of ionic liquids in an electric 

field will compete with lithium ion transport to lower the overall lithium conductivity and charge 

density in battery systems,56 thus an alternative solution to the problem of low ionic conductivity 

in solid-state polyelectrolytes is necessary.   

2.1.2 The Zwitterion Effect in Conductive Materials 

Zwitterions are small molecules that simultaneously possess both cationic and anionic 

functionality, resulting in useful material properties. Arguably the most widespread zwitterions are 

amino acids, which under moderate pH conditions possess both a carboxylate and ammonium 

functional group. Researchers have found use for zwitterions as mediators in organic synthesis;57 

however, the majority of applications exist in the field of biochemistry and biochemical materials. 

Many zwitterions are extremely hydrophilic and repel proteins resulting in their use as antifouling 

coatings.58 Zwitterionic monomers are frequently polymerized to create more tenacious coatings 

which are resistant to bacterial adhesion59 and nonspecific protein adsorption.60 These zwitterionic 

polymers are applied in medical fields as protective coatings on biomedical implants, drug delivery 

systems, and blood contacted sensors.59  
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More recently have zwitterions been applied in electrochemical membrane applications. 

Based on previous success using imidazolium-based ionic liquids to increase conductivity in 

lithium ion battery polymer electrolytes,54 Forsyth and co-workers observed that imidazolium 

zwitterions such as 1-butylimidazolium-3-(n-butanesulfonate) (BImBS) at 9 wt% could yield up 

to a sevenfold enhancement in conductivity.56 It was confirmed by NMR spectroscopy that 

conductivity was a result of increased lithium ion mobility; however, the cause of this “zwitterion 

effect” is still not well understood. It is believed that a zwitterion’s static dielectric constant is 

related to its ability to improve ionic conductivity; 1-methylimidazolium-3-(n-propanesulfonate) 

(MImPS) has an exceptionally high static dielectric constant, εs = 76, and improves ionic 

conductivity 300 fold in polymer actuator systems.51  This extreme enhancement of ionic 

conductivity indicates that zwitterions could be added to polyelectrolytes in much smaller ratios 

than ionic liquids. Additionally, use of zwitterions to increase conductivity in battery membranes 

yields higher lithium ion transport metrics than addition of ionic liquids since introduction a single 

dipolar molecule to a system avoids complications that arise when adding free ions such as 

competition in ionic migration.56 

 

Figure 11. Structures of two imidazolium sulfonate zwitterions used to increase the ionic 

conductivity of polymer systems. 
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Figure 12. BImBS zwitterion at 9 wt% increases the conductivity of 10:90 P(MALi-c-

DMAA) in PEG solution (Reproduced from Ref. 56) 

2.1.3 Advantages of Low-Melting Temperature Zwitterions 

Many zwitterions have higher melting points than corresponding ionic liquids since the 

tethering of ions decreases the degree of molecular motional freedom.61 For instance, BImBS has 

a melting temperature of 152 °C and generally can only be present in less than 10 weight percent 

in polyelectrolyte systems before precipitating from solution.56 It is important for a polyelectrolyte 

system to have a glass transition temperature, Tg, lower than the intended temperature of use in 

order to achieve the highest possible ionic conductivities. A material’s Tg marks the thermal range 

where a phase transition occurs from an amorphous, brittle, glassy state to a rubbery, viscous state 

as the temperature is increased. In general, ionic conductivity is inversely proportional to Tg for 

PIL systems since the increased flexibility of polymer chains above the glass transition supports 

more effective ion transport.62 Glass transition for a system of multiple components generally 

follows the Fox equation, 
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1

𝑇𝑔
=

𝑤1

𝑇𝑔,1
+

𝑤2

𝑇𝑔,2
 (2-1) 

where the predicted Tg is determined by the weight fraction (w1,2) and glass transition (Tg1,2) of 

each of the components; therefore, introduction of a high Tg zwitterion increases the overall Tg for 

the conductive polymer system.  

 

Figure 13. Relationship of Tg and ionic conductivity for a selection of PILs reported in 

literature (Reproduced from Ref. 62) 

Zwitterions which are liquid at room temperature should more significantly improve 

polyelectrolyte conductivity at appropriate conditions for lithium ion battery usage.  Rikukawa and 

co-workers have developed a class of low-melting temperature zwitterions similar to BImPS (the 

propyl sultone analogue of BImBS) by incorporating two oxyethylene units in place of the butyl 

chain to achieve glass transition temperatures as low as -32 °C.63 In these OE2ImPS zwitterions, 

the bulky oxyethylene sidechain greatly enhances the motional freedom and depresses the 

molecular interactions between zwitterions, lowering Tg and increasing ionic conductivity in 

LiN(Tf)2 solution. The oxyethylene imidazole unit (OE2Im), provides a useful starting point for 

the synthesis of other sulfonate zwitterions as well as those with alternative anions such as 

carboxylate or phosphate. Investigation of this class of OE2Im zwitterions may be particularly 
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useful in the development of polyelectrolyte systems with increased ionic conductivities at room 

temperature.    

  

Figure 14. OE2Im Zwitterions and comparison of ionic conductivity in 50 mol% LiN(Tf2) 

solutions (Reproduced from Ref. 63) 

Another advantage of lowered Tg is the ability to quantify the zwitterion’s static dielectric 

constant at a wider range of temperatures. Dielectric relaxation cannot be effectively measured 

when a zwitterion is in a glassy state (below Tg); a solution must be prepared with the zwitterion 

mixed into a solvent or ionic liquid and the dielectric constant estimated by extrapolation. For this 

reason, dielectric properties are typically seldom reported for zwitterions at low temperatures. 

Direct measurement of dielectric relaxation at room temperature would be a significant 

improvement in quantitative comparison of a zwitterion’s ability to increase ionic conductivity.   

2.1.4 Dielectric Relaxation Spectroscopy 

A brief description of dielectric relaxation spectroscopy (DRS) is subsequently provided. 

For a more comprehensive analysis of the theory and practice relating to DRS, consult Kremer and 
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Schonhals’ Broadband Dielectric Spectroscopy.64 DRS analyzes the behavior of charged species 

in a small, alternating electric field. Small molecule dipoles freely rotate to align with the field; 

however, at high frequencies and low temperatures they become frozen, unable to overcome the 

steric barrier required for rotation. This transition between the mobile and frozen state is referred 

to as the relaxation time, τ. 

 

Figure 15. Dipole rotation between two charged electrodes. As a function of temperature 

and frequency, the dipoles transition from freely rotation to being frozen at the relaxation 

time, τ. (Reproduced from Ref. 65) 

A dielectric relaxation can be observed by measuring the dielectric constant, also referred 

to as the dielectric permittivity, with respect to the oscillation frequency of the applied electric 

field. The dielectric constant is a function of both frequency and temperature, related through the 

concept of time-temperature superposition. It is a measure of a material’s polarizability and ability 

to store electric charge. The complex dielectric constant 𝜀 is described as the sum of the real 

constant 𝜀′, representing charge stored in the material, and the imaginary constant 𝜀′′, representing 

dissipated charge.  

 𝜀(𝜔) = 𝜀′(𝜔) + 𝑖𝜀′′(𝜔) (2-1) 
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At temperatures above and frequencies below the dielectric relaxation, the real part of the dielectric 

constant 𝜀′ is larger than 𝜀′′ since dipoles are able to respond to the applied field. The opposite 

occurs at temperatures below and frequencies above the relaxation since the dipoles become 

frozen. At constant temperature, 𝜀′ increases with decreasing frequency as dipoles unfreeze. Once 

all dipoles can freely rotate, a plateau is observed and 𝜀′ becomes independent of frequency. The 

static dielectric constant, 𝜀𝑠 is described as this plateau in 𝜀′, depicted in Figure 16. The metric is 

useful when directly comparing the capacity of zwitterions to increase ionic conductivity, since it 

is only a function of temperature. Zwitterions with large 𝜀𝑠 are highly polarizable and should be 

extremely effective in increasing ion mobility in polyelectrolytes. 

  

Figure 16. Graphical relationship between, ε’, and ε” as a function of frequency. The static 

dielectric constant is denoted by εs. As temperature is increased, maximum loss occurs at 

higher frequency. (Reproduced from Ref. 65) 

εs 
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2.1.5 Summary of Project 

The primary goal of this project is to synthesize and investigate the previously unreported 

static dielectric constants for the OE2Im class of zwitterion to quantitatively determine their ability 

to increase ionic conductivity. The synthetic route to obtain OE2ImPS and OE2ImBS is adapted 

from Yoshizawa-Fujita et al.63 OE2ImBS is a newly reported zwitterion, synthesized by the ring 

opening of butyl sultone with OE2Im. Synthesis of two otherwise equivalent zwitterions allows 

for the effect of distance between formal charges to be analyzed with respect to molecule’s glass 

transition temperature and static dielectric constant.  

 

Figure 17. Scheme for the synthesis of OE2Im type sulfonate zwitterions after Yoshizawa-

Fujita et al.63 

A second goal of this project is to synthesize an OE2Im zwitterion functionalized with a 

phosphate anion, OE2Im(R-OP). The route towards OE2Im(R-OP) was based on a procedure to 

synthesize zwitterionic monomers for polyzwitterions by Emrick and co-workers.66 The phosphate 

anion is derived from 2-chloro-1,3,2-dioxaphospholane 2-oxide (COP). Advantages of the 

phosphate functionality include enhanced biological compatibility compared to sulfonate as well 

as a customizable alcohol R-group. The use of alcohols of various steric bulk could introduce 
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increased control of the glass transition temperature and lead to the synthesis of a large class of 

useful, novel OE2Im phosphate zwitterions. 

 

Figure 18. Proposed scheme for the synthesis of a phosphate functionalized OE2Im 

zwitterion.  
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2.2 Analytical Methods 

2.2.1 Differential Scanning Calorimetry 

Glass transition temperatures (Tg) were determined using a TA Instruments Q2000 V24.11 

Build 124 differential scanning calorimeter (DSC). Samples for DSC measurements were of mass 

6-8 mg placed in aluminum hermetic pans, dried in a vacuum oven at 70 °C for 24h, and sealed by 

cold welding on a Tzero press. Samples were held at 125 °C for 5 minutes to ensure absence of 

water, then cooled to -75 °C at a rate of 10 °C/min and subsequently heated to 125 °C at 10 °C/min. 

Tg was obtained from the heating scan as the midpoint of the heat capacity transition.  

2.2.2 Dielectric Relaxation Spectroscopy 

Samples for DRS measurements were placed onto a brass electrode and dried in a vacuum 

oven at 70 °C for 12 h, after which a second brass electrode was placed on top of the sample. Silica 

spacers were used to control the sample thickness at 50 μm. A Novocontrol GmbH Concept 40 

broadband dielectric spectrometer was used to measure the dielectric permittivity. Frequency 

sweeps were performed isothermally from 10 MHz to 0.1 Hz in the temperature range from 243 

to 473 K. In order to minimize the amount of water in the samples and to avoid a change in water 

content during the experiment, the samples were initially held at 393 K for 45 min, and the 

measurements were performed during subsequent cooling under a flow of dry N2. 
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2.3 Results and Discussion 

2.3.1 Synthesis of Zwitterions 

OE2ImPS and OE2ImBS were successfully synthesized and identified by 1H NMR 

spectroscopy. The yield of OE2Im, 56.9%, was much higher than recorded in literature (24.8%) 

which was attributed to increasing the reaction time for functionalization of the imidazole anion 

with 1-bromo-2-(2-methoxyethoxy)ethane under reflux conditions. OE2Im conversion to the 

sulfonate zwitterions would be expected to be nearly stoichiometric; however, a yield of 73.6% 

and 77.8% for was achieved for OE2ImPS and OE2ImBS, respectively, indicating that the 

reaction did not proceed to completion. A longer reaction time or more concentrated reaction 

mixture may achieve higher yields. 

A preliminary synthesis of the phosphate zwitterion was attempted using isopropyl alcohol 

as the R-group; thus, the target zwitterion will be referred to as OE2Im(iPr-OP). Isopropyl alcohol 

was used for these preliminary syntheses due to effective visualization of species during 1H NMR 

spectroscopy; the presence of unexpected isopropyl heptets allows for straightforward 

identification of synthetic byproducts. The conversion of COP to iPr-OP was successful; 

however, it was difficult to purify the crude reaction mixture. A known impurity exists in the 

purchased COP reagent, 2-chloro-1,3,2-dioxaphospholane, which is identified on the NMR 

spectra. Previous syntheses performed in literature remove this impurity by distillation;67,68 

however, insufficient vacuum power prohibited us from replicating the technique. Normal phase 

chromatography was attempted; however, iPr-OP was not significantly moved by MeOH on a 

silica TLC plate. Reverse phase liquid chromatography would likely be an effective method to 

purify iPr-OP, but time and resource constraints did not allow for its exploration.  
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Unreacted triethylamine also remained as an impurity in the crude product. Cyclic ethylene 

phosphates undergo rapid hydrolysis under acidic conditions,69 so an acid/base extraction could 

not be used to remove the excess triethylamine. After exposure to high temperatures in a vacuum 

oven, additional isopropyl peaks appear on the 1H NMR spectrum, indicating that the triethylamine 

likely reacts with iPr-OP to form an unwanted zwitterion.  

 

Figure 19. 1H NMR of crude sample. 2-Chloro-1,3,2-dioxaphospholane is a known impurity 

in the purchased reagent. 
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Figure 20. 1H NMR of sample after heating to 70 °C at 100 mbar. Note the previously 

absent isopropyl heptet k indicating formation of a new species. 

It was found that 1-methyl imidazole (pKa of conjugate acid = 7.06) could be substituted 

for the more basic triethylamine (pKa of conjugate acid = 10.75) with similar reaction yield at 

otherwise equivalent conditions. This technique bypasses the removal of the triethylamine at high 

temperature, since the unreacted 1-methyl imidazole can be used to functionalize MIm(iPr-OP), 

a synthetic zwitterion analogue to OE2Im(iPr-OP). At this stage in the synthesis, 1-methyl 

imidazole was used in place of OE2Im due to affordability. Functionalization of the crude iPr-OP 

sample with 1-methylimidazole was attempted, anticipating that separation of the zwitterion from 

byproducts would be more straightforward; however, MIm(iPr-OP) ultimately could not be 

isolated. Thus, the synthesis and analysis of an OE2Im(R-OP) zwitterion was not completed as of 

the submission of this report.  
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Figure 21. Attempted synthesis of MIm(iPr-OP) as a precursor to OE2Im(iPr-OP). 

While useful for synthetic study, it would not be recommended to use the expensive OE2Im 

as a base since a majority of the reagent will be converted to the imidazolium salt. Trimethylamine 

was considered as a potential basic species with the advantage that it is gaseous at room 

temperature and unreacted reagent would be removed without external heating. Synthetic 

complications resulting from the use of gaseous reagents prevented the results of the study from 

being reported in this thesis.      

2.3.2 Glass Transition Temperatures of OE2Im Zwitterions 

Differential scanning calorimetry (DSC) was performed on the synthesized zwitterions. 

DSC measures the heat flow into and out of a sample along a temperature range compared to a 

standard; it is a common method to determine the melting temperature, crystallization temperature, 

and the glass transition of materials, especially polymers. Phase transitions result in positive or 

negative peaks on the thermogram when excess heat is released or absorbed by the sample. It is 

often necessary to perform a full cycle of heating and cooling to erase the thermal history of a 

material to ensure accuracy when measuring the phase transitions. The DSC traces for the OE2Im 

sulfonate zwitterions are displayed in Figure 22. 
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Figure 22. DSC trace for OE2Im sulfonate species. A metastable phase for the OE2ImBS 

was observed; after an initial heating cycle no further crystallization was observed.  

Consistent with literature,63 newly synthesized OE2ImPS and OE2ImBS displayed only a 

glass transition due to the bulky oxyethylene chain preventing crystallization. However, if allowed 

to sit for two weeks in a glovebox at room temperature, OE2ImBS began to crystallize. DSC 

analysis of this crystalline sample showed a melting temperature during the first heating cycle; 

however, a crystallization peak was absent during cooling and the melting peak was absent during 

the second heating cycle. A metastable phase likely exists for the OE2ImBS sample, indicating 

that the oxyethylene chain is not bulky enough to completely nullify the strong intermolecular 

forces between zwitterions. It is unclear why the OE2ImPS sample does not exhibit a similar 

metastable crystallization; the phase transition may occur on a much longer timescale. The glass 

transition temperatures for the samples were reported at the midpoint of the endothermic glass 

transition and are recorded in Table 3.   
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Table 3. Glass transition temperatures for OE2Im sulfonate zwitterions 

Zwitterion Tg (°C) 

OE2ImPS -9.85 

OE2ImBS -10.85 

While the measured glass transition of OE2ImPS is 20 °C higher than the value reported 

in literature;63 the purity of our samples was confirmed by 1H NMR spectroscopy so we believe 

the results to be genuine. OE2ImBS was shown to have a slightly lower Tg than the propyl sultone 

analogue. This finding can be attributed to the increased flexibility of ions due to the longer spacing 

between cations and anions in OE2ImBS; similar findings have been reported by Ohno and co-

workers in the study of melting temperatures of zwitterions.61 In general, increasing the distance 

between formal charges in zwitterions has been shown to lower the melting temperature and by 

extension the glass transition temperature.  

2.3.3 Static Dielectric Constants of OE2Im Zwitterions 

As previously mentioned, dielectric relaxation spectroscopy (DRS) is a useful technique to 

determine the polarizability of the synthesized zwitterions, which is hypothesized to be related to 

their ability to increase ionic conductivity. DRS was performed on samples of pure OE2ImPS and 

OE2ImBS to determine the static dielectric constant 𝜀𝑠. Temperature was held constant and 

electric field oscillation frequency varied to determine the values of 𝜀′. A sample plot of 𝜀′ as a 

function of frequency at 25 °C is provided in Figure 23. Similar plots were constructed at each 

temperature tested between 0 °C to 150 °C. 
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Figure 23. The static dielectric constant of OE2ImBS was determined by measuring epsilon 

prime as a function of frequency at a constant temperature. The above data was collected 

at 25 °C. 

An ideal relaxation plateau is observed in 𝜀′ for the synthesized zwitterions when 

frequency is varied at constant temperature. The dielectric constant at the plateau is referred to as 

the static dielectric constant 𝜀𝑠. The observed increase in 𝜀′ after the relaxation is due to the 

electrode polarization effect from ions accumulating on the electrodes; the effect is common in 

DRS experimentation. A full list of 𝜀𝑠values measured at 10 °C intervals from 0 °C to 150 °C is 

included in Table 4 and depicted graphically from 10 °C to 150 °C in Figure 24.  
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Table 4. Static dielectric constants for OE2Im sulfonate zwitterions 

Temperature (°C) 1000/T (K-1) OE2ImPS OE2ImBS 

150 2.363 148.5 177.8 

140 2.420 152.8 182.9 

130 2.480 156.0 187.6 

120 2.544 161.9 192.7 

110 2.610 166.2 197.7 

100 2.680 170.7 203.7 

90 2.754 174.7 209.5 

80 2.832 179.7 215.4 

70 2.914 184.5 220.6 

60 3.002 188.4 227.2 

50 3.095 193.2 233.2 

40 3.193 197.6 242.5 

30 3.299 201.2 249.8 

20 3.411 204.8 259.1 

10 3.532 207.6 268.0 

0 3.661 - 275.0 

 

 

Figure 24. Static dielectric constants with respect to temperature for synthesized OE2Im 

sulfonate zwitterions. 
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The static dielectric constants are exceptionally high for the synthesized OE2Im sulfonate 

zwitterions and could be measured at and below room temperature due to the low Tg of the 

zwitterions. 𝜀𝑠 decreases with temperature due to thermal randomization of the freely rotating 

dipoles; more electric charge is dissipated at high temperature due to this random motion. The 

dielectric constants are not provided below the glass transition since dipole rotation no longer 

contributes to 𝜀𝑠 when the zwitterions become frozen. The OE2ImPS sample began to relax at 0 

°C, so the datum is not provided in Table 4. The 𝜀𝑠 values for OE2ImBS are consistently about 30 

units higher than OE2ImPS due to the larger dipole in the butyl sultone zwitterion. Since the static 

dielectric constant is a measure of a material’s polarizability, zwitterions with larger dipoles would 

be expected to have higher static dielectric constants. 

  



44 

2.4 Conclusions 

Polyelectrolytes have received attention as potential alternatives to conventional lithium-

ion batteries which are dangerous and bulky. While polymers provide high energy density, 

chemical stability, and robust mechanical properties, they have considerably lower ionic 

conductivities than conventional battery electrolytes. Zwitterions with high dielectric constants 

have been shown to dramatically increase ionic conductivity by enhancing ion dissociation from 

the polymer backbone. Low-melting temperature zwitterions may be especially useful since they 

avoid complications caused by raising the glass transition temperature of the conductive polymer 

system during addition of solid molecules. It is also possible to directly measure the static dielectric 

constant, 𝜀𝑠, of the pure liquid zwitterion at room temperature. We have successfully synthesized 

two imidazolium sulfonate zwitterions, OE2ImPS and OE2ImBS, the latter being a novel 

molecule, which display glass transitions well below room temperature and have exceptionally 

high static dielectric constants. These findings suggest that the synthesized zwitterions will be very 

effective at increasing ionic conductivity in polyelectrolytes. It will be necessary to continue this 

research by incorporating the OE2ImPS and OE2ImBS zwitterions into polyelectrolyte systems 

to further test this hypothesis. 

Moving forward, it will also be useful to complete the synthesis of OE2Im(iPr-OP) to 

analyze the effect of a phosphate anionic functionality on the glass transition temperature and 

dielectric constant. Successful synthesis of the isopropyl variant of the OE2Im phosphate 

zwitterion will also allow for exploration into the effect of alcohols with other alkyl, aryl, or 

olefinic substituents on the glass transition and static dielectric constant of the zwitterion. The most 

promising route forward with the synthesis is to investigate reverse-phase liquid chromatography 

for purification of the crude cyclic phosphate precursor.   
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2.5 Experimental 

 All glassware was dried in a 110 °C oven before use. THF was purified on a JC Meyer 

solvent system. All other chemicals were purchased from Sigma-Aldrich and used without further 

purification. OE2Im and derivatives were prepared according to a procedure developed by 

Yoshizawa-Fujita et al.63 The synthesis of iPr-OP was modeled after a procedure previously 

reported by Hu and Emrick.66  

 1-(2-(2-Methoxyethoxy)ethyl)-1H-imidazole (OE2Im). Solutions of 1H-imidazole (8.32 

g, 122.2 mmol) in THF (40 mL) and NaH (10.44 g, 261.0 mmol) in THF (30 mL) were prepared. 

The imidazole solution was added dropwise to NaH solution under flow of N2 to yield vigorous 

bubbling. After stirring the reaction mixture for 24 h, 1-bromo-2-(2-methoxyethoxy)ethane (16 

mL, 118.9 mmol) was added dropwise under flow of N2. The reaction mixture was stirred at 70 °C 

for 20 h, then filtered to yield a dark red solution. The solvent was removed via rotary evaporation, 

then the crude product was purified by vacuum distillation. The product distilled at 120 °C and 

200 mtorr as a yellow oil (12.05 g, 56.9%). 1H NMR (400MHz, D2O) δ 7.51 (s, 1H), 6.99 (d, J = 

16 Hz, 2H), 4.09 (t, J = 8 Hz, 2H), 3.71 (t, J = 8 Hz, 2H), 3.54 (dd, J = 8, 4 Hz, 2H), 3.48 (dd, J = 

8, 4 Hz, 2H), 3.34 (s, 3H). 

 3-(1-(2-Methoxyethoxyethyl)-1H-imidazol-3-ium-3-yl)propane-1-sulfonate 

(OE2ImPS). To a reaction vessel, OE2Im (2.0 g, 11.7 mmol), propane sultone (1.4 g, 11.4 mmol), 

anhydrous MeCN (2.5 mL) were added. The reaction mixture was sparged with argon for 30 min, 

then stirred at 55 °C for 5 days. The mixture was cooled, washed with Et2O (3x10 mL), then dried 

in vacuo at 50 °C for 16 h to yield the product as a highly viscous brown oil (2.42 g, 73.6%). 1H 

NMR (400 MHz, D2O) δ 8.88 (s, 1H), 7.58 (s, 2H), 4.42 (dt, J = 8, 8 Hz, 4H), 3.92 (t, J = 4 Hz, 
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2H), 3.96 (dd, J = 8, 4 Hz, 2H), 3.60 (dd, J = 8, 4 Hz, 2H), 3.36 (s, 3H), 2.94 (t, J = 4 Hz, 2H), 

2.35 (p, 8 Hz, 2H). 

 3-(1-(2-Methoxyethoxyethyl)-1H-imidazol-3-ium-3-yl)butane-1-sulfonate 

(OE2ImBS). To a reaction vessel, OE2Im (2.0g, 11.7 mmol), butane sultone (1.6 g, 11.7 mmol), 

anhydrous MeCN (2.5 mL) were added. The reaction mixture was sparged with argon for 30 min, 

then stirred at 55 °C for 5 days. The mixture was cooled, washed with Et2O (3x10 mL), then dried 

in vacuo at 50 °C for 16 h to yield the product as a highly viscous brown oil (2.79 g, 77.8%). 1H 

NMR (400 MHz, D2O) δ 8.86 (s, 1H), 7.56 (s, 2H), 4.41 (t, J = 4 Hz, 2H), 4.28 (t, J = 8 Hz, 2H), 

3.41 (t, J = 6 Hz, 2H), 3.68 (dd, J = 8, 4 Hz, 2H), 3.59 (dd, J = 8, 4 Hz, 2H), 3.36 (s, 3H), 2.95 (t, 

J = 8 Hz, 2H), 2.05 (p, J = 8 Hz, 2H), 1.76 (p, J = 8 Hz, 2H). 

 2-Isopropyl-1,3,2-dioxaphospholane 2-oxide (iPr-OP). A solution of anhydrous 

isopropyl alcohol (0.83 mL, 10.88 mmol) in THF (8 mL) was prepared and immersed in a salted 

ice bath at -10 °C, at which point 1-methylimidazole (0.91 mL, 11.42 mmol) was added. A solution 

of 2-chloro-1,3,2-dioxaphospholane 2-oxide (1 mL, 10.88 mmol) in THF (3 mL) was added 

dropwise over a period of 15 mins. The ice bath was removed and the reaction mixture was stirred 

for 3.5 h at room temperature. The solution was decanted and filtered through Celite, then the 

solvent removed to yield a yellow liquid (1.48 g). The crude yield of iPr-OP was estimated using 

1H NMR to be 48.2%.  
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