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Abstract: Reduction sensitivity and mild synthetic conditions make disulfide-bonded materi-
als ideal for degradable biomaterial applications. Both the degradation and the synthetic
advantages of disulfide-bonded biomaterials have been applied to drug delivery vesicles, pro-
tein conjugation, and hydrogel biomaterials, but the synthetic advantages are rarely seen in
the creation of biopolymers. A greener and highly efficient oxidative system is presented for
the polymerization dithiols to high-molecular-weight poly(disulfide) polymers. The applica-
tion of this system to 2-[2-(2-sulfanylethoxy)ethoxy]ethanethiol (DODT) produced corre-
sponding degradable poly(disulfide) polymers with molecular weights as high as Mn =
250000 g/mol and with a polydispersity index (PDI) as low as 1.15.

Keywords: biodegradation; biomaterials; polymerization; redox reactivity; sulfur; sustainable
chemistry. 

INTRODUCTION

Records of the antiseptic and healing properties of sulfur date back thousands of years. With its long
history in alchemy and medicine, it is fitting that sulfur-containing polymers were among the first plas-
tic and rubber materials synthesized. Today, biomedical research connects the medicinal branch of sul-
fur chemistry to the polymer branch of sulfur chemistry. The unique properties of sulfur–sulfur bonds
make them both biologically significant and synthetically useful. 

Disulfide-bonded drug delivery systems have been employed in the biomedical field for 50 years
owing to their selective sensitivity to reductive environments found within biological systems [1–3].
The synthetic benefits of disulfide bond formation were often overshadowed by the utility of their facile
biodegradation. Increased demand for new biomaterials has brought renewed interest in polymeric
materials not only containing disulfide bonds but also created by disulfide bonds. The need for greener
synthetic routes places disulfide bond formation at the forefront of synthetic strategies as the applica-
tion of green chemistry practices follow inherently with the mild reaction conditions available in disul-
fide bond synthesis. 

THIOL-DISULFIDE REACTIONS

When casually speaking of thiol oxidation reactions, it is often omitted that thiol groups are not the
active participants in disulfide formation. Instead, the accepted mechanism provides that sulfhydryl
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groups should be in their deprotonated state in order to react [4]. As a rule, thiols are more acidic than
their alcohol analogues, allowing deprotonation to occur under milder conditions. For example, the pKa
of ethyl mercaptan is 10.5 [5], while the pKa of ethyl alcohol is 16 [6]. Once deprotonated, the thiolate
anion is open to a spectrum of processes that lead to disulfide formation [7]. At one end of the spec-
trum is a single electron transfer process to a reducible species [8]. The oxidation, which results in the
formation of the thiyl radical, has been shown to be the rate-determining step [9]. Thiyl radicals then
couple rapidly with each other to form the disulfide bond. At the other end of the spectrum, the nucleo -
philic thiolate anion may attack another disulfide bond resulting in the formation of a new disulfide and
a new thiolate anion. The use of electron spin resonance (ESR) spin-trapping experiments have also
suggested that the sulfur–hydrogen bond may be cleaved homolytically in the presence of certain
enzymes, thereby forming the thiyl radical in one step [7]. Base-catalyzed thiol oxidation begins a self-
promoting cycle that is pictured in Fig. 1.

A synthetic advantage of using sacrificial disulfides to create new disulfides is that it eliminates
the potential for over-oxidation. Stronger oxidizing agents may not stop at the disulfide, but instead con-
tinue to the sulfonic acids [9,10]. The progression from thiol to disulfide to sulfonic acid is demon-
strated in Fig. 2. The intermediate is not stable and has only been isolated under specific experimental
conditions [10]. Potential for over-oxidation has prevented hydrogen peroxide from common use in
disulfide synthesis [9]. 
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Fig. 1 Base-catalyzed thiol oxidation.



Oxidoreductases comprise a class of enzymes responsible for most oxidation–reduction reactions.
The class includes sulfhydryl oxidases and peroxidases, which both have the ability to oxidize thiols,
as well as thioredoxin (TrxR) and glutathione reductase (GR), which are described later. In the 1946
publication, Randall demonstrated that the oxidation of thiols by hydrogen peroxide was catalyzed by
horseradish peroxidase [11]. Horseradish peroxidase has since established itself as an efficient catalyst
in organic chemistry [12]. Sulfhydryl oxidases are a subclass of enzymes that specifically oxidize thi-
ols using a flavin cofactor. The flavin cofactor and two sulfur-containing residues work collaboratively
to form a disulfide bridge from two thiol-containing residues in the protein substrate. 

Flavins are often attached to enzymes as cofactors, however, they are also known to oxidize thi-
ols to disulfides on their own [9,13]. Yano et al. have developed a highly oxidizing flavin derivative that
shows particular effectiveness toward thiols (Fig. 3) and nitroalkanes [13]. The effect of pH on the reac-
tion rate was studied, and the highest rate constant was seen at a pH of 9.5, which corresponded to the
pKa of the thiol (mercaptoethanol, pKa 9.5) [14]. Oxidation back to the original flavin derivative
requires the conversion of oxygen to hydrogen peroxide [14]. Holden and Main showed that riboflavin
(vitamin B2) showed a negligible catalytic effect on the oxidation of thiols under anaerobic conditions
[15]. 

Metal ions in biological complexes have been shown to catalyze the oxidation of thiols by oxy-
gen better than their nonbiologlical counterparts. The Fe(III) ion in heme, for example, increased the
rate of oxidation by seven times over ferric sulfate [9]. Within a cell, the purpose of metal complexes,
like heme and vitamin B12, is to absorb and transfer oxygen, which makes them ideal catalysts for
oxidative reactions.

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 10, pp. 2121–2133, 2012

Green synthesis of disulfide polymers 2123

Fig. 2 Thiol oxidation past the disulfide bond.

Fig. 3 Thiol oxidation by flavin compounds.



The reverse reaction of thiol oxidation is disulfide reduction. One of the most widely used disul-
fide-reducing agents is dithiothreitol [16]. Upon oxidation, the dithiol compound forms an intramolec-
ular disulfide bond that results in a stable six-membered ring (Fig. 4). Dithiothreitol has significant syn-
thetic utility for maintaining thiol functionality by preventing oxidation [17–19]. Another commonly
used reducing agent is tris(2-carboxyethyl) phosphine or TCEP [1,20,21]. Both reductants may be
applied to selectively break protruding disulfide bridges in proteins without affecting internal disulfide
bridges that may result in protein denaturation [20]. Approximations of in vivo degradation rates may
use glutathione (GSH) solutions as the reducing agent [1]. 

The most common sulfur-containing biomolecules either contain or are derivatives of the amino
acid cysteine, which has a pendant thiol group. GSH, a cysteine-containing tripeptide, is the most abun-
dant reducing agent found in biological systems. Part of its reducing strength stems from the stability
of its disulfide conformation which is able to hydrogen bond in a β-sheet-like manner with the disul-
fide bridge above the plane of the molecule (Fig. 5) [22].

GSH is also a cofactor in many redox enzyme systems. For example, the GSH enzyme system
(Fig. 6) includes the enzymes GR and the selenoprotein glutathione peroxidase (GPx), as well as GSH,
glutathione disulfide (GSSG), and hydrogen peroxide [23,24]. It is particularly important in the regula-
tion of the concentration of thiols, disulfides, and hydrogen peroxide within cells [24]. Thioredoxin
(Trx) enzymes, which are common to a wide variety of organisms, are another example of enzymes that
catalyze the reduction of disulfide bridges. The Trx system consists of the enzyme Trx, and thioredoxin
reductase (TrxR or TR). As the name suggests, the role of TR is to reduce the disulfide bond in Trx. As
a result of its reduction, Trx itself becomes a strongly reducing enzyme that will transfer electrons to
the disulfide bridge of another protein creating two new thiol groups [25]. Bindoli includes a third
enzyme in the Trx system, peroxiredoxin, as it is one of many enzymes and proteins that may receive
electrons from reduced Trx. It is specifically included for its importance in the regulation of cellular
hydrogen peroxide concentrations [24]. 
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Fig. 4 Oxidation of dithiothreitol by a disulfide.

Fig. 5 GSH reduces disulfide bonds and forms GSSG with β-sheet structure.



BIOLOGICAL REDOX ENVIRONMENTS

The body regulates many different redox environments simultaneously, often separated by only a phos-
pholipid bilayer. Regulating the pH level of the biological environment is one way to control its redox
potential. Another crucial method of regulating the cellular oxidation potentials is through the concen-
tration of thiols and disulfides [24]. The body uses a constant exchange between thiols and disulfides,
called “shuffling”, to signal and regulate changes within or to biological environments [28]. The disul-
fide bond represents a stable oxidation state for sulfur atoms, and for this reason, it is a crossroads for
many biochemical pathways [29]. As seen in the enzyme systems, hydrogen peroxide is another criti-
cal molecule in the regulation of cellular redox potentials and is intimately connected to the reactions
of sulfur-containing biomolecules.

In general, extracellular environments are more oxidizing than reducing and intracellular envi-
ronments favor reduction over oxidation. Elevated concentrations of GSH and the disulfide reducing
enzymes found within cells are largely responsible for the variation. Extracellular environments have
concentrations of free thiol-containing molecules in the micromolar range, while they are found in the
cytosol at millimolar concentrations [30]. Cytostolic GSH concentrations in human tissues are reported
in the 1–10 mM range [31], and the GSH/GSSG ratio is in the range of 100:1 [30]. The intracellular
environment also contains Trx in micromolar concentrations which further promote intra cellular reduc-
tion of disulfides [32]. Plasma, as an example extracellular environment, contains GSH in concentra-
tions of around 3.5 μM and free cysteine at about 12 μM [33]. Here the ratio of non-protein bound cys-
teine to cystine is about 1:8, showing that the dominant species is already in its oxidized form [33]. The
difference in free thiol levels inside red blood cells is not typical of that found in other cell types. In red
blood cells, GSH is found in levels of 6–8 μmol/g hemoglobin and free cysteine is found in levels of
39–57 nmol/g hemoglobin [34]. 

Distinct redox environments also exist within the cells. Lysosomes have a pH of about 5.5 and are
particularly reducing [35]. Endosomes contain more free cysteine, and also have a depressed pH of
about 5.8. The endoplasmic reticulum is responsible for protein synthesis and contains an oxidizing
environment. Some extracellular environments favor reduction, such as that surrounding the lower res-
piratory tract which has GSH levels of over 300 μM [36]. While the difference in thiol concentration is
the driving force between reduction-sensitive drug delivery, it is important to remember that reduction
reactions still occur in the extracellular milieu. Of the non-protein bound glutathiones (GSH and GSSG)
found in plasma, a 2:1 majority are found in their reduced state, and are therefore subject to oxidation
in the presence of a disulfide species [33]. This mechanism for the slow degradation of disulfide mate-
rials in the extracellular environment could lead to potential applications in long-term biodegradable
implants. The great range in the potential for redox-sensitive materials stems from the great variation in
redox environments found within organisms. The thiol-disulfide reactions present an opportunity to take
advantage of biomolecules and enzymes already designed for sulfur redox reactions.
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Fig. 6 Diagram of the GSH enzyme system [23,26,27].



DISULFIDE BONDS IN BIOMATERIALS

In addition to reducing naturally occurring disulfides, cysteine, GSH, and enzymes also reduce disul-
fide bonds from foreign sources. The biomedical field began taking advantage of this for drug delivery
in the 1970s with the development of immunotoxins that are bifunctional molecules containing a tar-
geting antibody attached to a drug or toxin [3,37]. Sterically hindered disulfide bonds were developed
to deter premature disulfide reduction and proposed the opportunity to tune the release rate of the drugs
[3,37]. The susceptibility of disulfide bonds into reducing conditions was later applied to prodrugs that
became active upon reaching the reductive environment surrounding some tumors [38]. This ability to
control the release rate of drugs into the body was soon eclipsed by the quick release of drugs into the
cell upon endocytosis. 

Nanoparticles and microparticles in the form of micelles, liposomes, and polyplexes have all been
synthesized to exploit the reduction sensitivity of disulfide bonds for delivery [1,39,40]. Using disulfide
bonds to link poly(ethylene oxide) (PEG) chains to hydrophobic polymers, ionic polymers or proteins
have been of particular interest because of the unique cloaking ability of the hydrophilic polymer.
PEG-surrounded particles may move within an organism without eliciting a negative immune response
because the hydration sphere renders them undetectable by macrophages [41]. The PEG shell allows
the drug, protein, or nucleotide to reach its target, however, removal of the protective layer is necessary
to release the cargo. In some examples, disulfide bonds play an additional role by adding stability to the
particle structure [19,42]. Self-assembled vesicles are sensitive to salt concentrations and shear and may
rupture prematurely, but post-self-assembly disulfide cross-linking of the core or inner corona deters
early rupture and subsequent cargo loss without interfering with the vesicle configuration [19]. Protein
conjugation to PEG, or PEGylation, via disulfide bonds is a natural fit because of the existence of
exposed thiol or disulfide bonds on protein surfaces providing a location for direct attachment. Disulfide
conjugation may be achieved under mild conditions without causing protein denaturation [20]. Protein
PEGylation demonstrates the dual usefulness of disulfide bonds; they may be biologically reduced and
synthesized under biologically tolerated conditions.

Cell encapsulation into hydrogel materials is another process that demonstrates the unique syn-
thetic potential of disulfide bonds. Hyalauronan [43,44], gelatin [45], chitosan [46], and PEG hydrogels
[47] with disulfide cross-links have all been used to trap and/or grow cells. Hisano and co-workers
trapped islets in a poly(acrylamide) hydrogel by forming disulfide bonds in a bioinspired process [48].
The thiol-functionalized acrylamide polymer was oxidized around dispersed cells using oxygen and
3,3'-dithiodipropionic acid. Disulfide bond formation upon exposure to oxygen did not occur quickly
enough to maintain viable cells, so oxidizing disulfide molecules were added to couple the pendant thiol
groups. Cystamine, another disulfide compound, caused more rapid cross-linking, but it was showed to
be highly cytotoxic even in trace amounts [48]. From a synthetic viewpoint, the reactivity of amino -
thiols, aromatic thiols, and their disulfide counterparts is appealing, however, with the increased reac-
tivity comes increased cytotoxicity [49,50]. Hemolysis from the production of “active oxygen” during
thiol-disulfide shuffling reactions [49,50] and the click reaction of thiols with the double bonds in unsat-
urated fatty acids or vitamins [51] are all concerns associated with reactive thiol species. Although thiol
and disulfide compounds are found universally in nature, not all are tolerated by living organisms and
careful selection of compounds is needed to mitigate potential toxicity of vestige synthetic residues. 

The advantage of using biocompatible reaction conditions available in disulfide bond synthesis
has been widely demonstrated in the production of drug delivery vesicles and hydrogel biomaterials.
However, the advantage of mild reaction conditions is rarely applied beyond the coupling and cross-
linking existing polymers. The synthesis of polymers with disulfide bonds in the backbone offers both
reduction sensitivity and the possibility of biologically tolerated reagents. 
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POLY(DISULFIDE) POLYMER SYNTHESIS 

The first polysufide polymers were first introduced in the patents of J. C. Patrick and N. M. Mnookin
in the late 1920s [52–54] resistant properties of the polymers. In Patrick and Mnookin’s method of poly-
sulfide synthesis, α,ω-dihalogenated linear organic compounds are reacted with polysulfide salts in an
aqueous medium (Fig. 7) [52–54]. Disulfide and polysulfide bonds of the sulfide salt are created in situ
prior to the reaction with the dihalide [52]. The rank of the sulfur bonds may be controlled to varying
specificity, but exclusive formation of disulfide bonds desired for biomaterial applications is not
expected [55,56]. The synthetic methods developed at Thiokol Corporation remain industrial standards
for polysulfide polymer preparation. 

The oxidation of thiols to disulfides by the oxygen is a well-known reaction [9], and it has been
applied to the synthesis of poly(disulfide) polymers with varying degrees of success since the 1940s
[57]. Oxidative polymerization of dithiols requires the addition of a catalyst to achieve high molecular
weights within a reasonable time, particularly when an air atmosphere is used rather than a pure oxy-
gen atmosphere. In early work by Marvel, the creation of poly(disulfide) polymers was an annoying
side reaction in his synthesis of polythioethers, but in the late 1950s, he and Olson published academic
research on the purposeful synthesis of poly(disulfide) polymers [58]. Taking a different approach from
the scientists at Thiokol, they selected α,ω-alkanedithiols as the starting material. The dithiols were sus-
pended in an aqueous solution of lauric acid and potassium hydroxide. Compressed air was bubbled
through the emulsion for one to four days. Several other oxidizing agents (bromine, nitric acid, and fer-
ric chloride) were investigated, but they found that air oxidation produced the best results [58]. They
also discovered the utility of selenious acid as a catalyst for the reaction [58]. Lauric acid and potas-
sium hydroxide were added to create surfactant molecules in a one-pot process, however, hydroxide
ions may also promote the formation of disulfide groups and a slight stoichiometric imbalance could
shift the equilibrium toward the desired disulfide product. Later that decade, Bonsignore, Marvel, and
Banerjee studied the effect of temperature on the oxidative polymerization of dithiol-functionalized
siloxane monomers and concluded that high molecular weights are promoted by elevated temperatures
not exceeding 80 °C, as above this temperature some dithiol monomers underwent cross-linking reac-
tions to form gel [59]. Dimethylsulfoxide (DMSO), a common thiol oxidizer, was used by Goethals and
Sillis in the presence of heat to create linear poly(disulfide) polymers with molecular weights of up to
Mn = 10500 g/mol [60].

In the 1960s, Whistler and Hoffman investigated the polymerization of thiosugars, whose bio-
medical applications are still of interest today [61]. Using the work of Marvel and Olson as a starting
point, they polymerized dithiol-functionalized sugars using three different oxidative reagents: oxygen,
ammonium persulfate, and hydrogen peroxide (Fig. 8) [62]. The oxygen oxidation was performed in
both aqueous emulsion and pyridine solvent systems using selenium dioxide as the catalyst. Hydrogen
peroxide and ammonium persulfate oxidations were only performed in pyridine. Using oxygen, they
were able to obtain oligomers with an average of 23 repeating saccharide units [62].
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Fig. 7 Thiokol method of polysulfide polymer synthesis.



Choi et al. [63] polymerized large, bisphenol dithiol monomers with oxygen in the presence of
triethylamine (Fig. 9). In this one-pot process, the monomers were synthesized in tetrahydrofuran
before triethylamine (2.5 equiv) was added to the reaction vessel to catalyze the oxidation step. The
reaction was then stirred under an oxygen atmosphere for 100 h at ambient temperature. Kinetic stud-
ies of one of their monomers showed that 80 % conversion was reached after 10 h. The polymerizations
without triethylamine resulted in Mn = 3700 g/mol [63], which corresponds to about 5 repeating units.
The same monomer polymerized with the addition of triethylamine yielded a polymer with Mn =
20200 g/mol. A copper catalyst was applied by Meng et al. to the oxygen oxidation of a wide variety
of dithiol monomers including aliphatic, aromatic, and arylene dithiols and their copolymers [64–66]. 

In 2005, Park et al. used a pure oxygen atmosphere to polymerize α,ω-thioacetate functionalized
PEG oligomers with 2–36 ethylene glycol units to linear polymers specifically for their research into
biomaterials [67,68]. The monomers and oligomers were dissolved in an ammonia/methanol solvent
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Fig. 8 Oxidative polymerization of glucitol derivative [62].

Fig. 9 Oxidative polymerization of thiol-functionalized bisphenol derivatives.



mixture and exposed to pure oxygen gas atmosphere while stirring. Using this method, they were able
to reach molecular weights of Mn = 61000 g/mol (based on PEG standards) in a 50-h period [67].
Adding the same monomer to a DMSO water solution produced polymers with Mn = 7000 g/mol [67].
While the linear polymers produced were sticky and unprocessable, they later showed that disulfide-
bonded hydrogels could be created in vivo by mixing their α,ω-thioacetate-functionalized PEG
(Mn = 600 g/mol) with a trifunctional thioacetate cross-linker [69]. Initial cross-linking in 20 % DMSO
produced an injectable fluid that finished cross-linking upon exposure to 40–50 °C heat. A subcuta-
neous injection of the hydrogel precursor was cross-linked to a solid gel in vivo by the application of a
heating pad at 43 °C for 10–20 min [69]. 

Telechelic oligomers with dithiol functionality have also been oxidized to form high-molecular-
weight polymers with multiple disulfide bonds in the backbone. Using reversible addition-fragmenta-
tion chain transfer polymerization (RAFT), Whittaker et al. and You et al. synthesized polystyrene with
thiol functional groups at either end [70,71]. Whittaker et al. oxidized their oligomers (Mn =
3700 g/mol) using Fe(III)Cl3 in DMF to reach Mn = 14500 g/mol in 72 h at 60 °C [70]. Cyclization of
these polymer was achieved under dilute conditions. [ER-217] You et al. used iodide in THF to oxidize
their dithiol oligomer precursors (3500 g/mol) to polymers with Mn = 35000 g/mol in 36 h at room tem-
perature [71]. You et al. applied the same technique to the synthesis poly(disulfide) polymers from
dithiol oligomers from acrylic acid and dithiol 2-(dimethylamino)ethyl methacrylate [71]. Tsarevsky
and Matyjaszewski employed atom transfer radical polymerization (ATRP) to synthesize α,ω-bromine-
functionalized polystyrene. The terminal bromine atoms were then replaced by thiol groups using thio-
dimethylformamide [72]. The dithiol-functionalized polystyrene (Mn = 16000 g/mol) were oxidized
using Fe(III)Cl3 in DMF at 60 °C for 22 h to produce polymers reaching Mn = 39500 g/mol [72]. 

LIVING OXIDATIVE POLYMERIZATION VIA CYCLIC INTERMEDIATES

During an effort to explore the synthetic advantages of thiol oxidation, we discovered a new living poly-
merization involving cyclic intermediates [73,74]. This new living polymerization is based on a syner-
gistic oxidizing system for the polymerization of dithiol monomers. A combination of air and dilute
hydrogen peroxide (3 % by weight) efficiently polymerizes dithiol monomers in the presence of tri-
ethylamine, a recyclable catalyst, at ambient temperatures [73]. This new system represents the first
time that all three components have been combined for the polymerization of dithiols. The system was
applied to the polymerization of 2-[2-(2-sulfanylethoxy)ethoxy]ethanethiol (DODT) (Fig. 10) [74]. 

The structure of the polymer product was verified by 1H NMR, 13C NMR, Fourier transform
infrared (FTIR), and matrix-assisted laser desorption/ionization with time-of-flight (MALDI-TOF)
mass spectroscopy [68,69]. All methods supported the formation of polymer with repeating units con-
nected exclusively through disulfide bonds. The degradation of the polymer back to the original
monomer by dithiothreitol further verified that the repeat units were connected by only disulfide bonds.
The dn/dc value of the polymer was determined experimentally in order to determine the absolute
molecular weight by size exclusion chromatography (SEC) [74]. 

Using the new polymerization method, we were able to reach Mn of 250000 g/mol in 2 h with a
molecular weight distribution (MWD) under 1.5. This narrow MWD is typical of all polymers synthe-
sized by this method and starting at room temperature. We found that performing the reaction in an ice
bath decreased the MWD to 1.15 while still reaching a Mn of 113000 g/mol in 25 min. At this temper-
ature, about half of the polymer product was oligomeric. The refractive index trace from SEC analysis
shows the high-molecular-weight peak with narrow distribution separated from a series of overlapping
oligomeric peaks [74]. MALDI-TOF showed that the low-molecular-weight fraction of the polymers
contained only cyclic oligomers (2–14-mers) with no linear species in that range. 

The self-promoting nature of base-catalyzed thiol oxidation allows for multiple pathways to the
reactive thiolate anion (see Fig. 2). Additionally, the process regenerates oxygen, thereby assuring that
the oxidant is always in supply to create the thiyl radical. The narrow MWD achieved in this method
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points to radical recombination as the dominant step in the polymerization. The product precipitates
from the aqueous reaction medium as soon as it begins to form, forcing all reactive sulfur species into
near bulk concentrations. We believe that near bulk conditions are responsible for the high molecular
weights reached with this new oxidizing system. 

The conditions used in the polymerization are environmentally benign, as triethylamine can be
easily trapped and recycled and the side products are only oxygen and water. Polymerization reaches
conversions of over 90 % in 2 h leaving little residual monomer, which could be added to subsequent
polymerization feed stocks. The catalytic effect of triethylamine in cooperation with air and hydrogen
peroxide serves as a benchmark for even milder catalytic reagents under investigation. Proton NMR and
MALDI-TOF show no trace of triethylamine in the polymer after purification, but we acknowledge that
its substitution for a more biocompatible reagent would be preferred. We also continue to use this sim-
ple system to elucidate the mechanism of this highly efficient polymerization.

CONCLUSIONS

The utility of disulfide bonds as reduction-sensitive coupling agents and crosslinkers has been fully
developed by the biomedical field. The mild reaction conditions available to disulfide bond synthesis
have been applied to the creation of some types of biomaterials, but only a few times to the formation
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Fig. 10 Living dithiol polymerization via cyclic intermediates.



of poly(disulfide) biopolymers. Our new living polymerization produced high-molecular-weight
poly(DODT), which was rubbery and reduction-sensitive. The mild reaction conditions of the poly-
merization were intended to achieve maximum efficiency with minimal solvents and energy consump-
tion, and could potentially be used for a wide variety of dithiol monomers. The high molecular weights
reached with this new system stand as a target for the many oxidizing biochemicals that are potential
reagents in the synthesis of poly(disulfide) polymers.
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