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Chapter 1: Introduction 

 

Heavy Metals in the Environment 

Heavy metals are defined as any metallic element that is toxic at low concentrations and 

has a high density, usually greater than 5 g/mL.1-2 These include zinc, silver, and copper among 

others, but the heavy metals of the most concern are mercury, lead, cadmium, chromium, and 

arsenic due to their toxic effects.1 They can occur naturally as ores, such as metal sulfides and 

metal oxides (Figure 1.1).1 However, most heavy metals that accumulate in the environment are 

from anthropogenic sources, such as mining, power production, and urban storm water runoff.1,3 

These metals easily accumulate in soil, air, and water at levels that pose a threat to living 

organisms. They do not stay in one place. Instead, water streams and air currents can carry the 

metals over vast areas, creating a larger impact than they otherwise would.4-5 Additionally, 

humans can be exposed through their workplace, especially in metal-plating and stainless steel 

Figure 1.1: Various sources of heavy metal contamination1,3 
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production.6 

 Some metals, such as zinc and chromium, are important for human health and must be 

obtained through external sources.7 However, each metal has a maximum allowance for 

consumption. For example, zinc exposure up to 5 mg/L is acceptable.1 Metals that are not 

necessary for biological functions have much lower tolerated concentrations. According to the 

US Environmental Protection Agency, the maximum contamination level in water for cadmium is 

0.005 mg/L, and for lead it is 0.015 mg/L.8 If tested water shows levels of cadmium or lead that 

exceed these limits, action must be taken to lower them. When extended exposure above these 

allowances happens, health effects including gastrointestinal disorders, cancer, and neurological 

degeneration can occur.2 

 

Current Remediation Strategies 

Heavy metals are classified as persistent pollutants because there is no way for them to 

be broken down or degraded naturally in the environment.9 In order to remove heavy metals, an 

outside force must act upon them. There are currently many different ways to remove heavy 

metals from contaminated areas. One of the most common methods is chemical precipitation, 

where metal ions are reacted with hydroxides to create insoluble metal hydroxides. The 

hydroxides can then be easily filtered away, leaving behind less contaminated water.10 However, 

there are significant drawbacks to this method, including the need for large amounts of chemicals 

to remove enough metal to be effective. Additionally, the pH must be increased to drive the 

reaction, creating a sludge that will still need to be treated so the chemicals used do not enter 

the environment.10 Chemical precipitation is more successful for common metals such as iron 
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and zinc, than for cadmium, lead, and mercury.11 For these metals, chemical precipitation tends 

to be incomplete, which requires further processing.11 

Membrane filtration is another simple process where solutions containing heavy metal 

ions are treated with a chelating agent followed removal of the complex with fine filters.11 The 

filters remove different pollutants based upon the pore size being used.10 Because pore size is 

the only exclusion criteria, these filters suffer from frequent clogging. This requires that they be 

replaced periodically, increasing costs.10 

 Adsorption of the metal ions onto a solid base is another effective option due to its 

relative simplicity, and high efficiency (Figure 1.2).12-13 This process involves pulling the metal ions 

out of solution, and binding them onto a solid though chemical or physical means.10 An advantage 

of adsorption methods is the ability to treat large quantities of solutions in a short period of time. 

There are a variety of different sorbent materials in use.10, 12 Many of these are made from 

agricultural and industrial wastes, such as fly ash, biomass, pecan shells, and rice husks in an 

attempt to lower costs.10 Sorbent material has also been produced from synthetic polymers 

because of simple synthesis and the potential for modification of the material.12 Adsorption in 

Figure 1.2: Adsorption process of metal ions onto a solid sorbent material10 
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general has been employed as an alternative to chemical precipitation; however, it also required 

adjustment of pH, although to a lesser degree than chemical precipitation.10 Additionally, the 

sorbent material used can easily become blocked with organic pollutants that may also be found 

in the water being treated. This requires that the sorbent material be replaced somewhat 

frequently, which can create additional expense.10 

 

Sulfur-Containing Sorbent Materials 

Though current sorbent materials in use are successful, their drawbacks are numerous 

enough to drive an ongoing demand for improved materials.3, 14 Many currently used adsorbents 

such as activated carbon suffer from selectivity issues. They work for organic pollutants and 

heavy metals alike, which means they reach capacity quickly.14 Current research is focused on 

the modification of existing materials or the creation of new sorbent materials to enhance their 

selectivity for heavy metals while remaining cost effective.  

Hard soft acid base theory describes a method to predict how well target ions and ligands 

will bind. According to this theory, sulfur acts as a soft base, and heavy metals act as soft acids. 

Soft acids bind preferentially to soft bases, so it follows that sulfur should bind to heavy metals 

well.14 This has guided a wave of research focused on the alteration of current sorbent materials 

such as activated carbon or chitosan beads with sulfur.3, 15   

Elemental sulfur has previously been used to dispose of mercury, due to its high affinity 

for mercury, but limited solubility and processability make it challenging to work with.16 Filters 

created from elemental sulfur have previously been shown to leach sulfur into the water, which 

can lead to the creation of harmful sulfides.4-5 In order to effectively utilize elemental sulfur’s 
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metal binding ability, it needs to be incorporated into other materials.16 Prior work has 

demonstrated that modifying existing sorbent material with sulfur increases the affinity for heavy 

metals, which in turn will likely increase their selectivity.14-15, 17   

 Another method to increase selectivity is to create sorbent materials from polymers that 

contain thiol groups or disulfide linkages.12, 17 The desire to synthesize polymers that contain 

sulfur is to create binding sites for heavy metals within the material.14, 17 These sulfur containing 

polymers are highly selective for heavy metals and have demonstrated upwards of 90% removal 

of heavy metal ions from solution.12, 14, 17 However, the synthesis of these sulfur-containing 

polymers is relatively slow, and their metal binding ability is limited by the amount of sulfur 

present. 12, 14, 17 Furthermore, these polymers have only been created on small scales, so further 

work must be done to ensure these materials could be produced on an industrially relevant scale. 

 

Inverse Vulcanization 

In 2013, a method to create high sulfur content polymers called inverse vulcanization was 

developed.18 In traditional vulcanization, a small amount of sulfur acts as a cross linker for a 

preformed polymer such as rubber; whereas for inverse vulcanization, large amounts of 

elemental sulfur react with monomers to form the polymer, leading to higher sulfur content 

materials.18-19 By cross-linking the polymeric sulfur with a hydrocarbon monomer, there is added 

stability and processability allowing it to be crafted into useable materials.18  

Utilizing elemental sulfur is beneficial because it is produced on vast scales as a waste 

product after the hydrodesulfurization process is performed on petroleum.18 This process limits 

the amount of sulfur dioxide gas emitted when petroleum is burned, which is accomplished by 
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converting organosulfur compounds to hydrocarbons and hydrogen sulfide.20 Hydrogen sulfide 

is then converted to elemental sulfur, producing nearly 60 million tons each year.18  

Sulfur is primarily used to manufacture chemicals such as sulfuric acid and fertilizers, as 

well as vulcanized rubber.21 Even with these commercial needs, there remains an excess of nearly 

7 million tons each year.18 The remaining sulfur is stored in above ground megaton brick 

structures until a use can be found.18, 22 Due to this excess, sulfur is extremely inexpensive. 

Additionally, elemental sulfur has many useful characteristics. It has a high electrochemical 

capacity, as well as a high refractive index. However, elemental sulfur has extremely limited 

solubility in most solvents including water, which makes it challenging to work with.18  

Elemental sulfur exists naturally as a yellow, crystalline solid in an eight-membered ring.18 

When heated to 120 °C, the sulfur melts into a clear, yellow liquid.23 If heating continues above 

159 °C, the sulfur ring undergoes homolytic cleavage, creating diradical sulfur chains that will 

react to form polymeric sulfur (Scheme 1.1).23 At this stage, the sulfur is deep red in color and 

can be semi-crystalline or amorphous.18, 20 If polymeric sulfur is allowed to cool, it will 

depolymerize back into elemental sulfur.18, 23  

 

Inverse vulcanization works by stabilizing polymeric sulfur with a monomer that acts as a 

cross-linker. Criteria for monomer selection are quite simple. The monomer must be capable of 

reacting with the sulfur radicals produced during the ring opening of the elemental sulfur.18 The 

Scheme 1.1: Ring opening of elemental sulfur18 
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monomer chosen must have a boiling point high enough to withstand the high temperatures, 

typically above 160 °C.18, 24 Additionally, the monomer must be miscible with molten sulfur.18, 24 

Initially, inverse vulcanization was performed with diisopropenyl benzene (DIB) (Scheme 

1.2).18 However, DIB is expensive, so other research groups have begun to use other monomers. 

Many groups are now using divinylbenzene (DVB), which is structurally similar to DIB but much 

cheaper.22, 25-26 Others are looking into more environmentally friendly monomers ranging from 

industrial wastes to naturally occurring dienes including limonene, diallyl disulfide, and used 

canola oil.4, 16, 27-28 Using different monomers provides wider ranges of functionality, which can 

alter the polymers material properties.26   

 

Inverse vulcanization can be performed at any temperature above 159 °C, the 

temperature at which sulfur radicals are formed.18 Initially the reaction was conducted at 185 °C 

to ensure complete sulfur ring opening.18 However, temperatures ranging from 160 °C to 195 °C 

have been used.4, 16, 29-30 The reaction time required is dependent on the temperature used. At 

higher temperatures, the reaction takes only minutes. At lower temperatures, this process can 

take up to 6 hours.16 During this time, there is a series of color changes. Elemental sulfur melts 

into a clear yellow liquid (Figure 1.3, A).23 As ring opening occurs, the sulfur changes from yellow 

to a red-orange (Figure 1.3, B).18 After the addition of monomer, the color changes to dark red-

Scheme 1.2: Inverse vulcanization of sulfur with DIB18 
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brown in color (Figure 1.3, C and D).18, 25  

Polymer production by inverse vulcanization can easily be conducted on large scales.4 

Previously, inverse vulcanized polymers (IVPs) have been successfully synthesizes on the kilogram 

scale.16, 18 The biggest hindrance to increased reaction scale is ensuring even temperature and 

stirring throughout the mixture.4  

 IVPs can have glass transition temperatures (Tg) ranging from -14 °C to 75 °C, depending 

on the sulfur content and the monomer used.18 Typically, the Tg was lower with higher sulfur 

content.27, 29 This is because with more sulfur, there is significantly less cross-linking occurring. 

Limiting the cross-linking increases the free volume of the polymer, which decreases Tg.26 Inverse 

vulcanized polymers typically have low molecular weights, ranging from 800 g mol-1 to 8,000 g 

mol-1.  

 

Figure 1.3: Inverse vulcanization of sulfur with DVB. Photos taken by Clayton Westerman 
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Applications of Inverse Vulcanized Polymers 

Lithium-Sulfur Batteries 

Elemental sulfur has long been investigated for use in electrochemical applications due 

to its high capacity, but its limited solubility has hindered its adoption into this area because it is 

challenging to work with.18 Despite this, lithium-sulfur batteries have been created where sulfur 

acts as the cathode and lithium acts as the anode. Cathodes typically have as much sulfur content 

as is possible. Currently, lithium-sulfur batteries are plagued by both polysulfide shuttling and 

degradation of the cathode, which result in loss of sulfur at the cathode over the course of several 

rounds of cycling.  

One of the primary motivations of the inverse vulcanization process was to develop a 

method to modify elemental sulfur into an easy to work with material that retained the high 

capacity of sulfur.18 Inverse vulcanization provides an easy method to create high sulfur content 

cathodic material.18 For battery applications, IVPs used are usually 80% to 90% sulfur, which is 

much higher than previously used compounds.29 Upon testing, IVPs showed comparable 

electrochemical capacity to elemental sulfur but had a much higher cycling lifetime.18, 27  

 

Infrared Lenses 

 Infrared lenses are used in medical and military applications for thermal imaging.31 

Previous materials used to create the lenses include chalcogenide glasses and inorganic 

semiconductors, but these are expensive, can be toxic, and are difficult to process.31 Additionally, 

the materials used including semiconductors, such as germanium or zinc selenide, can be easily 

scratched during use. This compromises the performance of the lenses, rendering them 
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ineffective.32 Previous attempts to use organic polymers has resulted in very low refractive index 

values and materials that absorb in the IR region, limiting their effectiveness.31  

The IR transparency and high refractive index of polymeric sulfur make it an ideal 

candidate to create infrared lenses.31 By using IVPs, the crafted lenses retain the high refractive 

index and IR transparency of elemental sulfur. The IVPs also have the added benefit of being 

easier to process relative to polymeric and elemental sulfur. They can be manipulated by using 

imprint lithography, spin coating, and melt processing to craft lenses.16, 18, 31-32 Due to the 

dynamic covalent nature of the S-S bonds, many of these lenses also exhibit self-healing 

capabilities upon reheating, extending their lifetime.32  

 

Metal Binding with Inverse Vulcanized Polymers 

Although elemental sulfur displays affinity for bonding to heavy metals, limited solubility 

and processability make it difficult to use for metal binding systems.16 Because IVPs increase the 

workability while still retaining the metal binding ability of elemental sulfur, they offer a new, 

easy method for metal binding.16 Additionally, the low cost of elemental sulfur and easy scaling 

of the inverse vulcanization process allow for metal binding materials to be practical for 

remediation of industrial waste streams.5 

 To prepare metal binding materials, IVPs are generally melt-processed into a thin plate, 

film or crumbled into small pieces.4, 16 Then a solution of metal salts, such as palladium, mercury, 

or cadmium, are poured over the top.13, 16 The solution is allowed to sit for a number of hours 

before testing the concentration of the metal ion remaining in solution using UV-Vis or 

inductively coupled plasma mass spectrometry.4, 16 Generally, IVPs created for heavy metal 
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remediation are tested in lab water spiked with heavy metals.30 However, some of the polymers 

have also been tested for their ability to sequester metal ions from solutions that are more 

complex than water, including river water and water contaminated with pond soil.4, 16  

Various methods to increase the surface area of IVPs have been investigated, since it is 

theorized that with more surface area, there will be more available metal binding sites.33 Porous 

polymers have been formed by foaming them with supercritical CO2 leading to a drastic increase 

in the surface area.5 Another method, salt-porogen synthesis, involves fabricating the polymer 

with salt in the reaction mixture. Once the synthesis is complete, the polymer is washed with 

water to dissolve the salt, leaving behind pores in the polymer that increase volume and surface 

area.30, 33 An alternative strategy to increase the surface area of the polymers is carbonization, 

which involves charring the polymer at a high temperature.21 Additionally, IVPs have been 

combined with higher molecular weight polymers such as poly(methyl methacrylate) to perform 

electrospinning, which elongates the polymers. All of these processes have all been 

demonstrated to increase the surface are of the polymers, which also increased metal uptake 

when compared to the unaltered polymers.5, 13, 21, 30 

 The focus of this project is to create IVPs with enhanced solubility, in order to maximize 

the surface area. Typical IVPs demonstrate limited solubility in most organic solvents, and are 

absolutely insoluble in water.18 Currently there is only one published method to create a water-

soluble IVP. The process involves a solvent-based synthesis and a complex post-polymerization 

process in order to achieve water-solubility for electrochemical applications (Scheme 1.3).29 The 

entire reaction takes nearly four days to finish.29 
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Here, a one step, solvent free synthesis with no further workup is outlined. Using charged 

monomers instead of the typical neutral ones allows for a simple method to craft IVPs with 

enhanced water solubility. Additionally, the charged polysulfides created exhibit enhanced 

solubility in organic solvents, making solution-based characterization such as NMR and gel 

permeation chromatography (GPC) easier and more accurate. The high water solubility of the 

polymers drastically increases the surface area of the polymer. The increased surface area allows 

for total interaction of metal ions with the polymer, instead of just at the surface of the material 

like traditional IVPs. The metal binding process in this system induces a phase change, forcing the 

polysulfide to be precipitated out of solution. This process can be monitored using UV-Vis to 

determine the amount of polymer removed and dynamic light scattering to observe 

macromolecular structure formation leading up to the phase change.   

 

 

Scheme 1.3: Post-polymerization modification of IVPs29 
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Aims 

1. Create an inverse vulcanized polymer that has enhanced solubility in water by using 

charged monomers. 

2. Maximize the metal binding ability of the polymer by altering polymer composition 

3. Create a system that will induce a phase change of the polymer upon binding to metal 

ions. 
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Chapter 2: Methods 

 

Materials 

 All materials were used as purchased, without further purification. Elemental sulfur (S8) 

(99.5 – 100.5%), and all monomers used were purchased from Sigma-Aldrich including [2-

(acryloyloxy)ethyl]trimethylammonium chloride (AAC), 80% w.t. in H2O, [2-

(methacryloylocy)ethyl]trimethylammonium chloride (MAC), 75% w.t. in H2O,  2-acrylamido-2-

methyl-1-propanesulfonic acid (APS) 99%, 2-methacryloyloxyethyl phosphorylcholine (MPC), 

97%, bis[2-(methacryloyloxy)ethyl] phosphate (MAP), bis[2-methacryloyloxy)ethyl]dimethyl-(3-

sulfopropyl)ammonium hydroxide (MSA), 95%, diallyldimethylammonium chloride (DADM), 65% 

w.t. in H2O, and sodium 4-vinylbenzenesulfonate (VBS), >90%,. Zinc nitrate hexahydrate (99%), 

zinc acetate (99.99%), zinc chloride hydrate (99.99 %), cadmium nitrate tetrahydrate (99.999%), 

cadmium acetate dihydrate (99.999%), and lead acetate trihydrate (99.995%) were purchased 

from Alfa-Aesar. Cadmium chloride and lead (II) nitrate were purchased from Acros Organics. 

Sodium chloride, sodium acetate, sodium nitrate, calcium chloride, calcium acetate, and calcium 

nitrate were purchased from Fisher Scientific.  

 

Synthesis and Characterization  

Polymer Synthesis 

Charged polysulfides were created by reacting the monomer of interest with elemental 

sulfur via inverse vulcanization. A typical reaction was performed on a 0.5 g scale with 50% sulfur 

and 50% monomer by weight; however, sulfur contents ranging from 20% to 70% by weight were 
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utilized. Elemental sulfur was weighed directly into a 1-dram glass vial. Monomers that were solid 

(APS, MSA, VBS, MPC) were then weighed into the same vial. Monomers that were aqueous 

solutions due to their high melting point (DADM, AAC, MAC) were measured using a syringe into 

the same glass vial. MAP was a very viscous liquid, and had to be weighed directly into the vial 

instead of measured with a syringe. A Teflon coated stir bar was added to the mixture, and the 

vials were capped.  If aqueous monomers were used, a small hole was drilled in the cap with a 

1/16” drill bit to allow water to evaporate out of the reaction vial. For polymers containing 20% 

sulfur, there is a larger than normal amount of water in the reaction vial, so a larger 3/32” drill 

bit was used to prevent a violent release of the water vapor.  

The vials were placed into a vial holder that allowed them to rest in the center of a 

thermostatted mineral oil bath. Multiple reaction temperatures and times were tested ranging 

from 160 °C to 195 °C and 30 minutes to 48 hours. Ultimately 160 °C for 6 hours provided the 

best results and was chosen for further syntheses. The vials were then removed from the oil bath 

and allowed to cool to room temperature. Once cool, the vials are wiped clean with hexanes and 

the stir bar was removed.  

 

 Characterization 

1H-NMR was performed to determine if there was any remaining monomer in the 

polymers. Carbon – carbon and carbon – sulfur bond formation can also be detected. A small 

amount of the polymer of interest was placed into a glass vial and dissolved in DMSO-D6. The 

solution was then filtered through cotton into an NMR tube to remove any undissolved polymer. 

The sample was analyzed on a JEOL 400 MHz NMR.   



16 
 

 Thin layer chromatography (TLC) was performed to determine if there was unreacted 

sulfur present in the final polymer. Elemental sulfur was mixed in acetone to be spotted onto the 

TLC plate. Polymers of interest were dissolved in a small amount of methanol and spotted onto 

a silica TLC plate. The plate was developed using hexanes as the eluent and then visualized using 

short wavelength UV light.  

 Gel permeation chromatography (GPC) was performed to obtain the molecular weight of 

the polymers. The polymer of interest was measured into a glass vial. A 1:3 solvent mixture of 

DMSO:DCM was added to create a solution with a concentration of 25 mg/mL. The mixture was 

vortexed and then filtered using a 0.45 µm hydrophobic PTFE syringe filter into clean glass vial. 

The filtered solution was then injected directly into the instrument using a flat tipped needle. The 

solvent system that used was a 1:3 mixture of DMSO:DCM. The instrument ran for 50 minutes at 

0.9 mL /minute. The resulting spectra were analyzed to determine molecular weight and 

polydispersity by integration of the polymer’s elution peak. The instrument was calibrated using 

polystyrene standards. 

 

Solubility 

The water solubility of various polymers were determined by measuring ~25 mg of the 

polymer of interest into a preweighed glass vial (vial 1). 1 mL of pH adjusted DI water was added. 

The solution was capped and vortexed. The mixture was allowed to sit for 24 hours. The polymers 

are heterogenous, meaning that there are portions of the polymer that are fully soluble, and 

portions that are insoluble. The soluble portion of the mixture was removed and placed into a 

second preweighed vial (vial 2). The insoluble portion remaining in vial 1 was rinsed with more 
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pH adjusted DI water until a clear solution was obtained. These rinses were added to the vial 

containing the soluble portion of the polymer.  

Both vials were placed in an oven maintained at 75 °C until dry. Once dried, the samples 

were removed from the oven and allowed to cool to room temperature before being weighed 

again. The percent of water-soluble material was calculated using two different methods to 

ensure accurate results. Equation 1 was used to calculate solubility from the insoluble portion 

remaining in vial 1, where mp is the mass of the polymer and mi is the mass of the insoluble 

portion.  Equation 2 was used to calculate solubility from the soluble portion in vial 2, where ms 

is the mass of the vial and the dried soluble portion and mv is the mass of the vial.   

                
𝑚𝑝− 𝑚𝑖

𝑚𝑝
 𝑥 100% = % 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑓𝑟𝑜𝑚 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑝𝑜𝑟𝑡𝑖𝑜𝑛      (1) 

   
𝑚𝑠− 𝑚𝑣

𝑚𝑝
 𝑥 100% = % 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑓𝑟𝑜𝑚 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑝𝑜𝑟𝑡𝑖𝑜𝑛                 (2) 

 

Metal Binding   

 Water-soluble polymers were investigated as metal binding materials, so stock solutions 

of aqueous polymers were created to perform metal binding experiments. First, the polymer of 

interest was weighed into a large glass vial. Millipore water that had been adjusted to a neutral 

pH with sodium hydroxide was added to the polymer yielding a concentration of 10 mg/mL. The 

solution was vortexed and then allowed to sit overnight. The next day, the solution was filtered 

using a 0.45 µm hydrophilic PTFE syringe filter into a clean vial and stored until needed. Stock 

metal solutions containing nitrate, acetate, and chloride salts of lead, cadmium, zinc, calcium, 

and sodium were created by weighing the metal salt of interest into a plastic vial. Similarly to the 
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aqueous polymer solution, pH adjusted Millipore water was added until the resultant 

concentration of the metal salt solutions were 1 M. 

 An experiment was performed to determine if any polymer precipitates out of solution 

after the metals have been added to it. First, 3 mL of aqueous polymer stock solution was filtered 

using a 0.45 µm hydrophilic PTFE syringe filter directly into a glass vial. For poly(S50%-DADM50%), 

10 mg/mL solution was used. For poly(S30%-DADM70%), 5 mg/mL solution was used. To this vial 1 

mL of 1 M metal salt solution of interest was added. The solution is allowed to sit for 24 hours. 

Observations were made periodically to determine if there was any sign of polymer precipitating 

from solution. After 24 hours, final observations were made.  

 To quantify the amount of polymer being removed from solution, a UV-Vis experiment 

was performed. In this case, 5 mL of aqueous polymer stock solution diluted to 1 mg/mL was 

placed into a plastic vial to prevent a change in metal ion concentration due to adsorption to the 

glass walls. 150 µL of 1 M metal salt solution was added to each vial to create a metal 

concentration of .03 M. The vials were capped and allowed to sit for 24 hours. 3 mL aliquots of 

the solution were then filtered using the 0.45 µm hydrophilic PTFE syringe filter directly into a 

quartz cuvette. Spectra of each of the polymers were taken and the absorbances at 405 nm were 

recorded. The change in concentration was calculated using a calibration curve, with 

concentrations ranging from 0.1 mg/mL to 1 mg/mL for poly(S50%-DADM50%) and 0.1 mg/mL to 

0.75 mg/mL for poly(S30%-DADM70%).   

 To observe the change in concentration of the polymer over time, another UV-Vis 

experiment was performed. This time, 30 mL of 1 mg/mL aqueous polymer solution was placed 

in a large plastic bottle. To this, 1350 µL of 1 M metal salt solution of interest to create a .04 M 
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metal concentration and a stir bar were added and the bottle capped. 3 mL aliquots of the 

solution were taken and filtered using the 0.45 µm hydrophilic PTFE syringe filter directly into a 

quartz cuvette at t = 0, 15 minutes, 30 minutes, 1 hour, 2 hours, 6 hours, 9 hours, 12 hours, and 

24 hours. The absorbance at 405 nm was used to determine the concentration of the polymer 

solution at each time point.  

 Precipitation of the polymers out of solution could be caused by the formation of 

macromolecular structures upon binding of metal ions to the polymer. To study this idea further, 

dynamic light scattering (DLS) was performed. 1mL of 1 mg/mL solution of aqueous charged 

polysulfide was filtered into a quartz cuvette. 0.2 mL of 1 M metal salt solution was added to the 

cuvette and monitored over time. 5 measurements of 12 scans each were performed at each 

time point. The first measurement was discarded, and the remaining four measurements were 

averaged to determine the size. 
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Chapter 3: Synthesis and Characterization of Charged Inverse Vulcanized 

Polymers 

 
Monomer Selection 
 

One of the overarching goals of this project is to create IVPs that have enhanced water-

solubility by utilizing charged monomers. To determine the best monomers to achieve that goal, 

eight different monomers were tested for their reactivity with elemental sulfur (Tables 3.1 and 

3.2). Due to the monomers being subjected to high temperatures during the inverse vulcanization 

process, commercially available, charged monomers with boiling points above 160 ˚C were 

selected.   

Table 3.1: Structures of eliminated monomers 
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All polymers were initially synthesized by heating them in an oil bath at 185 ⁰C for 30 

minutes, a typical inverse vulcanization procedure.22, 26 At this temperature, the elemental sulfur 

melts within seconds, giving the monomers ample opportunity to react. VBS and MSA, two of the 

monomers which are solid at room temperature, did not melt or interact with the molten sulfur 

(Figure 3.1). The melting points of VBS and MSA were measured to be above 200 ⁰C, so both 

monomers were eliminated from the project.  

Polymerizations were monitored via 1H-NMR to determine the extent of reaction 

progress. The disappearance of alkene peaks and the appearance of new peaks in the alkane 

region were expected. However, when APS was reacted with sulfur the resulting 1H-NMR spectra 

were extremely messy. Typically, this would be remedied by purifying the polymer by dissolving 

it in a solvent that the polymer and monomer are both soluble in, followed by precipitating the 

polymer by placing it in a solvent that only the monomer is soluble in. In this case, both the 

polymer and the monomer being used were soluble in the same solvents, so there was not a 

viable option to purify the polymer. For this reason, APS was eliminated from consideration.   

Enhancing the water solubility of the IVPs is a key goal of this project, so preliminary water 

solubility studies were performed on the polysulfides that had been successfully synthesized. If 

there was no significant increase in the water solubility of the polymer being observed, the 

associated monomers were eliminated. Since MAP and MPC had limited solubility in water, they 

Figure 3.1: Reaction of sulfur with MSA (left), VBS (middle), and DADM (right)  
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were eliminated. Therefore AAC, MAC, and DADM monomers were the focus of the remaining 

work (Table 3.2).  

 

Synthesis and Characterization 

 Determination of the optimal reaction conditions for the synthesis of poly(S-AAC), poly(S-

MAC), and poly(S-DADM) began with an examination of the 1H-NMR spectra. For a complete 

reaction, there should be no evidence of the monomer alkene proton peaks usually located 

between 5 and 6 ppm (Figures 3.2, 3.3, and 3.4). If there was evidence of unreacted monomer 

after the reaction, the temperature and/or time of the reaction was adjusted. Temperatures 

ranged from 160 ⁰C to 195 ⁰C and reaction times varied from 30 minutes to 6 hours.  

Table 3.2: Structures of monomers chosen for further work 
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For AAC and MAC, most of the reaction conditions resulted in no detectable monomer 

present in the NMR spectra (Figures 3.2 and 3.3). However, DADM frequently required longer 

reaction times in order to polymerize completely. This may be due in part to the fact that DADM 

is difunctional with two double bonds, whereas both AAC and MAC are monofunctional with only 

one double bond. More time may be required to react the extra double bonds. Additionally, 

DADM has only vinyl groups, whereas AAC has an acrylate group and MAC has a methacrylate 

group. These groups have different rates of reaction, so it was challenging to determine one 

single reaction time that would satisfy all three monomers.  

HC-S and HC-C bonding is expected with a successful polymerization and can be detected 

by 1H-NMR. HC-S signals typically appear between 3 and 4 ppm, and HC-C signals appear between 

1 and 2 ppm. The 1H-NMR spectra of poly(S-AAC) (Figure 3.2), poly(S-MAC) (Figure 3.3), and 

poly(S-DADM) (Figure 3.4) all show signs of new peak formation in both HC-C and HC-S regions. 

 7      6          5             4                 3     2        1            0 
ppm 

Figure 3.2: NMR of AAC (top) and poly(S50%-AAC50%) (bottom) 
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In both poly(S-AAC) and poly(S-MAC), new bonds appear in the 4 to 5 ppm range. These are likely 

new carbon-sulfur bonds forming, since the signal could have been pushed higher than 

traditional IVPs because of the nearby oxygens in the monomer structure.  

Polymerization of AAC, MAC, and DADM were all conducted with aqueous monomer 

solutions. All three resulted in the formation of products with very low viscosities, similar to 

water. This typically indicates the polymers formed had very low molecular weights. To ensure 

the presence of water was not affecting the molecular weight, a series of methods were used to 

remove the water. First, the monomer was measured into a vial and dried in an oven. This caused 

the monomer to form a crystalline solid that did not melt, even at 195 ⁰C. When tested using a 

mel-temp, no melting was observed at 200 ⁰C, which was the maximum on the thermometer. 

Next, the polymers were subjected to a post-polymerization cure in the oven, which has been 

Figure 3.3: NMR of MAC (top) and poly(S50%-MAC50%) (bottom) 

 7         6                5       4              3        2           1                  0 
ppm 
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performed in the literature.21, 25, 30 This cure produced drier, putty-like polymers on the surface 

but the results were inconsistent throughout the polymer and so this technique was not pursued 

further. Finally, holes were drilled in the plastic vial cap, allowing for some of the water to boil 

off during the reaction. This addition to the procedure resulted in thicker, taffy-like polymers. 

While both methods increased the solidity of the polymers, using caps with drilled holes was 

simpler, more time efficient, and resulted in polymers that had consistent solidity within the 

entire reaction vessel.  

After determining which synthetic procedures produced polymers with complete 

monomer incorporation, water solubility tests were performed to determine the final synthetic 

procedure. Polymers formed at higher temperatures (185 ⁰C and 195 ⁰C) produced materials that 

were much more solid and had limited water solubility. Polysulfides formed at 160 ⁰C produced 

 

   7          6                 5       4              3        2           1                  0 
ppm 

Figure 3.4: NMR of DADM (top) and poly(S50%-DADM50%) (bottom) 



26 
 

materials that were more of a thick paste or taffy in texture. These polymers had higher water 

solubility. Thus 160 ⁰C was chosen as the final reaction temperature. The lower reaction time 

necessitated a longer time for the reaction to go to completion. Times ranging from 1 to 6 hours 

were tested. The 1H-NMR spectra were taken to determine the shortest time required for 

complete monomer incorporation. The full 6 hours were required. All further polymerizations 

were conducted at 160 ⁰C for 6 hours (Scheme 3.1). 

 

 Thin Layer Chromatography (TLC) was performed to determine if all of the sulfur present 

had reacted. TLC showed that in lower sulfur content polymers (20% – 40% sulfur) there was not 

any unreacted sulfur (Figure 3.5). This is likely because there was ample monomer able to 

stabilize the sulfur contained in these polymers. Most of the time there is no detectable sulfur in 

any of the various sulfur content polymers. However, in the higher sulfur content polymers (50% 

– 70% sulfur), TLC occasionally shows unreacted sulfur present. This was frequently reported in 

the literature and can be attributed to either very long polysulfide loops present in the structure 

of the polymer or unreacted elemental sulfur.25, 27, 34  

Scheme 3.1: Inverse vulcanization of sulfur with DADM 
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 Finally, gel permeation chromatography (GPC) was performed to determine the 

molecular weight of the polymers. Normally, IVPs are not very soluble in most organic solvents, 

making GPC difficult. Analysis is typically performed with a DCM or THF solvent system. The GPC 

detector measures the difference refractive index relative to the solvent as a response. The 

polymers created for this project have a refractive index similar to DCM, so that no response was 

detected when using DCM as the eluent, regardless of the enhanced solubility. As a result, 

alternative solvent systems were investigated. Ultimately, a 1:3 mixture of DMSO:DCM was 

chosen since it provided enough of a difference in refractive index to detect the polymer but kept 

the pressure at a reasonable value.  

 First, polymers synthesized at different temperatures were analyzed to determine the 

effect of reaction temperature on molecular weight. Poly(S-AAC), poly(S-MAC), and poly(S-

DADM) with 50% sulfur content were created at 160 ⁰C, 185 ⁰C, and 195 ⁰C and then analyzed 

with GPC. Polymers created at higher reaction temperatures were tacky solids, while polymers 

synthesized at 160 ⁰C were viscous liquids. This indicates that higher reaction temperatures 

produced materials with a higher Tg. As chain length increases, Tg increases because this increases 

Figure 3.5: TLC plate showing L to R: sulfur, then poly(S20%-DADM80%) through poly(S60% - DADM40%) 
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entanglement and reduces the free volume of the polymer making it harder for polymer chains 

to move against each other. Within a polymer system, an increase in Tg can be caused by higher 

molecular weights.35  The polysulfides created at higher temperatures had slightly higher 

molecular weights than the polymers crafted at 160 ⁰C, which was expected based upon changes 

to the material properties. The Tg values of the polysulfides created in this work were too low for 

accurate analysis, and thus are not reported here.   

Next, GPC was performed on polymers of various sulfur contents to see if the percentage 

of had any effect on the molecular weight. For poly(S-AAC), poly(S-MAC), and poly(S-DADM), 

polymers were synthesized containing 20% to 70% sulfur and tested. Analysis revealed that the 

sulfur content had little influence on the molecular weight.  

 

 

 

 

 

 

 

 

 

 

Sample Mw (g/mol) PDI 

 
poly(S-DADM) 

 
1350 – 1400 1.05 – 1.06 

 
poly(S-MAC) 

 
1400 – 1550 1.08 – 1.14 

 
poly(S-AAC) Peak 1 

 
1650 – 1750 1.01 – 1.02 

 
poly(S-AAC) Peak 2 

 
970 – 1100 1.01 – 1.02 

Table 3.3: Molecular weight ranges for poly(S-DADM), poly(S-MAC), and poly(S-AAC) with sulfur 
contents ranging from 20% to 70%  
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Generally, these polysulfides had low molecular weights ranging from 1000 g/mol to 1500 

g/mol (Table 3.3). These values were on the lower end of previously published values for inverse 

vulcanization, which typically ranges from 800 g mol-1 to 8,000 g mol-1.16, 18, 24 For poly(S-DADM) 

and poly(S-MAC), the GPC traces were monomodal as expected. However, poly(S-AAC) tended 

to have a bimodal trace, indicating that portions of the poly(S-AAC) reacted to create a higher 

molecular weight than the rest of the polymer. All of the polymers have an extremely low 

polydispersity index (PDI) of less than 1.14. Previously reported IVPs have higher PDIs between 

2.5 – 3, which is representative of polymers of non-uniform chain length. It is more likely that the 

exceptionally low PDI is due to the lower molecular weights rather than demonstrating a more 

controlled polymerization. Occasionally the GPC trace shows a peak that appears much later than 

the polymer elution peak that was suspected to be sulfur. This was confirmed by spiking a sample  

with elemental sulfur and observing a drastic increase in the intensity of the peak (Figure 3.6).   

 

 

Figure 3.6: GPC trace of poly(S50%-DADM50%) (Blue) and sulfur spiked poly(S50%-DADM50%) (orange)  
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Solubility 

 Poly(S-AAC), poly(S-MAC), and poly(S-DADM) all exhibit improved water solubility when 

compared to typical IVPs, such as poly(S-DVB) (Figure 3.7). Previously, nearly all monomers used 

consisted of nonpolar hydrocarbons, with few exceptions.28 These monomers contributed no 

added polarity to the overall polymer structure, so it was no surprise that they were not soluble 

in most polar solvents. By incorporating a charged monomer into the polymer structure, a drastic 

increase in water solubility was achieved. Additionally, poly(S-AAC), poly(S-MAC), and poly(S-

DADM) exhibit enhanced solubility in most other organic solvents as well. This is beneficial, since 

it can make liquid based characterization such as 1H-NMR and GPC easier.  

AAC and MAC are both monofunctional, so it was expected that they would have higher 

solubility because their polymer structure would be linear or branched rather than crosslinked. 

Similarly, the difunctional DADM monomer was expected to produce a crosslinked structure. 

Because of this, it was surprising that poly(S-DADM) had similar solubility to poly(S-AAC) and 

poly(S-MAC) at low sulfur contents. This suggests that despite the difunctional nature, the DADM 

monomer is producing a branched structure that contains polysulfide loops as has been 

suggested in literature (Figure 3.8).34 However, its solubility began to drop off sharply above 50% 

Figure 3.7: Solubility of poly(S50%-DADM50%) (left) and poly(S50%-DVB50%) (right) in select solvents 

water   MeOH   THF     hexanes water   MeOH   THF     hexanes 

Poly(S-DADM) Poly(S-DVB) 



31 
 

sulfur content (Figure 3.9), probably due to the amount of sulfur in the polymer overwhelming 

the polarity increase afforded by the charged monomer. Poly(S-AAC) and poly(S-MAC) also 

experience this drop off to a lesser extent, likely because the branched structure was being 

maintained even with the increase in sulfur content.  

A series of polymers ranging from 20% to 70% sulfur were created for each poly(S-AAC), 

poly(S-MAC), and poly(S-DADM), to investigate the impact of sulfur content on water solubility.  

The created polymers exhibit heterogeneity, such that there are portions of the polymer that are 

soluble, and portions that are insoluble. The percentage of the polymer that was soluble was 

calculated using both portions to ensure agreement. The percentages calculated using both 

methods agreed within 5% for each measurement. As expected, the polymers with lower sulfur 

content generally had higher solubility (Figure 3.9). This was anticipated because the lower sulfur 

content polymers have higher monomer content, increasing the charge of the polymer. However, 

even the highest sulfur content polymers made with the charged monomers demonstrate 

increased solubility when compared to poly(S-DVB), which is insoluble in water regardless of the 

sulfur content. 

Figure 3.8: Structure of branched poly(S-DADM) with sulfur loops (left) and cross-linked poly(S-DADM) (right) 
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Figure 3.9: Solubility of poly(S-AAC) (red), poly(S-MAC) (blue), and poly(S-DADM) (orange) 
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Chapter 4: Metal Binding using Charged Inverse Vulcanized Polymers 

 

 Previously, materials created by inverse vulcanization suffered from limited surface area 

available for metal binding. The goal of this project was to improve polysulfide water solubility in 

order to overcome the limited surface area. By treating metal contaminated water with the 

aqueous polymer solution, there is easy access to the entire material and numerous sulfur atoms 

for metal ion coordination. As the metal ions come into contact with different polymer strands, 

they bind multiple strands together. This leads to the formation of a supramolecular structure, 

increasing the effective molecular weight of the polymer, forcing it to precipitate (Figure 4.1). 

This allows for simple filtering of the metal–polymer complex from solution, leaving behind safer, 

less contaminated water.  

 

Precipitation Studies 

 In order to determine if metal binding will induce a phase change, studies were performed 

to visually determine the success of polymer precipitation. In these tests, acetate, chloride, and 

nitrate salts of zinc, lead, and cadmium were used to obtain a qualitative understanding of 

Figure 4.1: Cartoon depicting precipitation of supramolecular structure after polysulfides bind metal ions  
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binding affinity. Sodium and calcium were used as controls to test for selectivity and to ensure 

that the polymer was not simply precipitating due to saturation of the solution. They were 

selected for controls because they are hard acids and sulfur, a soft base, should not bind as well 

to those ions when compared to the heavy metals, which are soft acids. Furthermore, sodium 

and calcium are common ions frequently found in water. It is important to ensure that the 

polymer has some selectivity towards heavy metals, so that common ions do not compete for 

metal binding.  

Initially, the addition of the metal ions to the poly(S50%-DADM50%) solutions appeared to 

have no effect for most of the metals. After a few minutes, the lead solutions turned dark brown 

and the cadmium and zinc solutions became cloudy (Figure 4.2, B). The chloride salts took longer 

for these changes to occur. The solutions stayed this way for a few hours, before sediment began 

to settle at the bottom of the vials. After 24 hours, all of the acetate and nitrate samples had 

A B 

C D 

Figure 4.2: Image of aqueous poly(S-DADM) solutions upon the addition of DI water (left), lead acetate 
(center) and cadmium acetate (right) at A: time = 0 B: time = 15 min C: time = 2 hr D: time = 24 hr 
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sediment at the bottom of all vials, however, there was obviously more for the heavy metals. The 

chloride solutions only had sediment at the bottom of the cadmium and zinc vials. This may 

indicate that there is interaction between the polymer and the counterion used. Occasionally, if 

the polymer solution appeared turbid, there was more sediment for the common ions than if the 

solution was clear. This could indicate that the sediment is undissolved polymer that settled out 

of solution. However, these ideas were not explored further. The precipitate of the poly(S50%-

DADM50%) solution was noticeable a different color when exposed to both lead acetate and lead 

nitrate. In addition to removing heavy metals from solution, these materials could serve as an 

indicator of the presence of lead in solution (Figure 4.2, B).  

In an attempt to determine the molecular weight of the precipitates, GPC was performed 

on the sediment at the bottom of the lead, cadmium, and sodium acetate vials. The aqueous 

layer was removed and the remaining precipitate was dried in the oven. Upon addition of the 

GPC solvent, 1:3 DMSO:DCM, the sodium acetate sediment immediately went into solution, 

indicating that this may have just been undissolved polymer. The cadmium acetate solid did not 

fully go into solution, instead, forming a suspension. Finally, the lead acetate sediment was 

completely insoluble in the GPC solvent. During sample preparation for analysis, the cadmium 

suspension and the insoluble lead particulates were filtered out of the testable solution, so no 

quantitative data was obtained. However, the drastic decrease in solubility indicates that there 

was likely an increase in the molecular weight of the polymer that was removed from solution.  

 Using a lower sulfur content poly(S30%-DADM70%) solution, the addition of nearly all of the 

metal salts induced a phase change (Figure 4.3). The poly(S30%-DADM70%) has a much higher 

solubility than poly(S50%-DADM50%), 90% compared to 60% respectively, meaning that there was 



36 
 

significantly more polymer material dissolved in solution. In this case, the addition of the 

concentrated metal ions to the polymer solution likely led to an oversaturated solution causing 

the precipitation instead of allowing any metal binding to occur. It is possible that this could be 

eliminated if a more dilute polymer concentration was used, but this was not explored further 

for this study.  

 

UV-Vis Studies 

 To quantify the change in polymer concentration upon the addition of metal salts, UV-Vis 

spectroscopy studies were conducted. Because the polymers created in this project are water 

soluble, it is possible to measure their concentration using UV-Vis after a calibration curve has 

been created. Poly(S-AAC), poly(S-MAC), and poly(S-DADM) all have a characteristic peak at 405 

nm, though it is significantly more pronounced for the poly(S-DADM) polymers. Thus, the 

absorbance at 405 nm was used to create the calibration curve (Figure 4.4).  

Figure 4.3: Poly(S30%-DADM70%) solution after the addition of A: lead, B: cadmium, C: zinc, D: calcium, 
and E: sodium nitrate 

A                  B          C               D         E 
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 The same metal salts from the precipitation study were used here. Sodium and calcium 

were again used as controls. Sulfur containing materials have previously been shown to bind 

heavy metals selectively, but they also weakly bind common ions such as sodium and calcium.14 

It was anticipated that some metal binding may occur for the common ions, but any evidence 

would likely be significantly less than that of the heavy metals. 

 Although the phase change study suggested that metal binding occurred for lead, 

cadmium, and zinc, the initial UV-Vis results suggest that the polymer is much more selective for 

cadmium (Figure 4.5). This behavior is justified by hard soft acid base theory, which describes 

lead and zinc as borderline acids rather than soft acids. Theoretically they should bind less 

selectively than cadmium, which is considered soft. This behavior was observed for the addition 

of metals regardless of the counterions present. 

Figure 4.4: Left: UV-Vis spectra of poly(S30%-DADM70%) solution at  0.1 mg/mL (dark blue), 0.15 mg/mL 
(red), 0.2 mg/mL (green), 0.25 mg/mL (purple), 0.5 mg/mL (light blue), and 0.75 mg/mL (orange). Right: 

Calibration curve corresponding to the absorbance at 405 nm from the spectra on the left. 
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 In order to examine the rate at which polymer was being removed from solution, the 

polymer solution was monitored for 24 hours by UV-Vis spectroscopy. Due to the apparent 

affinity for cadmium and the color change of the precipitate in the presence of lead ions, the only 

metal salts measured for this experiment were lead acetate, cadmium acetate, and cadmium 

chloride. In all three cases, the most rapid change in concentration occurred after just fifteen 

minutes of exposure to the metal ions (Figure 4.6). During the first 15 min nearly 20% of the 

polymer was removed for all three metal solutions. After 24 hours, cadmium chloride had 

removed 54% of the polymer, cadmium acetate had removed 43%, and lead acetate had 

removed 39%.  

Figure 4.5: UV-Vis spectra of poly(S-DADM) (navy blue) after 24 hours of exposure to sodium (orange), 
calcium (grey), zinc (yellow), lead (light blue), and cadmium (green) acetate 
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 Dynamic light scattering (DLS) was employed to observe any change in macromolecular 

structure of the polymer in solution after the addition of metal ions. Data points were taken 

before metal addition, and then 15, 30, and 60 minutes after the addition of the metal solution 

(Figure 4.7). Due to the evidence of precipitation in prior studies, lead and cadmium acetate 

chosen for examination by DLS, with sodium acetate being used as a control. DLS procedures 

dictate taking five measurements, the first of which was discarded, leaving the last four 

measurements to be averaged.  

Almost immediately after the addition of the heavy metal ions, the size of the particles in 

the solution began to increase.  Before the 1 hour measurements were taken for lead and 

cadmium acetate samples, precipitation was observed. Therefore, the solution was agitated to 

suspend the particles in solution. Due to the length of time required to take each measurement, 

large variances in particle size were observed for lead and cadmium acetate, especially at later 

time points, probably due to continued growth of supramolecular structures. This lead to large 

Figure 4.6: Percentage of polymer removed from solution over time after the addition of cadmium chloride 
(blue), cadmium acetate (orange), and lead acetate (grey)  
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standard deviations within the measurement. For sodium acetate only a small change in particle 

size was observed, and almost every measurement lies within the standard deviation of the other 

measurements. Because of this, the error bars are too small to visualize on the graph. These data 

indicate that there are supramolecular structures being formed upon the addition of both lead 

and cadmium acetate. However, there is no evidence of such structures in the presence of 

sodium. This supports the hypothesis that the poly(S-DADM) is binding to the heavy metal ions 

of lead and cadmium, but does not bind to sodium ions. 

 

 

 

 

 

 

Figure 4.7: Particle size over time of poly(S-DADM) after the addition of lead (blue), cadmium (orange), and 
sodium (grey) acetate 
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Chapter 5: Conclusions 

 In this work, a new series of charged inverse vulcanized polymers was created. Three 

different charged polysulfides, poly(S-AAC), poly(S-MAC), and poly(S-DADM), were synthesized 

with charged monomers instead of the typical neutral monomers. Optimal reaction conditions 

were determined empirically by altering the temperature and duration of the reaction, guided 

by 1H-NMR and TLC characterization. GPC showed the polymers had low molecular weights. 

However, they were within the range of published values.   

 The solubility of the charged polysulfides is dependent on the sulfur content of the 

polymer. At all sulfur contents studied, the polymers demonstrated enhanced water solubility 

when compared to traditional inverse vulcanized polymers, which are insoluble in water. 

Furthermore, this work demonstrates the first inverse vulcanized polymer created without the 

need for post-polymerization modification. In addition, these polymers demonstrated increased 

solubility in many organic solvents, improving the quality of solution-based analysis such as GPC 

and 1H-NMR.  

 This work demonstrates a method for simple removal of heavy metal contaminants from 

water. The high sulfur content of poly(S-AAC), poly(S-MAC), and poly(S-DADM) make them ideal 

for metal binding applications. The improved water solubility of these polysulfides provides 

accessibility to the entire material overcoming the surface area limitation of previously studied 

inverse vulcanized polymers.  Data from DLS and UV-Vis spectroscopy confirm that upon the 

addition of heavy metal ions, the aqueous polymer solution subsequently formed supramolecular 

structures and precipitated from solution. However, these phenomena do not occur in the 

presence of common metals such as sodium and calcium. UV-Vis spectroscopy revealed that 
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although polymer is being removed for all of the heavy metals being tested, poly(S-DADM) and 

poly(S-MAC) exhibited a higher affinity for cadmium ions in solution.  

Utilizing abundant elemental sulfur and charged monomers, this work describes a novel 

method for the creation of water soluble inverse vulcanized polymers. This process affords 

materials with demonstrated selectivity for heavy metals from inexpensive starting materials. 

Employing a method with previously demonstrated scalability, the materials created in this work 

could be created on a large scale to help fill the need for selective and inexpensive metal binding 

materials.   
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