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Abstract 

 A robust method is described to synthesize degradable copolymers under aqueous 

miniemulsion conditions using α-lipoic acid as a cheap and scalable building block. Simple 

formulations of α-lipoic acid (up to 10 mol%), n-butyl acrylate, surfactant, and costabilizer 

generate stable micelles in water with particle sizes <200 nm. The ready availability of these 

starting materials facilitated performing polymerization reactions at large scales (4 L), yielding 

600 g of poly(n-butyl acrylate–stat–α-lipoic acid) latexes that degrade under reducing conditions 

(250 kg mol–1 → 8 kg mol–1). Substitution of α-lipoic acid with ethyl lipoate further improves the 

solubility of dithiolane in n-butyl acrylate, resulting in copolymers that degrade to even lower 

molecular weights after polymerization and reduction. In summary, this simple and scalable 

strategy provides access to large quantities of degradable copolymers and particles using cheap 

and commercially available starting materials. 
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Introduction 

Controlling polymer degradability has become increasingly important as the plastic waste 

crisis continues to garner public attention.1–3 A variety of strategies have been developed to 

improve the degradability of common yet environmentally persistent plastics, including catalytic 

depolymerization,4–7 backbone editing,8,9 and specialty comonomers introduced during the 

polymerization itself.10–12 Conceptually, a comonomer approach using existing infrastructure is 

especially appealing as a simple extension of syntheses already being performed on an industrial 

scale. Indeed, proof-of-principle experiments have demonstrated the viability of incorporating 

degradable comonomers into polymers derived from all of the major polymerization techniques 

spanning anionic,13–15 cationic,16–18 metathesis,19–21 and radical10,11,22 mechanisms. However, a key 

challenge shared by these examples is scalability. Although the societal and commercial motivation 

is clear, degradable comonomers are often difficult to synthesize, costly, and even unstable toward 

extended storage. It is therefore not surprising that such systems, while numerous, are typically 

relegated to demonstrations in research laboratories at small scales. 

A particularly versatile technique for producing degradable polymers that could have far-

reaching implications at scale involves comonomers which undergo radical ring-opening 

polymerization leading to the introduction of degradable backbone units. One benefit of this 

strategy lies in the potential breadth of polymers that can be impacted, including systems based on 

styrene derivatives,23,24 methacrylates,15 acrylates,25,26 and acrylamides.27,28 Historically, cyclic 

ketene acetals were a popular class of cyclic monomer that ring opens radically to form esters 

along the polymer backbone when copolymerized with various vinyl monomers.24,29,30 Motivated 

by challenges in the reactivity and stability of cyclic ketene acetals, Gutenkunst,31,32 Roth,33,34 

Guillaneuf,10,25,35 and Johnson36 recently demonstrated the remarkably efficient copolymerization 
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of dibenzo[c,e]oxepane-5-thione (DOT) with acrylates, methacrylates, and styrene, yielding 

thioesters in the backbone that can be degraded under basic conditions. Like cyclic ketene acetals, 

the synthesis of DOT and related derivatives requires multiple steps and harsh chemistry, limiting 

the scale at which copolymerizations can be performed conveniently. 

An appealing alternative to specialty monomers such as cyclic ketene acetals and DOT is 

the health supplement known as α-lipoic acid.37 Already available in kilogram quantities from 

Amazon and other consumer-facing retailers, α-lipoic acid is cheap, biocompatible, and 

biosourced. Notably, α-lipoic acid is also polymerizable—its unique five-membered dithiolane 

heterocycle contains a strained disulfide bond that ring opens under radical (as well as anionic38,39 

and cationic40) conditions. Following pioneering work by Tsarevsky,41,42 Endo,43,44 and Tian,45,46 

we have studied in detail the copolymerization behavior of α-lipoic acid with various acrylate and 

acrylamide derivatives.26 The degradability of α-lipoic acid–containing copolymers is highly 

tunable, creating opportunities to design advanced materials such as sustainable pressure-sensitive 

adhesives.22 

Although α-lipoic acid provides compelling degradability characteristics at low cost, 

adopting this monomer at industrial scales requires the development of polymerization reactions 

beyond a batch format. Indeed, many acrylate-based materials found in everyday life—from paints 

to adhesives, coatings, and foams—are synthesized via aqueous emulsion polymerization wherein 

monomers remain dispersed as droplets in water.47,48 Such emulsions have myriad advantages over 

traditional batch reactions, including consistently low viscosity, better energy transfer, and 

increased molecular weight through compartmentalization effects.49–51 There are many variants of 

this general idea that differ subtly by mechanistic details and physical properties such as particle 

size; examples include microemulsions, miniemulsions, traditional emulsions, and 
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suspensions.47,48,52 Leveraging the scalability of α-lipoic acid and one of these emulsion 

polymerization techniques in tandem would represent a valuable step toward the design and 

synthesis of degradable polymers under industrially relevant conditions.  

To address this challenge, here we demonstrate the aqueous miniemulsion 

copolymerization of α-lipoic acid with n-butyl acrylate (Figure 1). Highlighting the inherent 

scalability of this approach, more than 500 g of polymer was isolated from a 4-liter emulsion 

reaction using commercially available starting materials and equipment that is readily available in 

research laboratories worldwide. Incorporating a related comonomer—the ethyl ester of α-lipoic 

acid (ethyl lipoate)—circumvents solubility limitations imposed by α-lipoic acid alone and further 

increases the maximum loading of degradable units that can be readily incorporated into these 

polymers. In summary, the combination of miniemulsion polymerization and α-lipoic acid as a 

feedstock is a simple, cheap, accessible, and scalable strategy for accessing degradable copolymers 

based on C–C backbones. 

 

 

Figure 1. Miniemulsion polymerization of 𝛼-lipoic acid with n-butyl acrylate. 

 

 

Results and Discussion 

To develop a method for scalably producing degradable vinyl polymers with widely used 

industrial processes, miniemulsion polymerization was selected because it is simple to access 
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stable emulsions with good monomer tolerance and tunable reaction kinetics.52 Emulating standard 

industrial conditions, sodium dodecyl sulfate (SDS) was chosen as the surfactant and hexadecane 

as a costabilizer.25 For all reactions, the oil-soluble initiator azobisisobutyronitirile (AIBN) was 

added to confine initiation within micelles and mitigate the formation of coagulum. Because one 

key to a successful miniemulsion polymerization is the formation of stable monomer droplets 

evenly dispersed in the aqueous phase,53 SDS concentration was initially optimized. 

A key benefit of miniemulsions is their robust stability even well below the critical micelle 

concentration of a given surfactant (e.g., 8.2 mM for SDS).54 Indeed, SDS concentrations as low 

as 1 wt% (0.42 mM) produced stable emulsions containing α-lipoic acid (Figure S1, S2) and n-

butyl acrylate (nBA). Encouragingly, minimal changes were observed as the concentration of SDS 

increased further (Figure S3). Using 10 wt% (4.2 mM) SDS as a representative example, the effect 

of α-lipoic acid loading was evaluated from 1–10 mol%. An immediate reduction in particle size 

was observed in all cases as the reaction progressed, followed quickly by a plateau that was 

insensitive to α-lipoic acid content (Figure 2a). Following polymerization, the polymer particles 

remained stable with a narrow size distribution—another benefit of miniemulsion polymerization 

(Figure 2b). Encouragingly, polymer particles both during and after polymerization stayed below 

the radius for qualification as a miniemulsion (average radius r < 250 nm). After polymerization, 

the average particle radius was measured to be 33 ± 6 nm for polymers containing 5 mol% α-lipoic 

acid and 38 ± 8 nm for those containing 10 mol% α-lipoic acid. The polymer particle size was 

tunable with changes in surfactant concentration, however, even the largest micelles made with the 

smallest concentration of surfactant were below the threshold to be considered a miniemulsion (1 

wt% SDS, r = 110 ± 20 nm, Figures S1, S2). In contrast to particle size, the rate of conversion 

from monomer to polymer does depend more heavily on α-lipoic acid content as measured by 1H 
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nuclear magnetic resonance (1H NMR) spectroscopy (Figures 3a, S4–S7). At all α-lipoic acid 

loadings up to 10 mol%, high conversions were achieved (>95%), however, the rate of reaction 

decreased as α-lipoic acid content increased. Note that attempting to run polymerizations at even 

higher loadings of α-lipoic acid, e.g., 15 mol%, resulted in yellow coagulum which separated from 

the emulsion. While 1H NMR spectroscopy demonstrated quantitative conversion of the monomer 

found in the oil phase at such high loadings, it was clear that a significant fraction of α-lipoic acid 

monomer units were not incorporated into polymer chains. This result is attributed to the solubility 

limit of α-lipoic acid in n-butyl acrylate (9.6 mol%, 0.756 mol/L, Figure S8), above which 

inefficient emulsification and polymerization is expected. Notably, under ideal conditions (<9.6 

mol% α-lipoic acid), molecular weights achieved in miniemulsion (~200 kg mol–1) were 

comparable to control samples synthesized in batch via analogous uncontrolled radical 

polymerization.22 Furthermore, as expected, no gelation was observed in any sample, underscoring 

the lack of branching or crosslinking for polymer chains generated in each latex. To characterize 

the actual content of α-lipoic acid in a given polymer, its repeat units were methylated using 

trimethylsilyl diazomethane (TMS-diazomethane) to form the methyl ester, which has a unique 

and well-separated resonance in the 1H NMR spectrum (Figure S9–10).55 (Note: follow all safety 

protocols when handling TMS-diazomethane.) Targeted values based on feed ratios closely aligned 

with those measured experimentally for copolymers synthesized at high conversions (Figure 3b). 
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Figure 2. Dynamic light scattering (DLS) measurements of micelle size in each dispersion. (a) 

Average micelle size quickly decreases but remains stable for the duration of polymerizations with 

different loadings of α-lipoic acid (LA). Each time point is an average of 60 measurements 

collected from aliquots during polymerization. (b) The resulting polymer latexes have narrow size 

distributions and radii well below those required to be considered a miniemulsion (<250 nm). 
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Figure 3. (a) Miniemulsion polymerizations with α-lipoic acid proceed rapidly. Note: At 

15 mol% lipoic acid, some monomer remains insoluble and segregates as coagulum not 

accounted for by 1H NMR spectroscopy. (b) At high monomer conversions, actual α-lipoic acid 

(LA) incorporation closely matches the feed composition plateauing at 10 mol%.  

 

Given the efficacy of α-lipoic acid copolymerization in a miniemulsion setting and the 

ready availability of all starting materials, we sought to highlight the scalability of this reaction. 

To do so, a 4-liter aqueous emulsion containing 150 g of α-lipoic acid and 840 g of n-butyl acrylate 

was prepared in a 5-liter jacketed reaction flask equipped with an overhead stirrer as shown in 

Figures 4a and S11. The properties of this emulsion (20 wt% solids, avg. radius = 140 nm) were 

consistent with those previously created on a 10 mL scale. After polymerization, 622 g of polymer 

with Mn = 270 kg mol–1 and Đ = 2.1 (Figure 4b) was isolated through direct precipitation of the 

aqueous phase into chilled methanol. These properties are similar to those achieved in batch, with 

marginally higher molecular weights attributed to the effects of compartmentalization and a molar-

mass dispersity of ~2.0 as expected. Similarly, thermogravimetric analysis indicated the copolymer 

synthesized on a large scale (10 mol% α-lipoic acid) has a similar Td5% as poly(n-butyl acrylate) 

synthesized in batch (230 °C vs. 250 °C respectively, Figure S12). Degradation with a solution of 
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tris(2-carboxyethyl)phosphine (10 eq. relative to the polymer disulfide content) in 

tetrahydrofuran/water (5/1 by weight) yielded a significant decrease in molar mass from 270 kg 

mol–1 to 20 kg mol–1, which is due to cleavage of disulfide bonds along the polymer backbone 

(Figure S13). Despite the ease of degradation, the glass-transition temperature of n-butyl acrylate 

polymers containing α-lipoic acid remained nearly unchanged (Figure S14).   

 

Figure 4. Large-scale aqueous miniemulsion copolymerization of α-lipoic acid (150 g) and n-

butyl acrylate (840 g). (a) Photograph of the stable 4-liter latex after polymerization in a jacketed 

reaction vessel. (b) SEC of the isolated material indicates a high molecular weight (Mn = 270 kg 

mol–1) and expected molar-mass dispersity (Đ = 2.1). 

 

With efficient emulsification conditions established for the copolymerization of α-lipoic 

acid and n-butyl acrylate, we next focused on monomer scope. To demonstrate the versatility of 

this strategy, a variety of comonomers having a range of properties was selected to highlight their 

solubility and emulsion stability with α-lipoic acid: styrene, trifluoroethyl acrylate, lauryl acrylate, 

ethylhexyl acrylate, and isobornyl acrylate. After preparing emulsions containing each monomer 

and ~10 mol% α-lipoic acid, copolymerization resulted in the formation of high molecular weight 

copolymers (>100 kg mol–1) containing the targeted amount of lipoic acid as demonstrated by 
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methylation after purification (Figures S15–S19). Additionally, all of these copolymers were 

observed to degrade on demand when subjected to tris(2-carboxyethyl)phosphine (Figures S20–

24). 

Although the aforementioned solubility limit of α-lipoic acid (9.6 mol%) in n-butyl acrylate 

constrains the maximum content of degradable units, this limit is easily circumvented using a more 

oil-soluble dithiolane derivative. For example, in contrast to α-lipoic acid, 1H NMR experiments 

indicated that ethyl lipoate is fully miscible with n-butyl acrylate (Figure 5). 

 

Figure 5. Comparing the solubility of dithiolanes in n-butyl acrylate as measured by 1H-NMR 

spectroscopy. (a) The solubility limit of α-lipoic acid is 9.6 mol%. (b) In contrast, ethyl lipoate 

is fully miscible with n-butyl acrylate.  

 

To take advantage of this enhanced miscibility, mixtures of ethyl lipoate and n-butyl 

acrylate were subjected to miniemulsification and subsequent polymerization, yielding polymers 

with molecular weights as high as 250 kg∙mol–1
 (Figure 6). Like emulsion copolymers with α-

lipoic acid, measured compositions were reasonably consistent with the feed ratio of ethyl lipoate 

and high monomer conversion was achieved in all cases (Figures S25–S27). Encouragingly, each 

of these samples also undergoes a larger decrease in molar mass under reductive conditions than 
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the corresponding α-lipoic acid analogues (Figures 6). This trend is consistent with the total 

dithiolane content influencing molecular weight after degradation. (Note: because this system uses 

traditional free-radical polymerization, there will be a distribution of lengths generated between 

lipoate–lipoate diads as depicted by black lines of different lengths in Figure 6.) Similar to the 

aforementioned copolymers containing α-lipoic acid, the Tg of poly(n-butyl acrylate–stat–ethyl 

lipoate) remained essentially unchanged at all loadings up to 30 mol% (Figure S28). These results 

highlight the versatility of using various dithiolanes in scalable miniemulsion polymerizations that 

are commercially available or easy to access. 

 

 
Figure 6. Copolymers containing ethyl lipoate degrade to lower molar masses than lipoic acid 

containing copolymers (8 kg mol–1 vs. 20 kg mol–1, see SI for details). This result was achieved 

by surpassing the solubility limit of α-lipoic acid. Ethyl lipoate mol% is the actual content as 

measured by 1H NMR spectroscopy after purification (see SI for details). 

 

Conclusions 

In summary, α-lipoic acid is compatible with miniemulsion copolymerization on a 

kilogram scale, yielding degradable copolymers with tunable properties and degradation profiles. 
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The use of sodium dodecylsulfate as a surfactant, azoisobutyronitrile as a radical initiator, and 

hexadecane as a costabilizer led to stable emulsions of α-lipoic acid and n-butyl acrylate in water. 

This simple procedure enabled polymerizations to be performed on a 4-liter scale, yielding high 

conversions, molecular weights (270 kg mol–1), and tunable degradability depending on the 

content of α-lipoic acid. A solubility limit of ~10 mol% α-lipoic acid in n-butyl acrylate was readily 

circumvented by using ethyl lipoate—the ethyl ester of α-lipoic acid—which is fully miscible with 

n-butyl acrylate. These results demonstrate the versatility of using α-lipoic acid as a commercially 

available, biocompatible, and sustainable building block to create degradable polymers at scales 

difficult to access with other cyclic monomers that undergo radical ring-opening polymerization. 

We anticipate this simple and accessible strategy will be of interest to the broader materials 

community and beyond. 

 

AUTHOR INFORMATION 

Corresponding Authors 

*Email: cbates@ucsb.edu (C.M.B.) 

*Email: hawker@mrl.ucsb.edu (C.J.H.) 

*Email: javier@chem.ucsb.edu (J.R.A.) 

 

Supporting Information 

Reagent information, instrument specifications, synthetic procedures and experimental 

details, DLS data (Figures S1, S2), size-exclusion chromatograms (Figures S3, S13, S20–S24), 1H 

NMR spectra and kinetic data derived therefrom (Figures S4–S8, S10, S15–S19, S26), photograph 

mailto:cbates@ucsb.edu
mailto:hawker@mrl.ucsb.edu
mailto:javier@chem.ucsb.edu


13 

 

of the jacketed reactor (Figure S11), thermogravimetric analysis (Figure S12), differential scanning 

calorimetry (Figures S14, S28). 

 

Acknowledgements 

This work was primarily supported by the BioPACIFIC Materials Innovation Platform of 

the National Science Foundation under Award No. DMR-1933487 (characterization) and Award 

No. DMR-2348679 (synthesis). We also thank the BASF California Research Alliance for funding. 

The research reported here made use of shared facilities of the UC Santa Barbara Materials 

Research Science and Engineering Center (MRSEC, NSF DMR-2308708), a member of the 

Materials Research Facilities Network (http://www.mrfn.org).  

 

References: 

(1) Stubbins, A.; Law, K. L.; Muñoz, S. E.; Bianchi, T. S.; Zhu, L. Plastics in the Earth System. 

Science 2021, 373 (6550), 51–55. https://doi.org/10.1126/science.abb0354. 

(2) Andrady, A. L.; Neal, M. A. Applications and Societal Benefits of Plastics. Philos. Trans. R. 

Soc., B 2009, 364 (1526), 1977–1984. https://doi.org/10.1098/rstb.2008.0304. 

(3) Hopewell, J.; Dvorak, R.; Kosior, E. Plastics Recycling: Challenges and Opportunities. 

Philos. Trans. R. Soc., B 2009, 364 (1526), 2115–2126. 

https://doi.org/10.1098/rstb.2008.0311. 

(4) Kosloski-Oh, S. C.; Wood, Z. A.; Manjarrez, Y.; de los Rios, J. P.; Fieser, M. E. Catalytic 

Methods for Chemical Recycling or Upcycling of Commercial Polymers. Mater. Horiz. 2021, 

8 (4), 1084–1129. https://doi.org/10.1039/D0MH01286F. 

(5) Musa, A.; Jaseer, E. A.; Barman, S.; Garcia, N. Review on Catalytic Depolymerization of 

Polyolefin Waste by Hydrogenolysis: State-of-the-Art and Outlook. Energy Fuels 2024, 38 

(3), 1676–1691. https://doi.org/10.1021/acs.energyfuels.3c04109. 

(6) Whajah, B.; da Silva Moura, N.; Blanchard, J.; Wicker, S.; Gandar, K.; Dorman, J. A.; Dooley, 

K. M. Catalytic Depolymerization of Waste Polyolefins by Induction Heating: Selective 

Alkane/Alkene Production. Ind. Eng. Chem. Res. 2021, 60 (42), 15141–15150. 

https://doi.org/10.1021/acs.iecr.1c02674. 

(7) Sun, S.; Huang, W. Chemical Upcycling of Polyolefin Plastics Using Structurally Well-

Defined Catalysts. JACS Au 2024. 4, (6), 2081–2098. 

https://doi.org/10.1021/jacsau.4c00289. 

http://www.mrfn.org/


14 

 

(8) Ditzler, R. A. J.; King, A. J.; Towell, S. E.; Ratushnyy, M.; Zhukhovitskiy, A. V. Editing of 

Polymer Backbones. Nat. Rev. Chem. 2023, 7 (9), 600–615. https://doi.org/10.1038/s41570-

023-00514-w. 

(9) Williamson, J. B.; Lewis, S. E.; Johnson III, R. R.; Manning, I. M.; Leibfarth, F. A. C−H 

Functionalization of Commodity Polymers. Angew. Chem., Int. Ed. 2019, 58 (26), 8654–

8668. https://doi.org/10.1002/anie.201810970. 

(10) Luzel, B.; Gil, N.; Désirée, P.; Monot, J.; Bourissou, D.; Siri, D.; Gigmes, D.; Martin-Vaca, 

B.; Lefay, C.; Guillaneuf, Y. Development of an Efficient Thionolactone for Radical Ring-

Opening Polymerization by a Combined Theoretical/Experimental Approach. J. Am. Chem. 

Soc. 2023, 145 (50), 27437–27449. https://doi.org/10.1021/jacs.3c08610. 

(11) Tardy, A.; Nicolas, J.; Gigmes, D.; Lefay, C.; Guillaneuf, Y. Radical Ring-Opening 

Polymerization: Scope, Limitations, and Application to (Bio)Degradable Materials. Chem. 

Rev. 2017, 117 (3), 1319–1406. https://doi.org/10.1021/acs.chemrev.6b00319. 

(12) Lefay, C.; Guillaneuf, Y. Recyclable/Degradable Materials via the Insertion of 

Labile/Cleavable Bonds Using a Comonomer Approach. Prog. Polym. Sci. 2023, 147, 

101764. https://doi.org/10.1016/j.progpolymsci.2023.101764. 

(13) Patil, N.; Gnanou, Y.; Feng, X. Anionic Copolymerization of O-Phthalaldehyde with 

Epoxides: Facile Access to Degradable Polyacetals and Their Copolymers under Ambient 

Conditions. Macromolecules 2022, 55 (17), 7817–7826. 

https://doi.org/10.1021/acs.macromol.2c01363. 

(14) Tonhauser, C.; Schüll, C.; Dingels, C.; Frey, H. Branched Acid-Degradable, Biocompatible 

Polyether Copolymers via Anionic Ring-Opening Polymerization Using an Epoxide Inimer. 

ACS Macro Lett. 2012, 1 (9), 1094–1097. https://doi.org/10.1021/mz300265z. 

(15) Yang, H.; Xu, J.; Pispas, S.; Zhang, G. Hybrid Copolymerization of ε-Caprolactone and 

Methyl Methacrylate. Macromolecules 2012, 45 (8), 3312–3317. 

https://doi.org/10.1021/ma300291q. 

(16) Delplace, V.; Nicolas, J. Degradable Vinyl Polymers for Biomedical Applications.  Nat. 

Chem. 2015, 7 (10), 771–784. https://doi.org/10.1038/nchem.2343. 

(17) Cho, H. Y.; Srinivasan, A.; Hong, J.; Hsu, E.; Liu, S.; Shrivats, A.; Kwak, D.; Bohaty, A. K.; 

Paik, H.; Hollinger, J. O.; Matyjaszewski, K. Synthesis of Biocompatible PEG-Based Star 

Polymers with Cationic and Degradable Core for siRNA Delivery. Biomacromolecules 2011, 

12 (10), 3478–3486. https://doi.org/10.1021/bm2006455. 

(18) Ishido, Y.; Kanazawa, A.; Kanaoka, S.; Aoshima, S. New Degradable Alternating 

Copolymers from Naturally Occurring Aldehydes: Well-Controlled Cationic 

Copolymerization and Complete Degradation. Macromolecules 2012, 45 (10), 4060–4068. 

https://doi.org/10.1021/ma3004828. 

(19) Mandal, A.; Kilbinger, A. F. M. Catalytic Living ROMP: Synthesis of Degradable Star 

Polymers. ACS Macro Lett. 2023, 12 (10), 1372–1378. 

https://doi.org/10.1021/acsmacrolett.3c00441. 

(20) Sun, H.; Liang, Y.; Thompson, M. P.; Gianneschi, N. C. Degradable Polymers via Olefin 

Metathesis Polymerization. Prog. Polym. Sci. 2021, 120, 101427. 

https://doi.org/10.1016/j.progpolymsci.2021.101427. 

(21) Feist, J. D.; Lee, D. C.; Xia, Y. A Versatile Approach for the Synthesis of Degradable 

Polymers via Controlled Ring-Opening Metathesis Copolymerization.  Nat. Chem. 

2022, 14 (1), 53–58. https://doi.org/10.1038/s41557-021-00810-2. 



15 

 

(22) Albanese, K. R.; Okayama, Y.; Morris, P. T.; Gerst, M.; Gupta, R.; Speros, J. C.; Hawker, C. 

J.; Choi, C.; de Alaniz, J. R.; Bates, C. M. Building Tunable Degradation into High-

Performance Poly(Acrylate) Pressure-Sensitive Adhesives. ACS Macro Lett. 2023, 787–793. 

https://doi.org/10.1021/acsmacrolett.3c00204. 

(23) Prebihalo, E. A.; Luke, A. M.; Reddi, Y.; LaSalle, C. J.; Shah, V. M.; Cramer, C. J.; Reineke, 

T. M. Radical Ring-Opening Polymerization of Sustainably-Derived Thionoisochromanone. 

Chem. Sci. 2023, 14 (21), 5689–5698. https://doi.org/10.1039/D2SC06040J. 

(24) Jackson, A. W.; Reddy Mothe, S.; Chennamaneni, L. R.; van Herk, A.; Thoniyot, P. 

Unraveling the History and Revisiting the Synthesis of Degradable Polystyrene Analogues 

via Radical Ring-Opening Copolymerization with Cyclic Ketene Acetals. Materials 2020, 13 

(10), 2325. https://doi.org/10.3390/ma13102325. 

(25) Galanopoulo, P.; Gil, N.; Gigmes, D.; Lefay, C.; Guillaneuf, Y.; Lages, M.; Nicolas, J.; 

Lansalot, M.; D’Agosto, F. One-Step Synthesis of Degradable Vinylic Polymer-Based 

Latexes via Aqueous Radical Emulsion Polymerization. Angew. Chem., Int. Ed. 2022, 61 

(15), e202117498. https://doi.org/10.1002/anie.202117498. 

(26) Albanese, K. R.; Morris, P. T.; Read de Alaniz, J.; Bates, C. M.; Hawker, C. J. Controlled-

Radical Polymerization of α-Lipoic Acid: A General Route to Degradable Vinyl Copolymers. 

J. Am. Chem. Soc. 2023, 145 (41), 22728–22734. https://doi.org/10.1021/jacs.3c08248. 

(27) Ren, L.; Agarwal, S. Synthesis, Characterization, and Properties Evaluation of Poly[(N-

Isopropylacrylamide)-Co-Ester]s. Macromol. Chem. Phys. 2007, 208 (3), 245–253. 

https://doi.org/10.1002/macp.200600484. 

(28) Siegwart, D. J.; Bencherif, S. A.; Srinivasan, A.; Hollinger, J. O.; Matyjaszewski, K. 

Synthesis, Characterization, and in Vitro Cell Culture Viability of Degradable Poly(N-

Isopropylacrylamide-Co-5,6-Benzo-2-Methylene-1,3-Dioxepane)-Based Polymers and 

Crosslinked Gels. J. Biomed. Mater. Res., Part A 2008, 87A (2), 345–358. 

https://doi.org/10.1002/jbm.a.31708. 

(29) Bailey, W. J.; Ni, Z.; Wu, S. R. Free Radical Ring-Opening Polymerization of 4, 7-Dimethyl-

2-Methylene-1, 3-Dioxepane and 5, 6-Benzo-2-Methylene-1, 3-Dioxepane. Macromolecules 

1982, 15 (3), 711–714. 

(30) Bailey, W. J.; Ni, Z.; Wu, S.-R. Synthesis of Poly-ϵ-Caprolactone via a Free Radical 

Mechanism. Free Radical Ring-Opening Polymerization of 2-Methylene-1,3-Dioxepane. J. 

Polym. Sci., Polym. Chem. Ed. 1982, 20 (11), 3021–3030. 

https://doi.org/10.1002/pol.1982.170201101. 

(31) Smith, R. A.; Fu, G.; McAteer, O.; Xu, M.; Gutekunst, W. R. Radical Approach to Thioester-

Containing Polymers. J. Am. Chem. Soc. 2019, 141 (4), 1446–1451. 

https://doi.org/10.1021/jacs.8b12154. 

(32) Stellmach, K. A.; Paul, M. K.; Xu, M.; Su, Y.-L.; Fu, L.; Toland, A. R.; Tran, H.; Chen, L.; 

Ramprasad, R.; Gutekunst, W. R. Modulating Polymerization Thermodynamics of 

Thiolactones Through Substituent and Heteroatom Incorporation. ACS Macro Lett. 2022, 11 

(7), 895–901. https://doi.org/10.1021/acsmacrolett.2c00319. 

(33) Bingham, N. M.; Roth, P. J. Degradable Vinyl Copolymers through Thiocarbonyl Addition–

Ring-Opening (TARO) Polymerization. Chem. Commun. 2019, 55 (1), 55–58. 

https://doi.org/10.1039/C8CC08287A. 

(34) Spick, M. P.; Bingham, N. M.; Li, Y.; de Jesus, J.; Costa, C.; Bailey, M. J.; Roth, P. J. Fully 

Degradable Thioester-Functional Homo- and Alternating Copolymers Prepared through 



16 

 

Thiocarbonyl Addition–Ring-Opening RAFT Radical Polymerization. Macromolecules 

2020, 53 (2), 539–547. https://doi.org/10.1021/acs.macromol.9b02497. 

(35) Gil, N.; Caron, B.; Siri, D.; Roche, J.; Hadiouch, S.; Khedaioui, D.; Ranque, S.; Cassagne, 

C.; Montarnal, D.; Gigmes, D.; Lefay, C.; Guillaneuf, Y. Degradable Polystyrene via the 

Cleavable Comonomer Approach. Macromolecules 2022, 55 (15), 6680–6694. 

https://doi.org/10.1021/acs.macromol.2c00651. 

(36) Ko, K.; Lundberg, D. J.; Johnson, A. M.; Johnson, J. A. Mechanism-Guided Discovery of 

Cleavable Comonomers for Backbone Deconstructable Poly(Methyl Methacrylate). J. Am. 

Chem. Soc. 2024, 146 (13), 9142–9154. https://doi.org/10.1021/jacs.3c14554. 

(37) Albanese, K. R.; Read de Alaniz, J.; Hawker, C. J.; Bates, C. M. From Health Supplement to 

Versatile Monomer: Radical Ring-Opening Polymerization and Depolymerization of α-

Lipoic Acid. Polymer 2024, 304, 127167. https://doi.org/10.1016/j.polymer.2024.127167. 

(38) Liu, Y.; Jia, Y.; Wu, Q.; Moore, J. S. Architecture-Controlled Ring-Opening Polymerization 

for Dynamic Covalent Poly(Disulfide)s. J. Am. Chem. Soc. 2019, 141 (43), 17075–17080. 

https://doi.org/10.1021/jacs.9b08957. 

(39) Zhang, X.; Waymouth, R. M. 1,2-Dithiolane-Derived Dynamic, Covalent Materials: 

Cooperative Self-Assembly and Reversible Cross-Linking. J. Am. Chem. Soc. 2017, 139 (10), 

3822–3833. https://doi.org/10.1021/jacs.7b00039. 

(40) Zhang, H.-T.; Hou, L.-K.; Chu, G.-W.; Wang, J.-X.; Zhang, L.-L.; Chen, J.-F. Cationic Ring-

Opening Polymerization of Natural Thioctic Acid to Chemically Recyclable and Self-

Healable Poly(Thioctic Acid) Supramolecular Material.  Chem. Eng. J. 2024, 482, 

148816. https://doi.org/10.1016/j.cej.2024.148816. 

(41) Tang, H.; Tsarevsky, N. V. Lipoates as Building Blocks of Sulfur-Containing Branched 

Macromolecules. Polym. Chem. 2015, 6 (39), 6936–6945. 

https://doi.org/10.1039/C5PY01005E. 

(42) Raeisi, M.; Tsarevsky, N. V. Radical Ring-Opening Polymerization of Lipoates: Kinetic and 

Thermodynamic Aspects. J. Polym. Sci. 2021, 59 (8), 675–684. 

https://doi.org/10.1002/pol.20200765. 

(43) Suzuki, T.; Nambu, Y.; Endo, T. Radical Copolymerization of Lipoamide with Vinyl 

Monomers. Macromolecules 1990, 23 (6), 1579–1582. 

(44) Kisanuki, A.; Kimpara, Y.; Oikado, Y.; Kado, N.; Matsumoto, M.; Endo, K. Ring-Opening 

Polymerization of Lipoic Acid and Characterization of the Polymer. J. Polym. Sci., Part A: 

Polym. Chem. 2010, 48 (22), 5247–5253. https://doi.org/10.1002/pola.24325. 

(45) Zhang, Q.; Shi, C.-Y.; Qu, D.-H.; Long, Y.-T.; Feringa, B. L.; Tian, H. Exploring a Naturally 

Tailored Small Molecule for Stretchable, Self-Healing, and Adhesive Supramolecular 

Polymers. Sci. Adv. 2018, 4 (7), https://doi.org/10.1126/sciadv.aat8192. 

(46) Deng, Y.; Zhang, Q.; Feringa, B. L.; Tian, H.; Qu, D.-H. Toughening a Self-Healable 

Supramolecular Polymer by Ionic Cluster-Enhanced Iron-Carboxylate Complexes. Angew. 

Chem., Int. Ed. 2020, 59 (13), 5278–5283. https://doi.org/10.1002/anie.201913893. 

(47) Lovell, P. A.; Schork, F. J. Fundamentals of Emulsion Polymerization. Biomacromolecules 

2020, 21 (11), 4396–4441. https://doi.org/10.1021/acs.biomac.0c00769. 

(48) Aguirre, M.; Ballard, N.; Gonzalez, E.; Hamzehlou, S.; Sardon, H.; Calderon, M.; Paulis, M.; 

Tomovska, R.; Dupin, D.; Bean, R. H.; Long, T. E.; Leiza, J. R.; Asua, J. M. Polymer 

Colloids: Current Challenges, Emerging Applications, and New Developments. 

Macromolecules 2023, 56 (7), 2579–2607. https://doi.org/10.1021/acs.macromol.3c00108. 



17 

 

(49) Kemmere, M. F.; Meuldijk, J.; Drinkenburg, A. A. H.; German, A. L. Heat Transfer in Batch 

Emulsion Polymerization. Polym. React. Eng. 2000, 8 (3), 271–297. 

https://doi.org/10.1080/10543414.2000.10744554. 

(50) Capeletto, C. A.; Costa, C.; Sayer, C.; Araújo, P. H. H. Mathematical Modeling of Molecular 

Weight Distribution in Miniemulsion Polymerization with Oil-Soluble Initiator. AIChE J. 

2017, 63 (6), 2128–2140. https://doi.org/10.1002/aic.15608. 

(51) Costa, C.; Timmermann, S. A. S.; Pinto, J. C.; Araujo, P. H. H.; Sayer, C. 

Compartmentalization Effects on Miniemulsion Polymerization with Oil-Soluble Initiator. 

Macromol. React. Eng. 2013, 7 (5), 221–231. https://doi.org/10.1002/mren.201200066. 

(52) Schork, F.J., Luo, Y., Smulders, W., Russum, J.P., Butté, A., Fontenot, K. Miniemulsion 

Polymerization. In: Okubo, M. (eds) Polymer Particles. Adv. Polym. Sci. vol. 175; Springer, 

Berlin, Heidelberg. 2005; pp 129–255. https://doi.org/10.1007/b100115 

(53) Hecht, L. L.; Wagner, C.; Landfester, K.; Schuchmann, H. P. Surfactant Concentration 

Regime in Miniemulsion Polymerization for the Formation of MMA Nanodroplets by High-

Pressure Homogenization. Langmuir 2011, 27 (6), 2279–2285. 

https://doi.org/10.1021/la104480s. 

(54) Lohmann, V.; Rolland, M.; Truong, N. P.; Anastasaki, A. Controlling Size, Shape, and Charge 

of Nanoparticles via Low-Energy Miniemulsion and Heterogeneous RAFT Polymerization. 

 Eur. Polym. J. 2022, 176, 111417. https://doi.org/10.1016/j.eurpolymj.2022.111417. 

(55) Kühnel, E.; Laffan, D. D. P.; Lloyd-Jones, G. C.; Martínez del Campo, T.; Shepperson, I. R.; 

Slaughter, J. L. Mechanism of Methyl Esterification of Carboxylic Acids by 

Trimethylsilyldiazomethane. Angew. Chem., Int. Ed. 2007, 46 (37), 7075–7078. 

https://doi.org/10.1002/anie.200702131. 

 

 

 

 

 

 

 

 

  



18 

 

Table of Contents Graphic 

 


