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ABSTRACT 
 

Confinement in Soft Materials: Synthesis and Applications  
 

 

Sarah Almahdali 
 

Isolating chemically-reactive sites into nanosized compartments is an important 

mode of control used by Nature to perform chemical transformations with extremely 

high yields and selectivity. Biological systems are fundamentally organized as bounded 

and isolated nano- and micro-sized environments featuring distinct localized properties, 

such as steric crowding, polarity, hydrophobicity, potential for molecular recognition, or 

pH. Through this compartmentalization, reaction substrates are sequestered away from 

interfering factors and competing substrates, or are physically prevented from forming 

alternative products or favoring specific pathways. Inspired by Nature, chemists have 

explored the rational design and application of various nanocompartments.1-7 This work 

explores three types of nanoconfinement systems capable of catalysis and specific 

transport: surfactant micelles, block-copolymer micelles, and hollow inorganic 

nanoparticles. 
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The surfactant micelles are designed as part of a system of self-replicating micelles 

and are used to show how the chirality of the confinement system effects reaction 

kinetics. Simple click chemistry between a hydrophilic chiral head and a hydrophobic tail 

is used to produce an amphiphile under biphasic conditions. Once the product achieves 

critical micelle concentration, stable micelles can form. These micelles subsequently 

compartmentalize and pre-concentrate hydrophobic substrates, increasing the reaction 

rate and resulting in the self-propagation of the micellar structures and their chiralities.  

The next system explores block-copolymer micelles that are made up of a 

hydrophobic saturated fluorocarbon block and a hydrophilic block. The amphiphilic 

copolymers can form aggregates in water and, because of properties unique to the 

hydrophobic block, this system also increases oxygen solubility in water. Different 

fluorocarbon monomers are discussed and it was found that the structure of the 

fluorinated monomer, temperature, and pH effect aggregation behavior and the 

concentration of dissolved oxygen. Additionally, varying the pH of the system could be 

used to trigger oxygen release.  

Similar to the block-copolymer micelles, the hollow inorganic nanoparticles were 

designed to transport oxygen. Here, hollow silica nanoparticles were designed with a 

fluorinated interior surface and a hydrophilic exterior. This design allows for highly 

dispersible nanoparticles in water and facilitates the uptake of saturated fluorocarbon 
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liquids into their cores. Once the saturated fluorocarbon is incorporated, the system can 

les to increases in oxygen solubility.  
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CHAPTER 1  
 

 

Introduction – Confinement and Isolation of Chemical Reactions  
 

1.1  Catalysis – a Brief History 

Catalysis is a chemical phenomenon that is essential to both natural and industrial 

processes. The use of a catalyst can lead to enhanced reaction rates and selectivity, 

higher production rates under moderate conditions, and a decrease in hazardous 

byproducts and/or pollutants.8-9 Catalysis has been utilized for thousands of years 

without a real understanding of its significance. Bread, soap, cheese, and oil of vitriol 

(sulfuric acid) are all examples of ancient products that have been synthesized using 

catalysts. Although the industrial applications of catalysis have only been explored in the 

last 250 years,10 today, more than 90% of all industrial chemicals are produced using 

catalysts.11  

Two measures that are commonly used to describe the efficiency of a catalyst are 

turnover number (TON) and turnover frequency. The TON is the number of substrate 

molecules that a single active site can convert into product before being inactivated. 
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Turnover frequency (TOF) quantifies the specific activity of each active site, and is 

usually defined as:  

𝑇𝑂𝐹 =
𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑛𝑡𝑒𝑟𝑠/𝑣𝑜𝑙𝑢𝑚𝑒
=

𝑚𝑜𝑙𝑒𝑠

𝑣𝑜𝑙𝑢𝑚𝑒∙𝑡𝑖𝑚𝑒

𝑣𝑜𝑙𝑢𝑚𝑒

𝑚𝑜𝑙𝑒𝑠
= 𝑡𝑖𝑚𝑒−1,9 

Both TON and TOF are important in describing the competency of a catalyst. For 

example, typical industrial catalysts have TON numbers within the range of 106 – 107 

and a TOF value ranging from 10-2 – 102 s-1.9 These values can be very sensitive to the 

conditions of the reaction. 

Chemical reactions, including catalytic processes, are profoundly influenced by the 

properties of the surrounding medium and physical conditions. Pressure, temperature, 

light irradiation, reaction time, and, most importantly, the choice of solvent can have 

dramatic impacts on the reactivity and product composition.12-14 For catalytic reactions, 

the effects of solvent include interactions with the substrate and catalyst, solubility of 

gases in liquids, and the binding of the solvent to the catalyst.13 The influences of all 

these different variables have been extensively investigated, allowing chemists to 

predict the effect of various conditions, to infer reaction mechanisms, and to develop 

new techniques for the synthesis of materials. Yet even in the presence of an ideal 

catalyst, very few chemist-designed reactions are as efficient as those catalyzed by 

enzymes.9, 15  



 

 
 

25 

Enzymes are often seen as “perfect” catalysts, and are capable of extremely fast 

reaction rates and perfect selectivity under mild reaction conditions and in complicated 

mixtures (such as in cellular milieu).16-17 Enzymatic catalysis is being explored for large 

scale industrial applications because of lower costs and higher efficiency in comparison 

with synthetic catalysts.18-20 Enzymatic reactions are carried out in aqueous media; this 

leads to easier waste management and allows for their use in green and sustainable 

systems.2, 21-23 As compared to chemist-made catalysts, enzymes typically have higher 

TOF values with ranges of 103 – 107 s-1.9 One reason why enzymes are capable of 

facilitating reactions so efficiently is because they confine reactions within dedicated 

nanosized compartments around organocatalytic or metal-ion active sites.17-18, 24-26  

1.2 The Effects of Confinement  

Enzymatic active sites select for specific substrates and confine them into areas that 

have unique conditions suitable for the desired reactions.27 For example, these sites can 

sequester a substrate into an environment with the pH, polarity, and hydrophobicity 

appropriate for pushing the reaction forward. This isolation also keeps the substrates 

away from factors that might otherwise quench or interfere with the reaction. In this 

way, biological systems can facilitate millions of organic reactions that are confined in a 

cell while being surrounded by aqueous media. 
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Using Nature as their inspiration, chemists have designed a number of artificial 

catalytic systems taking advantage of catalytic site isolation in micro- and nano-sized 

compartments. Isolating reactions to specific sites has been used to facilitate cascade 

reactions1-4 and/or “wolf and lamb”-type reactions.4-6 

Cascade reactions, also known as domino or tandem reactions,3 are a series of 

consecutive reactions (at least two) in which subsequent reactions utilize the product of 

a previous step. For example, Hest et al. anchored enzymes on three different locations 

of a porous polymersome to produce 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic 

acid from glucose (Figure 1).1  

“Wolf and lamb” reactions, first presented by Patchornik in 1981,28 are two-step 

reactions that utilize two incompatible systems. For example, a two-step reaction  

 

Figure 1. The cascade reaction used by van Hest et al. to convert 1) glucose acetate to glucose to 2) 
gluconolactone and hydrogen peroxide, 3) the hydrogen peroxide was then used to yield 2,2’-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid); CalB is Candida Antarctica lipase B, GOx is glucose oxidase, HRP is 
horseradish peroxidase. Figure take from literature.1  
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requires an acidic catalyst for the first step and a basic catalyst for the second step. 

Under normal conditions, the two catalysts would render each other inactive, thus the 

reactions would have to take place serially in separate vessels. However, if the catalysts 

are confined to separate supports and are physically incapable of interacting with each 

other, then the two reactions can occur sequentially within one pot. 

For the case of reactions involving multiple pathways, confining a substrate can also 

eliminate competition in favor of a single pathway. The physical restriction of a reaction 

into a well-defined nano-sized area has been shown to change the properties of the 

molecules and the mechanisms of chemical reactions.17, 27, 29-31 The mechanism can be 

affected by restricting the number of molecules that have access to the active site at any 

one time, by the confined conditions preventing the formation of specific products  

 

Figure 2. Size exclusion effects shown for the electrophilic aromatic bromination of N-phenylacetamide by 
pyridiniumdichlorobromate within single-walled carbon nanotubes to form N-(4-bromophenyl)acetamide 
and N-(2-bromophenyl)acetamide; the effects are strongly dependent on the diameter of the carbon 
nanotubes. Figure taken from literature.32  
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(Figure 2),32 or by the confinement facilitating transition state stabilization allowing for a 

pre-specified reaction pathway.33  

In an effort to mimic the results achieved by enzymes, synthetic chemists have 

explored the benefits of reaction confinement using specially designed nano-reactors.7 

Nanoreactors can encompass a wide variety of constructs beginning with modified 

enzymatic structures34-35 but also including synthetic structures like zeolites,36 carbon 

nanotubes,18, 37 metal-organic frameworks,4, 28, 34, 38 silica nanoparticles,39 micellar 

assemblies,33 and polymer systems.40-45 Throughout this dissertation, three different 

systems used for nanoconfinement are explored: silica nanoparticles, micellar systems 

and polymer systems.  

1.3 Use of Silica Nanoparticles for Confinement of Catalytic Processes 

Silica is one of the most commonly used inorganic oxide supports.46-47 It is accessible, 

cheap, and can be modified easily with a large variety of functionalities via hydroxyl 

groups on the surface. There are two main structures that are used: solid silica 

nanoparticles and mesoporous MCM48 or SBA49 materials. The mesoporous structures 

are periodic and uniform, and have tunable pore diameters that can modified towards 

different applications.50 

As a solid support, many different silica systems have been designed to create 

isolated environments. For example, Veser et al., confined different aminated silicone 
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liquid sorbents into mesoporous silica to facilitate the sorption of carbon dioxide gas 

into the nanoparticles.51 These systems increased the sorption rate of CO2 into liquid 

silicone oils 44 to 90 faster than the unconfined silicone oils.  

Silica nanoparticles with confined environments have also been used to solubilized 

organic material in aqueous media. Bayindir et al. confined pyrene into mesoporous 

silica for the detection of explosive materials in water (Figure 3A).52 These particles were 

shown to be highly dispersible and displayed a bright emission that could extinguished 

in the presence of trinitrotoluene (TNT), resulting in a detection limit of 12 nM. At 

 

Figure 3. A) A cartoon showing the formation of pyrene confined into mesostructured silica nanoparticles 
(pMSN). The pyrene molecules are confined into cetyltrimethylammonium micelles through hydrophobic-
hydrophobic interactions. Once tetraethyl orthosilicate (TEOS) is added, the silica can then grow around 
the self-assembled pyrene confined cetyltrimethylammonium micelles. Pluronic® F127 polymer is added 
preventing the aggregation of particles during the growth of the silica nanoparticles. B) A photograph of 
the pMSN dispersions as shown under UV-light before and after adding 0.4 µM, 1.0 µM, 4.0 µM and 8.0 
µM of TNT. Increasing the TNT concentration leads to an obvious quenching of the excimer emission. 
Figures taken from literature.52 
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relatively low TNT concentrations, the amount of the explosive material could even be 

estimated based on the color of the colloidal solution (Figure 3B). 

In addition to sorption and detection, silica nanoparticles have also been used to 

isolate catalytic reactions. For example, Yang et al. developed a yolk-shell-nanoparticle 

(YSN) system for heterogeneously catalyzed olefin metathesis reactions (Figure 5).53 

Hoveyda-Grubbs 2nd generation catalyst was encapsulated into mesoporous hollow 

silica nanoparticles, forming the yolk of this YSN structure. The system was then used to 

catalyze multiple olefin ring-closing metathesis and cross metathesis reactions showing 

up to 99 % conversion rates. The isolated catalyst was shown to be recyclable up to 

eight times.  

 

Figure 4. A cartoon showing the process of encapsulating Hoveyda-Grubbs 2nd Generation catalysts within 
a Yolk-Shell Structured Silica via Silation. Image taken from literature.53 
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1.4 Micellar and Polymeric Assemblies for Nanoconfinement  

Micellar and polymer aggregates are ideal systems to use for nanoconfinement as 

they are extremely versatile, can affect concentration, function to shield materials, and 

can be used to influence substrate selectivity.54 Additionally, these material often 

provide support structures that can be recycled. A wide variety of structures can be 

used to form these aggregate systems, starting with simple amphiphiles55 and linear 

polymers,56 but also include more complex assemblies like dendrimers,50 star 

polymers,4-6 and liposomes.50  

Beginning with the simpler amphiphilic micelles, Cho et al. explored the effects of 

confining water into Aerosol OT (AOT) micelles (Figure 5).31 Hydrazoic acid was added to 

the micellar systems and both time- and frequency-resolved vibrational spectroscopy of 

HN3 were observed. The azido-stretch mode of HN3 has a narrow spectral bandwidth 

and a large transition dipole moment that can function as an infrared probe to describe 

the local H-bond environment. The results showed that the water molecules at the core 

arranged themselves differently than the water molecules at the interface of the 

micelle.  

Amphiphilic micelles have also been used to effect catalytic reactions. Within our 

own laboratories, Chen et al. developed a micellar catalytic system used for the aerobic 

oxidation of activated alcohols.55 The amphiphile was composed of a fluorous chain 
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Figure 5. Size-dependent FTIR spectra of HN3 molecules in the reverse micelle system. Two peaks 
originated from the molecules located in the core (2146 cm-1) and the shell (2132 cm-1) regions of reverse 
micelles are clearly separated in frequency. Figure taken from literature.31  

(used to pre-concentrate oxygen), (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO, a 

stable free radical moiety), and sulfonic acid. The micelles were used to facilitate a range 

of aerobic oxidation reactions for the aqueous conversion of alcohols to aldehydes. The 

reactions were run in the presence of a surfactant, 2,2’-bipyridine, CuSO4 and 4-

dimethylaminopyridine (DMAP). Similar reactions run without the fluorinated 

amphiphile could not achieve reasonable conversion rates without excess copper and 

base.  

Polymeric micellar systems have been similarly designed.56-57 For example, Weck et 

al. used a shell-cross-linked micellar aggregate as a support structure for catalysis 

(Figure 6).57 Poly(2-oxazoline)triblock copolymers were used to isolate two different 

catalysts in the same system, one in the hydrophobic block and one in the hydrophilic 

block. This system was used to facilitate a cascade reaction: the Co-catalyzed hydration 
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of alkynes to methyl ketones and the subsequent Rh-catalyzed asymmetric transfer 

hydrogenation into chiral secondary alcohols. The best results were observed when the 

two different catalysts were confined within same micelle in their respective blocks, 

producing optimal microenvironments for the cascade reaction.  

The approach of using silica and polymeric nanomaterials for site isolation and 

confinement has obvious versatility. Many researchers, including Sanders et al.,44 Rebek 

et al.,45, 58-60 Fujita et al.,61 and Raymond et al.62 have found that organic reactions that 

take place in such confined environments can lead to faster reactions and unusual 

selectivities.27 Additionally, the applicability of these systems can be furthered by 

combining them into hybrid systems.63 Many groups have shown that restricting organic  

 

Figure 6. Synthetic scheme of the micelle supported metal catalysts. Figure taken from literature.57 
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reactions to confined locations can have profound effects on the selectivities and rates 

of the reactions.44-45, 58-62 In this dissertation, different systems that could be used for 

reaction confinement are explored.  

Chapter 2 explores the synthesis of fluorinated block copolymers and their 

application is dissolving oxygen gas in water. The block copolymers are synthesized from 

saturated fluorocarbon monomers and hydrophilic 2-(dimethylamino)ethyl 

methacrylate. These polymers are then used to form emulsion systems in water and 

their capacity for dissolving oxygen is explored under different conditions. Nine different 

block copolymers were synthesized, their morphologies were explored, and an optimal 

and condition for dissolving oxygen was determined. It was found that the choice and 

amount of fluorinated monomer, temperature, and pH all had an effect on the 

morphology of the aggregates in water and on the amount of oxygen dissolved. 

Additionally, it was found that O2 release could be triggered from a polymer dispersion 

by simply altering the pH of each of the dispersions.  

An aqueous dispersion system for saturated fluorocarbon liquids based on 

permeable hollow nanospheres with fluorinated interiors is described in Chapter 3. The 

interior surface was functionalized with a fluorinated trimethoxy silane, allowing the 

system to support saturated fluorocarbon liquids, while the exterior surface of the 

hollow silica nanoparticles was functionalized with a hydrophilic trimethoxy silane, 

allowing the nanospheres to be well dispersible in water. Additionally, the gas-
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permeable nature of the hollow silica particles allows the SFC-filled nanospheres to take 

up oxygen, similar to the system described in Chapter 2.  

Chapter 4 investigates a self-replicating micellar aggregate system that can confine 

starting materials into its core and, due to pre-concentration and solvent effects, can 

enhance reactions rates. Within the aggregates, the copper-catalyzed azide-alkyne 

cycloaddition reaction takes place between a hydrophilic chiral head and a hydrophobic 

azide tail, resulting in the amphiphiles that make up the micelles. Under biphasic 

conditions, the presence of the micelles results in the transfer of the hydrophobic tail to 

the aqueous phase, facilitating the click reaction, leading to faster reaction rates, and 

ultimately resulting in the self-replication of the micellar system. By exploring reactions 

with different chiralities of the hydrophilic head, we also found that the system could 

result in an amplification in the chirality of the product.   
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CHAPTER 2 
 

 

pH-Sensitive Amphiphilic Block-Copolymers for Transport and Controlled 
Release of Oxygen 

 

2.1 Abstract 

Saturated fluorocarbon molecules, their derivatives, and the corresponding emulsion 

systems have been found to dissolve significantly large amounts of gasses like nitrogen, 

xenon, and oxygen. The mechanisms of this extraordinary property remain to be 

empirically explored. This chapter describes the preparation of a library of amphiphilic 

fluorous block-copolymers that are synthesized using three different fluorinated 

monomers: (3,3,4,4,5,5,6,6,7,7,8,8,8-tridecalfluorooctyl acrylate, 1H,1H,2H-2H-

perfluorodecyl acrylate, and heptafluorobutyl acrylate). The ability of the synthesized 

block copolymers to transport oxygen in water is then methodically examined. The 

structure of the saturated fluorinated monomer used was found to have a strong 

influence on both the ability of the aggregate nanocompartments to carry oxygen and 

on the kinetics of oxygen release. Additionally, we found that we could use adjustments 

to the pH of the system to control the release of oxygen from the copolymer dispersion 

systems. This is the first example of a polymer-based soft nanocompartment system 
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designed for the controlled release of a non-covalently entrapped, non-polar respiratory 

gas. 

2.2 Introduction 

C-F bonds have a unique electronic nature that allows for a series of uncommon 

properties in perfluorocarbon compounds and materials. Saturated fluorocarbons (SFCs) 

are extremely lyophobic, non-polar, non-polarizable, and chemically inert.64-65 Their 

lyophobicity makes SFCs especially difficult to use in applications. A more extraordinary 

property of SFC materials is their ability to dissolve significantly large amounts of non-

polar gases, including xenon,66 nitrogen,67 carbon dioxide,68and oxygen.69 As such, SFCs 

have been explored for many different applications in gas transportation, including 

liquid ventilation70-71 and selective capture of carbon dioxide from fuel gas streams 

emerging from industrial chimneys.72 The SFC emulsions in water were found to form 

capable gas carriers67, 73-75 and these systems are usually more practical than pure SFC 

compounds. These systems have been used for applications as blood substitutes,67, 76 for 

the oxygenation treatment of traumatic lung injuries,77 as well as for the transportation 

of nitrogen oxide.78 Within our own labs, we have produced functional SFC emulsion 

systems, the aggregations of which are used to catalyze aerobic oxidations in the 

aqueous phases.55, 73 
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Interestingly, the mechanism for the unusually high solubility of nonpolar gases in 

SFCs and in the nanocompartments made from their emulsions have been used for 

various applications, but is not completely understood. The exact nature of the non-

covalent interactions between the SFC systems and the confined inert gasses is ill 

defined. It could be that the weak interactions between SFC molecules leads to the 

development of interstitial spaces that could be accessed by the non-polar gas 

molecules.65 A better understanding of the mechanism that directs the gas-SFC 

interactions is necessary, as it could lead to advances in practical gas carrier 

technologies.  

Here we explore library of amphiphilic SFC block-copolymers that incorporate blocks 

of different SFC monomers combined with a hydrophilic block; the hydrophilic block was 

synthesized from the 2-(dimethylamino)ethyl methacrylate (DMAEM) monomer. The 

resulting amphiphiles can from aggregates in aqueous media with a perfluorinated core. 

We then systematically explore the capacity of these aggregate nanocompartments for 

the transportation of oxygen in water. We have found that the structure of the 

fluorinated monomer used strongly effects both the gas release kinetics and the oxygen-

carrying capacity of the polymer emulsions. We determined an optimal SFC monomer 

and block-copolymer composition and we also found that we could prompt oxygen 

release from the block-copolymer aggregate systems by simply changing the pH of the 
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polymer dispersion. This is the first example of the controlled release of a non-

covalently entrapped non-polar respiratory gas from polymeric aggregates.  

 

2.3 Synthesis and Characterization of Fluorinated Block-Copolymers 

Fluorous monomers have an “everything-phobic” nature that leads to unique and 

sometimes intimidating challenges for common controlled polymerization techniques. 

The poor solubility of these monomers tends to lead to the domain formation, even in 

supposedly compatible solvents. This lyophobic nature leads to complications in both 

the chain initiation and in the growth kinetics; the resulting polymers are even less 

soluble. 

Because we needed to systematically study the structures and the corresponding 

properties of the fluorous block-copolymers, and to allow for the use of a defined block 

length across an entire range of block copolymers; precise control over the individual 

polymer blocks was essential. Luckily, the reversible addition-fragmentation chain 

transfer (RAFT) polymerization of heptafluorobutyl acrylate (HFBA) using an azo-initiator 

as well as the RAFT agent 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPCA) 

has been reported previously.79 RAFT is a polymerization technique that can tolerate a 

wide range of solvents, temperatures and functional groups. The adaptability of this 

process in facilitating many different monomers makes it ideally suitable for the 

synthesis of even the most challenging block-copolymers.79-81 We have effectively 
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Scheme 1. The synthesis of the SFC-hydrophilic block-copolymers; PHFBA25-b-PDMAEMx, PPFDA6-b-
PDMAEMx, and PTDFOA10-b-PDMAEMx were all similarly synthesized.  

adapted the previously published RAFT procedure and have used to it produce three 

fluorinated macroinitiators from HFBA, 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecalfluorooctyl 

acrylate (TDFOA), and 1H,1H,2H-2H-perfluorodecyl acrylate (PFDA) fluorous monomers 

(Scheme 1). The resulting saturated fluorocarbon macroinitiators were then used to 

polymerize the hydrophilic block of the amphiphile, using the 2-(dimethylamino)ethyl 

methacrylate (DMAEM) monomer.  

To optimize the polymerization of the hydrophilic DMAEM with our flourinated 

macroinitiators, a series of copolymerization reactions were first run with the DMAEM 

monomer in the presence of CPCPA. Aliquots were collected at different time intervals – 

the Mn value was determined for each of the aliquots using nuclear magnetic resonance 

(NMR) analysis and the PDI data was calculated from size exclusion chromatography 

(SEC) data. The Mn was found to increase linearly with time in all cases (Figure 7),  
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Figure 7. Mn of the block copolymers from the 2-, 4-, and 6-hour copolymerization reactions of A) 
PHFBA25, B) PTDFOA10, and C) PPFDA6 with DMAEM 

indicating that there were a constant number of propagating centers. Furthermore, 

throughout the copolymerization reactions, SEC traces of the copolymers were shown 

to shift towards higher molar masses as time increased (Figure 33-35). These data show 

that CPCPA is a suitable RAFT controlling agent for the block copolymerization of 

fluorinated acrylates with DMAEM. The observed dependence of Mn on reaction time 

was found to be well-behaved and almost linear, suggesting that concentration of 

growing radicals present during each of the copolymerization reactions was constant. To 

determine how the structure of the fluorous monomers effect the reaction 

(independent from the effect of the bulk fluorine content within the block copolymers) 

we produced block-copolymers that had similar fluorine contents across the 

macroinitiator series (Table 1; Entries 3, 6, and 7). Each fluorous macroinitiator was 

polymerized three times, running the reactions for 2, 4, and, 6 hours, and resulting in a 
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Table 1. PHFBA25-b-PDMAEMx, PPFDA6-b-PDMAEMx, and PTDFOA10-b-PDMAEMx block-copolymer 
fundamental characterization data.  

Entry Polymer a F content, 
wt % 

Mn a Mn (SEC) b Mw (SEC) b Ɖ b 

1 PHFBA25-b-PDMAEM97 15 22000 29000 42000 1.45 
2 PHFBA25-b-PDMAEM139 12 28000 42000 60000 1.41 
3 PHFBA25-b-PDMAEM180 10 35000 55000 80000 1.44 
4 PTDFOA10-b-PDMAEM64 17 15000 44000 83000 1.88 
5 PTDFOA10-b-PDMAEM88 14 18000 57000 113000 1.98 
6 PTDFOA10-b-PDMAEM130 10 25000 67000 125000 1.85 
7 PPFDA6-b-PDMAEM114 9 21000 32000 56000 1.73 
8 PPFDA6-b-PDMAEM126 8 23000 35000 66000 1.91 
9 PPFDA6-b-PDMAEM138 7 25000 43000 75000 1.74 

aDegrees of polymerization and Mn determined by NMR. bApparent values determined by SEC in THF 
(calibration against linear PS). 

series of nine different fluorinated block-copolymers (Table 1). 

The polymers were each characterized using dynamic light scattering (DLS). All nine 

block-copolymers were found to form aggregates in THF (Figure 43-54). As such, we 

believe that the relatively high Ɖ values observed during SEC analysis are a result of 

aggregation behavior rather than a true indication of the polymer’s polydispersity. 

Correspondingly, NMR analysis was used to establish the degrees of polymerization for 

each of the block-copolymer.82 

2.4 Oxygen Solubility Studies in Aqueous Micellar Systems 

Once the library of the saturated fluorocarbon block-copolymers was set, we began 

to explore the how their aqueous emulsions increased the solubility of oxygen in water. 

We prepared 10 mg/ml dispersions of each of the fluorous block-copolymers in 

deionized water, obtaining mixtures with a pH of 7. The pH was adjusted 5 and 2 for 
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different aliquots of each copolymer dispersion by adding an appropriate amount of 

H2SO4. All of the fluorinated block-copolymers were found to be well-dispersible from 4 

˚C to 37 ˚C throughout our pH range, except for the pH 7 dispersions at 37 ˚C. We found 

that the dispersions tended to precipitate at pH 7, 37 ˚; this is likely due to the PDMAEM 

block which has a lower critical solution temperature (LCST) at pH 7, 37 ˚C.83-84  

Except for the dispersions that precipitated at pH 7, 37 ˚C, oxygen was flushed into 

each of the block copolymers dispersions and then the mixtures were exposed to air. 

The concentration of the dissolved oxygen was then electrochemically monitored over a 

period of 1 hour, using an previously established protocol55. The dissolved oxygen  

 

Figure 8. A) Structures of the PPFDA6-b-PDMAEMx, PTDFOA10-b-PDMAEMx, and PHFBA25-b-PDMAEMx 
perfluorinated block-copolymers. B) The dissolved O2 concentration over time of selected block-
copolymer emulsions (purple, green, and orange) and in water (blue). C) The concentrations of dissolved 
O2 under oxygen atmosphere and at the final air saturation in selected block-copolymer emulsions 
(purple, green, and orange) and in water (blue). 
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measurements were first collected at t = 5 min, and this was assumed to be the value at 

O2 saturation. The final measurement (t = 60 min) was defined as the oxygen 

concentration at air saturation (Figure 8B and 8C). 

The PHFBA25-b-PDMAEMx copolymer dispersions were found to dissolve higher 

concentrations of oxygen at both O2 saturation and at air saturation. The valuable effect 

of these block-copolymers for the dissolution of oxygen strongly depended on 

temperature, copolymer composition, and pH (Figure 37). It was found that decreasing 

the temperature led to an increase in the oxygen solubility within the polymeric 

nanocompartments; this is comparable to the behavior found in pure water.85 However, 

the difference in the solubility of oxygen between the PHFBA25-b-PDMAEMx copolymer 

dispersions and aqueous buffers was the highest at 20 ˚C, the intermediate 

temperature. The effect of the polymer dispersions on oxygen solubility was found to be 

lower in both the 37 ˚C and 4 ˚C dispersions. 

The O2 solubilities achieved the highest concentrations when measured at lower pH 

values. We found that at pH 5, the PHFBA25-b-PDMAEMx copolymers were found to 

have a large effect on the dissolved the oxygen concentration at air-saturation, but 

surprisingly, not while under O2 atmosphere. The dissolved oxygen concentrations 

observed at pH 7 in the PHFBA copolymer dispersions are similar to the values found in 

aqueous buffers both at air saturation as well as under O2 atmosphere. 
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The PHFBA25-b-PDMAEMx copolymers that were synthesized with higher fluorine 

contents have a larger effect on the solubility of oxygen in water. This was observed 

most clearly at optimal pH 2 and 20 ˚C both under O2 atmosphere and at air saturation. 

However, measurements collected at pH 5-7 or at 37 ˚C showed that all the PHFBA25-b-

PDMAEMx copolymer dispersions were found to dissolve similar amounts of oxygen at 

air saturation regardless of the amount of fluorine. These results suggest that a different 

mode of oxygen sequestration is utilized under these conditions than those used at pH 

2. We collected additional dissolved oxygen data for the pH 2 dispersions, recording 

oxygen concentration data every 5 minutes for each copolymer dispersion. We found 

that our observations held throughout the entire time of the experiment (Figures 8B 

and 14C and Figure 36). 

PPFDA6-b-PDMAEMx and PTDFOA10-b-PDMAEMx, the block-copolymers synthesized 

with the longer-fluorinated-chains, only have a very limited effect on the solubility of 

oxygen in water. The highest amounts of improvement in the oxygen solubility by the 

PPFDA6-b-PDMAEMx and PTDFOA10-b-PDMAEMx copolymers were observed under air 

saturation at 37 ˚C. The size of the effect was similar for all of the copolymer 

dispersions. The amount of oxygen dissolved for the PPFDA6-b-PDMAEMx and 

PTDFOA10-b-PDMAEMx copolymer dispersions was similar to that found in water under 

O2 atmosphere at all pH and temperature values examined. As such, the behavior of the 

PPFDA6-b-PDMAEMx and PTDFOA10-b-PDMAEMx copolymer dispersions was comparable 



 

 
 

46 

to the PHFBA25-b-PDMAEMx block copolymer dispersions at 37 ˚C and/or at the higher 

pH values. 

The variations observed in the efficiency of the sequestration of oxygen between 

PHFBA25-b-PDMAEMx and PPFDA6-b-PDMAEMx and PTDFOA10-b-PDMAEMx (with the 

longer fluorinated chains) cannot be simply explained through the difference in the bulk 

fluorine content between the corresponding fluorinated block-copolymers. When the 

block copolymers with ~15 wt % fluorine weight content are compared across the series 

(Figures 40), the PHFBA25-b-PDMAEMx copolymer dispersions show higher 

concentrations under only a few of the conditions that were explored. However, when 

comparing polymers with similar percentages of the perfluorinated block (Figures 41 

and 42), the PHFBA25-b-PDMAEMx copolymers had a dramatic advantage, dissolving 

more oxygen even with a lower content of fluorine in solution. This was found to be 

especially true for the dissolved oxygen measurements collected at 20 ˚C and at pH 2 

(Figures 8B and 8C). 

2.5 Aggregation Behavior of the Micellar Systems 

DLS was used to explore the aggregation behavior of these block-copolymers in 

water (Tables 2-3, Figures 43-54). When comparing the different perfluorinated 

monomers, the DLS size distributions correlated well with the PDI values obtained using 

SEC analysis. PPFDA6-b-PDMAEMx and PTDFOA10-b-PDMAEMx were more disordered 
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than the PHFBA25-b-PDMAEMx dispersions (higher modality and/or population sizes 

were observed); this phenomenon was observed irrespective of whether or not the 

sample was filtered. A decrease in the order of the aggregations was observed for both 

of the PTDFOA10-b-PDMAEMx and PPFDA6-b-PDMAEMx dispersion systems imply that 

the aggregates forming under these conditions are not stable. This could lead to 

decreasing their efficiency in reliably retaining gaseous oxygen molecules. This could 

explain why both the PTDFOA10-b-PDMAEMx and PPFDA6-b-PDMAEMx emulsions were 

only able to solubilize comparable amounts of oxygen as pure water under many of the 

conditions tested. The decreased stability of the aggregates could be used to explain the 

negligible effects of fluorine content within the PTDFOA10-b-PDMAEMx and PPFDA6-b-

PDMAEMx dispersions on the solubility of oxygen (Figures 37-39).  

Each of the block copolymer dispersions displayed that the effects of temperature 

were insignificant up to 20 ˚C. At 37 ˚C, the DLS data displayed a slight decrease in the 

polydispersity of aggregate systems for many of the PTDFOA10-b-PDMAEMx and PPFDA6-

b-PDMAEMx copolymer systems, as well as an increase in the observed polydispersity 

for the PHFBA25-b-PDMAEMx copolymer aggregates. All of the fluorinated block-

copolymers showed the most order at pH 5 notwithstanding the improved solubility of 

the hydrophilic DMAEM block under these conditions.  

We then chose to further explore the aggregation behavior using both cryo-

transmission electron microscopy (cryo-TEM) and atomic force microscopy (AFM). The 
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cryo-TEM images were obtained for the block-copolymers using the pH 2 dispersions 

(Figure 9 and Figures 55-57). We found that the Cryo-TEM images for the PHFBA25-b-

PDMAEMx dispersions usually exhibited core-shell micellar structures with an electron 

dense perfluorinated core (50-250 nm) surrounded by a light, indistinct grey outer 

corona (the PDMAEM block). The PHFBA25-b-PDMAEM139 block copolymer also showed 

random aggregates indicative of less order than the other PHFBA25-b-PDMAEMx 

copolymer aggregations. The PTDFOA10-b-PDMAEMx and PPFDA6-b-PDMAEMx 

copolymer dispersions (synthesized with the monomers that had longer fluorinated 

chains) were generally found to be more disordered than the PHFBA25-b-PDMAEMx 

copolymers. 

 

Figure 9. A) AFM phase image of PHFBA25-b-PDMAEM97. Cryo-TEM images in-ice and on-ice of B) PHFBA25-
b-PDMAEM139; C) PTDFOA10-b-PDMAEM130; and D) PPFDA6-b-PDMAEM114. 
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Although the PTDFOA10-b-PDMAEMx copolymers displayed spherical morphologies, 

the micellar aggregates that ranged up to 550 nm and the hydrophilic PDMAEM outer 

shell was usually absent indicating a lack of phase separation between the two blocks. 

We found that the PPFDA6-b-PDMAEMx block copolymer dispersions also tended to 

form small random aggregates (such as sheets, flowers, and toroids) within the ice, 

reminiscent to broken glass. 

It should be noted that while the cryo-TEM samples were being prepared, we found 

that some areas of the frozen micellar dispersion samples dried more quickly than 

others. This has allowed us to collect both dry-state TEM and cryo-TEM images of the 

PHFBA25-b-PDMAEM139, PTDFOA10-b-PDMAEM64, PPFDA6-b-PDMAEM114, and PPFDA6-b-

PDMAEM126 block copolymers simultaneously (Figure 55-57). PPFDA6-b-PDMAEM114 and 

PPFDA6-b-PDMAEM126 did not display any micellar structures inside of the ice. 

Conversely, the aggregates that were observed to form on the surface of the ice 

displayed that a core-shell structure forming out of solution. Under these “dry” 

conditions, the PDMAEM block formed distinct, solid shells forming around the dark, 

denser fluorinated core. The PHFBA25-b-PDMAEM139 and PTDFOA10-b-PDMAEM64 block 

copolymers showed these dry-state core-shell structures in addition to the 

micelles/spherical morphologies and some observed random aggregates in the ice 

(Figure 56).  
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The AFM phase images of the copolymer aggregates were obtained for PHFBA25-b-

PDMAEM97, PTDFOA10-b-PDMAEM64, and PPFDA6-b-PDMAEM114 at pH 2 (Figures 9 and 

55-57). All three copolymers showed spherical morphologies that were phase-separated 

for all three of the copolymers, matching the aggregation behaviors found when 

analyzing the dry TEM images for the PTDFOA10-b-PDMAEMx and PPFDA6-b-PDMAEMx 

fluorinated copolymers.  

2.6 Oxygen Release Studies in Aqueous Micellar Systems 

Each of the copolymer emulsion systems displayed some degree of variation in the 

dissolved oxygen concentration as the pH was adjusted. This is due to the presence of 

the PDMAEM block. The DMAEM monomer is a weak secondary amine base; as the pH 

was adjusted, the variation in the solubility of the PDMAEM block resulted in different 

morphological structures as evidenced by the TEM images (above). We decided to see if 

we could trigger the oxygen release by taking advantage of these pH effects (Figure 10). 

The PHFBA25-b-PDMAEM97 copolymer system was selected because it was found to 

dissolve the highest amounts of oxygen (Figure 8) and because the PHFBA25-b-PDMAEMx 

copolymer dispersions showed the largest amount of variation in the oxygen capacity at 

different pH values (Figure 36). A dispersion was prepared at pH 2 and then flushed with 

oxygen for one minute. The system was capped shaken before collecting dissolved 

oxygen data. The dissolved oxygen concentration was recorded every 30 seconds and  
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Figure 10. Controlled release of O2 from an aqueous dispersion of PHFBA25-b-PDMAEM97. 

then an aliquot of a KOH solution was added to adjust the pH, bringing it up to 7; data 

were then collected every 5 seconds for the next 10 minutes (Figure 10). We observed a 

sharp decrease in the dissolved oxygen concentration after adding the base aliquot, 

indicating that releasing oxygen from this system could indeed be triggered by a simple 

change in the pH of the system. The aggregation of PHFBA25-b-PDMAEM97 co-polymers 

is known to sensitive to changes in their protonation state. This change in the state of 

the hydrophilic PDMAEM blocks is spread to the hydrophobic cores of the micellar 

aggregates, changing the geometry of the interstitial spaces between the fluorous 

monomers and leading to the release of the requisitioned oxygen.  
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2.7 Experimental Section 

2.7.1 Materials and Synthetic Techniques 

Commercial reagents were purchased from Sigma Aldrich or VWR and, unless 

indicated otherwise, used without further purification. Monomers including 

1H,1H,2H,2H-perfluorodecyl acrylate (PFDA), 2,2,3,3,4,4,4-heptafluorobutyl acrylate 

(HFBA), 3,3,4,4,5,5,6,6,7,7,8,8-tridecafluorooctyl acrylate (TDFOA) distilled under 

reduced pressure (25 mbar) before use. 2-(dimethylamino)ethyl methacrylate (DMAEM) 

was passed through basic Al2O3 before use. 2,2’-Azobis(2-methylpropionitrile) was 

recrystallized from methanol and stored at -20°C. ,,-trifluorotoluene and 1,4-

dioxane were distilled before use over calcium hydride. 

2.7.2 Preparation of the Fluorous Blocks  

 

Scheme 2. Synthesis of the fluorinated polymer blocks, the reactions were performed in the presence of 
AiBN at 73 ˚C for 5 hours, using 1,4-Dioxane as the solvent. PHFBA25, PPFDA6, and PTDFOA10 were all 
similarly synthesized.  

Using a general procedure, polymerization of the HFBA was carried out in a Schlenk 

tube equipped with a magnetic stirring bar. HFBA (2.5 g, 9.8 mmol), CPCPA (0.018 g, 

0.066 mmol), AiBN (0.001 g, 0.0066 mmol) and 1,4-dioxane (5 mL) were added to the 
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Schlenk tube and argon was bubbled through the system for 20 min to purge oxygen 

from the tube. The reaction mixture was then cooled in a liquid nitrogen bath and 

subjected to five freeze-pump-thaw cycles before initiating the polymerization in a 73 C 

oil bath. The reaction was run for 5 h under positive argon pressure and quenched via 

cooling to room temperature and exposure to air. The solution was concentrated by 

rotary evaporation, and the polymer was dissolved in THF and precipitated from chilled 

hexane. The solid was filtered from hexane and dried under high vacuum for 24 hours. 

The resultant polymer was dissolved in THF and re-precipitated from chilled hexane 

twice, filtered, and the dried once under high vacuum for 24 hours to give a white solid 

polymer. The polymerizations of TDFOA and PFDA monomers were performed similarly. 

Specific details are provided in Table 2. 

Table 2. Experimental conditions of the controlled radical homopolymerization of the PFDA, HFBA, and 
TDFOA monomers and their corresponding NMR, SEC and hydrodynamic ratios.  

Monomer [M]:[CTA]:[I] (mol %) Yield (%) 
NMR Mn 
(g/mol) 

SEC Mw 
(g/mol) 

SEC Mn 
(g/mol) 

Ɖ 

HFBA 150:1:0.1 44 5900 7800 6200 1.25 

TDFOA 180:1:0.1 38 4200 4400 4800 1.09 

PFDA 180:1:0.1 31 3200 3700 3400 1.09 

All reactions were each run for 5 hours, initiated by AiBN and controlled by CPCPA at 73 ˚C for the 
preparation of the perfluorinated macroinitiators aDetermined from 1H NMR spectroscopy using the 
following formula: Mn = MCTA + (Mmonomer)(DPn of monomer), where MCTA = 279.38, Mmonomer,PFDA = 518.17, 
Mmonomer,TDFOA = 418.15, Mmonomer,HFBA = 254.10; bDetermined by SEC calibration with linear PS standards.  
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2.7.3 Preparation of the Block-Copolymers 

 

Scheme 3. Addition of the poly(2-dimethylaminoethyl methacrylate) block to each of the three 
fluorinated blocks. 

The poly(HFBA) macroinitiator (0.45 g, 0.008 mmol) bearing a RAFT end-group was 

introduced into a 50 mL Schlenk tube along with AiBN (0.01 mg, 0.0008 mmol), DMAEM 

(6.2 g, 39 mmol) 3 mL of 1,4-dioxane and 2 mL of TFT. The reaction was subjected to five 

freeze-pump-thaw cycles to remove oxygen. The polymerization reaction was carried 

out at 73 °C under positive argon pressure for 2 hours, and was quenched via cooling to 

room temperature and exposure to air. The solvent was removed via rotary 

evaporation. The copolymer was dissolved in THF, precipitated from chilled hexane, 

filtered and then dried under high vacuum. The resultant polymer was dissolved in THF 

and re-precipitated chilled hexane twice more, filtered and dried under high vacuum for 

24 h to yield a white product. Similar reactions were run for 4 hours and 6 hours 

resulting in three different block copolymers from the poly(HFBA) macroinitiator. The 

reaction times (2, 4 and 6 hours) were determined during preliminary optimization 

experiments monitored by SEC analysis.  
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Copolymerization reactions were run similarly for poly(TDFOA) and polymer(PFDA) 

macroinitiators to yield a total of nine different block-copolymers. 

2.7.4 Dissolved Oxygen Measurements 

Dissolved oxygen (DO) measurements were performed through a previously 

established method.55 Data were recorded in triplicate for each dispersion and for DI 

water at pH 2, 5 and 7 and at 4, 20 and 37 ˚C.  
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Figure 11. Oxygen concentrations at O2 atmosphere and air saturation of block copolymers containing the 
PHFBA25 fluorous block. Each plot compares PHFBA25-b-PDMAEM97, PHFBA25-b-PDMAEM139, 
PHFBA25-b-PDMAEM180 and water collected under the same pH and temperature conditions. 
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Figure 12. The experimental set up used to obtain oxygen solubility measurements. 

In a 40 mL vial, each dispersion was stirred at 300 rpm for 10 minutes at 25 ˚C. After 

this time, the vials were continually flushed with a flow of O2 for 1 minute, then capped 

and vigorously shaken. The caps were removed and DO values were recorded at t = 

5min (oxygen atmosphere) and at t = 60 min (air saturation) (Figures 11 and 37-42).  

Measurements were collected using a Mettler Toledo SG6 SevenGo Pro with an Inlab 

605 dissolved oxygen probe (Figure 12). Data was collected every 5 minutes for 

experiments run at pH 2 (Figure 36).  

We found that the lower critical solution temperature of the DMEAM block84-85 

caused the block copolymers to precipitate at 37 ˚C, pH 7. Although decreasing the 

temperature resulted in the copolymer re-dispersing in water we could not collect DO 

data for these conditions. 
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2.7.5 Transition Electron Microscopy 

Imaging was performed on a Titan G2 80–300 kV transmission electron microscope 

(FEI Inc.) equipped with a 4 k×4 k CCD camera (US4000, Gatan, Inc.). Cryo-TEM: Imaging 

was performed in low dose mode on a Titan Krios operating at 300 kV. Images were 

recorded in zero loss-imaging modes using an energy filter (GIF Tridiem, Gatan, Inc) with 

a slit width of 20 eV. On a typical exposure, the samples received a dose of ~150 e-/Å2. 

Samples of the PPFDA6-b-PDMAEM114, PPFDA6-b-PDMAEM126, PTDFOA10-b-

PDMAEM64 and PHFBA25-b-PDMAEM139 emulsions dried quickly during sample 

preparation allowing us to obtain images of aggregates in the ice, on top the ice and 

even some images of aggregates existing between these two phases. A particle is known 

be out of the ice when there is a white outline around the aggregate indicating that the 

structure is out of phase with the ice that is being focused on by the beam. Collecting 

these images allowed us to see the DMEAM blocks more easily (as they appeared as a 

solid grey shell rather than an indistinct “hairy” corona). The images of dried aggregates 

were obtained for PHFBA25-b-PDMAEM139, PPFDA6-b-PDMAEM114, and PPFDA6-b-

PDMAEM126. TEM images of the PTDFOA10-b-PDMAEM64 micellar dispersion show that it 

is only partially inside the ice (Figure 56A).  
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2.7.6 Atomic Force Microscopy 

By adjusting the strength of the tapping mode-AFM, phase contrast of the spin 

coated films were used to directly visualize and evaluate the samples. (Figures 58-60) 

The HFBA blocks appear to phase segregate with inner cores forming with specific size 

distributions. In all samples, the shape of the micelles remained spherical after repeated 

scanning of several latitudes under the same measurement conditions. The individual 

and round shape of the micelles could clearly be seen from the phase images 

irrespective of film roughness. 

2.7.7 Size Exclusion Chromatography 

Each perfluorinated macroinitiator and block copolymer was dissolved in THF for SEC 

analysis (Figures 33-35). It should be noted that due to the nature of the polymers 

(detailed above). Mw and PDI values determined by SEC analysis were used as an 

indicator or aggregation rather than of actual molecular weight. 

2.7.8 Determining Solubility Range 

Preliminary observations of the copolymers in dispersions showed that solubility 

decreased as pH increased. As such, the highest possible concentration at pH 7 was 

determined and then used throughout the rest of the experiments. To determine the 

maximum concentration that could be used for analysis, an oversaturated dispersion 

was prepared by stirring 70 mg of PHFBA25-b-PDMAEM97 in 5 mL of DI water at pH 7. 
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The mixture was stirred overnight at room temperature, centrifuged (7500 rpm for 15 

min) in a tarred vial, and then decanted into a volumetric flask. The centrifuge vial was 

dried under vacuum and the remaining solid copolymer (24 mg) was used to determine 

that the concentration of the dispersion was 0.92 wt%. As such all DO and DLS 

experiments were performed at ~0.92 wt %.  

A 0.92 wt %. concentration allowed us to disperse the copolymer at all temperatures 

and pH levels except for at 37 ˚C, pH 7. We found that under these conditions, the lower 

critical solution temperature of the DMEAM block84-85 caused the block copolymers to 

precipitate out. Decreasing the temperature resulted in the copolymer re-dispersing in 

water. 

2.7.9 Dynamic Light Scattering 

DLS analysis was used to determine the effects of temperature and pH on the 

aggregate size distribution of each copolymer. 5 ml of 0.92 wt % dispersions were 

prepared at pH 2, 5 and 7. The pH 7 dispersions were prepared in DI water, stirred 

overnight and used for analysis the next day. pH 2 dispersions were prepared in the 

presence of H2SO4; the pH was verified before analysis via a pH meter. Once analysis of 

the pH 2 dispersions was complete, each sample was dialyzed against DI water (10,000 

g/mol cut-off Slide-A-Lyzer 10K Dialysis Cassettes) overnight yielding pH 5 copolymer 

dispersions, which were once again verified using a pH meter. For each dispersion 

prepared, measurements were collected at 4, 25 and 37 ˚C.  
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Generally, at least two populations or a wide size distribution was observed for each 

experiment, implying different sized micelles within the same block copolymer 

dispersion. The size and polydispersity of each block copolymer increased with pH. This 

is due to the deprotonation of the PDMAEM block. PDMAEM is known to deprotonate 

and crash out under neutral conditions at ~40 ˚C.83-84 Deprotonation that occurs at pH 

increases will have a similar effect, resulting in larger, less stable aggregates and more 

turbid dispersions. This variation in size may also explain the trend observed with 

Table 3. Z-average and PDI values of the PHFBA25-b-PDMAEMx, PPFDA6-b-PDMAEMx, and PTDFOA10-b-
PDMAEMx block copolymers as determined by DLS. 

Entry Polymer 

pH 7 pH 5 pH 2 

Temp 
(

o
C) 

Z-Avg. 
(d. nm) 

PDI 
Temp 
(

o
C) 

Z-Avg. 
(d. nm) 

PDI 
Temp 
(

o
C) 

Z-Avg. 
(d. nm) 

PDI 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

PHFBA25-b-PDMAEM97 
PHFBA25-b-PDMAEM97 
PHFBA25-b-PDMAEM97 

PHFBA25-b-PDMAEM139 

PHFBA25-b-PDMAEM139 

PHFBA25-b-PDMAEM139 

PHFBA25-b-PDMAEM180 

PHFBA25-b-PDMAEM180 

PHFBA25-b-PDMAEM180 

PTDFOA10-b-PDMAEM64 

PTDFOA10-b-PDMAEM64 

PTDFOA10-b-PDMAEM64 

PTDFOA10-b-PDMAEM88 

PTDFOA10-b-PDMAEM88 

PTDFOA10-b-PDMAEM88 

PTDFOA10-b-PDMAEM130 

PTDFOA10-b-PDMAEM130 

PTDFOA10-b-PDMAEM130 

PPFDA6-b-PDMAEM114 

PPFDA6-b-PDMAEM114 

PPFDA6-b-PDMAEM114 

PPFDA6-b-PDMAEM126 

PPFDA6-b-PDMAEM126 

PPFDA6-b-PDMAEM126 

PPFDA6-b-PDMAEM138 

PPFDA6-b-PDMAEM138 

PPFDA6-b-PDMAEM138 

4 
20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 

232 
198 
817 
123 
187 

4635 
194 
154 

3417 
74 
60 

7911 
61 
51 

2974 
55 
54 

1559 
70 
59 

252 
58 
51 

218 
82 
71 

166 

0.237 
0.226 
0.028 
0.499 
0.719 
0.217 
0.322 
0.314 
0.375 
0.636 
0.575 
0.027 
0.638 
0.531 
0.569 
0.999 
0.610 
0.224 
0.650 
0.634 
0.086 
0.725 
0.614 
0.136 
0.783 
0.670 
0.146 

4 
20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 

564 
589 
567 
573 
573 
578 
725 
720 
714 
626 
624 
599 
808 
790 
847 
741 
750 
768 
402 
425 
442 
661 
650 
689 
562 
548 
788 

0.267 
0.205 
0.210 
0.173 
0.194 
0.208 
0.275 
0.237 
0.258 
0.298 
0.325 
0.312 
0.299 
0.264 
0.319 
0.257 
0.243 
0.283 
0.245 
0.260 
0.240 
0.244 
0.258 
0.295 
0.229 
0.246 
0.478 

4 
20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 
4 

20 
37 

396 
407 
427 
385 
402 
429 
418 
430 
458 
405 
485 
728 
319 
342 
382 
311 
331 
352 
155 
169 
185 
363 
415 
499 
172 
202 
239 

0.274 
0.256 
0.263 
0.265 
0.270 
0.252 
0.303 
0.316 
0.311 
0.641 
0.484 
0.769 
0.704 
0.612 
0.581 
0.648 
0.666 
0.581 
0.632 
0.570 
0.614 
0.538 
0.488 
0.516 
0.681 
0.621 
0.606 

All of the data were collected at different temperatures and pH levels.  
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PHFBA25-b-PDMAEMx block copolymer dispersions where O2 solubility decreased with 

increasing pH. 

Although PTDFOA10-b-PDMAEMx dispersions did display slightly higher 

concentrations of oxygen that PPFDA6-b-PDMAEMx dispersions, both of these systems 

were comparable to water under many of the temperature and pH conditions. DLS 

analyses of these block copolymers (Figures 43-54) suggest that the aggregates that 

formed were not as stable as those forming in PHFBA25-b-PDMAEMx dispersions and 

therefore cannot dissolve oxygen as well. This decreased stability led to the negligible 

effects of fluorine content within the PTDFOA10-b-PDMAEMx and PPFDA6-b-PDMAEMx 

dispersions. 

2.7.10 Measurements at Low Concentrations 

DLS experiments were performed to explore the effects of different pH and 

temperatures on the self-assembly of the block copolymers in water (Figure 13). Data 

were collected using 0.92 wt % copolymer dispersions (~10 mg/mL) because oxygen 

solubility experiments were run using these concentrations.  

Table 4. DLS data showing the size, Z-average and PDI values for the PHFBA25-b-PDMAEMx, PPFDA6-b-
PDMAEMx, and PTDFOA10-b-PDMAEMx block copolymers collected using 3 and 10 mg/mL dispersions 

Polymer
 

3 mg/mL Dispersions 10 mg/mL Dispersions 

d. nm (percent) PDI 
Z-Avg. 
(nm) 

d. nm (percent) PDI Z-Avg. 
(nm) 

PHFBA25-b-PDMAEM97 400 (90 %), 91 (10 %) 0.320 268 519 (95 %), 76 (5 %) 0.256 407 
PHFBA25-b-PDMAEM139 365 (95 %), 33 (5 %) 0.282 285 530 (94 %), 105 (6 %) 0.270 402 

PHFBA25-b-PDMAEM180 360 (94 %), 46 (6 %) 0.457 261 622 (91 %), 146 (9 %) 0.316 430 
PTDFOA10-b-PDMAEM64 

245 (88 %), 35 (12 %) 0.554 142 
412 (84 %), 76 (11 %), 

14 (5 %) 
0.484 485 

PTDFOA10-b-PDMAEM88 390 (63 %), 137 (26 %),  0.642 148 401 (60 %), 173 (34%), 0.612 342 
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25 (11 %) 16 (6%) 
PTDFOA10-b-PDMAEM130 

399 (77 %), 66 (15 %),  
18 (8 %) 

0.577 183 

696 (82 %), 165 (12 %), 
20 (6 %) 

0.666 331 

PPFDA6-b-PDMAEM114 236 (88 %), 20 (12 %) 0.557 124 290 (91 %), 17 (9 %) 0.570 169 
PPFDA6-b-PDMAEM126 217 (75 %), 1000, (18 %),  

19 (7 %) 
0.525 176 

774 (70 %), 224 (30 %) 0.488 415 

PPFDA6-b-PDMAEM138 242 (73 %), 42 (14 %),  
17 (13 %) 

0.588 95 317 (70 %), 173 (18 %), 
13 (7 %) 

0.621 202 

All of the data was collected at pH 2, 20 ˚C. 

However, 10 mg/mL is a relatively high concentration for DLS analysis and at least 

two populations sizes were generally recorded for each block copolymer. As such, 

similar experiments were run using 3 mg/mL dispersions (at pH 2, 20 ˚C) to determine if 

the multiple-populations were a consequence of the relatively high dispersion 

concentrations. Although the population sizes were shown to decrease slightly with  
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Figure 13. Intensity (lined) and volume (dashed) DLS histograms collected for each block copolymer at pH 
2, 20 ˚C using 2 mg/mL (black) and 10 mg/mL (green) dispersions. 

concentration, the number of populations present did not display a clear dependence 

on the concentration. 

2.7.11 Domain Formation 

DLS analyses of the copolymers were run for each macroinitiator in THF, at 20 ˚C and 

40 ˚C (Figures 14-16) to show that domains form for these block copolymers even when 
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organic solvents are used, explaining the unusual behavior displayed by SEC analysis 

(discussed above). 

 

Figure 14. DLS histogram of PHFBA25-b-PDMAEM97 in THF showing the intensity (solid line) and volume 
(dotted line) in 20 ˚C (purple) and 40 ˚C (orange) dispersions. 

 

Figure 15. DLS histogram of PTDFOA10-b-PDMAEM64 in THF showing the intensity (solid line) and volume 
(dotted line) in 20 ˚C (purple) and 40 ˚C (orange) dispersions. 
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Figure 16. DLS histogram of PPFDA6-b-PDMAEM114 in THF showing the intensity (solid line) and volume 
(dotted line) in 20 ˚C (purple) and 40 ˚C (orange) dispersions. 

 

2.8 Outlook 

In this chapter, we have discussed the successful synthesis of a library of 

perfluorinated amphiphilic block-copolymers via sequential controlled RAFT 

polymerization. Each of the copolymer dispersions are capable of forming 

nanocompartments in water with a hydrophobic fluorinated core and a hydrophilic 

PDMAEM corona that can house gaseous oxygen. The exploration of the nine different 

aqueous dispersions of the block copolymer dispersions showed that the PHFBA25-b-

PDMAEMx copolymers are can significantly improve the oxygen solubility in water. Their 

capacity for oxygen transportation was found to be dependent on pH, on fluorine 
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content, and on temperature. Additionally, we found that we could control the release 

of oxygen from the dispersions by manipulating the pH of the dispersion system.   
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CHAPTER 3 
 

 

Hollow Nanospheres with Fluorous Interiors for Transport of Molecular 
Oxygen in Water 

 

3.1 Abstract 

A dispersion system for saturated fluorocarbon (SFC) liquids housed within 

permeable hollow silica nanospheres with fluorinated interior surfaces is described. The 

nanospheres are well dispersible in water and are capable of the immediate uptake of 

SFCs. The silica nanosphere shells feature reactive functional groups on the exterior 

surface that allow for easy modification, and also readily allow for the permeation 

gases. These features make the SFC-filled nanospheres promising vehicles for respiratory 

oxygen storage and transport, as well as for housing organic oxidation reactions under 

aqueous conditions. The uptake of molecular gaseous oxygen into the nanosphere-

stabilized SFC dispersions is demonstrated. 

3.2 Introduction 

As discussed in the previous chapter, saturated fluorocarbons (SFCs) provide unique 

and often “alien” properties to the materials that incorporate them. These properties 
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afford SFCs a privileged status in modern chemistry. The electronic characteristics of the 

CF bond allows SFCs to have ultra-low polarizabilities and polarities, and to display 

extreme chemical inertness. Additionally, these materials are both exceptionally 

hydrophobic and lipophobic. Liquid SFCs demonstrate an impressive ability to dissolve 

significant amounts of gases, including xenon, nitrogen, carbon dioxide, and oxygen,86-89 

and impressively have been found to dissolve and transport higher concentrations of 

respiratory gases than blood.90 SFC liquids, polymers, and emulsions have applications in 

oxygenation of submerged aerobic cultures,91 in catalysis of aerobic oxidations,55, 92 and 

as avenues for liquid ventilation88, 93 as blood substitutes88, 94and for oxygenation in the 

treatment of lung injuries95. 

Although the ultra-hydrophobic nature of SFCs is often the property that benefits 

their applications,88, 96-97 it also makes the direct incorporation of fluorous compounds 

into water-based systems impossible. As such, an additional compatibilizing agent is 

necessary. A large variety of systems have been used to suspend SFC compounds in 

water, including block copolymers,92, 98 lipids,74 and protein systems99. The lyophobicity 

of fluorinated compounds tends to destabilize SFC emulsions,100-102 therefore leading 

common dispersion approaches to successes that are only temporary. The incorporation 

of SFC liquids into self-assembled polymer nanocompartments has led to stable and 

useful formulations.74, 103 However, the walls of such capsules tend to be impermeable 

to gases; this limits the applicability of these materials. Although fluorinated surfactants 
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can be effective SFC dispersants, these compounds are usually undesirable due to their 

toxicity and their tendency to persist for long periods in the environment.104  

An alternative system that can also facilitate SFC molecules in an water are hollow 

silica nanoparticles. Silica is a cheap inorganic oxide support that has been used to 

create isolated environments.46-47, 51-52 In this chapter, we describe a dispersion system 

for SFCs that is based on the use of permeable hollow silica nanospheres with 

fluorinated interior surfaces that allow for the immediate uptake of the SFC liquids 

(Figure 17). The hollow nanospheres are designed with a hydrophilic exterior surface 

that allows for good dispersion in water51-52. Additionally, the silica nanoparticles are 

gas-permeable, allowing for the uptake of gaseous oxygen. Finally, the system also 

features reactive functional on the exterior and interior surface, allowing for easy 

modification that could be adjusted for a number of different applications. These 

properties make the SFC filled silica nanospheres versatile and promising vehicles for 

both oxygen storage and transport. 

 

Figure 17. Fabrication of Epoxy-hSiO2-FC. 
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3.3 Synthesis and Characterization of Fluorinated Hollow Silica 

Nanospheres  

We began by synthesizing core-shell organosilica-coated silica nanospheres 

(SiO2@OSiO2) using an adaptation of an established procedure.105 23 nm SiO2 

nanoparticles were prepared via the controlled hydrolysis of tetraethoxysilane (TEOS) in 

the presence of L-arginine using an oil-in-water biphasic protocol. These small silica 

nanoparticles were used as seeds to grow larger, 113 nm SiO2 nanoparticles through the 

controlled hydrolysis of additional TEOS (Figure 18). SiO2@OSiO2 was then obtained 

 

Figure 18. TEM images showing the growth of SiO2@SiO2 silica seeds during synthesis starting from A) 23 
nm and growing to B) 55 nm C) 84 nm and D) 113 nm  
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from the 113 nm cores by depositing a layer of ethyl-bridged organosilica onto its 

surface through the hydrolysis of 1,2-bis(triethoxysilyl)ethane. 

Next, the hydrophilic exterior surface of the silica nanoparticles was established. 

Assuming a maximum hydroxylation (~6.5 mmol OH g1),106 the external surface of the 

SiO2@OSiO2 nanoparticles was functionalized with (3-glycidyloxypropyl)trimethoxysilane 

(ETMEOS) (0.3 eq. per 1 equiv. of OH). The reaction was performed in dry toluene in the 

presence of triethylamine to yield the Epoxy–SiO2@OSiO2 nanoparticles. An IR spectrum 

of the Epoxy–SiO2@OSiO2 particles suggested that most of the surface OH groups were 

capped in this reaction (Figure 19). We have hypothesized that the remaining epoxide 

functionalities would be hydrolyzed and transformed to hydrophilic diols in the base-

mediated SiO2 core hydrolysis step.  

The Epoxy-SiO2@OSiO2 particles were then treated with aqueous NaOH at pH 13 at 

room temperature to yield hollow Epoxy–hOSiO2 nanospheres. A similar procedure was 

performed with unfunctionalized SiO2@OSiO2 first, resulting in hollow hOSiO2 particles 

and confirming that the organosilica shells are stable against hydrolysis under these 

conditions. IR and Raman spectra of the Epoxy–hOSiO2 material indicated that a 

significant fraction of the epoxide groups on the outer surfaces of the hollow spheres 

remained intact after the etching procedure (Figures 19 and 20). The IR vibrational band 

at 915 cm1 and Raman band at 1270 cm1 are highly characteristic of the epoxide ring.  
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Figure 19. IR spectra of 1) SiO2@OSiO2, 2) hOSiO2, 3) Epoxy-OSiO2@OSiO2, 4) Epoxy- hOSiO2, and 5) Epoxy-
hOSiO2-FC.  

Retaining the epoxides is highly beneficial, as the reactive groups can be further 

exploited to introduce targeting or solubilizing functionalities, or can be used to 

incorporate the nanospheres into a polymeric material. 

Epoxy–hOSiO2 was then functionalized with 1H,1H,2H,2H-perfluorodecyl-

triethoxysilane to yield Epoxy–hOSiO2–FC nanospheres. As the silanol groups on the 

external surface of the spheres were already capped with ETMEOS, functionalization 

was limited to the internal surface. Attachment of the fluorous silane could be 

conveniently confirmed by IR and Raman spectroscopies (Figure 19 and 20). Vibrational 

bands at 1247 and 1206 cm-1
1 corresponding to asymmetric stretches of CF2 groups 

appeared in the IR spectrum of the material; –CF2– characteristic bands at 722, 303 and 

383 cm1 were observed in the Raman spectrum. Primary localization of the hydrophobic  
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Figure 20. Raman spectra of Epoxy-HOSiO2-FC. 

fluorous group onto the interior surface was then confirmed as the Epoxy–hOSiO2–FC 

nanospheres were still wettable by water after this second functionalization step. An 

analogous hydrocarbon-functionalized material, Epoxy–hOSiO2–HC, was similarly 

prepared by treating Epoxy–hOSiO2 with decyltriethoxysilane instead. TEM analysis 

revealed satisfyingly regular wall structures for the nanospheres , with almost no breaks  

 

Figure 21. TEM images of hollow silica A) Epoxy-hOSiO2, B) Epoxy-hOSiO2-HC, and B) Epoxy-hOSiO2-FC.  
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or cracks (Figure 21). Additionally, no residual SiO2 cores could detected and TEM 

analysis of the samples showed that the shells of all the hollow nanoparticles were ~10 

nm thick. 

Nitrogen sorption measurements (Figure 22) showed that the isotherms of the 

Epoxy–hOSiO2, Epoxy–hOSiO2–HC, and Epoxy–hOSiO2–FC nanoparticles follow 

combinations of IUPAC type IV isotherm and the H3-type hysteresis loop.105 The IUPAC 

type IV isotherm indicates the presence of mesoporous structures, which is ascribed to 

irregular small channels in the hollow silica wall (as will be discussed below, these 

mesopores are responsible for the incorporation of fluorous solvent into the Epoxy–

hOSiO2–FC nanospheres). The H3-type loop does not have a plateau at high relative 

pressures. This observation indicates the existence of macroporous structures, as it 

relates both to inter-particle stacking pores and the internal hollow spaces.105 The 

specific surface areas of Epoxy–hOSiO2, Epoxy–hOSiO2–HC, and Epoxy–hOSiO2–FC were 

determined to be 453, 443, and 378 m2·g-1, respectively. Although the expected 

decrease in specific surface area for both Epoxy–hOSiO2–FC and Epoxy–hOSiO2–HC are 

observed, the fluorocarbon-functionalized nanoparticles show a much larger apparent 

decrease. This difference can be attributed to the higher molecular weight of the FC 

silane in comparison with the HC counterpart. Given the same surface density of 

functionalization, the FC-functionalized particles are expected to be heavier. 
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Figure 22. Nitrogen sorption isotherm for Epoxy–hOSiO2 (purple), Epoxy–hOSiO2–FC (orange), and 
Epoxy–hOSiO2–HC (green).  

 

3.4 Solubility of Saturated Fluorocarbons in the Fluorinated Hollow Silica 

Nanoparticles 

To explore the ability of the Epoxy–hOSiO2–FC nanoparticles to solubilize SFCs, we 

began by dispersing 20 mg of the silica material into water with gentle sonication. No 

obvious aggregation was observed and the material readily floated to the surface. An 

SFC liquid (200 ml of perfluorodecalin (PFD) or perfluoromethylcyclohexane) was then 

incorporated into the system by simply adding the SFC and then shaking the vessel for a 

few seconds. All of the Epoxy–hOSiO2–FC nanoparticles were shown to disperse through 

the mixture or sunk completely to the bottom of the vial. Low-power sonication of these 

mixtures resulted in a dispersion of SFC-filled Epoxy–hOSiO2–FC nanospheres. Upon 
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heating the fluorocarbon liquid evaporated and the Epoxy–hOSiO2–FC material once 

again floated to the surface of the mixture. This sink/surface cycle could be repeated at 

least five times without any visible change in the reversibility of the material. No free 

droplets of the SFC liquids could be observed in the dispersions either microscopically by 

the naked eye or, indicating an impressive capacity of the Epoxy–hOSiO2–FC to take up, 

solubilize, and release these ultra-hydrophobic liquids in water. Conversely, the 

hydrocarbon-lined Epoxy–hOSiO2–HC silica nanoparticles did not sink upon the addition 

of SFCs, and SFC droplets could be seen when added to this system; this indicates that 

the SFCs could not absorbed into the hydrocarbon lined silica nanocompartments.  

cryogenic-TEM (cryo-TEM) analysis was then performed on the aqueous 

PFD@Epoxy–hOSiO2–FC dispersion (Figure 23). In the bright-field image, a number of 

intact Epoxy–hOSiO2–FC particles were observed. Furthermore, no visible 

morphological changes were observed in the wall structures when compared with the  

 

Figure 23. TEM images of hollow silica A) Epoxy-hOSiO2-FC filled with B) perfluorodecalin, and C) 
perfluoromethylcyclohexane.  
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dry-state image. It should be noted that it is immediately apparent that two distinct 

populations of the nanospheres are present: empty hollow spheres and spheres that are 

filled with an electron-dense substance. To verify that the electron-dense content 

observed in the cryo-TEM images were in fact SFC moleucles, we obtained silicon- and 

fluorine- mapping images of the same sample region (Figure 24).107 As expected, all the 

particles that were visible in the bright-field image could also be seen in the Si-specific 

image. Additionally, in the Si mapping image, no significant differences were observed in 

between the brightness of the filled and empty nanospheres. However, in the F- 

mapping image, only the filled particles were apparent while the intensity of the regions 

corresponding to the empty particles barely raised above background level. These 

observations strongly suggest that the interiors of the nanospheres were indeed filled 

with perfluorodecalin. 

 

Figure 24. cryo-TEM images perfluorodecalin filled A) Epoxy–hOSiO2–FC shown with the corresponding 
images mapping B) Si and C) F.  
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3.5 Solubility of Oxygen in the Fluorinated Hollow Silica Nanoparticles 

Finally, we evaluated the efficiency of the PFD@Epoxy–hOSiO2–FC dispersion at 

dissolving oxygen in water. Using the same procedure utilized in the previous chapter, 

we examined the solubility of oxygen and the kinetics of oxygen release from oxygen-

oversaturated solutions for a range of related multiphasic hollow silica nanoparticle 

systems. Deionized water and the different silica dispersions were stirred vigorously in 

vials filled with pure O2. The vials were then opened and exposed to air, and the 

evolution of the dissolved oxygen concentration in the system over time was 

electrochemically followed using a Mettler Toledo Inlab 605 immersion oxygen probe 

(Figure 25).55, 92 

The addition of a small droplet of perfluorodecalin to plain DI water did not improve 

the concentration of oxygen; this is because the SFC droplet has a small surface area and 

both gas uptake and release from these droplets are slow processes. When the hollow 

silica nanospheres were added to water (either fluorocarbon- or hydrocarbon-lined) 

without an SFC present, there was also no significant change in gas sorption properties 

as compared to DI water. Similar results were observed with the combination of the 

Epoxy–hOSiO2–HC and perfluorodecalin, as the SFC liquid failed to disperse in the 

presence of the hydrocarbon-lined nanospheres. However, the PFD@Epoxy–hOSiO2–FC 

dispersion dissolved and retained measurably higher amounts of oxygen than any of the  
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Figure 25. Kinetics of O2 release from O2 oversaturation H2O and aqueous dispersion of various Epoxy-
hOSiO2 materials and PFD. Fit lines included only for readability.  

control samples. This indicates that the OSiO2 nanosphere shells are permeable to both 

SFC liquids and oxygen. 

3.6 Experimental Section 

3.6.1 Materials  

Tetraethyl orthosilicate ( 99.0 %, Sigma-Aldrich), 1,2-bis(triethoxysilyl)ethane (96.0 

%, Sigma-Aldrich), L-arginine (99.0 %, Sigma-Aldrich), (3-glycidyloxypropyl)trimethoxy-

silane ( 98.0 %, Sigma-Aldrich), triethylamine ( 99.0 %, Sigma-Aldrich) and  

1H,1H,2H,2H-perfluorodecyltriethoxysilane (97.0 %, Sigma-Aldrich) were purchased and, 

unless stated otherwise, were used without any modification. 
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3.6.2 Synthesis of Silica Core Templates 

A modified version of a published procedure105 was used to synthesize hollow silica 

nanoparticles from solid silica core templates. Silica cores with different diameters were 

synthesized by building upon smaller silica cores, starting with a 23 nm silica seed. The 

silica seed (14 nm in diameter) was produced using an oil-water biphasic method. De-

ionized water (35.00 g), L-arginine (0.040 g), and TEOS (2.60 g) were added to a round-

bottom flask (50.0 ml) and the mixture was stirred (500 rpm) on a hot plate at 60 ° C 

until the organic layer (TEOS) disappeared due to its incorporation into nanoparticles 

(24 h). The mean diameter of the resulting silica core measured to be 23 nm by TEM 

To synthesize 55 nm silica cores, deionized water (40.0 g), L-arginine (0.050 g), and 

TEOS (13.0 g) were added to the above 14 nm silica seed solution (10.0 g). This mixture 

was stirred (500 rpm) on a hot plate at 60 ° C until the organic layer (TEOS) disappeared 

due to its incorporation onto the nanoparticles (72 h). The mean diameter of this silica 

core was determined to be 55 nm by TEM. 

To synthesize 84 nm silica cores, deionized water (100.0 g), L-arginine (0.1515 g), and 

TEOS (30.0 g) were added to the 84 nm silica seed solution (50.0 g). This mixture was 

stirred (500 rpm) on a hot plate at 60 °C until the organic layer (TEOS) disappeared due 

to its incorporation onto the nanoparticles (96 h). The mean diameter of the resulting 

silica core was measured as 120 nm by TEM. 
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3.6.3 Fabrication of organosilica shells on 84 nm silica cores (SiO2@OSiO2) 

A solution of 84 nm silica cores (50 ml) was added to deionized water (200.0 ml). L-

arginine (0.20 g) and 1,2-bis(triethoxysilyl)ethane (12.40 ml) were added to this mixture 

and it was stirred (500 rpm) at 60 ° C until the organic layer (1,2-

bis(triethoxysilyl)ethane) disappeared (120 h) via nanoparticle-incorporation. After that, 

the SiO2@OSiO2 was collected by centrifugationat 7500 rpm for 40 min, washed with 

de-ionized water and ethanol, and dried under high vacuum for further use. 

3.6.4 Exterior surface functionalization of SiO2@OSiO2 (Epoxy–SiO2@OSiO2) 

(3-glycidyloxypropyl)trimethoxysilane molecules were introduced onto the exterior 

surface of the SiO2@OSiO2  nanoparticles by reacting the silica (2.0 g) with (3-

glycidyloxypropyl)trimethoxysilane (1.0 ml) in the presence of triethylamine as a catalyst 

(0.50 ml). The reaction was run in dry toluene (100 ml, dried using Zeolite 3A) at 90 ° C 

for 12 h then the silica was isolated from toluene by centrifugation at 5000 rpm for 15 

min. The Epoxy-functionalized core-shell silica was washed with toluene (x2) and 

acetone (x2) and then dried under vacuum. Note: calculations for the amounts of of 

silica and (3-glycidyloxypropyl)trimethoxysilane used were calculated based on the 

assumption that silica has a maximum degree of hydroxylation (ca. 6.5 mmole OH g-1)108 

and that one mole of (3-glycidyloxypropyl)trimethoxysilane reacted with three moles of 

OH. 
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3.6.5 Removal of silica cores from SiO2@OSiO2 (hOSiO2) 

The silica cores were removed from SiO2@OSiO2 (5.0 g) via etching with a NaOH 

solution (6.0 g NaOH in 1500 ml H2 O). The nanoparticles were then washed with water 

(x2) and acetone (x2); centrifuging between each wash cycle (5000 rpm, 15 min) after 

each washing cycle, resulting in empty organosilica shells as the final product and 

showing that the organosilica shells (organosilica) are stable in the presence of 

concentrated sodium hydroxide 

3.6.6 Removal of silica cores from Epoxy-SiO2@OSiO2 (Epoxy–hOSiO2) 

The organosilica shells (organosilica) are stable in the presence of concentrated 

sodium hydroxide while the silica cores (inorganosilica) are not. As such, the silica cores 

were removed from Epoxy-SiO2@OSiO2  (5.0 g) via etching with a NaOH solution (5.0 g 

NaOH in 330 ml H2O). The nanoparticles were then washed with water (x2) and acetone 

(x2); centrifuging between each wash cycle (5000 rpm, 15 min) after each washing cycle, 

resulting in empty organosilica shells as the final product. 

3.6.7 Interior surface functionalization of SiO2@hOSiO2 (Epoxy–hOSiO2–FC and 

Epoxy–hOSiO2–HC) 

Epoxy–hOSiO2–FC: Epoxy-hOSiO2 (200 mg) was mixed with anhydrous toluene (200.0 

ml) and then 1H,1H,2H,2Hperfluorodecyltriethoxysilane (0.182 ml) was added. The 

reaction was run at 80 ° C for 24 hours with vigorous stirring under positive argon flow. 
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The next day the solvent was filtered off and then the solid product was washed with 

toluene, acetone, and ethanol (x3 each). The modified hollow silica shells were dried 

under high vacuum at room temperature. 

Epoxy–hOSiO2–HC: Epoxy-hOSiO2 (200 mg) was mixed with anhydrous toluene 

(200.0 ml) and then n-decyltriethoxysilane (0.126 ml) was added. The reaction was run 

at 80 ° C for 24 hours with vigorous stirring under positive argon flow. The next day the 

solvent was filtered off and then the solid product was washed with toluene, acetone, 

and ethanol (x3 each). The modified hollow silica shells were dried under high vacuum 

at room temperature. 

3.6.8 Transmission Electron Microscopy (TEM) 

Cryo-TEM samples were vitrified using an ultra-rapid freezing technique: 2 μl of 

sample was pipetted onto a copper grid coated with a holey carbon layer and then 

blotted from both sides. The blotted grid was frozen in liquid ethane using a vitrobot 

(FEI Inc.) and then loaded onto Gatan’s side-entry cryo-transfer holder, model 626 (the 

temperature of which was kept at -192 °C during the whole loading process). The holder 

was then loaded into the TEM instrument and then analyzed. The fluorine and silicon 

elemental mappings were performed on the same TEM instrument in Cryo-TEM mode. 

Some low-resolution TEM images were collected using on a Tecnai G2 Spirit TWIN 

microscope (FEI Inc.). 
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3.6.9 Brunauer-Emmett-Teller Analysis 

The surface area, pore size distribution, and pore volume data of the materials 

obtained were from nitrogen sorption measurements using and automatic analyzer 

(Micromeritics ASAP 2420). The samples were degassed under vacuum at 100 ˚C for 2 h 

prior to analysis and measured at -196.15 ˚C. 

3.6.10 MicroRaman Sepctroscopy 

Raman spectra were collected for our samples using a Raman microprobe (HORIBA 

LaRAM ARAMIS) equipped with a HeNe laser excitation source (excitation at 632.81 

nm). An Olympus microscope was used to focus the laser beam on each of the samples. 

The instrument was calibrated using a silicon substrate with a Raman shift at 521 cm-1 

before measuring the samples. 

3.6.11 Measurement of Dissolved Oxygen 

Dissolved oxygen (DO) measurements were collected for the silica nanoparticles 

using the same procedure discussed in Chapter 2. Epoxy-HOSiO2-FC nanoparticles (20 

mg), deionized water (5.0 ml), and perfluorodecalin (200 ul) were mixed in a 20 mL vial 

and sonicated for 5 minutes. Afterwards, the suspension was flushed with O2 for 1 min, 

then capped and vigorously shaken. The cap was removed and the DO was recorded 

every 5 min using an oxygen probe (Mettler Toledo SG6 SevenGo Pro with an Inlab 605 

probe) – immersion of the oxygen probe was continuous during O2  measurements. 
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Measurement were collected at 25 ° C under atmospheric pressure, stirred with a 

magnetic bar at 300 rpm and repeated three times in parallel for each sample. The DOs 

in the control samples (fluorocarbon solvent in water without hollow Epoxy–HOSiO2–FC 

nanoparticles, fluorocarbon solvent in water with Epoxy–HOSiO2–HC nanoparticles, and 

water with Epoxy–HOSiO2–FC) were measured exactly the same way. 

3.7 Outlook 

Within this dissertation, the effects of two different nanoconfinement systems on 

dissolved gases in water were explored. Both nanocompartments utilize fluorinated 

systems that allow for increased solubility of oxygen in water at both oxygen saturation 

(5 minutes after bubbling oxygen through the system) and at air saturation (60 minutes 

after bubbling oxygen through the system).  

Chapter 3 explores the use of perfluorinated block copolymers that could form 

aggregates in water. Nine block copolymers were synthesized using three different 

perfluorinated monomers. The hydrophilic tail of each these polymers was composed of 

DMAEM, allowing for pH control over their aggregate morphology in water. This led to 

controlled oxygen release using the PHFBA25-b-PDMAEM97 copolymer.  

Chapter 4 describes the synthesis of fluorocarbon-lined hollow organosilica 

nanospheres bearing moderately hydrophilic epoxide functionalities on their exteriors. 

The walls of these particles are permeable to both SFC liquids and gases allowing for 



 

 
 

87 

their use as nanocompartments that can house highly fluorinated compounds and can 

sustain an oxygen-rich environment. Additionally, the hydrophilic exterior surface makes 

these nanospheres uniquely capable of creating stable SFC dispersions in aqueous 

media, and useful for oxygen transport and slow release. This study can be further 

expanded by exploring the use these hollow nanoparticles in supporting catalysis and/or 

oxidation reactions in water.  

Both of these systems could potentially be used to facilitate oxidation reactions and 

it would be interesting to compare their efficiency for different reactions. Although a 

direct comparison could be made with the data collected so far (Table 5), it should be 

noted that the oxygen solubility measurements made for these two chapters are 

incomplete.  

Table 5. Oxygen concentrations at oxygen saturation and air saturation for different systems. 

System Oxygen Saturation (µM) Air Saturation (µM) 

watera 650 280 
waterb 650 280 

PFD@Epoxy–hOSiO2–FCa 840 340 
PHFBA25-b-PDMAEM97

b 900 390 
PHFBA25-b-PDMAEM139

b 800 380 
PHFBA25-b-PDMAEM180

b 750 370 
PTDFOA10-b-PDMAEM64

b 670 310 
PTDFOA10-b-PDMAEM88

b 660 320 
PTDFOA10-b-PDMAEM130

b 710 320 
PPFDA6-b-PDMAEM114

b 590 310 
PPFDA6-b-PDMAEM126

b 640 310 
PPFDA6-b-PDMAEM138

b 660 310 
aData collected at 20 ˚C, pH 7. bData collected at 20 ˚C pH 2.  
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The oxygen within both of these systems exists in an equilibrium between water and 

air and between water and the silica/micelles (Figure 26A). The oxygen probe of the 

Mettler Toledo SG6 SevenGo Pro electrochemically measures the amount of oxygen in 

water only (not within the micelles/silica nanoparticles). As such, the oxygen  

 

Figure 26. a) schematic cartoon showing the two different equilibrium systems for oxygen gas; b) the 
dissolved oxygen measurements over time in water (blue) and in the PHFBA25-b-PDMAEM97 (purple) 
emulsion; data was collected at pH 2 and the relevant integrated areas are highlighted. 
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concentrations recorded likely vastly underestimate the actual amount of oxygen gas in 

the system. Additionally, these systems compare the apparent rate of oxygen release. A 

better comparison for these systems would be measuring the difference in the 

integrated area under the dissolved oxygen curves over time (Figure 26B) rather than 

the apparent rate of release. 

However, the benefits of confinement, within micelles, aggregates, or silica systems 

are obvious. Within the self-replicating micellar system specifically, the effects of 

confinement have led to the pre-concentration of substrates, allowing for increased 

reaction rates or improved conversion rates. Both of the fluorinated systems have led to 

increased dissolved oxygen systems in water and show that confinement systems can be 

designed to support specific environments (specifically oxygen rich atmospheres in 

aqueous systems). Current research continues to explore the effects of nanoscale 

confinement;4, 7, 18, 28, 34-45 I believe that future projects could focus on the synthesis of 

hybrid systems for nanoconfinement (such as polymer-grafted hollow silica 

nanoparticles or MOFs) and on comparing the different systems that have been utilized. 



 

 
 

90 

CHAPTER 4 
 

 

Amplification of Chirality through Self-Replication of Micellar Aggregates 
in Water 

 

4.1 Abstract 

A system of chiral self-replicating micellar aggregates has been shown to lead to the 

spontaneous magnification of chirality within the products of the reaction. The 

amphiphiles are synthesized using two “clickable” fragments: a hydrophobic azide “tail” 

and a water-soluble chiral “head” with two alkyne functional groups. The reaction is 

autocatalytic under biphasic conditions because the aggregate products lead to the 

facilitation of the transfer of the hydrophobic azides into the aqueous phase. Chiral, 

partially enantio-enriched surfactant heads are used, leading to a strong nonlinear 

induction of chirality in the reaction products is observed. Pre-seeding the reaction 

mixture with an amphiphile of one chirality has been shown to lead to the amplification 

of this product and displaying information transfer from the “mother” to the “daughter” 

aggregates. Because our amphiphilic systems are capable of catalysis, information 

transfer between generations, as well as self-assembly into bounded structures, they 
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present a conceivable model for pre-nucleic acid “lipid world” entities and could be 

further explored in systems chemistry. 

4.2 Introduction 

The development of random lipids and proteins floating in a primordial ooze into the 

complex systems and functions that support life today is a mystery that has been highly 

explored.109-111 The occurrence of the ability to self-replicate is especially intriguing, as 

this process had to develop before life could even begin. To this end, there have been a 

number of studies that have explored artificial self-replicating systems.112-117 Self-

replicating vesicles118 and micelles111, 119 are especially promising as their non-covalently 

bound structures are reminiscent of living cells. Furthermore, self-replicating micelles 

can function as nanocompartments from organic information and functionalities within 

an aqueous media. These nanocompartments can support organic material in water, 

allow for thousands of different reactions to occur within one organism without 

interfering with each other, and, by passing on information from one generation to the 

next, allow for evolutionary selection.120-121  

There are two major types of artificial self-replicating systems: template guided116, 122 

and autopoietic.109, 123-124 Template guided systems refer to the directed self-duplication 

of molecules and sequenced polymers. This occurs in the cell during the production of 

RNA from DNA. von Kiedrowski et al. provided an artificial example of a simpler system  
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Figure 27. A) Template self-replication: stepwise replication of the Tröger’s base analogue by 
macrocyclization and covalent templating; image taken from literature 125 B) Autopoietic self-replication: 
the image shows the concentration of caprylate as the hydrolysis of ethyl caprylate occurs under aqueous 
conditions; a dramatic increase in reaction rate occurs when caprylate micelles are present and can house 
the reaction; image take from literature.119 

involving the stepwise replication of a Tröger base analogue (Figure 27A).125 On the 

other hand, autopoietic systems replicate similarly to mitotic cell division, where the 

replication of a structure is confined to the clearly defined boundaries of the structure 

itself, for example within a cell membrane or in the surfactant boundary of a micelle.126 

Within these systems, the reaction responsible for self-replication is, at the very least, 

more efficient within this boundary. This is because of solvent effects and the local pre-
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concentration of the substrate that occurs within the micelle.127-128 For example, Luisi et 

al. presented a system where the aqueous hydrolysis of ethyl caprylate was shown to be 

more efficient when taking place within the boundaries of micelles made of caprylate 

ions (Figure 27B).119  

The Luisi experiment underscores the importance of a suitable environment for the 

reaction to take place in. It also introduces the general idea for the mechanism of the 

micellar self-replication. Usually, this mechanism begins with the phase transfer of 

substrates to the micelle boundaries where the amphiphile can be produced. As the 

amphiphilic population increases, the micelles break up, producing more micelles with 

boundaries for the reaction to take place in. If no micelles were present at the start of 

the reaction, as in the Luisi experiment, the production of the amphiphile still occurs but 

is stunted. Once there is a high enough concentration of the amphiphile, micelles can 

form and the reaction is accelerated. The concentration at which micelles can stably 

form is known as the critical micelle concentration (CMC) or critical aggregate 

concentration (CAC).  

In addition to autopoietic self-replicating systems that are based on bond-breaking 

reactions, there have also been systems designed around bond making reactions.117, 129 

For example Zepik et al. synthesized zwitterionic gemini surfactants that spontaneously 

form vesicles in solution as they are forming. (Figure 28).129 This chapter explores the 

self-replication of micelles that can  
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Figure 28. Alkylphosphothioates and N-(2-bromoethyl)-N,N-dimethylammonium surfactants react to form 
a zwitterion that can from multilayered vesicles upon synthesis. Image based off of a figure from 
literature.129 

undergo selective autocatalysis to show how non-living aggregates can pass on 

elementary information to new generations of aggregates. The aggregates that we are 

describing formed from the products of a reaction between the dialkyne 

binaphthylphosphate 1 and heptyl azide 2 via the copper-catalyzed azide-alkyne 

cycloaddition (CuAAC) reaction130-131 (Figure 29) Similar to the Luisi experiment,119 this 

reaction was run under biphasic conditions. 

 

Figure 29. Biphasic CuAAC reaction between the dialkyne binaphthylphosphate and the alkyl azide. 
Images taken from literature.132 
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Dialkyne 1 was selected because it has a distinct asymmetry and both enantiomers 

were easily accessible synthetically. A CuAAC reaction of 1 with 2 could result in 

amphiphilic mono- and di-triazoles 3 and 4 and ee of the products could be easily 

determined by liquid chromatography – mass spectrometry (LCMS) analysis. 

4.3 Synthesis and Reaction Kinetics of Self-Replicating Micelles  

Without any micelles present, the biphasic reaction between (RS)-1 (50 % ee of (S)-1) 

and 2 starts slowly at the interphases of the system. As the concentrations of 3 and 4 

increase, the amphiphiles begin to aggregate until CAC is achieved. At this point, the 

autopoietic self-replication of the micelles is initiated as the accelerated phase transfer 

of azide 2 to the aqueous phase leads to a corresponding increase in reaction rate. LCMS 

analysis allowed us to monitor both conversion of 1 and the ee of 3 and 4 (Figure 30).  

In a reaction with equimolar amounts of (RS)-1 and 2 (Figure 30A), conversion of the 

major (S)-1 enantiomer towards product begins almost immediately while of the 

minority enantiomer (R)-1 shows a brief induction period. This leads to the ee of both 

triazole products 3 and 4 being enhanced, as comparted to (RS)-1, at the start of the 

reaction. To determine why they ee value was enhanced for 3, we performed LCMS 

analysis on aqueous and methanolic solutions of (RS)-1. Both samples were filtered 

through 0.2 µm PVDF membrane filters. While the methanolic solution showed an ee 

value of 50 % after filtering, the aqueous solution had a 95 % ee value. These results  
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Figure 30. Concentration and ee’s of 3 and 4 as a function of time over the first 500 minutes of the 
reaction. Curves were generated by the least-squares fit of data to empirical Hill-type sigmoidal function. 
The conditions include A) 2.5 mM of 1 and 2, B) 2.5 mM of 1 and 2 and 250 µM of S-ditriazole 4, C) 2.5 
mM of 1 and 2 and 250 µM of (RS)-4, and D) 2.5 mM of 1 and 2 and 16.4 mM of SDS.  

imply that (RS)-1 aggregates have poor solubility in water and are removed from the 

reaction at the initial stages. However, this difference in solubility cannot account for 

the sigmoidal conversion of (R)-1 as compared to (S)-1, nor the fact that ee evolution of 

4 did not follow the ee evolution of 3. Instead, we hypothesized that 4 is a better phase 

transfer catalyst than both 1 or 3.  

This hypothesis was tested by seeding a reaction with 10 mol % of (S)-4 (Figure 30B). 

With this addition, the rate of the reaction was accelerated, showing 30 % conversion of 

2 after 30 minutes (as compared to the 3 % observed when the reaction was not seeded 

with 4). It is interesting that the addition of (S)-4 did not have an effect the production 

(R)-3 or (R)-4. Instead there was a significant increase in rate of the production of (S)-4, 
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reaction ~0.5 mM after 30 minutes and then resuming a slow growth over the next eight 

hours. Additionally, the concentration of (S)-3 remained low indicating that the reaction 

from (S)-3 to (S)-4 is very fast. This kind of kinetic behavior cannot occur in a simple 

sequential reaction. 

This CuAAC reaction was repeated again, seeding the reaction with 10 mol % of (RS)-

4 instead. Under these conditions, the reaction was accelerated, but was not as quickly 

as the reaction pre-seeded with enantiopure 4 (Figure 30C) was. Although the presence 

of (RS)-4 did increase conversion to (S)-4, the conversion of (R)-4 was not affected. This 

may indicate that there is a minimum concentration of 1 that must be present for the 

autopoietic self-replication to be accelerated.  

When 2 is added to the reaction mixture in excess, the initial rate of the reaction is 

increased for both enantiomers. This indicates that, although 1 is not soluble in hexane, 

it can expedite the transfer of 2 to the aqueous phase, allowing the (RS)-1 to undergo 

the CuAAC reaction and from (RS)-3. It should be noted that once 3 formed, there was 

not observation increase in the reaction rate indicating that 3 is not a better phase 

transfer agent then 1.  

4.4 Theory Behind the Observed Kinetics  

The growth-plateau kinetics observed for the (S)-4 enantiomer, as well as the 

changers that were observed in the kinetics of the reaction when seeded with (RS)-4 
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and (S)-4 led us to propose a mechanism where two different micelles form in solution 

(Figure 31). The first micelle that forms begins through the aggregation of (R)-1 and (S)-

1. As the CuAAC reaction proceeds, the concentration of 3 increases in solution. This 

leads to a racemic aggregate M1 made up of 3 and 1 that, as mentioned previously, 

function as a phase transfer agents for azide 2 to the aqueous phase. This M1 micelle 

has no preference for (R)- or (S)- products. Because 1 and 3 are not as efficient at 

transferring azide 2as 4 (previously mentioned), the concentration of 2 is relatively low 

in the M1 micelles. This leads to 3 being the preferred product during the initiation 

stages of the reaction within M1 micelles. 

When the reactions are pre-seeded with di-triazole (S)-4, predominantly homochiral 

micelles M2 form. Based on the increase in (S)-4 observed (Figure 30B), we assume that 

the incorporation of 1 into these micelles stereoselectively 

 

Figure 31. Proposed mechanism of chiral amplification. a) Formation of M1 aggregates through a 
sequential 1 → 3 → 4 process; b) Autocatalytic amplification of S-4 in M2 aggregates 
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favors the same chirality. However, both 1 and the surface of M2 are negatively 

charged. This slows down incorporation of dialkyne 1 while the assimilation of azide 2 is 

increased by the diatriazole’s presence. This leads to high local concentrations of 2 as 

compared to 1 in the M2 micelles. As such, di-triazole 4 is the predominant product. 

Later in the reaction, when 1 is depleted and is no longer transferred into the M2 

micelle, the acceleration phase ends.  

To confirm our theory on the stereoselectivity of homochiral M2 micelles, we ran 

CuAAC reaction pre-seeded with sodium dodecyl sulfate (SDS) (Figure 30D). We added 

SDS at a concentration that was twice its CMC to ensure that micelles were present at 

the start of the reaction. As expected, the non-chiral SDS micelles accelerated the 

reaction indiscriminately (between (R)- and (S)- enantiomers). The negative charge of 

the SDS amphiphiles allowed for the same discrepancy between 1 and 2 as di-triazole 4 

(incorporation of 2 into the micelles occurs faster than incorporation of 1). As such, pre-

seeding the reaction with SDS also lead to a preference for the production of di-triazole 

4 over mono-triazole 3 – even though the reaction was run with only one equivalent of 

azide 1. The ee of both products 3 and 4 was amplified relative to 1, but not to the same 

extent as it was in the reactions pre-seeded with 4, or in the non-seeded reaction. This 

indicates that some residual long-range order remains in SDS micelles containing 1, 3 

and 4, but the self-organization of the binaphthol "heads" is disrupted. 
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4.5 Characterization of the Aggregation Behavior of Different Micelles 

The aggregation behavior of 3 and 4 in solution were further explored using cryoTEM 

(Figure 61) analysis and fluorescence emission spectroscopy (Figure 62). Racemic and 

enantiopure triazoles were investigated individually. cryoTEM images clearly show that 

the racemic compounds form a greater diversity of structures in solution than the 

enantiopure triazole aggregates. Additionally, although both (RS)-4 and (S)-4 aggregates 

showed ellipsoidal structures, the ellipses formed by (RS)-4 were smaller.  

Fluorescence emission spectroscopy was used to determine the CAC values of (S)-3 

(2.6-4.1 µM), (RS)-3 (6.9-9.2 µM), (S)-4 (1.5 µM), and for (RS)-4 (2.1-2.2 µM). The 

enantiopure triazoles displayed lower CAC values thank their racemic counterparts. This 

implies that the enantiopure micelles form more stable structures. 

The cryoTEM and fluorescence studies support the existence of a long-range order in 

the assemblies of both enantiopure and racemic 3 and 4. Furthermore, the tendency of 

(S)-4 to aggregate into highly monotonous ellipsoidal structures suggests that at the 

initial autocatalytic stage of the reactions the number of aggregates increases as the 

reactions progress. While the formation of new aggregates “from scratch” is a 

possibility, this hypothesis does not readily explain the autocatalysis phenomena, or the 

unusual 1 → 4 kinetic behavior. Therefore, self-replication of the aggregates through 

growth and partitioning is a more likely operational mechanism. 
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4.6 Experimental Section 

4.6.1 Materials and Synthetic Techniques 

All reagents and solvents were provided by commercial suppliers (Sigma-Aldrich, 

Fisher Scientific and VWR) and used without further purification, unless otherwise 

noted. Reactions that required anhydrous conditions were run under positive nitrogen 

or argon pressure using standard Schlenk line techniques. Labeled phosphoryl chloride 

was prepared from PCl5 and H2O18 using a previously established protocol.133 THF for the 

preparative CuAAC reactions was freshly distilled from sodium/Benzophenone. Water 

was purified on a Barnstead Nanopure system (Thermo Fisher Scientific, USA) to a final 

conductivity of 15 megaohms or better.  

4.6.2 General Reaction 

The general reaction for this project involves a CuAAC reaction between dialkyne 1 

and azide 2. The reaction takes place under biphasic conditions where heptyl azide 2 is 

solubilized in hexane and dialkyne 1, CuSO4 and NaAsc are solubilized in the aqueous 

phase. The solubility of the azide in the aqueous phase is negligible; the same is true for 

dialkyne 1 in the organic phase. At the start of the reaction, there are no amphiphiles 

present and any interphase reaction that occurs (resulting in products 3 and/or 4) is 

expected to proceed slowly. Once the concentrations of 3 and 4 are high enough to 
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achieve CAC, stable aggregates can form and can facilitate the click reaction between 1 

and 2 more efficiently. 

We used LCMS analyses to monitor the kinetics of this reaction under a number of 

different conditions. To do this, each of the possible triazole products ((R)-3, (S)-3, (R)-4 

and (S)-3) were synthesized individually, and their signals identified via LCMS analysis. 

One of the factors that we explored was the effect of chirality on the system. To this  

4.6.3 Synthesis of Chiral Head 

 

Scheme 4. Synthesis of 9,14-diethynyl-4-hydroxydinaphthol[2,1-d:1’,2’-f][1,3,2]dioxaphosphepine 4-oxid; 
the racemic and enantiopure chiral heads were all similarly synthesized. 
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end, we first synthesized the chiral head. Note that the (R)-1 enantiomer was labeled 

with an 18O isotope (Figure 30, red enantiomer) to distinguish it from the (S)-1 

enantiomer via LCMS analysis. 

To run these experiments, we first had to synthesize the chiral head (Scheme 4). We 

started with (RS)-2,2’-dihydroxy-1,1’-dinaphthyl (2.10 g, 7.34 mmol) dissolved in DCM. 

They system was brought down to -75 ˚C and bromine (1 mL, 19.6 mmol) was added 

dropwise over 30 minutes with constant stirring. After stirring for three more hours 

(allowing the solution to come to room temperature), aqueous sodium bisulfate was 

added to destroy excess Br2. After the layers were separated, the organic layers were 

washed with brine and dried. The brominated BINOL was then purified by 

recrystallization, and then 15.00 g (33.8 mmol) was combined with acetonitrile (150 

mL), imidazole (5.06 g, 74.4 mmol) and chlorotrimethylsilane (7.74 g, 71.0 mmol) in a 

round bottom flask (RBF) and stirred at room temperature to silylate the BINOL 

compound. 

The product was then purified by flash chromatography and pure the (RS)-((6,6'-

dibromo-[1,1'-binaphthalene]-2,2'-diyl)bis(oxy))bis (trimethylsilane) was further 

modified via the Sonogashira reaction. The silylated BINOL (19.20 g, 32.6 mmol) was 

stirred in 200 ml acetonitrile with trimethylamine (30 ml, 340 mmol), 

ethynyltrimethylsilane (7.04 g, 71.7 mmol), copper iodide (0.13 g, 0.65 mmol) and 

Pd(PPh3)2Cl2 (0.92 g, 1.3 mmol). The reaction mixture was stirred under positive argon 
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pressure at 60 °C for 16 hours. After this time, the solvent was removed, the residue 

was re-suspended in hexane and filtered through a thin layer of silica. The hexane was 

then replaced by MeOH (150 ml) and a KOH solution (20.00 g, 357.0 mmol, 150 ml of 

water) was added. After stirring the reaction mixture for 1 h at room temperature, the 

solvent was evaporated and 120 ml of 3 N HCl was added. The product was extracted 

with ethyl acetate and washed with brine (30 ml) and the dried product was purified 

using flash chromatography.  

The final step to synthesize the chiral head was the phosphorylation of the 

propargylated BINOL. (RS)-6,6'-diethynyl-[1,1'-binaphthalene]-2,2'-diol (1.00 g, 2.99 

mmol) and phosphoryl trichloride (0.92 g, 6.00 mmol) were dissolved in 10 ml pyridine 

and the mixture was stirred at room temperature for 1 h. After this time, 10 ml of water 

and NaHCO3 (1.50 g, 18 mmol) were added, and then the mixture was stirred for a 1 

more hour at room temperature. Pyridine was evaporated, and the aqueous residue 

was triturated with 10 ml 1N HCl. A precipitate was formed and was filtered off. The 

product was washed by deionized water and dried under vacuum.  

4.6.4 Stability of the 18O-label 

The binaphthalene diol is commercially available in both its racemic and enantiopure 

forms. Similar procedures were run to obtain both the (R)- and (S)-enantiomers of the 

chiral head. However, to distinguish the enantiomers by LCMS analysis, the (R)- enantio- 
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Figure 32. 18O content of a sample of isotopically labeled R-1 in water as a function of time. 

mer was synthesized using P18OCl3 instead of the unlabeled phosphoryl chloride (that 

was used for the (S)-enantiomer). We ensured that the 18O isotope was stable under the 

reaction conditions by stirring 18O-labled-(R)-1 in water over 192 hours (Figure 32). 

4.6.5 Determining Critical Micelle Concentrations of 3 and 4 

The critical micelle concentration (CMC) of each amphiphile was determined using 

fluorescence spectroscopy. For each analysis, the fluorescence data of a solvatochomic 

probe was collected in solutions with varying concentrations of the specified 

amphiphile. The peaks of multiples emission bands are collected and then the ratio 

between different bands are calculated – many of these ratios are strongly dependent 

on concentration. These ratios can then be plotted against the log of the concentration 

and an inflection point is established. This inflection point implies a variation in 

aggregation behavior. For this analysis, a recorded difference in aggregation behavior is 

suggestive of the formation of stable micelles and occurs at CAC. Because amphiphiles 3 
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and 4 exhibit fluorescence behavior on their own, no solvatochomic probe was 

necessary and analyses were performed with only 3 or 4 present in solution.  

Fluorescence data were collected for both racemic and enantiopure (S)- 3 and 4 

(Figure 62C and 62D) at different concentrations. Bands were selected for each triazole 

and the ratios of these band were plotted against the log of the concentration (similar 

to Figures 62E-62H). The values for each enantiopure were compiled and recorded as: 

2.6-4.1 µM for (S)-3, 6.9-9.2 µM for (RS)-3, 1.5 µM for (S)-4, and 2.1-2.2 µM for (RS)-4. It 

is interesting to note that ditriazole 4 consistently showed lower CAC value than 

monotriazole 3. Regardless of the ratios used, CAC values collected for 4 were also more 

consistent whereas the CAC values of 3 tended to cover a range of values. These points 

indicate that the ditriazole forms more stable aggregates in solution. When comparing 

solutions of enantiopure to racemic triazoles, both 3 and 4 showed higher CAC values 

for the racemic mixture as compared to the (S)-enantiomer suggesting that aggregates 

made up of enantiopure materials are more stable in solution. 

4.6.6 Biphasic Click Reactions 

A racemic mixture of 1 was established by combining (S)-1 (75 mg, 0.189 mmol) and 

18O-labeled (R)-1 (25 mg, 0.063 mmol) in methanol, then filtering the solution and 

evaporating off the solvent to yield (RS)-1 (ee of S-enantiomer is 50 %). (RS)-1 was then 

clicked with 2 under a number of different conditions (Table 6). We wanted to monitor 

non-linear chiral induction effects in the reaction kinetics – these effects cab manifest as 
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either an amplification or negation of the ee value. For this reason, 2 as the limiting 

reagent and every reaction was run using (RS)-1 instead of enantiopure 1. The reactions 

were run under positive N2 pressure and equipped with a magnetic stir bar. (RS)-1 (5 

mg, 0.0126 mmol) was suspended in water (3.00 mL), and combined with 1.50 ml of an 

aqueous NaAsc (0.75 mmol) solution. 2 (0.0277 mmol, 2.2 equiv.) dissolved in 5 ml of 

hexane were added, and the biphasic mixture was stirred for 5 minutes (1000 rpm). At 

this point, the first aliquot (50 μl) was collected and copper sulfate pentahydrate (0.25 

mmol) dissolved in water (0.5 ml) and the generation of the CuI species initiated CuAAC 

reaction between 1 and 2. 50 µl aliquots were collected and analyzed by LCMS every 10 

minutes for the first 10 hours, and then at the 24 h, 48 h, 72 h, and 97 h time points. 

LCMS analyses were performed against a previously established calibration curve. Each 

aliquot was diluted by 50 µl of acetonitrile to quench and homogenize the solution 

before analysis by LCMS.  

Table 6. Biphasic click reactions between the binaphthylphosphate chiral head and the heptyl azide tail, 
all experiments were performed in triplicate. 

Entry 
(RS)-1 
(mM) 

2 (mM) 
NaAcs 
(mM) 

CuSO4 
(mM) 

(S)-4 (mM) 
(RS)-4 
(mM) 

SDS (mM) 

1 2.52 5.54 150 50 - - - 
2 2.52 2.52 150 50 - - - 
3 2.52 2.52 - - 0.25 - - 
4 2.52 2.52 - - - 0.25 - 
5 2.52 2.52 - - - - 16.4 
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4.6.7 Transition Electron Microscopy 

100 µM solutions of (S)- and (RS)- 3 and 4 were prepared and analyzed by TEM 

(Figure 61). The racemic triazoles tended to form more diverse aggregates then their 

enantiopure counterparts. (S)-3 (Figure 61A), for example, showed ellipsoidal micelles 

that were ~25 nm in diameter while (RS)-3 (Figure 61C) arranged into crude spheres 

with thin bridges connecting them. (S)-4 also displayed ~25 nm spheres (Figure 61B) as 

well as thin nanowires (1-2 nm in diameter). We also observed some joined micelles 

that may be intermediates in the self-replication of (S)-4 aggregates. TEM images of 

(RS)-4 showed the most diversity: spherical micelles are the primary structures that 

were observed, however there were also flat sheets, tubules and torroids (Figure 61D). 

4.7 Outlook 

This research in this chapter shows how nanoconfinement within a micellar system 

can be used to advance reaction kinetics. Within this system, once CMC is achieved, 

enough amphiphiles are produced and can form stable aggregations in the reaction 

mixture. This leads to an increase in the local concentration of starting materials and a 

dramatic rise in amphiphile production. Additionally, these systems have shown that 

information can be passed on from one generation to the next via chirality.  

The focused efforts within research to synthesize nucleotide-like molecules under 

plausible prebiotic conditions have yielded limited results. This implies that it is unlikely 
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that a spontaneous emergence of template replicators that have the necessary degree 

of complexity essential for life could occur. The findings portrayed here may be 

especially pertinent to the "lipid world" theory of the origins of life,134 as well as to the 

emerging field of systems chemistry.135-136 The amphiphiles explored in this chapter are 

able to assemble into structures that are capable of transferring both information 

transfer (as chirality) and function (phase transfer catalysis) from generation to the next. 

This provides support for the idea that lipid-like, catalytically competent molecules 

could have played a dominant role in prebiotic era, before the emergence of more 

specialized information-bearing structures, such as RNA. 
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APPENDICES 
Chapter 2 Supplementary Data 

Appendix 2.1 Size Exclusion Chromatography Data 

 

Figure 33. SEC traces (RID) of the PPFDA6 macroinitiator and the corresponding block copolymers in THF. 

 

Figure 34. SEC traces (RID) of the PTDFOA10 macroinitiator and the corresponding block copolymers in 
THF. 
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Figure 35. SEC traces (RID) of the PHFBA25 macroinitiator and the corresponding block copolymers in THF.  
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Appendix 2.2 Dissolved Oxygen Concentration Data 

 

Figure 36. Oxygen concentrations collected every 5 minutes for each block copolymer at pH 2; each set is 
plotted against DO data collected in water at the same pH and temperature. 
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Figure 37. Oxygen concentrations at O2 atmosphere and air saturation of block copolymers containing the 
PHFBA25 fluorous block. Each plot compares PHFBA25-b-PDMAEM97, PHFBA25-b-PDMAEM139, 
PHFBA25-b-PDMAEM180 and water collected under the same pH and temperature conditions. 
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Figure 38. Oxygen concentrations at O2 atmosphere and air saturation of block copolymers containing the 
PPFDA6 fluorous block. Each plot compares PPFDA6-b-PDMAEM114, PPFDA6-b-PDMAEM126, PPFDA6-b-
PDMAEM138 and water collected under the same pH and temperature conditions. 



 

 
 

115 

 

Figure 39. Oxygen concentrations at O2 atmosphere and air saturation of block copolymers containing the 
PTDFOA10 fluorous block. Each plot compares the DO measurements of PTDFOA10-b-PDMAEM64, 
PTDFOA10-b-PDMAEM88, PTDFOA10-b-PDMAEM130 and water collected under the same pH and 
temperature conditions. 
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Figure 40. Oxygen concentrations at O2 atmosphere and air saturation of block copolymers with a 15 % 
w/w fluorinated block plotted. Each plot compares polymers made up of different monomers and the DO 
data collected under the same pH and temperature conditions. 
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Figure 41. Oxygen concentrations at O2 atmosphere and air saturation of block copolymers with a 23 % 
w/w fluorinated block plotted. Each plot compares polymers made up of different monomers and the DO 
data collected under the same pH and temperature conditions. 
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Figure 42. Oxygen concentrations at O2 atmosphere and air saturation of block copolymers with a 29 % 
w/w fluorinated block plotted. Each plot compares polymers made up of different monomers and the DO 
data collected under the same pH and temperature conditions. 
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Appendix 2.3 DLS Data Collected for the Fluorinated Block-Copolymers Under 

Different Conditions 

 

Figure 43. DLS measurements of block copolymers containing the PHFBA25 fluorous block. Each plot 
compares the DLS measurements of PHFBA25-b-PDMAEM97 (purple), PHFBA25-b-PDMAEM139 (green) and 
PHFBA25-b-PDMAEM180 (orange) collected under the same pH and temperature conditions. 
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Figure 44. DLS measurements of block copolymers containing the PPFDA6 fluorous block. Each plot 
compares the DLS measurements of PPFDA6-b-PDMAEM114 (purple), PPFDA6-b-PDMAEM126 (green) and 
PPFDA6-b-PDMAEM138 (orange) collected under the same pH and temperature conditions. 
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Figure 45. DLS measurements of block copolymers containing the PTDFOA10 fluorous block. Each plot 
compares the DLS measurements of PTDFOA10-b-PDMAEM64 (purple), PTDFOA10-b-PDMAEM88 (green) and 
PTDFOA10-b-PDMAEM130 (orange) collected under the same pH and temperature conditions. 
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Figure 46. DLS measurements of PHFBA25-b-PDMAEM97 block copolymers under different temperature 
and pH conditions.  
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Figure 47. DLS measurements of PHFBA25-b-PDMAEM139 block copolymers under different temperature 
and pH conditions. 
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Figure 48. DLS measurements of PHFBA25-b-PDMAEM180 block copolymers under different temperature 
and pH conditions. 
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Figure 49. DLS measurements of PPFDA6-b-PDMAEM114 block copolymers under different temperature 
and pH conditions. 
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Figure 50. DLS measurements of PPFDA6-b-PDMAEM126 block copolymers under different temperature 
and pH conditions. 
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Figure 51. DLS measurements of PPFDA6-b-PDMAEM138 block copolymers under different temperature 
and pH conditions. 
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Figure 52. DLS measurements of PTDFOA10-b-PDMAEM64 block copolymers under different temperature 
and pH conditions. 
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Figure 53. DLS measurements of PTDFOA10-b-PDMAEM88 block copolymers under different temperature 
and pH conditions. 
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Figure 54. DLS measurements of PTDFOA10-b-PDMAEM130 block copolymers under different temperature 
and pH conditions. 
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Appendix 2.4 TEM Images 

 

Figure 55. A) Cryo-TEM image of the PHFBA25-b-PDMAEM97 block copolymer B) the PHFBA25-b-
PDMAEM139 block copolymer (showing the “broken glass” structures frozen in solution (left), a dark 
fluorinated core surrounded by the DMAEM corona (center) and a partially dried aggregate (right)), and C) 
PHFBA25-b-PDMAEM180. All samples were collected in at pH 2.  

 

Figure 56. A) Cryo-TEM images of PTDFOA10-b-PDMAEM64 (showing a partially dried aggregate and B) an 
image with dried micelle on top of the ice and a core-shell structure in the ice), C) PTDFOA10-b-
PDMAEM88, and D, E) PTDFOA10-b-PDMAEM130 (showing the “broken glass” structures, large aggregates 
and small random aggregates). Samples collected at pH 2. 
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Figure 57. A) Cryo-TEM image of the PPFDA6-b-PDMAEM114 block copolymer at pH 2 showing A core-shell 
structures that formed above the ice (left, right), random aggregates and “broken glass” structures 
(center). B) Cryo-TEM image of the PPFDA6-b-PDMAEM126 block copolymer at pH 2 showing random 
aggregates and the “broken glass” structures. C) Cryo-TEM image of the PPFDA6-b-PDMAEM138 block 
copolymer at pH 2 showing some broken glass structures (left) and large cores with a faint corona (right). 
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Appendix 2.5 AFM Images 

 

Figure 58. A,C) Height and B,D) Phase AFM images of the PHFBA25-b-PDMAEM97 block copolymer spin 
coated onto the film from A,B) 15 mg/mL and C,D) 3 mg/mL dispersions. 

 

Figure 59. A) Height and B) Phase AFM images of the PTDFOA10-b-PDMAEM64 block copolymer spin coated 
onto the film from a 15 mg/mL dispersion.  
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Figure 60. A) Height and B) Phase AFM images of the PPFDA6-b-PDMAEM114 block copolymer spin coated 
onto the film from a 15 mg/mL dispersion.  
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Chapter 4 Supplementary Data 

Appendix 4.1 TEM Images 

 

 

Figure 61. cryoTEM images of aggregates formed from A) S-3 (100µM), B) S-4 (100 µM, clockwise: 
twinned micelles; nanowires; a representative sample of aggregates), C) RS-3 (100 µM), and D) RS-4 (100 
µM, clockwise: flat sheet; tubules and donuts; and a representative sample of the micelles). 
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Appendix 4.2 Determining Critical Micelle Concentration 

 

Figure 62. Chemical structure of the A) monotriazole and B) ditriazole; C) Fluorescence emission spectra 
of monotriazole 3 ((S): 212.3 µM and (RS): 259.2 µM), excitation wavelength: 350 nm, emission bands: 
396 nm, 451, 491, 702, and 770 nm; D) Fluorescence emission spectra of monotriazole 4 ((S): 97.3 µM and 
(RS): 100.1 µM), excitation wavelength: 350 nm, emission bands: 378, 395, 450, and 481 nm; Intensity 
ratios were plotted against log(concentration) as shown for the (S)- E) 3 and F) 4, as well as for racemic G) 
3 and H) 4 in water – the sensitivity of our instrument did not allow us to observe the fluorescence of 
enantiopure 4 at concentrations below 0.8 μM; thus, the midpoint of the sigmoidal curve is estimated for 
this compound – but it is clear it will be shifted to a lower concentration compared to racemate. 
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Appendix 4.3 Extended Conversion Plots  

 

Figure 63. Conversion of alkynes S-1 and R-1 as a function of time. Both SDS and 4 are shown to 
accelerate the reaction – albeit the effects manifest differently for S-1 and R-1. 
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Figure 64. Concentrations and ee’s of triazoles 3 and 4 as a function of time under various reaction 
conditions. Each data point is an average obtained from three independent experiments. a) 2.5 mM 
dialkyne 1, 2.5 mM azide 2; b) 2.5 mM dialkyne 1, 2.5 mM azide 2, 250 µM S-ditriazole 4. 
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Figure 65. Concentrations and ee’s of triazoles 3 and 4 as a function of time under various reaction 
conditions. Each data point is an average obtained from three independent experiments. a) 2.5 mM 
dialkyne 1, 2.5 mM azide 2, 250 µM racemic di-triazole 4; b) 2.5 mM dialkyne 1, 2.5 mM azide 2, 16.4 mM 
SDS. 
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Figure 66. Concentrations of triazole 3 and 4 as a function of time in the presence of 1 eq and 2.2. eq of 
azide. Each data point is an average obtained from three independent experiments. a) 2.5 mM dialkyne 1, 
2.5 mM azide 2; b) .5 mM dialkyne 1, 5.5 mM azide 2.  
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