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SUMMARY  

Thionolactones are a recently discovered sub-class of radical ring-opening 

monomers that are notable for their ability to impart labile thioester units into polymer 

backbones when used as a comonomer. The simple scaffold allows for structural changes 

to further tune the monomerôs reactivity in order to change rates of copolymerization with 

different monomer families and can even lead to systems capable of homopolymerization. 

Thionolactones also demonstrate high degrees of control with reversible addition-

fragmentation chain-transfer (RAFT) polymerizations, and rapid reactivity with acrylates. 

In this thesis, the introduction of the furan heterocycle into a 7-membered thionolactone 

monomer scaffold is described, and the resulting homopolymerization behavior is studied 

(Chapter 2). Additionally, a thermally responsive amphiphilic diblock polymer of N,N-

dimethylacrylamide and N-isopropylacrylamide with a cleavable thioester junction is 

prepared using a new 6-membered thionolactone derivative with ultra-fast 

copolymerization behavior (Chapter 3). 
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CHAPTER 1. INTRODUCTION  

It is difficult to avoid interacting with synthetic polymers in everyday life. A 

polymer is defined as a large molecule composed of many repeating subunits. These 

materials are so ubiquitous consumer products that a comprehensive list is impossible to 

assemble. Just a few examples include packaging, textiles, auto parts, computer 

components, contact lenses, and home appliances.1 In 2015, an estimated 322 million tons 

of plastics were produced worldwide.2 Demand continues to increase for these materials, 

however concerns are mounting for how these products are disposed of after initial use.  

 

Figure 1.1 General propagation mechanism for radical polymerization of vinyl monomers. 

The class that dominates the plastics industry are vinyl polymers. The materials are 

ubiquitous; in 2009, the five highest volume polymers worldwide were vinyl polymers, 

and they alone accounted for 62% of all plastics production.3 Broadly speaking, these 

polymers are derived from monomers units containing a carbonïcarbon double bond with 

a wide range of pendant R groups. They polymerize through successive 1,2 olefin 

additions, extending these double bonds to long chains of carbon-carbon single bonds 

(Figure 1.1). The all-carbon backbone can be attributed to the resilience of these materials, 

due to the overall inertness of these bonds. However, this is a double-edged sword, as the 
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chemical resistance also presents a serious challenge to long-term solutions for materials 

after their initial use is over.  

Modern times call for more sustainable polymer systems, for both improving 

existing materials and for designer application. Rather than completely reimagining the 

polymers used today, significant interest has been directed towards modifying current high-

volume materials by interrupting pure hydrocarbon backbones through the incorporation 

of reactive heteroatoms and functional groups. These alterations open the door for 

cleavable backbone chemistries, introducing potential applications in the biomedical field, 

lithography, and low shrinkage polymers.4, 5 Many incorporation techniques focus on 

radical polymerization methods, as it accounts for between 40-45% of all industrial 

polymers produced.3 More specifically, radical ring-opening polymerization (rROP) has 

been proposed as a potential avenue towards the creation of these new materials. 

1.1 Introduction to Radical Ring-Opening Polymerization 

 

Figure 1.2 Generalized radical ring-opening polymerization mechanism. 

Radical ring-opening polymerization is a class of radical polymerization in which 

the monomers are cyclic molecules that are capable of fragmenting during the course of 

propagation. The general mechanism of this process is initially similar to traditional vinyl 

monomers and starts with the radical addition to an unsaturated functionality of the 

monomer. This intermediate radical species then promotes cleavage of the neighboring 
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bond, opening the ring, and forming to a new radical for propagation (Figure 1.1)The 

technique was first reported in 1961 by Errede, in which a spiro-di-o-xylylene monomer 

ring-opened to create poly(o-xylylene) when left in an inert environment at room 

temperature (Figure 1.3)6  

 

Figure 1.3 Radical ring-opening homopolymerization of spiro-di-o-xylylene.6 

The first step of the polymerization is the addition of a radical to the exo-methylene 

carbon to generate the resonance-stabilized radical intermediate 1-1. This intermediate has 

the radical stabilized across five different carbon atoms before a favorable carbon-carbon 

bond fragmentation occurs, promoted by the concurrent gain of aromaticity. The resulting 

primary benzylic radical can then further propagate through addition to another spiro-di-

o-xylylene monomer. This system highlights the fundamental requirements for a rROP 

monomer: (a) a radical acceptor, (b) a fragmentable ring structure, and (c) an intermediate 

radical structure that can isomerize to thermodynamically favored products. Depending on 

the composition of the rRO monomers, the backbone of the resulting polymer can include 

heteroatoms or assorted functional groups. This attractive feature spurred the invention of 

diverse rROP monomer families following Erredeôs work, spearheaded by Endo and 

Baileyôs study of the ring opening behavior of spiro o-carbonates (SOCs) in 19757 which 
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introduced the phrase ñradical ring-opening polymerization.ò A selection of ring-opening 

monomers can be found in Figure 1.4.  

 

Figure 1.4 A selection of ring-opening monomers.5, 7-9 

A common feature in these monomers is the use of an alkene as the radical acceptor, 

however the driving forces and the type of fragmented bonds can vary. Vinyl 

cyclopropanes (VCPs) ring-open via carbon-carbon cleavage, driven by the release the 

cyclopropyl ring strain. Other rROP monomers such as cyclic Ŭ-oxyacrylates (COAs), 

cyclic vinyl ethers (CVAs), and cyclic ketene acetals (CKAs) encourage fragmentation in 

less strained systems due to cleavage carbon-oxygen single bonds, forming more 

thermodynamically stable carbonyl bonds in their wake. Initial interest in rROP monomers 

was encouraged due to their potential as low shrinkage materials for application in dental 

sealants, starting in 1979 with SOCs, and later with VCPs.10, 11 Later iterations of rROP 

monomers were targeted due their possibilities for backbone functionalization and 

degradable polymers, with CKAôs holding much of the academic market share. 
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1.2 Cyclic Ketene Acetals; Radical Ring-Opening Comonomers for Heteroatom 

Integration  

In the field of radical ring-opening monomers, cyclic ketene acetals (CKAôs) have 

been the most heavily explored to date, due to their ability to ring-open into polyester 

materials. The formation of the ester moiety makes CKAôs an particularly attractive option 

as a comonomer for vinyl monomers, as they would introduce labile sites into traditionally 

all-carbon backbones. Unfortunately, challenges exist in this application due inherent 

reactivity issues including incomplete ring-opening, comonomer incompatibility, and a 

lack of applicable controlled polymerization techniques. 

1.2.1 Incomplete Ring-Opening Behavior of Cyclic Ketene Acetals 

 

Figure 1.5 Pathways for the radical copolymerization of a CKA. 

A consistent issue in CKA radical polymerization is the competition of a ring-

opening mechanism with a direct propagation process (Figure 1.5). When a radical adds to 

a simple CKAôs exo-olefin, the generated intermediate 1-2 possesses a new radical, 

centered on the carbon between the two oxygens. In the desired process, the ring structure 

fragments to generate intermediate 1-3, which possesses the intended hydrolyzable ester 
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group and a propagating primary radical. This ring-opening mechanism is promoted 

thermodynamically due to the formation of the carbon-oxygen double bond and the 

entropic benefits of the ring opening.12 The fragmentation is thermodynamically countered 

by the instability of the primary radical generated over the previous tertiary radical. 

Intermediate 1-2 is stable enough to promote an undesirable pathway as shown on the 

bottom of Figure 1.5, in which the tertiary radical adds directly into another monomer. This 

results in an acetal group in the final copolymer (1-6), whose reactivity lacks the desired 

backbone lability. In each CKA polymerization, the ratio of ring-opened repeat units to 

ring-closed ones is heavily dependent on factors such as structure, temperature, and 

concentration. Bailey, Endo, and others explored a variety of CKA structures and reaction 

conditions to elucidate how to favor the fragmentation pathway. 

 

Figure 1.6 Early modified rROP monomers and their radicals. 

Some methods of promoting ring-opening focused on altering polymerization 

conditions, as Bailey found that higher temperatures and dilute concentrations favored 

ring-opening.9, 13 However, modifying the monomer structure itself had a more direct 
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impact on the resulting mechanism (Figure 1.6). Increasing the ring size was shown to 

favored fragmentation, with a seven-membered CKA, 2-methylene-1,3-dioxepane (MDO), 

exhibiting 100% ring-opened repeat units in the final copolymers, compared to 83-85% for 

five and six-membered counterparts.13 It was reasoned that the increased strain present in 

the seven-membered ring provided the additional driving force to promote exclusive ring-

opening behavior.  

The identity of the propagating radical was another focus for improvement of 

CKAôs. Bailey proposed that stabilization of the radical generated after fragmentation 

would further assist ring-opening. Many early examples included an unstable primary 

aliphatic radical, which alongside unfavorable formation was prone to backbiting and 

chain-transfer processes. Through the strategic introduction of aromatic rings to the 

monomer scaffolds, resonance-stabilized benzylic radicals lowered the energy barrier to 

fragmentation and improved conversion and ring-opening.14 This design element was 

demonstrated clearly in 2-methylene-4-phenyl-1,3-dioxolane (MDPL), which displayed 

complete ring-opening behavior despite being composed of 5-membered ring. These 

concepts were combined to make 5,6-benzo-2-methylene-1,3-dioxepane (BMDO), which 

combined the benefits of a stabilized radical and a large fragmentable ring.15  

1.2.2 Incompatibility of Cyclic Ketene Acetals with Controlled Polymerization 

Techniques 

The inconsistent stability of propagating radicals in CKAôs creates another issue: 

incompatibility with reversible-deactivation radical polymerization (RDRP) methods. 

RDRP comprises a class of radical polymerization techniques that are ñlivingò and capable 
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of producing polymers with targetable molecular weights and narrow dispersities. Control 

over these features is key in obtaining predictable and consistent material properties in 

resulting polymer samples, as well as the ability to form block polymer architectures.  

 

Figure 1.7 (A) Generalized RDRP mechanism. (B) Equation for theoretical molecular 

weight in RDRP techniques; Mn = theoretical number average molecular weight of polymer 

Mm = molar mass of monomer, [M]0 = initial monomer concentration, [RX]0 = initial 

deactivator concentration. 

RDRP methods accomplish control by taking advantage of rapid and reversible 

reactions in which the active radical species is briefly generated and converted back to a 

dormant state (Figure 1.7A). This lowers the rate of chain growth (kp) substantially 

compared to that of initiation (ki), thus initiation happens instantaneously relative to 

propagation. Importantly, this significantly lowers the overall radical concentration at any 

given time so that bimolecular radical termination events are almost entirely suppressed. 

Since the polymer chains are all initiated at the same time and all propagate at the same 

rate, the final polymers grow to similar terminal lengths. The result is a low dispersity 

polymer sample. With careful stoichiometric control, the chain length can be targeted as 

the resulting molecular weight (Mn) is directly proportional to initial concentration of 
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deactivator, as described using the equation in Figure 1.7B. Several RDRP techniques 

exist, the most common being atom transfer radical polymerization (ATRP), nitroxide 

mediated polymerization (NMP), and reversible addition-fragmentation chain transfer 

(RAFT) among others. Overall, RDRP methods are an important tool for polymer scientists 

to impart versatility and control over polymerizations. 

 

Figure 1.8: Irreversible termination of unstable radicals generated in a nitroxide mediated 

rRO polymerization. 

CKAôs applications are hindered due to the lack of compatibility with these 

methods. Only a handful of CKAôs have limi ted success with NMP, ATRP, reversible 

RAFT and some metal catalyzed controlled radical methods.16 The few capable of RDRP 

are restricted to structures the handful that generate sufficiently stable radicals that permit 

the regeneration of the active species for continued propagation. For example, the primary 

aliphatic radical generated from MDO leads to irreversible termination when employed in 

RDRP. Figure 1.8 illustrates an example nitroxide-mediated polymerization (NMP) used 

with a CKA that results in a primary alkyl radical. While the radical would readily be 

captured by the nitroxide, there is not sufficient thermal energy to homolyze this bond and 

continue the polymerization.17 Even when RDRP methods can be employed, the 

combination of shortcomings in these systems leave much to be desired for their 

implementation.  
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1.2.3 Limitations in the Reactivity of Cyclic Ketene Acetals with Comonomers 

The poor reactivity of CKA rROP results in disadvantageous copolymerization 

behavior with classical radical monomer families. The behavior of monomers in a given 

copolymerization can be described using the reactivity ratios of the pair of comonomers. 

The reactivity ratios are defined by the ratio of a monomerôs rate of propagation with 

another of the same repeat unit over the rate of propagation with its comonomer. These 

reactions and the resulting values are described by Figure 1.9.  

 

Figure 1.9 Equations for the reactivity ratios of a pair of comonomers. 

For a given comonomer pair, a reactivity ratio greater than 1 indicates a preference 

for a monomer to homopolymerize, while values below 1 indicate a preference towards 

copolymerization. The values are unique to a set of comonomers, and thus give valuable 

insight into incorporation and microstructure (Figure 1.10). For example, with a given 

comonomer set M1 and M2, if r1 and r2 are significantly higher than one, the monomers 

prefer reacting with themselves and will likely form two separate homopolymers. If r1 and 

r2 are closer to, but still greater than one, a blocky copolymer would be produced. If r1 and 

r2 approach zero, they will form alternating copolymers duplicate adjacent units are 
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disfavored. A set of reactivity rations with values at or near one would form a random 

distribution of units, as each monomer is just as likely to react with itself as its partner. 

 

Figure 1.10 Impact of reactivity ratios on comonomer distribution. 

Depending on the desired application, an ideal copolymerization of a CKA with a 

vinyl monomer would result in an upgraded material that combines the material properties 

of the vinyl monomer with selectively located cleavable ester linkages of the CKA. For 

example, if the goal for a material is to maximize the degradability along the entire chain, 

a completely random incorporation of a CKA would be needed to allow for evenly 

distributed labile units. Ideally minimal quantities of the radical ring-opening monomer 

would be needed due to the cost of their independent synthesis. This type of selectivity 

depends on the reactivity ratios which are unique to the identities of the comonomer pair. 

Here, the structure of CKAôs restrict their versatility.  

In practice, the steric hinderance of the CKA exo-olefin and the varied stability of 

the resulting propagating radical slow the rate of copolymerization with many common 
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commodity monomers. A recent review of the reactivity ratios of various CKA 

copolymerizations found that across the board, with the exception of less activated 

monomers such as vinyl acetate and N-vinyl pyrrolidinone, CKAôs are very slow to react 

with vinyl comonomers.18 A simple explanation of these relative reactivities can be found 

in the relative stability of the radical intermediates. The radical formed upon addition to a 

CKA has a tertiary radical adjacent to two oxygen atoms, which is substantially higher in 

energy compared to the resonance stabilized propagation radicals derived from acrylates, 

(meth)acrylates, acrylamides, and styrene. The high energy intermediate disfavors CKA 

addition and subsequent propagation. The slow reactivity also prevents high conversion 

and integration of CKAôs. Frequently with CKA-vinyl copolymers, less than 30% of the 

CKA monomer feed will be present in the final polymer. For example, when MDO was 

copolymerized with methyl acrylate, 7% of the ester linkages were incorporated into the 

polymer chain despite a 50:50 monomer feed ratio.14 

The overall low rate of CKA addition and conversion results in CKA-vinyl 

copolymers taking on a graduated or blocky arrangement of CKA units in a copolymer 

rather than random.19 Generally, more activated monomers such as styrenes and acrylates 

show slow and poorly tunable integration, while less activated monomers such as vinyl 

acetate react more quickly and have higher rates of integration with CKA comonomers.13, 

14 
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1.3 Recent Advances in Radical Ring-Opening Polymerization 

 

Figure 1.11 Alternating CKA-maleimide copolymers.20, 21 

Creative steps have been taken to address the issues with CKAôs. In an attempt to 

tackle the reactivity ratio issue, Sumerlin and coworkers copolymerized electron-rich 

BMDO and MPDL with electron-deficient maleimide monomers to make alternating 

copolymers (Figure 1.11).21, 22 The difference in polarity between the comonomers 

encouraged a 1:1 alternating composition and the R group of the maleimides was tunable 

to dramatically alter physical properties such as glass transition temperature. Further 

studies were able to synthesize low dispersity alternating copolymers with RAFT. Due to 

the high CKA incorporation of these copolymers, they are also capable of complete 

degradation to well-defined small molecules. However, the comonomers were highly 

reactive with one another, to the point where autoinitiation hindered reaction setup and 

caused degradation of the CKA. Furthermore, alternating copolymers require high-feeds 

of CKA, and cannot generate random distributions for low-feed systems. 
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Figure 1.12 rROP of allyl alkylsulfone macrocycles. 

Other studies used alternative methods to drive the ring-opening process. Niu and 

coworkers designed macrocyclic monomers with an allyl alkylsulfone-based ring-opening 

trigger (Figure 1.12).23, 24 The driving force for this system is the tendency for sulfinate 

radicals readily fragment to release sulfur dioxide. The sulfone is placed such that it can be 

extruded to SO2 and generates a secondary alkyl stable enough for RDRP charge transfer 

agents. The technique has been further improved by using photocatalysts to perform lower 

temperature polymerizations, slowing reactivity of comonomers enough for 

copolymerizations with acrylates to produce random comonomer distributions.25 However, 

the resulting polymers contain alkenes protruding from the backbone, which can be 

susceptible to crosslinking issues. The polymerizations seem restricted to conversions 

below 90%, potentially because higher conversions resulted in gelation issues or reversible 

reactions with sulfur dioxide. With these restrictions to previous rROP monomer platforms, 

a niche for tunable and broadly compatible monomers was waiting to be filled. 

1.4 Thionolactones as Radical Ring-Opening Comonomers 

Thionocarbonyls have been used as alternative radical acceptors for decades. An 

important example of this reactivity was the pioneering work by Barton to transform 

alcohols into hydrogen atoms through tin-centered radical additions to xanthates and 

thiocarbamates.26 The most well-known example originates in the realm of polymer 
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chemistry, in the manner of the thiocarbonyl radical acceptor that form foundation of 

RAFT. The mechanism of the RAFT exchange is shown in Figure 1.13A wherein the 

radical concentration of propagating polymer chain-ends is mediated by reversible addition 

to thiocarbonyl cores. The RAFT technique boasts compatibility with most vinyl monomer 

families due to the tunability imparted by the Z-group of the RAFT agent. While the 

dithioester is conserved throughout RAFT agent design, the Z-group can be replaced with 

any number of functional groups to dramatically alter the rates of radical addition into the 

thiocarbonyl, stability of the intermediate radical adduct, and the rates of fragmentation. 

 

Figure 1.13 (A) Reversible addition-fragmentation transfer (RAFT) equilibrium.   

(B) Radical ring-opening thionolactone comonomer equilibrium. 

Inspired by the tunability of the RAFT system for radical addition chemistry, our 

laboratory sought to identify a thiocarbonyl monomers that would lead to an irreversible 

ring-opening reaction, rather than a reversible transfer process. The introduction of this 

feature was intended to address the longstanding challenge to comonomer compatibility in 

rROP. The general framework envisioned for such a monomer is shown in Figure 1.13B. 

The overall cyclic system favorably bears three features that viewed as key in the 
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consideration of a rROP comonomer. First, the overall structure would require a cyclic 

thionocarbonyl with an adjacent atom capable of directional fragmentation. This role was 

most readily achieved by oxygen, which would lead to a thioester after radical ring-opening 

that is inert to further radical reactions. The second design feature, in analogy to the RAFT 

process, is the ñZ-group.ò Alteration of this substituent would be able to tune the radical 

addition to enable compatibility with different monomer families. Furthermore, it was 

proposed that further structural tuning of this motif result in different reactivities that would 

allow control of the resulting copolymer microstructure. Intentional placement of the 

thioester units along a chain would impart attackable sites with location selective to the 

whims of the scientist. A particular interest in a true random distribution at low rRO 

monomer feeds for fully degradable materials. The third feature is the R group, which 

dictate the stability of the fragmenting radical. If this system were to be successful in 

RDRP, this substituent would need to be both capable of reversible deactivation and also 

additions into the comonomer. 

Looking to the literature, a handful of reports previously brushed close to the use 

cyclic thiocarbonates in radical ring-opening polymerization. A computational study in 

2014 studied the reaction mechanisms of a cyclic thiocarbonate in a RAFT polymerization, 

considering the selectivity of the addition and fragmentation steps involved.27 A patent 

from 1999 discussed the production of sulfur-containing polymers and their assorted 

applications from the functionalization, such as a high refractive index and optical 
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transparency.28 

 

Figure 1.14 Dibenzo[c,e]oxepane-5-thione (DOT) and thionoester CTA inspiration. 

A particularly encouraging work reported a set thionoester chain-transfer agents 

developed by Meijs and Rizzardo in the early 1990ôs. They showed that thionobenzoates 

were capable of controlling molecular weights in the polymerization of styrene and methyl 

acrylate (Figure 1.14).29  Given the success of this CTA with two historically challenging 

monomers for rROP systems, this served as a reference point for targeting an rROP 

monomer. As these CTAs already possessed suitable Z-groups and an R-group for RDRP, 

the only missing component was a cyclic framework. This was achieved by conceptually 

connecting the two phenyl rings through a biaryl linkage. This initial monomer could be 

readily synthesized on multigram scale in a 3-step process from commercially available 

diphenic anhydride. Both our group and the Roth group simultaneously published 

independent works proposing the use of thionolactones as ring-opening monomers, 

specifically dibenzo[c,e]oxepane-5-thione (DOT) (Figure 1.15).30-32 

 

Figure 1.15 Synthesis of dibenzo[c,e]oxepane-5-thione (DOT). 
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Probing the copolymerization behavior of DOT with vinyl monomers gave 

interesting results. A notable limitation of CKA ring-opening was the reduced integration 

with more activated monomers such acrylates and styrenes. Through investigations into 

overall trends in DOTôs reactivity, it was found that DOT copolymerized favorably with 

acrylates while inhibiting the radical polymerizations of less activated monomers such as 

vinyl acetate and N-vinyl carbazole. DOT also slowed the polymerization of styrene 

without being incorporated, indicating a preference for the comonomers with electron 

withdrawing moieties, with the exception of methyl methacrylate due to the steric 

hinderance introduced to the alkene. Ultimately, though DOT lacks compatibility with 

some more activated monomers, the ability to react with unhindered acrylates shows that 

thionolactone ring-opening has the potential to greatly expand the current library of 

comonomers that can be upgraded with degradable moieties. 

 

Figure 1.16 Acrylates initially copolymerized with DOT.31, 32 

Further investigation of the monomer focused on elucidating more refined 

reactivity details. The behavior of DOT was investigated when copolymerized with tert-
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butyl acrylate (tBA). In contrast to CKA monomers, DOT was shown to be highly 

compatible with RDRP conditions, specifically RAFT. Due to the stable primary benzylic 

radical released formed when DOT is ring-opened, the monomer is well suited to 

reversibility in the RAFT equilibrium. This compatibility is furthered by the fact that the 

thionocarbonyl chemistry that enables the ring-opening in DOT is fundamentally similar 

to the chemistry that promotes RAFT equilibria (Figure 1.13A). When RAFT conditions 

were applied to low-feed tBA-DOT copolymerizations, a variety of molecular weights up 

to 32 kDa were accurately targeted, accompanied by high conversions (>95% for both 

comonomers) and low dispersities (1.05-1.27). The process also retains high chain end 

fidelity, as tBA-DOT copolymers could be chain extended with the addition with other 

acrylic monomers, with complete reinitiation of the macroinitiator confirmed by SEC 

measurements. 

The kinetics of the system demonstrated how thionolactones exhibit higher activity 

over their CKA counterparts and confirms the reactive similarity to RAFT agents. A 

kinetics study on the copolymerization of tBA and found that the thionolactone exhibited 

higher conversion than tBA at all time points (Figure 1.17). This finding is unique 

compared to other rROP monomers reported in literature and illustrates DOTôs high 

compatibility with acrylates. A similar investigation into kinetics of thionolactone 

copolymerization was performed with DOT and methyl acrylate (MA ). A reactivity ratio 

analysis of the pair resulted in rDOT = 0.003 and rMA  = 0.424, suggesting a high tendency 

for the monomers to favor alternating units. The low reactivity ratio value of DOT in the 

DOT-MA  copolymerization punctuates another property of DOT; an apparent resistance 

to homopolymerization. A homopolymerization under typical polymerization conditions 
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could only produce highly disperse oligomers when the monomer was heated and the 

initiator constantly replenished for nearly a month.30 Together, the kinetic analyses show 

that in a given DOT/MA  or DOT/tBA copolymerization, the thionolactone is converted 

slightly faster than the acrylate comonomer, leading to gradient distribution of thioester 

units in the polymer backbone. 

 

Figure 1.17 Plot from tBA-DOT kinetics study (Reconstructed).32 

The DOT monomer appeared to have some reversible deactivation behavior, as 

shown by an unusual linear conversion plot, rather than the more typical logarithmic plot 

expected. In polymerization kinetics, it is common that early in the reaction coordinate, 

when the monomer concentration is the highest, the rate of reaction is also the highest. 

Later in process, the monomer concentration has gotten low, to rate of conversion reduces. 

For the copolymerization of tBA-DOT, the reaction rates early in the process are much 
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slower than expected, a result of the reversible addition of radicals to DOT competing with 

monomer propagation. The deactivating nature of DOT also explains why 

copolymerizations with higher thionolactone feeds exhibited lower monomer conversions. 

Too much thionolactone in the feed trapped the propagating radical in an equilibrium, 

reducing the number of active radicals too low to sustain sufficient monomer propagation. 

The thionolactone feed could only be increased up to 50% before failing completely at 

higher feeds, as the initial concentration of deactivating groups functionally quenches the 

polymerization. 

 

Figure 1.18 (A) GPC trace of degradation of  DOT-tBA copolymer (Reconstructed).32 (B) 

Products from degradation of DOT-tBA copolymer by methanolysis and cystiene thiol 

exchange. (C) Artistic depiction of gradient distribuion along a polymer chain and resulting 

degredation. 

 Degradation experiments were performed to confirm both the presence of the 

thioester groups in the polymer backbone and the findings in the kinetic study (Figure 
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1.18A). tBA-DOT copolymers were shown to undergo a reduction in molecular weight 

when subjected thioester methanolysis. SEC measurements returned low, broad molecular 

weight oligomers, consistent with thioester units what were once distributed in a gradient 

fashion along the polymer being cleaved (Figure 1.18C). Similar results were observed 

when using a cysteine methyl ester to target a thiol-thioester exchange. The cysteine methyl 

ester is unlikely to have reacted with any functional groups that would result in this 

degradation, further confirming the presence of the thioester groups in the copolymer. Roth 

also performed degradation experiments on a series of DOT-acrylate copolymers, applying 

aminolysis also yielded similar reductions in molecular weight.31 

Further works have begun investigating DOTôs vast potential. Inspired by findings 

relating the preference of DOT for electron withdrawing copolymers and Sumerlinôs work 

with CKAs and maleimides,22 DOT has been copolymerized with a series of functionalized 

maleimides at a 50:50 feed ratio to generate completely alternating copolymers. This work 

with maleimides illustrated the importance of the electron donating and withdrawing 

character of the monomers to modify the microstructure of copolymers with thionoesters. 

Other explorations with DOT have shown it is not restricted to homogenous 

polymerization techniques. DôAgosto and coworkers successfully copolymerized DOT 

with N-butyl acrylate and styrene in an aqueous emulsion polymerization, suggesting the 

potential for degradable linkages in latex production.33 There are also some early attempts 

investigating the alternative physical properties that DOT can impart into polymers other 

than cleavability. Taking advantage of the hydrophobic nature of the aromatic units, 

another Roth work explored the copolymerization of DOT with assorted acrylamide 

monomers to generate a new family of materials that exhibit lower critical solution 
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temperature (LCST) and upper critical solution temperature (UCST) behavior in aqueous 

conditions.34 

Thionolactones are a promising new class of ring-opening monomers. The 

thionocarbonyl radical acceptor addresses previous limitations of rROP such as incomplete 

ring-opening and low rates of conversion when copolymerized with more activated 

monomers. These monomers also fill previously unoccupied territory in radical ring-

opening chemistry by being compatible with acrylate monomers. The tunable nature of the 

ring structure leaves the door open to countless modifications to target compatibility with 

a variety of different comonomers. Ultimately, the introduction of thioesters into the 

backbones of polymers may pave the way for engineering an entirely new generation 

stimuli-responsive materials. 
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CHAPTER 2. FURANYLTHIONOLACTONES  IN RADICAL  

RING-OPENING POLYMERIZATION  

2.1 Introduction   

 

Figure 2.1 The tunability of the thionolactone monomer scaffold. 

Following the successful synthesis of the first thionolactone radical ring-opening 

monomer, the next step was to probe the features of the scaffold. The monomer platform 

offers several handles for modification, through the radical acceptor, the radical following 

propagation, and the nature of ring being opened (Figure 2.1). All three of these features 

can be manipulated by replacing the phenyl groups on the original thionolactone monomer 

with a heterocycle. 

 

Figure 2.2: Radical features modified by introducing furans to thionolactone monomer 

scaffold. 

 This project focused on the how the replacing the aromatic rings in the 7-membered 

thionolactone monomer specifically with furans changes the behavior as a monomer. In 

theory, substituting the phenyl ring attached to the thiocarbonyl alters the rate of addition 
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to the thionolactone monomer, while substitution of the opposing phenyl ring should 

impact the fragmentation and propagating radical (Figure 2.2). Either exchange will alter 

the geometry of the thionolactone ring (Figure 2.3), impacting the degree of ring strain. 

Ultimately, the study of these new monomers will further demystify the relationship 

between the structure and the reactivity of these molecules. 

 

Figure 2.3 Geometric features modified by introducing heterocycles into thionolactone 

monomer scaffold. 

 The choice of furans was further influenced from the potential for comparison to a 

similar series of molecules researched in this lab that focused on the use of thiophenes 

instead. Between the thiophene and furan monomers, the calculated twist angles between 

the thiocarbonyl and the aryl ring are geometrically similar between the two heterocycles 

of the same substitution pattern (Figure 2.3). However, the heterocycles differ in their 

electronics, as furan has a lower degree of aromaticity, a higher electronegativity, and a 

higher reactivity compared to thiophene.35 Interesting homopolymerization behavior was 

already observed by a fellow graduate student, Ronald Smith, and the furan series serves 

as an analog to examine the role of the heteroatom in this behavior. This study would clarify 
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whether the differences observed between these thionolactones and the parent 

thionolactone can be attributed to the reactivity of the heterocycles or their fundamental 

geometry as five membered rings. 

2.2 Results and Discussion 

2.2.1 Synthesis of the Furanylthionolactones 

 The four furanylthionolactones followed similar synthetic pathways, but all came 

with their own unique challenges due to the slight changes in reactivity. These monomers 

are distinguished using two letter acronyms. Inspired by RAFT agent nomenclature, the Z 

designation refers to a furan bonded to the alpha carbon of the lactone carbonyl, while R 

refers to the furan being bonded to the lactone methylene. The U or D refers to the 

heteroatom position relative to the ester, either ñupò or ñdownò.  

 

Figure 2.4 Initial furan derivatives. 

 The first steps of the furanylthionolactone syntheses focused preparing a 2,3-

disubsituted furan ring (Figure 2.4) for aryl-cross coupling and lactone cyclization. The 

cross coupling required a bromine in either the 2- or 3- position, depending on if the desired 

lactone is designated ñDò or ñUò respectively. To yield the precursor for the lactone 

cyclization, the non-halogenated position required substitution with an oxidized carbon, 

either a primary alcohol for a òRò lactone or a methyl ester for a ñZò lactone. 
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Figure 2.5 Generic furan cross-coupling. 

 

Figure 2.6 Generic lactone cyclization. 

 These precursors were cross coupled with a phenylboronic ester through a Suzuki 

coupling (Figure 2.5). As each component contained an ester and an alcohol group, running 

these reactions under basic conditions ideally would cyclize the coupled product to the 

desired lactones (Figure 2.6). The couplings were optimized by screening assorted bases 

and palladium catalysts, using NMR to determine the highest yielding conditions. 

 

Figure 2.7 Thionating reagents used in this work. 
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Figure 2.8 Generic thionation pathway. 

 The formation of the thiocarbonyls (Figure 2.8) required screening of the lactones 

against two of the most commonly utilized thionating reagents, diphosphorous pentasulfide 

(P2S5 or P4S10) and Lawessonôs reagent (Figure 2.7). Thionation of lactones results in a 

mixture of three compounds to be separated, that being the desired thionolactone (THL ), 

the starting lactone (LAC ), and an over-thionated dithiolactone (DTL )(Figure 2.9A). The 

thionolactone and dithiolactone often have similar retention factors, with the dithiolactone 

being typically marginally less polar. Thus, to ensure the collection of pure thionolactone 

monomers, ideal conditions maximize conversion while minimizing the over-thionation. 

Purification can be tracked due to products bright colors. Dithiolactones range from red to 

deep purple, while the thionolactones are yellow to bright orange, resulting in a separation 

that can be tracked with the naked eye (Figure 2.9B). 

 

Figure 2.9 (A) Possible products of a ZU-LAC  thionation. (B) Thionation column. 
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2.2.1.1 Synthesis of the ZU Furanylthionolactone 

 

Figure 2.10 Synthetic scheme for the ZU furanylthionolactone. 

 ZU-THL  (Figure 2.10) was synthesized starting from commercially available 3-

bromofuran 2-1. Lithium diisopropylamide (LDA) preferentially lithiates at the 2-position 

on furan, which can be added to carbon dioxide to yield 3-bromofuran-2-carboxylic acid 

2-2 after acidic workup. The crude carboxylic acid mixture was then be deprotonated with 

potassium carbonate (K2CO3) and subsequentially methylated with methyl iodide to the 

methyl ester 2-3. The lactone is directly accessible through a Suzuki cross-coupling with 

boronic acid (2-BA1) and a 2M aqueous solution of base. These conditions both couple the 

aromatic rings and cyclizes the lactone in one step. Screening Suzuki coupling conditions 

resulted in several near quantitative conversions (Table 2.1), so the further syntheses 

proceeded with tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) and K2CO3, as this 

combination resulted in the easiest purification to ZU-LAC . 
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Table 2.1 Suzuki screening conditions for ZU-LAC . 

Entry Catalyst Base Conversion* 

1 Pd(PPh3)4 NaHCO3 85% 

2 Pd(PPh3)4 Na2CO3 < 99% 

3 Pd(PPh3)4 K3PO4 99% 

4 Pd(PPh3)4 Cs2CO3 < 99% 

5 Pd(PPh3)4 K2CO3 < 99% 

6 Pd2(dba)3/PPh3 K2CO3 < 99% 

7 Pd(OAc)2 K2CO3 48% 

*determined by crude 1H NMR 

 The thionation conditions of the ZU-LAC  was screened as discussed in Section 

2.2.1.  Elevated temperatures generally favored higher conversion of the lactone, however 

for Lawessonôs reagent it introduced a higher rate of over-thionation (Table 2.2). P4S10 was 

chosen for larger scales due to the higher likelihood of starting material recovery as well 

as fewer byproducts that interfered with purification. Larger scales saw a higher rate of 

dithiolactone production, but the product ZU-THL  was still isolable for further testing as 

a monomer. 

Table 2.2 Thionation screening conditions for ZU-LAC . 

Entry Thionation Reagent Solvent Temperature THL : DTL : LAC*  

1 P4S10/HMDO Acetonitrile 80°C 44 : 0 : 56 

2 P4S10/HMDO Toluene 105°C 67 : 0 : 33 

3 Lawessonôs Reagent Acetonitrile 80°C 65 : 0 : 35 

4 Lawessonôs Reagent Toluene 105°C 78 : 8 : 33 

5 
P4S10/HMDO 

(Large Scale) 
Toluene 105°C 66 : 25 : 9 

*determined by crude 1H NMR 
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2.2.1.2 Synthesis of the RU Furanylthionolactone 

 

Figure 2.11 Initial synthetic pathway for RU-LAC . 

In the initial attempts to yield the RU-LAC , 2-3 was reduced with diisobutyl 

aluminum (DIBAL) to yield the furyl alcohol 2-4. When subjected to the Suzuki coupling 

screening with boronic ester 2-BA2, the alcohol had a low conversion to the desired lactone 

(Table 2.3). The previous coupling for the ZU-LAC  used a strongly electron withdrawing 

ester group, which stabilized the furan during the oxidative addition of the palladium. The 

switch to a weakly electron donating alcohol on the furan may have inhibited this step, and 

by extension, the overall reaction.  

Table 2.3 Suzuki screening conditions for RU-LAC  with alcohol. 

Entry Catalyst Base Conversion (by NMR) 

1 Pd(PPh3)4 Na2CO3 19% 

2 Pd(PPh3)4 Cs2CO3 4% 

2 Pd(PPh3)4 K2CO3 18% 

4 Pd2(dba)3/PPh3 K2CO3 0% 

*determined by crude 1H NMR 
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Figure 2.12 Modified synthetic pathway for RU-THL . 

An electron withdrawing group was proposed to combat this reduced reactivity. 

Returning to 3-bromofuran 2-1, the same LDA deprotonation was performed. In place of 

the carbon dioxide quench, dimethylformamide was used to install an aldehyde in place of 

the carboxylic acid, yielding aldehyde 2-5. The aldehydeôs coupling with 2-BA2 was 

screened with different palladium catalysts (Table 2.4), where 

[bis(diphenylphosphino)ferrocene]palladium(II) dichloride (Pd(dppf)Cl2) resulted in the 

highest conversion to the biaryl product 2-6. The aldehyde was selectively reduced using 

sodium borohydride (NaBH4) and cyclized by heating with base to yield the lactone RU-

LAC . 

 An electron withdrawing group was proposed to combat this reduced reactivity. 

Returning to 3-bromofuran 2-1, the same LDA deprotonation was performed. In place of 

the carbon dioxide quench, dimethylformamide was used to install an aldehyde in place of 

the carboxylic acid, yielding aldehyde 2-5. The aldehydeôs coupling with 2-BA2 was 

screened with different palladium catalysts (Table 2.4), where 

[bis(diphenylphosphino)ferrocene]palladium(II) dichloride (Pd(dppf)Cl2) resulted in the 

highest conversion to the biaryl product 2-6. The aldehyde was selectively reduced using 
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sodium borohydride (NaBH4) and cyclized by heating with base to yield the lactone RU-

LAC . 

Table 2.4 Suzuki screening conditions for RU-LAC  with aldehyde. 

Entry Catalyst Base Conversion (by NMR) 

1 Pd(PPh3)4 

K2CO3 

50% 

2 Pd2(dba)3/PPh3 35% 

3 Pd(dppf)Cl2 55% 

*determined by crude 1H NMR 

  Here, the synthesis of the RU-THL  hit a serious roadblock with the final thionation 

step. Initial screenings showed minimal quantities of the desired thionolactone product, 

with Lawessonôs reagent returning mostly starting lactone, and P4S10 over converting to 

the dithiolactone (Table 2.5; Entries 1-4). As P4S10 and toluene showed higher activity 

towards thionation, it was chosen for larger scales to see if the overthionation could be 

controlled, or if a small amount of thionolactone could be obtained. As product ratios vary 

depending on scale, similar conditions on a 10x scale showed slightly better conversion to 

the desired product (Table 2.5; Entry 5), but also higher conversion to the dithionated 

product. A test run with lower temperatures (Table 2.5; Entries 6-7) also resulted in a higher 

than preferred rate of overthionation for both P4S10 and Lawessonôs reagent. 

Table 2.5 Thionation attempts of RU-LAC . 

Entry Thionation Reagent Solvent Temperature THL : DTL : LAC*  

1 P4S10/HMDO Acetonitrile 80°C 8 : 46 : 46 

2 P4S10/HMDO Toluene 105°C 3 : 60 : 37 

3 Lawessonôs Reagent Acetonitrile 80°C 3 : 1 : 96 

4 Lawessonôs Reagent Toluene 105°C 3 : 13 : 83 

5 
P4S10/HMDO 

(Large Scale) 
Toluene 105°C 12 : 74 : 15 

6 P4S10/HMDO Toluene 90°C 12 : 61 : 27 

7 Lawessonôs Reagent Toluene 90°C 2 : 8 : 90 

*determined by crude 1H NMR 
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Collecting the mixed samples and attempting to purify the small amount of mono-

thionated material proved ineffective. The thionation products RU-DTL  and RU-THL  

were more difficult to separate compared to any other thionation products discussed in this 

work due to the high yield of the dithionated product. In normal phase chromatographic 

purification of thionation reactions, the lightly less polar DTL  product elutes first, then 

depending on the quality of separation, a mixture of the DTL  and THL  products elute 

before pure thionolactone can be obtained. Due to the high conversion of RU-LAC  to RU-

DTL , multiple purification attempts only collected mixed fractions of RU-DTL and RU-

THL , as the dithiolactone was too high in volume to be separated.  

All  the reactions ran for ~18 hours, so a shorter reaction time was considered to 

potentially prefer monothionation. The other thionations performed visually transition 

from a colorless solution to a yellow tinted one, then further darken to a red or even purple 

toned solution. This seems to correlate to the lactone converting first to the thionolactone, 

then further to the dithiolactone. A kinetics study was performed on the thionation of the 

RU-LAC to probe this theory and was found to contradict that idea. 
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Figure 2.13 Kinetics plot of RU-LAC thionation. 

 Except for the very early time points, the dithionated product appears to dominate 

the conversion of the lactone. The mechanism of the dithionation possibly follows an 

electrophilic ring-opening, as thionolactones have been shown to be occasionally 

susceptible to ring-opening by a SN2 attack at the methylene carbon (Figure 2.14).36 The 

furan in this lactone seems to encourage the nucleophilic substitution pathways more than 

other lactones studied, possibly due to the furan oxygen interacting with the phosphorous 

center of the thionation reagents or due to a favorable geometry for substitution. Due to 

inability to isolate any RU-THL , this molecule was unavailable to be tested as a monomer. 

 

Figure 2.14 Proposed dithionation mechanism. 
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2.2.1.3 Synthesis of the ZD Furanylthionolactone 

 

Figure 2.15 Synthetic scheme for ZD-THL . 

 The ZD-THL  synthetic pathway also begins with a furan substituted at the 3-

position, as the 2-position is more accessible synthetic handle, as it can be lithiated for 

further substitution. Starting with 3-furoic acid 2-7, application of n-butyllithium yields the 

organolithium in-situ. The lithium is substituted following the addition of bromine to yield 

the bromofuroic acid 2-8. The carboxylic acid is converted to a methyl ester 2-9 with the 

same method from 2.2.1.1.  

Table 2.6 Suzuki screening conditions for ZD-LAC . 

Entry Catalyst Base Conversion* 

1 Pd(PPh3)4 NaHCO3 

>99% 

2 Pd(PPh3)4 Na2CO3 

3 Pd(PPh3)4 K3PO4 

4 Pd(PPh3)4 Cs2CO3 

5 Pd(PPh3)4 K2CO3 

6 Pd2(dba)3/PPh3 K2CO3 

7 Pd(dppf)Cl2 K2CO3 

*determined by crude 1H NMR 
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 For the Suzuki screening of ZD-LAC , all conditions tested for the coupling of 2-9 

and 2-BA1 had quantitative conversions by 1H NMR (Table 2.6). As a similar trend of high 

conversions was observed for the ZU-LAC , this further supports that the use of an electron 

withdrawing group helped promote the reaction. The 2-position was also observed to be 

more reactive than at the 3-position for the coupling substitution, as the inductive effects 

of the ring oxygen and the methoxyester were in closer proximity to the reactive site. The 

catalyst chosen for larger scales (Pd(dppf)Cl2) was selected due ease of handling, as it was 

more stable at room temperature. 

Table 2.7 Thionation screening conditions for ZD-LAC . 

Entry Thionation Reagent Solvent Temperature THL : DTL : LAC*  

1 P4S10/HMDO Toluene 105°C 67 : 6 : 27 

2 Lawessonôs Reagent Toluene 105°C 75 : 20 : 5 

3 
Lawessonôs Reagent 

(Large Scale) 
Toluene 105°C 77 : 7 : 16 

*determined by crude 1H NMR 

The thionation screening to ZD-THL (Table 2.7, Entries 1,2) proceeded similarly 

to that of the other Z-side lactone, with high conversions to the thionolactone while the 

over-conversion to dithiolactone remained low.  Lawessonôs reagent was chosen over P4S10 

due to its higher conversion, as there was enough lactone available from the short and clean 

three step process that lactone recovery was not a priority. The ZD-THL  run on a larger 

scale (Table 2.7, Entry 3) was isolated in for further testing as a monomer.  
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2.2.1.4 Synthesis of the RD Furanylthionolactone 

 

Figure 2.16 Synthetic scheme for RD-THL . 

The final monomer targeted was the RD-THL  monomer. The pathway (Figure 

2.16) starts with the bromofuran methylester 2-9, which was previously synthesized for the 

ZD-THL . This was reduced with DIBAL to the alcohol 2-10 to test as the substrate for the 

Suzuki coupling with boronic acid 2-BA2, to see if the low conversions observed for the 

isomer of the alcohol in the RU-LAC  synthesis would be repeated. The coupling results in 

a mixture of the RD-LAC and the uncyclized ester 2-11. While not as high as the couplings 

for the Z-side lactones, this Suzuki converted with appreciable enough yields to proceed 

the synthesis.  

Table 2.8 Suzuki screening conditions for RD-LAC  with alcohol. 

Entry Catalyst Base %Conv RD-LAC % Conv to 2-11 

1 Pd(PPh3)4 K2CO3 0% 0% 

2 Pd2(dba)3/PPh3 K2CO3 trace trace 

3 Pd(dppf)Cl2 K2CO3 29% 11% 

4 Pd(dppf)Cl2 NaHCO3 11% 4% 

5 Pd(dppf)Cl2 CS2CO3 7% 0% 

6 Pd(dppf)Cl2 K3PO4 26% 26% 

7 Pd(dppf)Cl2 Na2CO3 36% 16% 

8# Pd(dppf)Cl2 Na2CO3 25% 29% 

*determined by crude 1H NMR #Large Scale 
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Figure 2.17 Reaction scheme for RD-LAC  Suzuki coupling with aldehyde. 

A test run was performed to see if the aldehyde analogue would cause a significant 

increase in conversion as observed with the RU-LAC  coupling (Figure 2.17). The overall 

coupling conversion lowers from 52% (Table 2.8, Entry 7) to 40%, and the extra steps 

required to reduce the aldehyde and cyclize the lactone in practice lost more material than 

working with the purification of the coupling with 2-10. 

When the furanol coupling was scaled up, the conversion coupling conversion 

remained the same (52% vs 54%) but the cyclization yield decreased. In order to maximize 

lactone recovery for thionation, an extra step was to cyclize the coupling product 2-11 by 

heating the sample in the presence of K2CO3 to force lactonization to RD-LAC . This 

sample was combined with lactone recovered from the purification of the Suzuki coupling 

for further thionation.  

Table 2.9 Thionation screening conditions for RD-LAC . 

Entry Thionation Reagent Solvent Temperature THL : DTL : LAC*  

1 P4S10/HMDO Toluene 105°C 23 : 24 : 54 

2 Lawessonôs Reagent Toluene 105°C 28 : 23 : 53 

3# Lawessonôs Reagent Toluene 105°C 32 : 26 : 41 

*determined by crude 1H NMR #Large Scale 

 The proclivity for overthionation observed in the RU-THL  system was not as 

problematic for RD-THL , with comparable amounts of THL to DTL  observed with both 

thionation reagents (Table 2.9, entries 1-2). The higher rate of dithionation compared to 

the Z-side lactones further supports the theory that the position of the furan encourages the 
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SN2 ring-opening that leads to the dithiolactone. The larger scale thionation (Table 2.9, 

Entry 3) was performed and RD-THL  was isolated for further testing as a monomer. 

2.2.2 Homopolymerization Behavior of Furanylthionolactones 

2.2.2.1 Homopolymerization of Z-Side Furanylthionolactones 

Following the synthesis of the furanylthionolactones, the monomers were initially 

tested for potential homopolymerization behavior, to better understand their performance 

without the influence of vinyl comonomers and compare to the thiopene analogs. The ZU-

THL  monomer was accessible in the highest yield, so it was chosen for a screening in 

different solvents to see how solvent identity affects the monomer without an added radical 

initiator (Table 2.10). Previous unpublished studies in this lab had found that select amide 

solvents could promote autoinitiation in other thionolactone monomers, so a series of polar 

aprotic solvents were screened (Figure 2.18). The screen included N,N-dimethylformamide 

(DMF), N,N-dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP), N,Nǋ-

dimethylpropyleneurea (DMPU), and hexamethylphosphoramide (HMPA). Toluene was 

additionally included as a nonpolar control solvent. Samples of ZU-THL  were dissolved 

in each solvent in the absence of a radical initiator and stirred while heating to 70 ºC under 

a nitrogen atmosphere for 16 hours. Note that all GPC molecular weights are reported as 

the peak molecular weight to aid in comparison to degraded polymer materials. 
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Figure 2.18 Structures of solvents screened for homopolymerization of ZU-THL  

Table 2.10 Results of solvent screening for autoinitiated homopolymerization ZU-THL . 

Entry Solvent %Conv ZU-THL Mtop
%(kDa) ņ% 

1 N,N-dimethylformamide (DMF) 0% - - 

2 N,N-dimethylacetamide (DMAc) 0% - - 

3 N-methyl-2-pyrrolidone (NMP) 31% 3.9 k 2.21 

4 N,Nǋ-dimethylpropyleneurea (DMPU) 
Crosslinked; unable to characterize 

5 hexamethylphosphoramide (HMPA) 

6 toluene 0% - - 

*determined by crude 1H NMR in CDCl3 

%determined from CHCl3-GPC  

 The solvent screen showed that NMP, DMPU, and HMPA can promote 

autoinitiation of the thionolactone. Consumption of thionolactones during a polymerization 

can qualitatively be noted through the visual loss of color from the initially bright orange 

samples. Following the removal of oxygen from the samples but prior to heating, the 

sample dissolved in DMPU (Table 2.10, entries 4) went colorless within minutes. While 

not as rapid, the HMPA sample also lost most of its color after the 16-hour heating period, 

resulting in a product with a slight orange tint (Table 2.10, entry 5). Both the HMPA and 

DMPU samples became extremely viscous and could no longer stir by the time they were 

removed from the oil bath. These solvents presumably resulted in crosslinked gels that 

resisted analysis due to complete insolubility in chloroform. The ZU-THL sample 



 42 

dissolved in NMP (Table 2.10, entry 4) partially converted 31% in the same period. Due 

to the much lower conversion, the NMP sample lacked the same excessive gelation 

behavior, and thus was able to undergo size exclusion chromatography to determine the 

molecular weight and dispersity. The samples in toluene, DMF, and DMAc all exhibited 

little to no conversion or color change, showing that interaction with NMP, DMPU, and 

HMPA have a unique influence that supports the autoinitiation. Currently, there is no 

intuitive explanation for this trend. As ZU-THL was found to autopolymerize in NMP 

without an added chemical radical initiator (AIBN) devoid of excessive crosslinking, this 

solvent was used for further testing of the monomer. 

Table 2.11 Results for RAFT and free radical homopolymerization of ZU-THL  in N-

methyl-2-pyrrolidone. 

Entry Conditions 
%Conv 

ZU-THL 

Mtheo* 

(kDa) 

Mtop
% 

(kDa) 
ņ 

1 Free Radical, 0.05 eq AIBN >99% - 8.5 k 2.14 

2 Free Radical, autoinitiated >99% - 13.0 k 2.32 

3 RAFT, 0.05 eq AIBN 98% 21.2 k 6.7 k 1.90 

4 RAFT, autoinitiated 33% 7.1 k 3.8 k 2.59 

*determined by crude 1H NMR 
% Peak molecular weight from CHCl3-GPC  
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Figure 2.19 GPC traces of RAFT and free radical homopolymerization of ZU-THL in N-

methyl-2-pyrrolidone. 

The ZU-THL  monomer was initially  examined under free radical conditions with 

and without the radical initiator azobisisobutyronitrile (AIBN). Another test employed 

RAFT conditions, again with and without radicatl initiator, using (1-phenyl)ethyl 

dithiobenzoate (PEDB) as the RAFT agent (Table 2.11). Mild crosslinking was observed, 

as samples took some effort to dissolve for characterization, but the samples did not achieve 

total gelation and thus soluble fractions were able to be analyzed by NMR and GPC. Under 

free radical conditions, the addition of AIBN as an initiator lowered the resulting molecular 

weights of the polymerization, suggesting that the initiator increases the overall radical 

concentration and increases termination events. By contrast, when under RAFT conditions, 

the addition of AIBN increased the resulting molecular weight of the copolymerization. 

Without an external radical source, initiation depends entirely on the rate of autoinitiation 

of ZU-THL , which is lowered by the PEDB as radicals that could initiate other monomers 

are being reversibly deactivated in the RAFT equilibrium. With the radical concentration 

lowered too far, the conversion was too low to sustain propagation to high molecular 
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weights. The addition of the initiator sufficiently increased the radical concentration to 

sustain propagation to higher molecular weights and achieve a marginally lower 

dispersities. 

Table 2.12 Results for free radical homopolymerization of ZD-THL . 

Entry Conditions Solvent 
%Conv 

ZU-THL 

Mtheo* 

(kDa) 

Mtop
% 

(kDa) 
ņ% 

1 Free Radical, 1 eq AIBN 
NMP 

Highly crosslinked, unable to 

dissolve for characterization 2 Free Radical, autoinitiated 

3 Free Radical, 0.15 eq AIBN DMF 0% - - - 

*determined by crude 1H NMR 
% Peak molecular weight from CHCl3-GPC  

The ZD-THL monomer was more reactive under homopolymerization conditions. 

Free radical polymerization in NMP, with or without AIBN added, resulted in complete 

gelation, with the products insoluble in chloroform. No conversion was observed in DMF, 

but crosslinking was observed with NMP as the solvent. While speculative, the higher 

crosslinking activity of the Z-side thionolactones could be due to additions to the furan ring 

itself (Figure 2.20). The thioester electron withdrawing group may support radical addition 

into polymer chains, which are stabilized by the aromatic rings and the ester. 

 

Figure 2.20 Proposed mechanism of furan crosslinking. 
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Figure 2.21 Degradation of crosslinked ZD-THL homopolymer. 

Despite the insolubility of the parent homopolymer, a ZD-THL  homopolymer were 

able to be degraded to soluble small molecules with following methanolysis, as shown by 

the low MW peak of GPC (Figure 2.21). Analysis by 1H NMR shows the product is a 

complex mixture of small molecules unable to be identified, though it resembles a 

collection of thioester small molecules. These homopolymers represent a new possible 

field of solvent resistant coatings that can be polymerized without an added initiator and 

subsequently fully degraded to small molecules with addition of base.  

2.2.2.2 Homopolymerization of R-Side Furanylthionolactone 

Table 2.13 Results for homopolymerizations of RD-THL . 

Entry Conditions Solvent 
%Conv 

ZU-THL 

Mtheo* 

(kDa) 

Mtop
% 

(kDa) 
ņ 

1 Free Radical, 1 eq AIBN 

NMP 

>99% - 64.1 k 2.09 

2 RAFT Target DP 100 >99% 21.4 k 13.7 k 1.87 

3 RAFT Target DP 200 >99% 42.8 l 38.4 k 1.74 

4 Free Radical, 1 eq AIBN DMF 0% - - - 

*determined by crude 1H NMR 
% Peak molecular weight from CHCl3-GPC  



 46 

8 10 12 14

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Time (mins)

 Free Radical

 RAFT DP 100

 RAFT DP 200

MT: 13.7 k

ņ: 1.87
MT: 64.1 k

ņ: 2.09

MT: 38.4 k

ņ: 1.74

SEC-CHCl3

 
Figure 2.22 GPC traces of RAFT and free radical homopolymerization of RD-THL  in N-

methyl-2-pyrrolidone. 

The RD-THL  monomer shows more promise as a homopolymer. Without the 

electron withdrawing thioester directly bonded to the furan, the resulting polymers appear 

to lack the crosslinking observed with the Z-side furanylthionolactones. Both free radical 

and RAFT homopolymerizations of the materials resulted in higher molecular weights than 

observed for ZU-THL , with lower overall dispersities (Table 2.13). Taking advantage of 

the autoinitiation behavior of these monomers, RAFT polymerization was employed 

without a radical initiator. When degrees of polymerization of 100 and 200 were targeted, 

a moderate degree of molecular weight control was achieved with visible shift in the 

molecular weights observed by GPC analysis when a higher degree of polymerization was 

targeted (Figure 2.22). Degradation of the RD-THL homopolymers by methanolysis 

resulted in a complete conversion of polymeric material to small molecule species (Figure 

2.23). 
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Figure 2.23 Degradation results of RD-THL  homopolymers. 

2.2.3 Copolymerization Behavior of Furanylthionolactones 

For the three furanylthionolactones that were able to be synthesized, the 

copolymerization behavior was explored. Each monomer was subjected to RAFT 

copolymerization conditions with tert-butyl acrylate, styrene, and N,N-

dimethylacrylamide, with a ratio of 95:5 of vinyl monomer to thionolactone. The RAFT 

agent used was DOPAT, and the target degree of polymerization was 100. The copolymers 

were then degraded with sodium methoxide to evaluate the microstructures. 
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Table 2.14 Results of furanylthionolactone copolymerization screenings. 

Entry 
Vinyl 

Monomer 

THL 

Monomer 

%Conv 

Vinyl 

%Conv 

THL 

Mtheo* 

(kDa) 

Mtop
% 

(kDa) 
ņ% 

1 
tert-butyl 

acrylate 

ZU-THL 

79% 

>99% 

10.7 k 4.7 k 1.80 

2 styrene 40% 4.9 k 2.4 k 1.81 

3 
N,N-dimethyl 

acrylamide 
67% 7.4 k 

5.3 k 

76.6 k 
1.80 

4 
tert-butyl 

acrylate 

ZD-THL 

9% 

>99% 

2.2 k 

Insoluble, unable 

to characterize 

by GPC 

5 styrene 2% 1.3 k 

6 
N,N-dimethyl 

acrylamide 
7% 1.7 k 

7 
tert-butyl 

acrylate 

RD-THL 

84% 

>99% 

11.2 k 12.2 k 1.67 

8 styrene 40% 5.0 k 5.3 k 1.37 

9 
-,N-dimethyl 

acrylamide 
91% 9.6 k 9.5 k 1.76 

*determined by conversion in crude 1H NMR 
% Determined from CHCl3-GPC  

 The results of copolymerization screenings with both Z-side furanylthionolactones 

can be found in Table 2.14, entries 1-6. In all copolymerizations, the thionolactone 

exhibited full  conversion, as determined by the disappearance of the methylene peak in the 

crude 1H NMRôs. Between the ZD-THL and ZU-THL , the former exhibited higher 

homopolymerization and crosslinking activity, resulting in higher incidence of inhibition 

of vinyl propagation and thus lower apparent vinyl conversions. The resulting copolymer 

mixtures from the ZD-THL  lacked solubility in chloroform and thus were not able to be 

analyzed by GPC.  
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The vinyl monomers varied in their resulting conversions due to their interaction 

with the thionolactones. Keeping in line with previous observations of the parent diphenyl 

thionolactone, the acrylic comonomers gave higher overall conversions in the presence of 

the THL comonomers compared to styrene in the same conditions. For the ZU-THL , tert-

butylacrylate (tBA) and N,N-dimethylacrylamide (DMA ) had conversions of 79% and 

67% respectively, while styrene (Sty) only reached 40% in the same time frame. A similar 

trend was present for the ZD-THL , with a tBA conversion of 9%, DMA  conversion of 7%, 

and a Sty conversion of 2%.  
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Figure 2.24 GPC traces of ZU-THL  copolymers with tert-butylacrylate (tBA), styrene 

(Sty), and N-,N-dimethylacrylamide (DMA ). 

The resulting molecular weights tell a similar story, as the Mn returned from the 

SEC-GPC analysis showed ZU-THL -co-Sty was ~2.4 kDa, notably lower than 4.7 kDa 

for ZU-THL -co-tBA and 5.3 kDa for ZU-THL -co-DMA  (Figure 2.24). Interestingly, the 

addition of the thionolactone comonomer reduced the degree of control typically awarded 
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to RAFT polymerizations with the dispersities of all three at the high value of around 1.8. 

Higher dispersity may have been caused by the thionolactone interrupting the steps that 

allow RAFT to target low molecular weights, that being proper of fast monomer initiation, 

and the RAFT equilibrium that slows the propagation. Due to the tendency for autoinitation 

of the furanylthionolactones in certain solvents, those processes were disturbed by an 

increased active radical concentration during polymerization. Higher radical concentration 

can result in early terminations reactions, such as by chain-chain coupling, lowering the 

molecular weight achieved and decreasing the amount of control over the polymerization. 
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Figure 2.25 GPC traces of RD-THL  copolymers with tert-butylacrylate (tBA), styrene 

(Sty), and N-,N-dimethylacrylamide (DMA) . 

As RD-THL  was the only R-side thionolactone to be successfully synthesized, it 

is the only one whose copolymerization behavior could be evaluated. The results of the 

copolymerization screening with tert-butylacrylate, styrene, and -,N-dimethylacrylamide 
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can be found in Table 2.14, entries 7-9. The RD-THL  monomer had several consistencies 

with the Z-side monomers. RD-THL monomer converted completely in the progress of 

the reactions. The copolymerizations indicated a higher compatibility with the acrylate-

based comonomers, as tBA and DMA  both converted 83% and 91% respectively, while 

Sty only converted to 40%. The GPC traces of the acrylate copolymers showed peaks with 

higher molecular weight shoulders (Figure 2.25), which were not present in the 

copolymerization with styrene. But in contrast to the ZU-THL -co-vinyl polymers, the 

dispersities for the RD-THL -co-vinyl polymers were lower, the molecular weights were 

higher, and the predicted values from the conversion were more accurate to the resulting 

products. This supports the idea that the R-side thionolactones are less active radical 

generators and are less prone to unintended crosslinking behavior. If the monomer is less 

likely to create new radicals, the active radical concentration during polymerization stays 

low, so the polymerization is more controlled. 

 The lower conversions and higher disperities were further investigated through 

degradation studies, that illuminated the copolymer microstructures. Each copolymer was 

subjected to stirring sodium methoxide (NaOMe), and GPC trace of the polymer residue 

was compared to the original polymers. 
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Figure 2.26 Degradation results and proposed microstructures ZU-co-tBA. 

 

Figure 2.27 Degradation results and proposed microstructures of ZU-co-DMA . 

 

Figure 2.28 Degradation results and proposed microstructures RD-co-tBA. 
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Figure 2.29 Degradation results and proposed microstructures of RD-co-DMA . 

 The GPC traces of the copolymerizations of tBA and DMA  with ZU-THL  and RD-

THL  resulted in similar shapes, a broad peak with a higher molecular weight shoulder. 

Following degradation, the higher intensity peaks shifted to a slightly lower molecular 

weight while the shoulders completely disappeared. Working backwards, the highest 

intensity peaks in the parent samples were the result of blocky acrylate copolymers with 

early integration with the thionolactone. The cleavage of those linkages resulted in the 

slight shift to lower molecular weights. The shoulders observed were the result of some 

chain-chain coupling, but mostly separate homopolymerization and crosslinking behavior 

of the thionolactone monomers, evidenced by the complete disappearance following the 

methanolysis. The copolymerization with ZU-THL  and DMA  resulted in more significant 

crosslinking, which is consistent with the visible observation of the extreme viscosity of 

the sample. The homopolymerization activity of the ZU-THL  was shown to be directly 

dependent on the solvent, so 1,4-dioxane may have been more favorable than DMF to 

support the autoinitiation and polymerization. Overall, the furanylthionolactones seemed 
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to show low rates of integration between the acrylates and the thionolactones, possibly 

indicative of the RAFT agent being unfavorable for the furan monomers. 

 

Figure 2.30 Degradation results and proposed microstructures of ZU-co-Sty. 

 

Figure 2.31 Degradation results and proposed microstructures of RD-co-Sty. 

Degradation studies of styrene and the thionolactones show the comonomers did 

not appear to favor copolymerize under these conditions, as degradation conditions did not 

shift the major polymer peak to any notable degree. Low conversion does shows the 

homopolymerization of styrene was inhibited, an observation consistent with previous 

studies of the DOT monomer, which also did not integrate with styrene but experienced 

deactivation in its polymerization. 
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2.3 Conclusion 

 

Figure 2.32 Summary of furanylthionolactones. 

The three out of the four targeted furanylthionolactones isomers were successfully 

synthesized. The process highlighted the difference in reactivity between the 2 and 3 

position on furan, and the importance of considering the electronic effects of entire 

molecule when performing coupling reactions. The efforts to convert the RU-LAC to RU-

THL  became an unintended case study on the limitations of thionation, so future attempts 

towards making that molecule must focus on mitigating disfavored ring-opening behavior. 

Generally, the polymerization studies introduced a handful of exciting results. They 

highlighted oddly solvent-specific autoinitiation and polymerization behavior that is still 

not fully understood. As monomers, the furanylthionolactones showed drastic shifts in 

reactivity depending on the location of the heterocycle. The Z-side thionolactones 

crosslinked and were difficult to control. Comparatively, the RD-THL showed promise due 

to its higher yields, linear products, and moderate control from RAFT polymerization. Due 

to the limited amount of RD-THL monomer available, the amount of polymerization 
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experiments was unfortunately restricted. Future studies into RD-THL  should focus on 

find ways to increase the synthetic yield and investigating the physical properties of the 

resulting homopolymer. 

Other future directions for these materials include direct comparison to thiophene 

derivatives, kinetics testing with vinyl monomers, and screening conditions to see if 

copolymerization with vinyl monomers can be favored over homopolymerization. 

2.4 Experimental 

2.4.1 General Information 

All reagents and solvents were purchased from commercial sources and used 

without further purification unless otherwise stated. All  vinyl monomers were run through 

a basic alumina column to remove inhibitor prior to use. Column chromatography was 

performed on Silicycle silica gel (60 Å, 40-63 ɛm (230-400 mesh))). 1H and 13C NMR 

spectroscopy was conducted using Bruker Avance 400 MHz spectrometer. Polymer 

samples were analyzed using a Tosoh EcoSEC HLC 8320GPC system with TSKgel 

SuperHZ-L columns eluting CHCl3 with 0.25% NEt3 at a flow rate of 0.45 mL/min. 

2.4.2 Synthetic Procedures 

General Suzuki Coupling Condition Screening Procedure: A series of solutions were 

prepared in 4 mL vials containing one of each of the following: (1) the furan coupling 

partner (2-3, 2-4, 2-5, 2-9, or  2-10) (25 mg, 1 eq); (2) the appropriate boronic acid (2-BA1 

or 2-BA2) (1.2 eqs); (3) An aliquot of 2 M base (1.5 eq, 0.106 mL); (4) the palladium 

catalyst (0.05 eqs); and (5) 1,4-dioxane (0.706 mL). To each vial, a stir bar was added and 
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the solutions were flushed with nitrogen for 8 minutes. The vials were sealed and then 

stirred under nitrogen at 90°C for 18-24 hours. The reactions were cooled to room 

temperature, and aliquots were dried for crude 1H NMR. Conversions were determined by 

comparing relative integration of peaks associated with the furan starting materials and the 

lactone methylenes. 

General Thionation Condition Screening Procedure: A series of solutions were 

prepared in 4 mL vials containing one of each of the following: (1) The lactone of interest 

(ZU-LAC , ZD-LAC , RU-LAC , or RD-LAC ) (15 mg, 0.075 mmol, 1 eq); (2) the 

thionation reagent(s) (Lawessonôs Reagent (15.15 mg, 0.037 mmol, 0.5 eq) or P4S10 (8.34 

mg, 0.018 mmol, 0.25 eq) and hexylmethyldisiloxane (27 µL, 0.125 mmol, 1.67 eq)); (3) 

the solvent (0.749 mL). To each vial, a stir bar was added, and the samples were lowered 

into a heat bath at 90°C or 105°C for 18-24 hours. The reactions were cooled to room 

temperature, and aliquots were dried for crude 1H NMR. Conversions were determined by 

comparing relative integration of peaks associated with the methylene peaks of the lactone, 

dithiolactone, and thionolactone. 
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2.4.2.1 ZU Thionolactone Synthesis 

 

Figure 2.33 Synthetic scheme for ZU-THL .  

3-bromofuran-2-carboxylic acid (2-2): Synthesis adapted from method 

published by Zhang et al.37 A 2M solution of lithium diisopropylamide (15.25 

mL, 30.5 mmol, 1.2 eq) in THF was added to a 100 mL round bottom flask under nitrogen 

and cooled to -78 °C via dry ice-acetone bath. After cooling, a nitrogen-purged solution of 

3-bromofuran (2.25 mL, 25.4 mmol, 1.0 eq) in THF (20 mL) was added dropwise by 

nitrogen-flushed syringe. The solution was stirred for 1 hour at -78 °C, then poured into a 

round bottom flask filled with excess crushed dry ice to form a brown slurry. The mixture 

was stirred for 10-15 minutes, then poured slowly into room temperature water (100 mL) . 

The solution was then transfered to a sepratory funnel and the aqueous phase was washed 

with DCM (3 x 100 mL). The aqueous layer was acidified to pH 3 with 1 N HCl, and the 

product was extracted with DCM (3 x 100 mL). The organic layer was dried with NaSO4 

and conventrated en vacuo to yield a tan powder (2.72 g, 56% yield). 1H NMR  (400 MHz, 

CDCl3) ŭ 7.61 (d, J = 1.8 Hz, 1H), 6.70 (d, J = 1.8 Hz, 1H). 
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Methyl 3-bromofuran-2-carboxylate (2-3): 3-Bromofuran-2-carboxylic 

acid (3.64 g, 19.1 mmol, 1.0 eq), pulverized K2CO3 (26.3 g, 190.6 mmol, 10 

eq), and methyl iodide (1.42 mL, 22.88 mmol, 1.2 eq) was added to dry DMF (40 mL) and 

stirred at 50 °C overnight. Excess NH4Cl was added to quench the reaction. The mixture 

was diluted with water and diethyl ether and transferred to a sepratory flask. A liquid-liquid 

extraction was performed with sat. NaHCO3 (3 x 100 mL), water (3 x 100 mL), and sat. 

NaCl (3 x 100 mL).  The organic layer was collected and dried with Na2SO4 and 

concentrated en vacuo, purified by column chromatography (7:1 v:v Hexanes:EtOAc) and 

recrystallized in hexanes/EtOAc to yield white crystals (2.04 g, 52% yield). 1H NMR  (400 

MHz, CDCl3) ŭ 7.53 (d, J = 1.9 Hz, 1H), 6.64 (d, J = 1.9 Hz, 1H), 3.96 (s, 3H).  

 Benzo[c]furo[3,2-e]oxepin-4(6H)-one (ZU-LAC) : A solution of methyl 

3-bromofuran-2-carboxylate (2.04 g, 9.94 mmol, 1 eq), 2-hydroxymethyl 

phenylboronic acid (3.02 g, 19.9 mmol, 2 eq) in 1,4-dioxane (50 mL) was added to a 100 

mL round bottom flask containing Pd2(dba)3 (272.9 mg, 0.298 mmol, 0.03 eq), 

triphenylphosphine (495.1 mg, 1.19 mmol, 0.19 eq) and a 2M aqueous solution K2CO3 

(8.30 mL, 16.59 mmol, 1.67 eq). The mixture was purged with nitrogen for 15 minutes, 

then stirred under nitrogen at 90°C overnight. The reaction was cooled to room 

temperature, diluted with water, and extracted with DCM. The organic layer was 

concentrated en vacuo and purified by column chromatography (2:1 v:v Hexanes:EtOAc). 

The pure fractions were further recrystallized in hexanes/EtOAc to yield white crystals 

(1.05 g, 53% yield). 1H NMR (400 MHz, CDCl3) ŭ 7.80 (d, J = 1.9 Hz, 1H), 7.70 (d, J = 

7.7 Hz, 1H), 7.62 ï 7.44 (m, 3H), 6.94 (d, J = 1.9 Hz, 1H), 5.17 (s, 2H). 13C NMR (101 
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MHz, CDCl3) ŭ 160.30, 147.90, 140.45, 133.37, 131.77, 130.77, 130.06, 129.52, 129.26, 

126.78, 109.85, 70.36.  

 Benzo[c]furo[3,2-e]oxepin-4(6H)-thione (ZU-THL ): Benzo[c]furo[3,2-

e]oxepin-4(6H)-one (500 mg, 2.50 mmol, 1 eq), P4S10 (277 mg, 0.624 

mmol, 0.25 eq), and hexylmethyldisiloxane (0.887 mL, 4.17 mmol, 1.67 eq) were 

combined into 25 mL of dry toluene in a 40 mL vial. The solution was stirred at 105°C 

overnight. The toluene was removed and the mixture was purified by column 

chromatography (4:4:1 v:v:v Hexanes:Toluene:EtOAc). The thionolactone was further 

purified by recrystallization in toluene to yield orange crystals (324 mg, 60%). 1H NMR  

(400 MHz, CDCl3) ŭ 7.87 (d, J = 1.9 Hz, 1H), 7.71 (dt, J = 7.6, 1.0 Hz, 1H), 7.64 ï 7.48 

(m, 3H), 6.97 (d, J = 1.9 Hz, 1H), 5.32 (s, 2H). 13C NMR (101 MHz, CDCl3) ŭ 197.13, 

149.35, 149.17, 133.15, 131.33, 130.19, 129.72, 129.39, 128.14, 126.90, 110.66, 75.13.  

2.4.2.2 RU Thionolactone Synthesis 

 

Figure 2.34 Synthetic scheme for RU-THL . 
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3-Bromofuran-2-carbaldehyde (2-5): A 2 M solution of lithium 

diisopropylamide (24.9 mL, 49.7 mmol, 1.1 eq) in THF was added to a 100 mL 

round bottom flask under nitrogen and cooled to -78 °C via dry ice-acetone bath. After 

cooling, a nitrogen-purged solution of 3-bromofuran (4.0 mL, 45.3 mmol, 1.0 eq) in THF 

(35 mL) was added dropwise by nitrogen-flushed syringe. The solution was stirred for 1 

hour at -78 °C, then DMF (14 mL, 180.9 mmol, 4 eq) was added dropwise. The solution 

stirred for an additional 1 hour at -78 °C, then removed from dry ice bath to stir while 

slowly rising to RT. The mixture was poured slowly into room temperature water (100 mL) 

to quench, then extracted with diethyl ether. The organic layer was dried with NaSO4 and 

conventrated en vacuo and purify by column chromatography (7:1 v:v Hexanes:EtOAc) to 

yield yellow-brown oil (4.12 g, 52%). 1H NMR  (400 MHz, CDCl3) ŭ 9.73 (d, J = 0.8 Hz, 

1H), 7.64 (dd, J = 1.9, 0.8 Hz, 1H), 6.67 (d, J = 1.9 Hz, 1H).  

Methyl 2-(2-formylfuran -3-yl)benzoate (2-6): A solution of methyl 3-

bromofuran-2-carbaldehyde (1.76 g, 10.5 mmol, 1 eq), (2-

methoxycarbonyl)phenylboronic acid (2.17 g, 12.1 mmol, 1.2 eq) in 1,4-dioxane (50 mL) 

was added to a 250 mL round bottom flask containing Pd(dppf)Cl2 DCM adduct (411 mg, 

0.503 mmol, 0.05 eq) and a 2M aqueous solution K2CO3 (8.40 mL, 16.79 mmol, 1.67 eq). 

The mixture was purged with nitrogen for 15 minutes, then stirred under nitrogen at 90°C 

overnight. The reaction was cooled to room temperature, diluted with water, and extracted 

with DCM. The organic layer was concentrated en vacuo and purified by column 

chromatography (4:1 v:v Hexanes:EtOAc) to yield a yellow oil (925 mg, 40%). 1H NMR 

(400 MHz, CDCl3) ŭ 9.51 (d, J = 0.8 Hz, 1H), 8.04 (ddd, J = 7.7, 1.5, 0.5 Hz, 1H), 7.71 

(dd, J = 1.7, 0.8 Hz, 1H), 7.61 (td, J = 7.5, 1.5 Hz, 1H), 6.62 (d, J = 1.7 Hz, 1H). 13C NMR 
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(101 MHz, CDCl3) ŭ 177.53, 167.16, 146.51, 131.83 (d, J = 3.9 Hz), 130.74, 129.01, 

115.10, 52.23. 

 Benzo[c]furo[3,2-e]oxepin-6(4H)-one (RU-LAC) : NaBH4 (965 mg, 25.5 

mmol, 4 eq) was added to 40 mL of dry DMF in a 250 mL round bottom 

flask and cooled to 0°C via an ice bath. After cooling, methyl 2-(2-formylfuran-3-

yl)benzoate (1.47 g, 6.38 mmol, 1 eq) dissolved in 20 mL dry DMF was added dropwise 

to the flask under vigorous stirring. The reaction was stirred at 0°C for three hours, 

monitoring progress by TLC. After three hours, conc. HCl (2.66 mL, 31.9 mmol, 5 eq) was 

added dropwise. Mixture was diluted with water and extracted with ether. The organic 

layer was concentrated to yield the intermediate alcohol. The crude alcohol was added to a 

250 mL round bottom flask containing 60 mL of dry DMF and pulverized K2CO3 (1.76 g, 

12.76 mmol, 2 eq). The mixture was heated to 90°C overnight, monitored by TLC for the 

production of a bright blue spot. After heating, the reaction was quenched with NH4Cl and 

extracted with ether. The organic layers were washed with sat. NaCl and purified by 

column chromaography (4:1 v:v Hexanes:EtOAc) to yield a clear oil that solidifies to white 

crystals at room temperature (528 mg, 41%). 1H NMR  (400 MHz, CDCl3) ŭ 8.10 (dd, J = 

8.0, 1.4 Hz, 1H), 7.64 (td, J = 7.6, 1.4 Hz, 1H), 7.52 ï 7.40 (m, 3H), 6.78 (d, J = 1.9 Hz, 

1H), 5.09 (s, 2H). 13C NMR (101 MHz, CDCl3) ŭ 149.00, 143.35, 133.97, 132.73, 131.26, 

130.06, 127.42, 126.70, 124.18, 118.04, 109.02, 60.08. 
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2.4.2.3 ZD Thionolactone Synthesis 

 

Figure 2.35 Synthetic scheme for ZD-THL .  

 2-Bromofuran-3-carboxylic acid (2-8): To an oven-dried 200 mL Schlenk 

flask was charged furan-3-carboxylic acid (2.80 g, 25.0 mmol, 1 eq) and THF 

(80 mL). The solution was degassed by bubbling through with nitrogen, then cooled to -

78°C via a dry ice/acetone bath. A 1.6 M solution of n-butyl lithium (32.81 mL, 52.5 mmol, 

2.1 eq) was added dropwise by syringe over a 20-minute period forming a pale yellow 

solution with white precipitate. The flask was regularly shaken to encourage mixing. The 

reaction was stirred at -78°C for two hours, then bromine liquid (1.42 mL, 25.5 mmol, 1.1 

eq) was added dropwise to yield a bright golden solution with white precipitate. The 

reaction stirred for an additional two hours at -78°C, after which 40 mL of saturated 

aqueous ammonium chloride was added to quench the reaction. The cold bath was 

removed, and the reaction was returned to room temperature. The mixture was diluted with 

100 mL of 1 M HCl solution. The mixture was transferred to a separatory funnel and 

extracted with ethyl acetate (3 x 100 mL). The combined organic extracts were rinsed with 
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brine, dried over Na2SO4, and concentrated to afford a tan solid. The product can be further 

purified with recrystallization from water (3.13 g, 65%).  1H NMR  (400 MHz, CDCl3) ŭ 

7.49 (d, J = 2.2 Hz, 1H), 6.85 (d, J = 2.2 Hz, 1H 

Methyl 2-bromofuran-3-carboxylate (2-9): To 2-Bromofuran-3-carboxylic 

acid (2.99 mg, 15.7 mmol, 1 eq), the methylation is carried out using the same 

procedure as the methylation of methyl 3-bromofuran-2-carboxylic acid. (2.79 g, 87%) 1H 

NMR  (400 MHz, CDCl.) ŭ 7.46 (d, J = 2.2 Hz, 1H), 6.79 (d, J = 2.2 Hz, 1H), 3.89 (s, 3H). 

Benzo[c]furo[2,3-e]oxepin-4(6H)-one (ZD-LAC) : A solution of methyl 

2-bromofuran-3-carboxylate (1.18 g, 5.77 mmol, 1 eq), 2-hydroxymethyl 

phenylboronic acid (1.05 g, 6.93 mmol, 2 eq) in 1,4-dioxane (30 mL) was added to a 100 

mL round bottom flask containing Pd(PPh3)4 (333.61 mg, 0.289 mmol, 0.05 eq), and a 2M 

aqueous solution K2PO3 (4.33 mL, 8.66 mmol, 1.50 eq). The mixture was purged with 

nitrogen for 15 minutes, then stirred under nitrogen at 90°C overnight. The reaction was 

cooled to room temperature, diluted with water, and extracted with DCM. The organic 

layer was concentrated en vacuo and purified by column chromatography (2:1 v:v 

Hexanes:EtOAc). The pure fractions (1.43 g, 98%) were further recrystallized in 

hexanes/EtOAc to yield white crystals (700.5 mg, 60%). 1H NMR  (400 MHz, CDCl3) ŭ 

7.89 (dt, J = 7.6, 1.0 Hz, 1H), 7.64 ï 7.54 (m, 2H), 7.03 (d, J = 1.9 Hz, 1H), 5.15 (s, 2H). 

13C NMR (101 MHz, CDCl3) ŭ 154.30, 143.01, 132.89, 129.89, 129.87, 129.14, 125.17, 

116.38, 113.40, 69.63. 

Benzo[c]furo[2,3-e]oxepine-4(6H)-thione (ZD-THL ): Benzo[c]furo[2,3-

e]oxepin-4(6H)-one (863.8 mg, 4.315 mmol, 1 eq) and Lawessonôs Reagent 
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(872.62 mg, 2.157 mmol, 0.50 eq) were combined into 45 mL of dry toluene in a 100 mL 

RBF. The solution was stirred at 105°C overnight. The toluene was removed and the 

mixture was purified by column chromatography (4:1 v:v Hexanes:DCM). The 

thionolactone was further purified by recrystallization in hexanes/ethyl acetate to yield 

yellow crystals (392.5 mg, 40%). 1H NMR  (400 MHz, CDCl3) ŭ 8.04 ï 7.74 (m, 1H), 7.71 

ï 7.39 (m, 4H), 7.15 (d, J = 2.0 Hz, 1H), 5.30 (s, 2H). 13C NMR  (101 MHz, CDCl3) ŭ 

204.73, 149.75, 142.62, 132.27, 130.33, 130.08, 129.75, 129.10, 126.78, 125.31, 116.51, 

74.40. 

2.4.2.4 RD Thionolactone Synthesis 

 

Figure 2.36 Synthetic scheme for RD-THL .  

 (2-Bromofuran-3-yl)methanol (2-10): To a 200 mL Schlenk flask was added 

methyl 2-bromofuran-3-carboxylate (2502.3 g, 12.21 mmol, 1 eq) and dry DCM 

(122.06 mL). The solution was bubbled through with nitrogen and cooled to 0°C. A 1.2 M 

solution of DIBAL in toluene (25.43 mL, 30.514 mmol, 2.5 eq) was added dropwise. The 

ice bath was removed, and the mixture stirred at room temperature for three hours. A 
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solution of saturated aqueous Rochelleôs Salt (sodium potassium tartrate) was added to 

quench the reaction and was allowed to stir overnight. The reaction was diluted with 100 

mL of DCM and transferred to a separatory funnel. The organic layer was separated and 

rinsed with brine, then dried with Na2SO4. Solvent was removed under high vacuum to 

yield yellow oil. (1.56 g, 72%). 1H NMR  (400 MHz, CDCl3) ŭ 7.45 (d, J = 2.1 Hz, 1H), 

6.53 (d, J = 2.1 Hz, 1H), 4.49 (s, 2H).  

 Methyl 2-(3-(hydroxymethyl)furan -2-yl)benzoate (2-11): A solution of 

(2-bromofuran-3-yl)methanol (1.80 g, 10.2 mmol, 1 eq), (2-

methoxycarbonyl)phenylboronic acid (2.19 g, 12.2 mmol, 1.2 eq) in 1,4-dioxane (115 mL) 

was added to a 250 mL round bottom flask containing Pd(dppf)Cl2 DCM adduct (414.9 

mg, 0.508 mmol, 0.05 eq) and a 2M aqueous solution Na2CO3 (7.62 mL, 15.2 mmol, 1.5 

eq). The mixture was purged with nitrogen for 15 minutes, then stirred under nitrogen at 

90°C overnight. The reaction was cooled to room temperature, diluted with water, and 

extracted with ethyl aetate. The organic layer was concentrated en vacuo and purified by 

column chromatography (4:1 v:v Hexanes:EtOAc) to yield a yellow oil (699.2 mg, 30%). 

1H NMR (400 MHz, CDCl3) ŭ 7.84 (ddd, J = 7.7, 1.4, 0.5 Hz, 1H), 7.58 ï 7.39 (m, 4H), 

6.57 (d, J = 1.8 Hz, 1H), 4.48 (s, 2H), 2.51 (s, 1H). 

 Benzo[c]furo[2,3-e]oxepin-6(4H)-one (RD-LAC) : Methyl 2-(3-

(hydroxymethyl)furan-2-yl)benzoate (555.2 mg, 2.39 mmol, 1 eq) was 

added to a 100 mL round bottom flask containing 23 mL of dry DMF and pulverized K2CO3 

(660.8 g, 4.78 mmol, 2 eq). The mixture was heated to 90°C overnight, monitored by TLC 

for the production of a bright blue spot. After heating, the reaction was quenched with 

NH4Cl and extracted with ether. The organic layers were washed with sat. NaCl, dried with 
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Na2SO4, and concentrated en-vacuo to a yellow solid. The sample was recrystallized with 

Hexanes and ethyl acetate (90:10 v:v) to yield fine white crystals (132.1 mg, 22%). 1H 

NMR  (400 MHz, CDCl3) ŭ 8.15 (ddd, J = 8.0, 1.3, 0.5 Hz, 1H), 7.76 (ddd, J = 7.9, 1.4, 0.6 

Hz, 1H), 7.67 (ddd, J = 7.8, 7.2, 1.3 Hz, 1H), 7.55 (d, J = 1.9 Hz, 1H), 7.47 (ddd, J = 8.0, 

7.3, 1.4 Hz, 1H), 6.59 (d, J = 1.8 Hz, 1H), 4.99 (s, 2H). 13C NMR  (101 MHz, CDCl3) ŭ 

143.25, 134.04, 132.83, 128.35, 128.03, 124.41, 120.63, 110.75, 60.88. 

 Benzo[c]furo[2,3-e]oxepin-6(4H)-thione (RD-THL ): To 

benzo[c]furo[2,3-e]oxepin-6(4H)-one (511.9 mg, 2.56 mmol, 1 eq), the 

thionation is carried out with the same procedure as the thionation of Benzo[c]furo[2,3-

e]oxepin-4(6H)-one (ZD). Recrystallization via hexanes/ethyl acetate yields small orange 

crystals. (186.3 mg, 34%) 1H NMR  (400 MHz, CDCl3) ŭ 8.32 (ddd, J = 8.1, 1.3, 0.6 Hz, 

1H), 7.40 (ddd, J = 8.1, 7.1, 1.5 Hz, 1H), 6.60 (d, J = 1.9 Hz, 1H), 5.11 (s, 2H). 13C NMR  

(101 MHz, CDCl3) ŭ 214.73, 152.33, 143.57, 137.21, 135.91, 132.29, 127.50, 125.24, 

124.17, 120.38, 110.59, 66.03. 

2.4.3 Polymerization Procedures 

 

Figure 2.37 Example thionolactone-vinyl copolymerization scheme (ZU-THL -co-tBA). 

General Thionolactone-tert-Butylacrylate Copolymerization Procedure: To a 4 mL 

vial was added the vinyl monomer (200 µL, 95 eq), the appropriate thionolactone (5 eq), 



 68 

DoPAT (1 eq), 100 µL AIBN stock solution in solvent used (0.15 eq), and additional 

solvent to bring solution to 3.0 M overall (DMF for tBA, toluene for styrene, and 1,4-

dioxane for DMA). A flea stir bar was added to the reaction vial, and the solution was 

purged with N2 for 8 minutes. The vial was sealed with superglue, electrical tape, and 

parafilm. The vials were stirred at 70°C for ~23 hours, then opened to ambient air to cease 

polymerization. A sample of crude solution was taken for 1H NMR to determine the 

conversion of each comonomer. The sample was then precipitated (in 15:80 solution of 

H2O and MeOH for tBA, 100% MeOH for styrene, 100% Hexanes for DMA), then dried 

on high vacuum. Precipitated polymer samples were further analyzed by 1H NMR and 

CHCl3 SEC analysis. 

 

Figure 2.38 Example thionolactone free radical homopolymerization scheme. 

General Thionolactone Free Radical Homopolymerization Procedure: To a 4 mL vial 

was added the appropriate thionolactone (20 mg, 0.092 mmol, 100 eq); if used, 100 µL 

AIBN stock solution in NMP (0.152 mg, 0.001 mmol, 1 eq); and additional solvent to bring 

solution to 2.0 M overall (0.467 mL).  A flea stir bar was added to the reaction vial, and 

the solution was purged with N2 for 8 minutes. The vial was sealed with superglue, 

electrical tape, and parafilm. The vials were stirred at 70°C for ~23 hours, then opened to 

ambient air to cease polymerization. A sample of crude solution was taken for 1H NMR to 

determine the monomer conversion. The sample was then precipitated 100% MeOH, then 
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dried on high vacuum. Precipitated polymer samples were further analyzed by 1H NMR 

and CHCl3 SEC analysis. 

 

Figure 2.39 Example thionolactone RAFT homopolymerization scheme. 

General Thionolactone RAFT Homopolymerization Procedure: To a 4 mL vial was 

added the appropriate thionolactone (20 mg, 0.092 mmol, 100 eq); if used, 5 µL 4.56 

mg/mL AIBN stock solution in NMP (0.023 mg, 0.139 µmol, 0.15 eq); 50 µL 4.78 mg/mL 

PEDB stock solution in NMP (0.24 mg, 0.924 µmol, 1 eq); and additional solvent to bring 

solution to 2.0 M overall (457 µL).  A flea stir bar was added to the reaction vial, and the 

solution was purged with N2 for 8 minutes. The vial was sealed with superglue, electrical 

tape, and parafilm. The vials were stirred at 70°C for ~23 hours, then opened to ambient 

air to cease polymerization. A sample of crude solution was taken for 1H NMR to determine 

the monomer conversion. The sample was then precipitated 100% MeOH, then dried on 

high vacuum. Precipitated polymer samples were further analyzed by 1H NMR and CHCl3 

SEC analysis. 
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Figure 2.40 Example thioester-containing polymer degradation scheme (ZU-THL -co-

tBA). 

General Procedure for Polymer Degradation by Methanolysis: To a 4 mL vial 

containing a flea stir bar was added the copolymer (15 mg) dissolved in DCM (1 mL). To 

this was added 1 mL of NaOMe solution (25% in MeOH, 2.5 mmol). The solution stirred 

at room temperature for three hours, and then was acidified to a pH less than 2 with 

concentrated hydrochloric acid. Saturated sodium bicarbonate solution was added to 

neutralize the solution to a pH of 7. The solvent was removed under high vacuum, then the 

polymer redisue was reconstituted with 2.5 mL of GPC solvent. The sample was filtered 

of inorganic solids via a (0.45 µm PFTE syringe filter) and submitted for SEC analysis. 
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CHAPTER 3. THERMORESPONSIVE T HIOESTER-

CONTAINING DI BLOCK  POLYMERS 

3.1 Introduction 

Thermoresponsive polymers are a type of stimuli responsive polymer that exhibits a 

discontinuous change in their physical properties in response to a change in temperature. 

These materials are in a wealth of different specialized applications, typically taking 

advantage of a changes in intermolecular forces and miscibility. Some can be grafted or 

coated to form thermoresponsive surfaces that can shift between hydrophilicity and 

hydrophobicity with temperature, useful for tissue engineering38 or in ñintelligent 

separationò chromatography.39 The thermoresponsive polymers this chapter focuses on are 

those take advantage of changes in solubility with temperature.  

 

Figure 3.1 Phase diagrams of LCST and UCST mixtures. 

A solute that exhibits a loss of solubility when increased above a certain temperature 

is said to possess a lower critical solvation temperature (LCST), while one that loses 



 72 

solubility below a certain temperature possesses an upper critical solvation temperature 

(UCST). As shown in the phase diagrams of these mixtures (Figure 3.1) the transition 

temperatures depend on the identity of the solute and solvent, as well as the composition 

of the sample. These transitions only include changes in weak non-covalent interactions, 

so applications with thermoresponsive materials can take advantage of the high 

reversibility with heat as an easily applied trigger. 
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Figure 3.2 Flory-Huggins solution theory; R = Universal gas constant, T = Temperature, 

◖ = volume fraction of component, DP = degree of polymerization, ɢ = interaction 

parameter. 

Thermodynamically, dissolution of a polymer at a given temperature depends on 

the competition of the entropy to disrupt the intermolecular polymer-polymer interactions, 

compared to the entropy of forming polymer-solvent interactions. The Flory-Huggins 

solution theory describes the free energy of mixing (for polymer dissolution) as dependent 

on an interaction parameter, ɢ, which encompasses all energetic contributions from 

interactions between all components.40 If this factor changes with the change in 

temperature, the temperature at which the free energy of mixing reaches zero defines a 

critical solvation temperature. 
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Figure 3.3 Aqueous compatibility of pNIPAM repeat unit. 

 

Figure 3.4 Structural contributions to the aqueous solubility of pNIPAM. 

Significant research has been dedicated to materials with thermal responses in water, 

as these materials have promise in bioengineering applications. Poly(N-

isopropylacrylamide) (pNIPAM) is of high interest due to its aqueous LCST at near 32ºC, 

near the internal temperature of the human body.41 The NIPAM repeat unit consists of a 

hydrophilic amide sandwiched by the hydrophobic carbon backbone and isopropyl pendant 

group. Below the LCST, pNIPAM is soluble in water due to the hydrogen bonds it can 

form with the amide group. Above the LCST, the thermal energy increases the dynamic 
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motion of the backbone and isopropyl carbons too much for the hydrogen bonds to be 

sustained, resulting in abrupt hydrophobic collapse. As a result, pNIPAM containing 

materials possess a sharp, well-defined physical transition with a wealth of potential 

applications. 

 

Figure 3.5 Thermally activated micelle formation in amphiphilic block copolymers with 

an LCST active block. 

 One of the major barriers for the application of pharmaceuticals is delivering 

hydrophobic molecules into an aqueous environment and subsequently releasing them. 

One proposed solution is using micelles with reversible self-assembly to encapsulate and 

release a payload. NIPAM is a good candidate as a component in these materials, as above 

the LCST of NIPAM, the collapsed of chains form local regions of high hydrophobicity in 

an aqueous media. These regions can capture a hydrophobic moiety that would be 



 75 

otherwise insoluble in these conditions. Amphiphilic block copolymers with a fully water-

soluble block alongside a pNIPAM block have been established to form micellular 

assemblies in aqueous media with the application of thermal stimuli.42, 43  

 

Figure 3.6 DMA-6RTL-NIPAM project goals. 

The target of this project was to merge the polymer chemistry of thionolactones 

with the LCST behavior of pNIPAM to form thermoresponsive copolymers with selective 

chemically triggered degradation. Thioester-containing polyacrylamides have been 

recently discovered to exhibit LCST behavior due to the incorporation of hydrophobic 

groups into the vinyl backbone,34 and thioester linkages are resilient to hydrolysis under 

mildly acidic to neutral conditions, making an ideal candidate for extended solvation in 

aqueous systems. A thionolactone with a 6-membered ring (6RTL ) previously synthesized 
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in our lab was shown to rapidly copolymerize with acrylamides, resulting in a 

microstructure reminiscent of a block copolymer. This project proposed that the synthesis 

of a block copolymer of DMA chain-extended by a NIPAM -6RTL  copolymerization 

would result in a thermoresponsive diblock with thioester linkages in the center that could 

be bisected under degradation conditions. 

3.2 Results and Discussion 

3.2.1 Synthesis of DMA-6RTL-NIPAM Copolymers 

3.2.1.1 RAFT Agent Synthesis 

The proposed diblock copolymers were synthesized using the RAFT technique due 

to its ability to target molecular weights while also retaining active chain ends for 

extensions with different monomer groups. For this work, the RAFT agent 2-

(((ethylthio)carbonothioyl)thio)-2-methylpropanoic acid (ETMP ) was employed. 

Trithiocarbonateïbased RAFT agents show a high efficiency and compatibility with 

acrylamides.44, 45 The agentôs short alkyl length and the carboxylic acid group improve 

water solubility of the resulting polymers and minimize chain-end effects on the observed 

solvation behavior.  

 

Figure 3.7 Synthetic scheme for ETMP  RAFT agent. 
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 The RAFT agent was synthesized using a one-pot phase transfer catalysis (PTC) 

reaction (Figure 3.7).46 This reaction is believed to proceed by the following Bargellini 

type mechanism.47 In the first step (Figure 3.8), ethanethiol dissolved in acetone is 

deprotonated with aqueous sodium hydroxide in the presence of the phase transfer catalyst 

Aliquat 366. The thiolate ion attacks carbon disulfide to form an ethyltrithiocarbonate ion. 

Chloroform was then added, leading to carbanion formation and addition to acetone. The 

resulting tetrahedral intermediate rapidly cyclizes via nucleophilic substitution to provide 

a tetrasubstituted epoxide.  

 

Figure 3.8 ETMP  trithiocarbonate and epoxide cascade mechanism. 

 The epoxide was subsequently ring-opened by the ethyltrithiocarbonate ion to form 

an acyl chloride that can be converted to a deprotonated carboxylic acid with the attack of 

a hydroxide ion. Acidic workup yields the crude product, which is purified by column 

chromatography and recrystallized in hexanes to yield fine yellow crystals.  

 

Figure 3.9 ETMP mechanism continued. 
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3.2.1.2 Diblock Copolymerization 

The first block synthesized was poly(N,N-dimethylacrylamide) (pDMA ). It was 

preferred as the first block as pDMA  was to be ideally to be held constant so the changes 

in the LCST behaviour of NIPAM with the addition of the thionolactone could be observed. 

The macroinitiator was synthesized by the RAFT polymerization of DMA  with a target 

degree of polymerization (DP) of 100, using ETMP as a chain transfer agent and AIBN as 

the radical initiator. A monomer conversion of 83% yielded a macro-CTA of 8.3 kDa by 

1H NMR chain end analysis. The ETMP provided an appreciable degree of control, with a 

narrow dispersity of 1.15.  

 

Figure 3.10 pDMA Macroinitiator polymerization scheme. 

Table 3.1 Results of pDMA macroinitiator polymerization. 

Entry 
Target 

DP 

Conversion 

DMA*  

Actual 

DP# 

Mtheo* 

(kDa) 

Mcalc
# 

(kDa) 

Mtop
% 

(kDa) 

Mtop
& 

(kDa) 
ņ& 

1 100 83% 83 8.5 8.3 8.3 6.1 1.15 

*determined by crude 1H NMR # determined by post-purification 1H NMR % Peak 

molecular weight from CHCl3-GPC  & Peak molecular weight from DMF-GPC 

 

Figure 3.11 Polymerization scheme of NIPAM/ 6RTL  chain extension. 
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 The chain extensions of the macro-CTA were performed as a copolymerization of 

the 6RTL  and NIPAM , anticipating early integration of the 6RTL  to result in a product 

resembling a triblock copolymer with the 6RTL  as the central junction. This was 

accomplished by combining one equivalent of the macro-CTA with six equivalents of the 

6RTL  and a varying amount of NIPAM  depending on the targeted degree of 

polymerization of the chain extension (Figure 3.11). Six equivalents of thionolactone were 

used, as previous experiments had shown this amount is the minimum needed to ensure 

integration of at least one thioester into each chain. A control copolymer that did not 

include the thionolactone was also prepared for comparison. The results of these 

polymerizations are shown in Table 3.2. Due to a poor solubility of pNIPAM in 

chloroform, the GPC analyses of these polymers were performed in DMF (Figure 3.12). 

Note that all GPC molecular weights are reported as the peak molecular weight to aid in 

comparison to degraded polymer materials. 

Table 3.2 Results of 6RTL /NIPAM  chain extensions of pDMA  macroinitiator. 

Sample 

ID  

Target 

DP 

Conversion 

NIPAM*  

Actual 

DP# 

Mtheo*  

(kDa) 

Mcalc
# 

(kDa) 

Mtop
& 

(kDa) 
ņ& 

1 60 83% 62 15.4 16.7 16.1 1.20 

2 100 93% 121 20.2  23.4 23.0 1.40 

   3%  100 >99% 106 21.0 21.8 19.9 1.30 

4 200 96% 239 31.5 36.8 33.9 1.51 

5 400 97% 433 53.6 58.7 64.2 1.93 

*determined by crude 1H NMR 
# determined by chain-end analysis by 1H NMR 
%Control copolymer with no thionolactone 
& Peak molecular weight from DMF-GPC 
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Figure 3.12 GPC traces of 6RTL/NIPAM  chain extensions of pDMA macro-CTA. Peak 

at ~35 min is an instrumental artifact. 

Increasing the target DP of the chain extensions of the NIPAM /6RTL  appeared to 

increase the overall conversion of the NIPAM, however it caused a loss of control, as the 

polydispersity increased from 1.5 at a target DP of 200 to a polydispersity of 1.93 with a 

target DP of 400. The loss of control at higher targeted DPôs may be related to reversible 

deactivation behavior of the thionolactone interfering with the effectiveness of the RAFT 

equilibria. The comparison of the control copolymer to the thioester-containing polymer of 

the same target degree of polymerization showed the inclusion of the 6RTL  may have 

decreased the overall conversion of the NIPAM and increased the dispersity through a shift 

of a higher weight average molecular weight. 
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3.2.2 Chain Cleavage 

Initial testing of the polymers included subjecting the samples to degradation 

conditions to confirm their microstructure and the capability of the chemically triggered 

cleavage of the thioester units in the new system. A sample of each polymer was dissolved 

in DCM and stirred with sodium methoxide for three hours, promoting the cleavage of all 

of the thioester units in the polymer chain. The resulting polymer residues was submitted 

for SEC analysis and compared to the chromatograms of the parent polymer. If the thioester 

units were successfully localized, the resulting fragments observed by GPC analysis should 

reflect two monomodal homopolymer peaks derived from pNIPAM and pDMA. 

 

Figure 3.13 Scheme of degradation by methanolysis of DMA 83-6RTL-NIPAM x 

copolymers. 

As expected, the results of the degradation experiment resulted in the appearance 

of the individual homopolymer segments by GPC analysis (Figure 3.14). The peak 

molecular weights measured in the parent polymer downshifted from their original values 

by masses between 5.8 to 6.5 kDa. The chromatograms of each polymer residue exhibited 

bimodal distributions, with a new second peak observed within the same range as the peak 

molecular weight for the macroinitiator. The chromatogram for DMA 83-6RTL-NIPAM 62 

does not appear bimodal as the bisected polymers overlap in molecular weight (Figure 

3.14A). These show evidence for chain cleavage centralized at the junction between the 
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pNIPAM and pDMA blocks, suggesting very rapid integration of the thionolactone 

monomer upon chain-extensoin. When the same experiment was performed on the control 

copolymer that lacked the thionolactone units, no change in molecular weight was observed 

(Figure 3.15). This indicated that the thionolactone monomer is responsible for the scission 

of the chains and placed in the intended location in the microstructure. 

 

Figure 3.14 GPC traces of degraded DMA 83-6RTL-NIPAM x copolymers; x = (A) DP 62 

(B) DP 121 (C) DP 239 (D) DP 433. 
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Figure 3.15 GPC trace of DMA -NIPAM copolymer under degradation conditions. 

 

Figure 3.16 (A) Reaction scheme for aqueous degradation of DMA 83-6RTL-NIPAM 433 

with triethylamine. (B) GPC traces for aqueous degradation of DMA 83-6RTL-NIPAM 433 

with triethylamine. Change in retention times is due to change in instrument flow rate from 

0.35 ml/min to 0.40 ml/min. 

 To support the potential for the cleavage of these materials in aqueous media, the 

DMA 83-6RTL -NIPAM 433 copolymer was subjected to degradation by triethylamine 

(TEA) in an aqueous solution. The solvated amine produces hydroxide ions that can 
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perform hydrolysis of the thioester (Figure 3.16A). Two samples were run, one at room 

temperature and one heated to 50°C, to observe if the degradation would change when the 

solubility was decreased at higher temperatures. Due to the cloud point of the sample, the 

heated sample exhibited the opacity immediately. After stirring for 20 hours, both solutions 

transitioned to opaque white solutions. The polymer residue of each sample was isolated 

and submitted for SEC analysis (Figure 3.16B). Between the two samples, the peaks shift 

by similar molecular weights, showing successful cleavage of the chains in the aqueous 

media. However, the higher temperature sample showed a higher intensity of the lower 

molecular weight peak associated with the pDMA block, suggesting that the heat resulted 

in more efficient cleavage despite the lower solubility of the sample. This can be explained 

by the heat increasing the rate of hydroxide production, providing more reactant to perform 

the thioester hydrolysis. 

3.2.3 Optical Studies of DMA-6RTL-NIPAM Copolymers 

The LCSTs of thermoresponsive materials can be observed through optical changes 

of the samples in solution. Depending on the system, as the temperature increases above 

the LCST, the transparent solutions visually shift to appear translucent as pNIPAM chains 

lose their aqueous solubility.48 This measurement is nicknamed the Cloud Point experiment 

due to the milky look of the suspensions. Similar to other amphiphilic NIPAM block 

copolymers,42 when heating samples of the DMA 83-6RTL-NIPAM x polymers with a heat 

gun, the samples become turbid, with the intensity of the change increasing with the 

NIPAM chain length (Figure 3.17). All samples returned to transparent when cooled to 

room temperature.  



 85 

 

Figure 3.17 Aqueous samples of DMA 83-6RTL-NIPAM x copolymers after heating until 

boiling; x = (A) DP 62 (B) DP 121 (C) DP 239 (D) DP 433 (E) DMA 83-NIPAM 106. 

To observe this change more quantitatively, temperature dependent UV-Vis spectra 

were taken of the aqueous solutions. The percent transmittance at 400 nm between 25°C 

and 45°C is shown plotted in Figure 3.18 and Figure 3.19.  
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Figure 3.18 Dependence of temperature on the percent transmittance at 400 nm of DMA -

6RTL-NIPAM copolymers at 5 mg/ml. 
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 The chain length of the pNIPAM in the copolymers was shown to correlate with 

both the temperature at which turbidity was introduced and intensity of the turbidity 

observed.  An increase in the percent mass of NIPAM units correlated with a decrease in 

the temperature where the initial transmittance decline was observed. The high %NIPAM 

by mass samples exhibited initial declines to that observed for pure pNIPAM,41 with the 

onset of the decline of percent transmittance was approximately 32°C for the DP 239 and 

433 copolymers. Where the pDMA block was more dominant, high temperature were 

required to invoke turbidity, as the DP 121 sample began its decline in transmittance around 

36°C. The shortest NIPAM copolymer did not exhibit a sharp peak decline, but rather a 

gradual decrease in transmittance between 37°C and 48°C. This can be explained as the 

pNIPAM blocks were not significant enough in concentration that their collapse resulted 

in a significant visual change. Higher concentration samples may provide better 

visualization of the transition. 
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Figure 3.19 Dependence of temperature on the percent transmittance at 400 nm of DMA 83-

6RTL-NIPAM 121 and DMA 83-NIPAM 106 copolymers at 5 mg/ml. 
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 The comparison of the DMA 83-6RTL -NIPAM 121 and DMA 83-NIPAM 106 

turbidities highlights the significance of the thionolactone units on the solubility of the 

pNIPAM blocks. A sharp decline was observed around 36°C when 6RTL  was included in 

the sample. Despite a similar ratio of DMA  to NIPAM  units, the sample lacking 6RTL  

does not exhibit significant turbidity up to 45°C (Figure 3.19), which was surprising as the 

sample became turbid with continuous heating with a heat gun (Figure 3.17E). This implies 

that the temperature required was even higher than 45°C. The shift in the cloud point was 

likely due to the inclusion of the 6RTL.  The hydrophobic pendant phenyl groups add more 

hydrophobic interactions to the free energy of mixing, reducing the temperature required 

to disrupt the hydrogen bonds of pNIPAM, resulting in a lower cloud point. The DMA 83-

6RTL -NIPAM 62 polymer may not have contained enough 6RTL to have produced the 

same phenomenon, which is why it yielded a similar plot to the DMA 83-NIPAM 106 sample. 

3.2.4 NMR Studies of DMA-6RTL-NIPAM Copolymers 

The thermal transition was further probed with 1H NMR. Fundamentally, NMR 

spectroscopy is a quantitative method for observing atomic nuclei. For solution-state NMR, 

a given signalôs intensity is related to the nucleiôs mobility in the solvent. Typical NMR 

samples are dissolved in solvents the analyte has high solubility in, so the mobility is 

consistent between all nuclei. This ensures that the integrations of the signals are 

proportional to the number of identical nuclei. By dissolving the DMA -6RTL -NIPAM  

polymers in deuterium oxide, the solubility behavior of the polymer chains in an aqueous 

media could be directly observed by monitoring shift the relative intensity of proton signals 

as the temperature increased. This technique has been applied previously to help elucidate 

the dynamics of similar thermoresponsive polymers.43, 49 
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Figure 3.20 Change of 1H NMR peaks with increasing temperature for DMA 83-6RTL-

NIPAM 239 at 5 mg/ml in D2O. 

 Samples of each of the synthesized copolymers were prepared at a concentration of 

5 mg/ml in deuterium oxide. Figure 3.20 shows the change in 1H NMR spectra of DMA 83-

6RTL -NIPAM 239 as the temperature was increased incrementally from 25°C to 40°C. The 

pendant protons of pNIPAM progressively broaden with increased temperature before 

being effectively silenced above 36°C relative to the protons for pDMA. The loss in signal 

intensity has been directly correlated to chain aggregation resulting in this case of the 

pNIPAM chains collapsing with a pDMA corona.49-51 

 This self-assembly can be further observed using spin-spin relaxation times, which 

quantitatively observe the thermal transition of the protons in pNIPAM.43 NMR 

spectroscopy observes specific nuclei by measuring its response to a pulse of 
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magnetization. Spin-spin relaxation time (T2) is defined as the time for the magnetization 

of a nuclei resonance signal to decay to 37% of its initial value following the initial magnet 

pulse. The method is considered an observation of the local mobility of a nucleus, as signals 

with higher rotational freedom exhibit longer relaxation times.  
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Figure 3.21 Spin-spin relaxation times of DMA -6RTL-NIPAM  copolymers as a function 

of temperature. 

 Figure 3.21 illustrates how the relaxation times changed as a function of 

temperature for each of the DMA -6RTL -NIPAM  polymers. The NIPAM  block length 

seems to be directly related to the behavior of the polymers in solution. The samples with 

NIPAM  DPs of 239 and 433 exhibit very similar behavior. Both have relaxation times 

around 100 msec at 25°C, have gradual decreases to around 70 msec at 31°C, then have 

significant drops between 31°C and 32°C. Further increases in temperature resulted in 
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continuous decreases in T2 until the signal was silenced. The samples with a NIPAM  DP 

of 121 and 62 by contrast show T2 values around 55 msec at room temperature, and 

gradually decrease without much change in slope as the temperature is raised. Together, 

this suggests that the samples with a higher percent mass of NIPAM  exhibit a more drastic 

physical transition, while the lower %NIPAM samples may start from a more collapsed 

state, preventing a sharp self-assembly. 
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Figure 3.22 Spin-spin relaxation times of DMA 83-6RTL -NIPAM 121 and DMA 83-

NIPAM 106 as a function of temperature.  

These results suggest these polymers exhibit a different physical transition than a 

typical DMA -NIPAM  copolymer, which shifts from fully solvated free polymer in 

solution to micelles.43 Figure 3.22 compares the spin relaxation results of DMA 83-6RTL -

NIPAM 121 and DMA 83-NIPAM 106. The control polymer showed long, stable relaxation 
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times of nearly 170 msecs between 25°C and 33°C before dropping precipitously. This 

result is similar to measurements made on other NIPAM  copolymers with micellular self-

assembly.43 By contrast, all thionolactone-containing samples here exhibited lower initial 

spin relaxations times, and further temperature increases gave more gradual declines in 

relaxation time. Comparing to the DMA 83-6RTL -NIPAM 121 sample to the control, the 

addition of the 6RTL  unit decreases the spin relaxation at room temperature by nearly 3-

fold, showing the NIPAM  block observed lower solvent mobility when copolymerized 

with the thionolactone. Overall, the alteration of the system appears to have increased the 

hydrophobic character of the NIPAM  blocks to the point of altering the self-assembly 

behavior. The more gradual nature of this transition appears to resemble a more continuous 

response than an abrupt one. Preliminary dynamic light scattering measurements were 

inconclusive, though they suggested aggregations may persist at both low and high 

temperatures. 

3.3 Conclusion  

This work reports the successful chain extension of pDMA with NIPAM and a 

thionolactone. Demonstrating the tunable applications of thionolactones, the rapid 

reactivity of acrylates with the six-membered thionolactone 6RTL was exploited to 

produce a pseudo-triblock copolymer that is cleavable at the central junction. This junction 

was shown to be cleavable in both organic and aqueous environments, requiring a chemical 

trigger to proceed. The aqueous solubility behavior of materials was spectroscopically 

probed through UV-Vis and NMR and compared to control materials lacking thioester 

linkages. The aromatic pendant groups interrupt the traditional LCST behavior of the 
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amphiphilic copolymer, hinting that a different system may be required to truly combine 

thioester materials with pNIPAM  without interrupting self-assembly behavior. 

3.4 Experimental 

3.4.1 General Information 

All reagents and solvents were purchased from commercial sources and used 

without further purification unless otherwise stated. Column chromatography was 

performed on Silicycle silica gel (60 Å, 40-63 ɛm (230-400 mesh))). 1H and 13C NMR 

spectroscopy was conducted using Bruker Avance 400 MHz spectrometer. UV-Vis 

measurements were performed in a 1 cm quartz cuvette using a Agilent Cary 5000 UV-

Vis-NIR Spectrophotometer equipped with a Quantum Northwest TC 225 Dual 

Temperature Controller and Peltier-driven temperature-controlled dual cuvette holder. The 

macroinitiator was analyzed using a Tosoh EcoSEC HLC 8320GPC system with TSKgel 

SuperHZ-L columns eluting CHCl3 with 0.25% NEt3 at a flow rate of 0.45 mL/min. All 

other polymer samples were analyzed using a Tosoh EcoSEC HLC 8420GPC system with 

TSKgel Alpha-M column eluting DMF doped with lithium bromide at a flow rate of 0.35 

mL/min unless otherwise stated. 

3.4.2 Synthetic Procedures 

 

Figure 3.23 Synthesis of short chain RAFT agent (ETMP) . 
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2-(((Ethylthio)carbonothioyl)thio) -2-methylpropanoic acid 

(ETMP): Synthesis modified from Coverntine et. al.43 Ethanethiol (4 

ml, 55.5 mmol, 1 eq), dry acetone (35 ml), and Aliquat 336 (1.01 mL, 2.22 mmol, 0.04 eq) 

were charged into a 200 mL Schlenk flask. The solution was bubbled through with nitrogen 

cooled to 0 °C in an ice bath. Aqueous sodium hydroxide solution (50% by weight) (3.08 

mL, 58.3 mmol, 1.05 eq) was then added over 20 min via syringe pump. After stirring for 

an additional 20 minutes, carbon disulfide (3.34 mL, 55.5 mmol, 1 eq) in acetone (7.19 

mL) was added over a 20 min period via a syringe pump. Following the addition, 

chloroform (6.67 mL, 83.2 mmol, 1.5 eq) was added in bulk, followed by dropwise addition 

of 50% sodium hydroxide solution (14.65 mL, 277.5 mmol, 5 eq) over 30 min. The ice 

bath was removed, and the reaction was stirred at room temp overnight. The acetone was 

removed via en vacuo, and residue was then redissolved in 250 mL of water. The vessel 

was cooled again to 0°C and concentrated HCl (5.43 mL, 166.5 mmol, 3 eq) was added 

dropwise. The solution was transferred to a separatory funnel and extracted with hexanes 

(3 x 100 mL). The organic layer was rinsed with water (3 x 100 mL), and brine (3 x 100 

mL). The organic layer was dried further with Na2SO4 and concentrated en vacuo. The 

crude product was isolated by column chromatography (ethyl acetate:hexane, 2:1 v/v). 

Product was crashed out into a fine yellow crystals from hexanes at -20°C. (400 mg) 1H 

NMR  (400 MHz, CDCl3) ŭ 3.33 (q, J = 7.4 Hz, 1H), 1.77 (s, 3H), 1.37 (t, J = 7.4 Hz, 1H). 
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Figure 3.24 Synthesis of pDMA RAFT macroinitiator. 

 DMA Macroinitiator:  To an 8 mL vial containing a stir bar, N,N-

Dimethylacrylamide (2.5 mL, 1.77 mmol, 100 eq), EMP (54.4 mg, 

0.243 mmol, 1 eq) azobisisobutyronitrile (AIBN) (0.398 mg, 0.002 

mmol, 0.01 eq), and dioxane (6.13 mL) were combined. The sample was purged with 

nitrogen for 8 minutes. After purging, the sample was sealed with superglue, electrical tape, 

and parafilm, then lowered into an oil bath at 70°C for four hours. After four hours, the 

polymerization was quenched through air exposure. The solution was purified by 

precipitation in diethyl ether and drying by high vacuum. The polymer was analyzed via 

NMR and SEC in CHCl3 and DMF. Mn SEC(CHCl3): 8.3 k, ņ: 1.16, Mn SEC(DMF): 5.4 

k, ņ: 1.13, Mn (calculated from CDCl3 NMR): 8.3 k, DMA  conversion 83%. 
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Figure 3.25 CHCl3 GPC trace of pDMA macroinitiator. 

30 35 40 45 50 55

0.0

0.2

0.4

0.6

0.8

1.0

Time (mins)

 DMA Macroinitator

SEC-DMF

Mn: 5.4 k

ņ: 1.13

 

Figure 3.26 DMF GPC trace of pDMA macroinitiator. 
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Figure 3.27 Scheme for chain extensions of pDMA with NIPAM and 6RTL. 

General Procedure for NIPAM/6RTL Chain Extensions to DMA Macro CTA: 

NIPAM was recrystallized in toluene four times prior to usage. To a 4 mL vial was added 

the pDMA  Macroinitiator (65 mg, 0.008 mmol, 1 eq), 6RTL  (11.3 mg, 0.047 mmol, 6 eq), 

NIPAM (355.26, 3.139 mmol, 400 eq), 20 µL 9.67 mg/mL AIBN stock solution in 1,4-

dioxane (0.193 mg, 0.001 mmol, 0.15 eq), and additional 1,4-dioxane to bring solution to 

3.0 M overall(1.07 mL). A flea stir bar was added to the reaction vial, and the solution was 

purged with N2 for 8 minutes. The vial was sealed with superglue, electrical tape, and 

parafilm. The vials were stirred at 70°C for ~23 hours, then opened to ambient air to cease 

polymerization. A sample of crude solution was taken for 1H NMR to determine the 

conversion of each comonomer. The sample was then precipitated 100% diethyl ether, then 

further purified by dialysis. Precipitated polymer samples were further analyzed by 1H 

NMR and DMF-SEC analysis. 

All chain extensions were performed using this procedure, varying the ratio of NIPAM to 

Macroinitiator to target different degrees of polymerization.  
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Figure 3.28 Scheme for chain cleavage of DMA 83-6RTL-NIPAM x copolymers by 

methanolysis. 

General Procedure for Polymer Cleavage by Methanolysis: To a 4 mL vial containing 

a flea stir bar was added the copolymer (15 mg) dissolved in DCM (1 mL). To this was 

added 1 mL of NaOMe solution (25% in MeOH, 2.5 mmol). The solution stirred at room 

temperature for three hours, and then was acidified to a pH less than 2 with concentrated 

hydrochloric acid. Saturated sodium bicarbonate solution was added to neutralize the 

solution to a pH of 7. The solvent was removed under high vacuum, then the polymer 

redisue was reconstituted with 2.5 mL of GPC solvent. The sample was filtered of 

inorganic solids via a (0.45 µm PFTE syringe filter) and submitted for SEC-DMF analysis. 

 

Figure 3.29 Scheme for chain cleavage of DMA 83-6RTL-NIPAM x copolymers by 

aminolysis. 

Procedure for Aqueous Polymer Cleavage with TEA : To a 4 mL vial containing a flea 

stir bar was added the copolymer (15 mg) dissolved in water (2 mL). To this was added 
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100 µL of triethylamine. The solution stirred at either at room temperature or at 50°C for 

16 hours, and then was acidified to a pH less than 2 with concentrated hydrochloric acid. 

Saturated sodium bicarbonate solution was added to neutralize the solution to a pH of 7. 

The solvent was removed under high vacuum, then the polymer redisue was reconstituted 

with 2.5 mL of GPC solvent. The sample was filtered of inorganic solids via a (0.45 µm 

PFTE syringe filter) and submitted for SEC-DMF analysis. 

Procedure for UV-Vis/Cloud Points: To a 4 mL vial containing a flea stir bar was added 

the copolymer (15 mg) dissolved in water (3 mL). The sample was stirred at a high speed 

until all bubbles dissipated. The transmittance was measured at 300 to 800 nm ranging 

from 25°C up to 45°C at 1 °C intervals. The sample stabilized at a temperature for at least 

five minutes between each measurement. 
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CHAPTER 4. CONCLUSION AND FUTURE DIRECTIONS  

Thionolactones are an exciting new skeleton for monomer design that introduces labile 

thioester units into polymer backbones. Due to their fundamental similarity to RAFT 

agents, they boast a vast variety of potential compatible monomers but possess tunable 

handles to alter their reactivity to the whims of the polymer scientist using them. These 

monomers also fill a niche in radical ring-opening polymerization due to their rapid 

reactivity with acrylates, and further monomer modification can expand their compatibility 

as desired. In the greater polymer science community, a handful of groups are researching 

how these modifications affect the activity of the thionolactone monomers. 

Chapter 2 explored the use of furan heterocycles in thionolactone monomer design. The 

synthesis of these monomers created interesting synthetic challenges that restricted the 

production of large quantities of monomer for testing, and illustrated the vulnerability of 

some lactone isomers to attack by soft thiolate nucleophiles. The furanylthionolactones 

were shown to be eager to homopolymerize, with R side homopolymers able to be 

controlled under RAFT conditions. These homopolymers were full degradable to small 

molecules. Isomers with the furan bonded to the alpha carbon of the lactone produced 

solvent resistant, fully degradable crosslinked materials, illustrating how the furan adds 

new handles of reactivity for these thionolactones. Copolymerization behavior of 

furanylthionolactones showed the standards conditions used were insufficient for these 

materials, and more screening is required to observe proper copolymer behavior. 

Chapter 3 reported the integration of a thionolactone monomer into a amphiphilic 

diblock copolymer of DMA and NIPAM, taking advantage of the rapid reactivity of 
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thionolactones with acrylates. These materials were studied for their potential use as 

thermoresponsive polymers exhibiting a lower critical solvation temperature, with a 

chemically cleavable central junction. The copolymers were able to undergo chain scission 

in organic and aqueous conditions. The solvation behavior in water was altered by the 

addition of thionolactone ring, as 1H spin-spin relaxation experiments show lower overall 

proton mobility and more continuous demixing behavior than traditional amphiphilic 

NIPAM diblocks.  

Moving forward, the rapid reactions of thionolactone monomers must be further probed 

to achieve their potential as highly tunable monomers. For the furanylthionolactones, 

finding ways to increase the overall yields of their synthesis. More material would be used 

to be probe the monomer deeper for a proper comparison to other monomers in the family. 

For the amphiphilic DMA-6RTL-NIPAM diblicks, the self-assembly of these materials 

seemed dissimilar to that of typical DMA-NIPAM copolymers, so further studies into the 

organization of these assemblies through light scattering measurements will be needed. 

Probing these systems further is key to accomplishing the goal of using thionolactones to 

impart degradability into bespoke materials.  
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CHAPTER 5. APPENDIX 

5.1 NMR Spectra 

5.1.1 Chapter 2 Spectra 

1H NMR (400 MHz, CDCl3) of 3-bromofuran-2-carboxylic acid (2-2)  
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1H NMR (400 MHz, CDCl3) of methyl 3-bromofuran-2-carboxylate (2-3) 

 

1H NMR (400 MHz, CDCl3) of benzo[c]furo[3,2-e]oxepin-4(6H)-one (ZU-LAC)  
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13C NMR (101 MHz, CDCl3) of benzo[c]furo[3,2-e]oxepin-4(6H)-one (ZU-LAC)  

 

1H NMR (400 MHz, CDCl3) of benzo[c]furo[3,2-e]oxepin-4(6H)-thione (ZU-THL)  
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13C NMR (101 MHz, CDCl3) of benzo[c]furo[3,2-e]oxepin-4(6H)-thione (ZU-THL)  

 

1H NMR (400 MHz, CDCl3) of 3-bromofuran-2-carbaldehyde (2-5) 
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1H NMR (400 MHz, CDCl3) of methyl 2-(2-formylfuran-3-yl)benzoate (2-6) 

 

13C NMR (101 MHz, CDCl3) of methyl 2-(2-formylfuran-3-yl)benzoate (2-6) 
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1H NMR (400 MHz, CDCl3) of benzo[c]furo[3,2-e]oxepin-6(4H)-one (RU-LAC)   

 

13C NMR (101 MHz, CDCl3) of benzo[c]furo[3,2-e]oxepin-6(4H)-one (RU-LAC)  
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1H NMR (400 MHz, CDCl3) of 2-bromofuran-3-carboxylic acid (2-8)  

 

1H NMR (400 MHz, CDCl3) of methyl 2-bromofuran-3-carboxylate (2-9) 
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1H NMR (400 MHz, CDCl3) of benzo[c]furo[2,3-e]oxepin-4(6H)-one (ZD-LAC)  

 

13C NMR (101 MHz, CDCl3) of benzo[c]furo[2,3-e]oxepin-4(6H)-one (ZD-LAC)  
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1H NMR (400 MHz, CDCl3) of benzo[c]furo[2,3-e]oxepin-4(6H)-thione (ZD-THL)  

 

13C NMR (101 MHz, CDCl3) of benzo[c]furo[2,3-e]oxepin-4(6H)-thione (ZD-THL)   
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1H NMR (400 MHz, CDCl3) of (2-bromofuran-3-yl)methanol (2-10) 

 

1H NMR (400 MHz, CDCl3) of methyl 2-(3-(hydroxymethyl)furan-2-yl)benzoate (2-11) 
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1H NMR (400 MHz, CDCl3) of benzo[c]furo[2,3-e]oxepin-6(4H)-one (RD-LAC)  

 

13C NMR (101 MHz, CDCl3) of benzo[c]furo[2,3-e]oxepin-6(4H)-one (RD-LAC)  

 

 

 

 




































