
DESIGN OF POLYMER MATERIALS TO HAVE LOWER 

ENVIRONMENTAL IMPACT 

 

A Dissertation  
Submitted to the Graduate Faculty 

of the  
North Dakota State University  

of Agriculture and Applied Science 
 

By 

Andriy Popadyuk 

 

In Partial Fulfillment of the Requirements  
for the Degree of  

DOCTOR OF PHILOSOPHY 
 

Major Department: 

Coatings and Polymeric Materials 
 

June 2015 

 

Fargo, North Dakota 

 

  



ii 

North Dakota State University 

Graduate School 
 

Title 

  

DESIGN OF POLYMER MATERIALS TO HAVE LOWER 
ENVIRONMENTAL IMPACT 

  

  

  By   
  

Andriy Popadyuk 
  

     
    
  The Supervisory Committee certifies that this disquisition complies with 

North Dakota State University’s regulations and meets the accepted 

standards for the degree of 

 

  DOCTOR OF PHILOSOPHY  

    

    

  SUPERVISORY COMMITTEE:  
    

  
Dr. Andriy Voronov 

 

  Chair  

  
Dr. Dean Webster 

 

  
Dr. Chad Ulven 

 

  
Dr. Bret Chisholm 

 

    

    

  Approved:  

   
  06/26/2015  Dr. Dean Webster  

 Date  Department Chair  
    



iii 

ABSTRACT 

In today’s world of emerging advanced materials, environmental impact of new 

technologies, as well as already well-established products, is of utmost importance. 

Environmental safety is as crucial as performance/price ratio for new materials. Talking 

specifically about polymer materials, research efforts are dedicated to enhancing material 

biodegradability, sustainability, manufacturing process improvements etc. It starts to 

become an industrial standard – to eliminate solvents from polymer production routines, 

reduce number of chemicals, increase biobased content and generally move towards “green 

synthesis” concept (use of renewable and/or reclaimed resources throughout whole 

production process).  

The main goal of this work was to develop novel polymers and polymer materials to 

have potentially lower environmental impact, including new biobased polymer materials with 

properties and performance not sacrificed by the presence of renewable content, and 

demonstrate the feasibility of new polymers in industrial applications.  

For the purpose of achieving the goal of this work, several approaches were 

attempted. The first approach lies in the development of a new polymer - poly[n-(tert-

butylperoxymethyl) acrylamide-co-maleic anhydride], which combines the features of both 

initiator and surfactant (the inisurf), to be applied in conventional emulsion polymerization. 

Use of the inisurf allows for synthesis of novel, in-situ functionalized (peroxidized) latex 

particles, while reducing the number of chemicals involved in the process. 

Another focus of this work was on the development of biobased polymer materials, 

from plant oils as a raw source, which would be used to substitute petroleum-based 

polymers.  

For this, soybean based polymer surfactants (amphiphylic copolymers) were 

synthesized, and their potential to be applied as surfactant ingredients in shampoos was 

evaluated. In addition, synthesis of novel biobased monomers from sebacic (castor oil) and 
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caprylic (coconut, palm oils) fatty acids – dipropylene glycol acrylate caprylate and 

dipropylene glycol diacrylate sebacate is presented. Both monomers are shown to be 

applicable for development of thermosensitive latex particles for controlled encapsulation 

and release of fragrance in cosmetic products. Finally, a synthetic route for the fabrication 

of new soybean oil based acrylic monomer for free radical polymerization for making latexes 

for paints and adhesives is disclosed. 
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CHAPTER 1. INTRODUCTION 

1.1. Vegetable oil potential as a raw material for polymer production 

Being one of the major industrial sectors, the coatings industry consumes a sizable 

amount of petroleum-based materials in the process of paint manufacturing, specifically for 

the production of resins. Polymeric in nature, resins form the backbone of paint formulations 

and therefore pose strict requirements as to mechanical and chemical properties, 

environmental resistance and aesthetics that they result in the final coating [1].  

Given the finite nature of crude oil [2], alternatives are being sought with ever 

increasing intensity. The most promising candidates to supplement chemical industry, with 

the oncoming shortage of crude oil are plant oils – soybean, palm, corn, cottonseed, 

rapeseed, sunflowerseed oil etc. [3]. The benefits of vegetable oils include the relative ease 

of their extraction from plants and vast production volumes, which greatly surpasses their 

food market capacity, leaving millions of bushels of oil available for chemical reprocessing. 

According to United States Department of Agriculture (USDA) every year more than 17 

million metric tons of edible vegetable oils are left as end stocks [4], adding to the volume 

of non-edible oils that are available for the chemical industry. Vegetable oils are used to 

make soaps, skin products, candles, perfumes and other personal care and cosmetic 

products as is or with minor chemical alterations [5]. Some oils are particularly suitable as 

drying oils, and are used in making paints and a variety of wood treatment products [6]. 

That being said, the majority of vegetable oil-derived polymers are yet to become 

competitive due to their lackluster mechanical and chemical properties, as compared to 

petroleum-based analogues. Consequently, the design of high-performance biobased 

polymers from renewable resources, including vegetable oils, represents a promising 

platform to partially substitute petroleum-based polymers and provide new materials with 

industrially viable properties and a positive environmental impact [7, 8].  
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Since the beginning of the XX century, vegetable oils are readily used in the coatings 

industry as a raw material for polymer production, most prominent use being alkyd resin 

technology [9]. Ever since alkyd resins were introduced, no other significantly utilized 

polymers for coating usage are produced on the basis of vegetable oils. Some of the 

reasons for stagnation in vegetable oil use in polymer production include: 

 Composition variation of fatty acids in vegetable oil triglycerides (Figure 1.1) [10, 

11]; 

 Complex physical and chemical transformations/refining required for production 

of useful chemicals out of vegetable oils [12, 13]; 

 Lack of vegetable-derived monomers capable of producing linear polymers and, 

consequently, thermoplastic resins [14, 15]; 

 Very few systems exist that can accept highly hydrophobic vegetable-based 

monomers, oligomers or polymers without need to introduce additional solvents 

[16, 17]; 

 Inherent autooxidative reactions for unsaturated fatty acids reduce the appeal for 

coating use, causing yellowing and loss of appearance quality [18, 19]; 
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Figure 1.1. Chemical structure of a typical vegetable oil triglyceride, including: linoleic, 
oleic and alpha-linolenic fatty acid residues (soybean oil). 

 
Chemical transformation of vegetable oils is a growing field which showcases more 

and more new approaches to the synthesis of both monomers and polymers [20-22]. The 

majority of fatty acids, comprising vegetable oil triglycerides, have at least two types of 
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functional groups – alkene unsaturation (one or more) and carboxylic group; only some 

specialty vegetable oils possess other functional groups, like for example hydroxyl group in 

12-hydroxy-octadec-9-enoic acid (ricinoleic) [23]. With this limitation, or rather opportunity, 

decades of research have been spent on the development of monomers and polymers from 

fatty acids, mostly by further functionalizing existent functional groups in order to generally 

produce more readily reactive materials. For example, extensively studied reactions for 

producing polymers from vegetable oils include:  

i) copolymerization in presence of styrene and divinyl benzene [24, 25]: 
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Figure 1.2. Simplified scheme of vegetable oil copolymerization with styrene/divinyl 

benzene.  
 

ii) epoxidation of unsaturated double bonds and further ring-opening reactions 

for additional modification or cross-linking [26, 27]: 
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Figure 1.3. Specific products derived from epoxidized vegetable oils. 

iii) esterification and transesterification of fatty acids with other reactants to yield 

monomers for further polymerization/cross-linking [28]: 
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Figure 1.4. Scheme of fatty acid transesterification/amidation products. 

iv) cross-linking of unsaturated polyesters, resulting from microbial treatment of 

vegetable oils and fatty acids [29].  

Resulting materials can be further used in polyesterefication (polyols, 

monoglycerides), polycondesation (epoxy derivatives) and free radical cross-linking 

(maleate esters, acrylated epoxy derivatives) to produce thermoset resins. 

Coherent coating films can be formed from plant oil-based polymer/monomer 

materials via autooxidative cross-linking of unsaturated fatty acids induced by oxygen and 

light irradiation (Figure 1.5).  

Thus, chemically modified vegetable oils have found a large application niche in alkyd 

coating systems [9]. Consequently, a great variety of alkyd systems have been formulated, 

that use linseed oil-based resins, mono-/diglyceride derivatives and polyols, and 

unsaturated polyesters/polyacrylates based on vegetable oils, etc. [30-33]. 



 

6 

H-

CH

O

O
O2

H+

O

OH

O

O

O

Catalyst

 

Figure 1.5. Simplified scheme of autooxidative reactions leading to cross-linking in alkyd-

type resins (inset shows example of final network). 
 
Autooxidative cross-linking of alkyd-type resins can be accelerated by the 

introduction of complexion catalysts (so-called “driers”) [34]. This brings high potential 

utility to plant oil-based polymeric binder systems, allowing for a tough, cross-linked coating 

layer. Additionally, modification of vegetable oil-based materials allows for enhancement of 

specific properties of the final coating. For example, hybrid acrylic-alkyd (or polyurethane-

alkyd) resins exhibit superior weathering resistance, mechanical properties and appearance 

of acrylics (or polyurethanes) while also benefiting from possible reinforcement via oxidative 

alkyd-type cross-linking [35-37]. 

Since the introduction of alkyd-type resins, vegetable oil-based polymers have been 

successfully used in a variety of varnishes, enamels and architectural coatings. However, 

the majority of such products have been and still are solvent-based, which decreases their 

marketability, with more environment-friendly waterborne coating formulations steadily 

taking over [38]. Consequently, a number of water-based alkyd systems were formulated 

[39, 40]. However, these systems still require substantial amount of organic solvents during 



 

7 

preparation and hinder a zero-VOC (Volatile Organic Compound) waterborne alkyd system 

development, or significantly limit the total content of vegetable oil-derived materials used. 

To this date, only a handful of competitive technologies exist that are able to 

produce thermoplastic polymers from vegetable oil, and those available require some 

unorthodox approaches, limiting large volume production at industrial scale levels [41-43]. 

There are extensive reviews available in literature on the topics of vegetable oil utilization 

for polymer production; authors conclude that ‘recent developments clearly show that there 

is still a large potential for interesting new monomers, polymeric materials as well as model 

systems in all described areas of research’ [44] and ‘In recent years, natural oils have 

become the center of attraction for their potential use as starting materials for the 

preparation of polymers. This is an alternate route, which has the potential to augment the 

use of petroleum-based polymers’ [45]. 

Alongside the benefits of being bio-derived, all plant oil-based polymers and 

monomers inherently exhibit high hydrophobicity, which presents both positive and negative 

effects on the utilization of such materials. Most polymer composites, coating binder 

systems, inks and adhesives tend to benefit from having higher hydrophobicity, which can 

be attained by use of plant oil-based polymers. However, practical issues concerning 

product manufacturing limit the use of highly hydrophobic materials. With recent trends in 

reducing solvent use in technological step for chemical production, waterborne systems for 

polymer synthesis are receiving particular interest. The same is true for water-based 

polymer materials, such as latex polymers, providing great challenges for developing 

hydrophobic systems that are inherently incompatible with water.  

There exist few processes capable of producing large volumes of waterborne 

polymers, including dispersion, emulsion and miniemulsion polymerization, phase inversion 

process etc. [46, 47]. However, as will be explained in this chapter, the majority of such 

processes cannot process highly hydrophobic monomers into polymers [48]. Therefore, 
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even if the technology was developed to produce monomer and resulting thermoplastic 

polymers out of vegetable oil raw material, considerable effort is still required to effectively 

implement such material into the industrial sector. In this work we will explore how the 

application of colloidal chemistry can open venues to incorporate highly hydrophobic oil-

derived materials into commercially viable technology. 

 1.2. Waterborne polymer syntheses 

One of the most common industrial routes for waterborne polymer latex production 

is emulsion polymerization. Emulsion polymerization is a well-studied process that leads to 

the formation of stable polymer latex particles [49-51]. The main components of an 

emulsion polymerization system are: water, monomer(s), surfactant(s) and water-soluble 

initiator. According to commonly accepted scheme [52, 53], emulsion polymerization 

proceeds over three distinct stages (Figure 1.6):  

Stage 1. Radical species nucleate the polymerization of monomer either inside the 

micelles, forming initial seeds for particle growth. Monomer is found in the micelles, 

emulsion droplets and polymer-rich particles. 

Stage 2. Begins when nucleation of new particles stops. From here onwards, the 

number of particles in the system remains stable; no non-nucleated micelles are present in 

the system; monomer can be found in the initial emulsion droplets and in growing polymer-

monomer particles. 

Stage 3. Final stage of process – no more emulsion droplets present in system. The 

size of the polymer particles remains stable as the rest of the monomer is polymerized 

within the polymer-monomer particles. 

The mechanism of emulsion polymerization effectively limits the choice of monomers 

to only monomers with limited yet sufficient aqueous solubility. For more hydrophobic 

monomers, such polymerization route is hindered and consequently only a small fraction of 

long alkyl chain monomers can be included in the final polymer latex [63]. Negligible 
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aqueous solubility of highly hydrophobic monomers prevents the possibility of the monomer 

molecules to transfer into the growing polymer-monomer particles. However several 

attempts to increase monomer aqueous solubility have been made, utilizing water-miscible 

organic solvents or phase-transfer aids, enabling emulsion polymerization of otherwise 

water insoluble monomers [64, 65]. Such approaches, while viable, also require the use of 

either additional organic solvents or other chemicals, which is not appealing in terms of 

environmental impact [66]. 
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Figure 1.6. Simplified scheme of emulsion polymerization. 
 
Emulsion polymerization is typically initiated using water-soluble initiators, however 

oil-soluble initiators have also been investigated, showing the possibility of emulsion 

polymerization process proceeding both in the presence of water and oil-soluble radical 

initiators [54, 55]. Additionally, macromolecular initiators were successfully employed in 

emulsions and have been shown to sustain the mode of classic emulsion polymerization 

[56-58]. It was shown that macroinitiators can be engineered to exhibit a high degree of 

surface activity (Figure 1.7). Such macroinitiators fall into a larger group of specialty 

initiators, called  ‘inisurfs’ (initiator-surfactant), and were proven to play a dual role during 

the emulsion polymerization process: i) act as conventional surfactants – forming micelles 
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and providing colloidal stability to monomer droplets and polymer and polymer-monomer 

particles within system; ii) act as a source of free radicals – functional groups in inisurfs 

structure decompose yielding radicals and macroradicals of inisurfs. As a result, during the 

course of polymerization, the inisurfs are covalently grafted to the resulting latex particle 

surface, providing an additional in-situ functionalization of the latex particle. 

Functionalization of particle surface in-situ by use of inisurfs provides a reliable means of 

producing high-performance nanomaterials with additional colloidal stability [59, 60] and 

reactivity [61, 62]. 
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Figure 1.7. Typical isotherm of surface tension of polymer inisurf (PM-MA) aqueous solution 

[Chapter 3]. 
 
The use of inisurfs obviously allows for reducing the number of reagents in an 

emulsion polymerization, therefore reducing the extractable content of polymer latex 

product – two aspects that might lead to a lower environmental impact of produced polymer 

materials. 

Another possibility to synthesize latex polymers out of hydrophobic monomers lies in 

the application of miniemulsion polymerization. Miniemulsion polymerization is a process of 

latex polymer particle formation, utilizing stable submicron-sized droplets as mini-reactor 

vessels – a special case of emulsion [67]. There is a fundamental difference between classic 
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emulsion polymerization and a miniemulsion polymerization, which allows for applications 

beyond the restrictions of emulsion system. No micelles are present in a miniemulsion 

system, thus polymerization occurs only within the droplets of monomer (oil phase), which 

effectively leads to the formation of latex particles of approximately same dimension and 

number as initial droplets and identical polymer composition [68].  

Miniemulsion polymerization is relatively new, however most of the underlying 

principles are well-established [69, 70]. The formation of miniemulsion is achieved by 

shearing (typically via exposure to high power ultrasound) mixture of two immiscible liquids 

in the presence of one or more surfactants and co-surfactants (hydrophobic additives). In a 

miniemulsion system, coalescence and Ostwald ripening are suppressed due to the presence 

of the surfactants and co-surfactants. Hydrophobic additives increase hydrostatic pressure 

inside the droplets, thereby reducing the thermodynamic driving force of oil phase diffusion 

through the aqueous phase. Stable droplets with sizes between 50 and 1000 nm are 

obtained, depending on the shear force, type and concentration of surfactants. 

Miniemulsion-based processes are, therefore, particularly adapted for the production of 

polymeric nanomaterials [71-73].  

 

Figure 1.8. Simplified scheme of miniemulsion polymerization. 
 
Miniemulsion polymerization proves to be a powerful tool for the development of new 

and advanced water-based polymers, especially if hydrophobic monomers are to be 

employed. Depending on the initial conditions, e.g. chemistry of polymerization reaction, 
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presence of significant amount of hydrophobic additive or incorporation of inorganic 

particles, miniemulsion polymerization can be used to synthesize complex morphology 

particles – hollow, sponge-like, core-shell, etc. [74-76].  

The unique nature of miniemulsion polymerization lies mainly in the ability to 

incorporate either significantly hydrophobic cargo molecules to produce for example drug 

delivery carriers [77-79] or utilize water-insoluble monomers to yield otherwise unattainable 

latex polymer particles of homogenous composition [80-82]. 

Additionally, miniemulsion polymerization is a more eco-friendly route for the 

incorporation of hydrophobic monomers into latex polymers as it does not require the use of 

organic solvents or additional chemicals. 

1.3. Polymer properties control via composition variations 

Polymers already play a significant role in industrial processes and material 

development, introducing unique properties, otherwise unattainable. Amongst these 

properties are thermal, pH or solvent-driven property variations. Depending on the type of 

starting monomer, polymers will exhibit a range of properties, unique to its chemical and 

structural specialties, like elasticity, crystallinity, toughness, hydrophobicity, etc. Polymers 

based on a single monomer, i.e. homopolymers, represent the simplest case of polymer 

materials. In the case of homopolymers, properties of the final material can be tailored by 

selecting monomer and introducing changes into the structure of the homopolymer 

macromolecule – e.g. linear, branched, cross-linked. Another tool for polymer structure 

control is the degree of polymerization (number of monomer units comprising a single 

macromolecule) which determines overall length and molecular weight of macromolecules 

[53].  

Homopolymers find their application in various industrial sectors, most prominent 

examples being commodity plastics – polyethylene, polypropylene, polyvinylchloride, 

polystyrene etc. These are easily manufactured and present properties sufficient for 
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application in as-is form, frequently without additives [83]. However, a large portion of 

industrial applications requires polymer materials to perform at levels not attainable by 

homopolymers. In such cases, it is necessary to combine the properties of different 

materials in final product. Such combination of properties can be achieved either by physical 

compounding – mixing of two or more homopolymers or by chemical compounding – 

synthesis of copolymers [84-86]. 

Copolymer macromolecules consist of units of two or more different monomer units. 

In addition to composition variation, copolymer properties can be tailored by the selection of 

monomers. In terms of composition variation and molecular architecture, copolymers can be 

classified as (Figure 1.9): 

i) random copolymers (units of monomers are statistically distributed over the 

macromolecule); 

ii) alternating copolymers (units of monomers alternate throughout 

macromolecule); 

iii) block copolymers (units of monomers are arranged in blocks of several units); 

iv) graft copolymers (units of one type of monomer form backbone of copolymer, 

while other type of monomer unit protrudes from the backbone in the form of 

grafted side chains); 
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Figure 1.9. Schematic representation of different copolymer structures: A) random; B) 
alternating; C) block; D) graft. 

 

Additionally, the chemical composition of the copolymer (types and number of 

constituting monomer units) plays an important role in determining the resulting material 

properties. For example, if the monomers that produce both rubbery and glassy 

homopolymers (at room temperature) are copolymerized, the resulting copolymer will 

present itself as a tough plastic, combining both rubbery and glassy features (extent of 

property expression depends on % composition) [87, 88].  

It is possible to deliberately synthesize copolymers of specific composition in bulk or 

solvent-based processes, however, in waterborne systems (e.g. emulsion polymerization) 

synthesis of the same copolymers might be complicated. As was already discussed, 

depending on monomer hydrophobicity, the ability to polymerize via emulsion 

polymerization can be obscured. In the case of emulsion copolymerization, one should 



 

15 

consider not only the reactivity of the monomer pair, but also the differences in aqueous 

solubility of each monomer. In other words, it is not certain that the supply of monomer to 

the polymerization site (growing macroradical within polymer-monomer particle) will be 

consistent with the initial monomer feed, as one of the monomers may be more hydrophilic 

and, thus, more readily soluble in water [89-92]. In case of a miniemulsion system, each 

monomer droplet already has a pre-defined composition of monomers and the resulting 

copolymer particles are homogenous in composition.  

All these considerations become very important when we start talking specifically 

about plant oil-based monomer utilization. As it was shown, most of monomers derived 

from plant oils inevitably exhibit high hydrophobic character, leaving limited number of 

approaches for their transformation into latex copolymers. However one of these 

approaches (miniemulsion polymerization) actually allows for control over the (co)polymer 

composition. 

Copolymerization of plant oil derived monomers is a powerful tool that allows 

inclusion of large quantities of renewable matter into well-performing material, reducing 

polymer environmental impact. For instance, by copolymerizing soybean oil with divinyl 

benzene, it is possible to produce a library of polymer materials for composites with 

mechanical properties that vary greatly, depending on the copolymer composition and mode 

of copolymerization process (e.g. tensile modulus in 32-75 MPa range for cationic 

copolymerization and 0.03-1.12 GPa for thermally initiated free radical polymerization) [24]. 

Another example of advanced properties of renewable copolymers is a polymer surfactant 

based on 2-(vinyloxy)ethyl soyate [Chapter 2] [93]. A unique combination of the 

hydrophobic nature of oil-derived monomer with hydrophilic properties of poly(ethylene 

glycol) based monomer results in an amphiphilic copolymer, exhibiting high levels of surface 

activity, forming micellar aggregates, stabilizing colloidal dispersions, etc. Yet another 

example is the copolymerization of maleinized soy oil monoglycerides with styrene by free 
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radical polymerization, yielding a homogeneous rigid matrix that was successfully used in 

composite preparation [25]. In this case it was shown how copolymerization can be applied 

to the transformation of otherwise rubbery homopolymer into a rigid thermoset copolymer 

by the introduction of a high glass transition component – styrene. 

In conclusion, the ability to develop plant oil-based monomers and convert them 

further into waterborne (latex) (co)polymers is a powerful tool in decreasing overall polymer 

material environmental impact. By far, mostly thermoset polymer materials were developed 

on the plant oil basis, leaving a huge thermoplastic segment of the polymer market open for 

new developments. Additionally, it is clear that advanced polymer materials offer positive 

environmental impact by reducing the usage of chemicals during polymer production and 

broadly employing water-based technologies.  

This work reports on the several different approaches of polymer environmental 

impact reduction by following the general ideas outlined in the Introduction – development 

of new advanced (co)polymer, renewable plant oil based monomers and(co)polymers, and 

their application in industrial material development. 
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CHAPTER 2. RESEARCH SCOPE 

It is crucial to understand that, in today’s world of emerging advanced materials, 

environmental impact of new technologies, as well as already well-established products, is 

of utmost importance. Environmental safety is as crucial as performance/price ratio for new 

materials. Talking specifically about polymer materials, vast research efforts are dedicated 

to enhancing material biodegradability, sustainability, manufacturing process improvements 

etc. In context of polymer materials environmental impact, the extensive use of organic 

solvents, monomers and other chemicals during production process reflects major concerns. 

It starts to become an industrial standard – to eliminate solvents from polymer materials 

production routines, reduce number of chemicals, reactions and material usage, increase 

biobased content and generally move towards “green synthesis” concept (use of renewable 

and/or reclaimed resources throughout whole production process). Another aspect of 

polymer material’s environmental impact lies in vast generation of waste worldwide – issue 

that calls for biodegradable and sustainable material development, as well. 

Synthesis of waterborne polymer materials (WPM) is one of the most straightforward 

ways to address issue with organic solvents, by substituting them during process with 

water. There are a number of polymerization techniques to produce WPMs, including 

emulsion, suspension, miniemulsion polymerization processes. They all result in ready-to-

use materials (polymer latex for adhesives, paints, coatings etc.), which require little or no 

post-purification, solvent recycling or disposal. In addition, emulsion and miniemulsion 

processes utilize free radical polymerization and provide control over composition and 

molecular weight of produced (co)polymers. WPM fabrication routes allow for fine 

adjustment of material properties to fit requirements posed by different industrial 

applications. 

Another approach to reduce polymer material’s environmental impact lies in 

utilization of renewable sources for monomer/polymer production. In fact, entirely biobased 
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polymer materials that outperform petroleum-based counterparts are yet to be developed. 

However, by diligently developing biobased monomers and polymers and finding application 

niches, they have potential for replacing (at least partially) petroleum-based polymer 

materials in many industrial applications. 

Plant oils recently became one the most promising and abundant source in synthesis 

of biobased polymer materials. However, monomers synthesized from plant oils often 

exhibit highly hydrophobic properties that makes it difficult to incorporate them in WPM 

manufacturing processes [Chapter 1]. 

Main goal of this work was to develop novel advanced polymer materials with lower 

environmental impact, including new biobased polymer materials with properties and 

performance not sacrificed by the presence of renewable content, and demonstrate their 

feasibility in industrial applications. 

For this purpose, new polymer ingredient, which combines features of both initiator 

and surfactant (the inisurf), to be applied in conventional emulsion polymerization was 

developed and discussed in Chapter 3. Substituting initiator and surfactant improves shelf-

life (colloidal stability) and enables post-polymerization functionalization of latex particles. It 

was demonstrated that modified latex particles can be used as reactive filler for commercial 

WPMs [Chapter 3] and as building blocks for micron-sized colloidosome capsules (delivery 

or storage vehicles) [Chapter 4]. 

Another focus of this work was on a development of biobased polymer materials, 

using plant oils as a raw source. A variety of biobased polymer materials was developed, 

based on triglycerides of soybean oil, sebacic (from castor oil) and caprylic (coconut, palm 

kernel oils) fatty acids, using conventional polymerization routes. 

Using conventional polymerization routes three different approaches to biobased 

polymer materials were developed. Specifically, this work describes synthesis and properties 

of: 
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1) Surface active soybean-based polymer surfactants (SBPS), which can be 

considered as a safer replacement for low molecular weight surfactants (e.g. sodium 

dodecyl sulfate) in the solubilization of poorly soluble ingredients in cosmetics [Chapter 5]. 

SBPSs are based on vinyl ether soyate and vinyl ether polyethylene glycol derivatives. It 

was shown that the presence of SBPS improves cleaning, foaming and conditioning of model 

shampoo formulations [Chapter 6]; 

2) Fabrication of biobased thermoresponsive polymer latexes for fragrance 

protection and controlled release in consumer cosmetic formulations [Chapter 7]. Latexes 

were synthesized on the basis of derivatives of stearic, caprylic and sebacic (plant oil origin) 

fatty acids; 

3) Renewable monomer based on soybean oil (SBA), which could 

advantageously replace petroleum-based monomers in free radical polymerization 

production of, in particular, polymer latexes, adhesives and other polymer materials that 

utilize acrylic monomers [Chapter 8]. 

Finally, Chapter 9 contains overall conclusion drawn from work presented in this 

thesis disquisition, capitalizing on achievements and scientific progress in the field of 

reducing environmental impact of polymer materials, as provided by this work results.  
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CHAPTER 3. REINFORCING LATEX COATINGS WITH 

REACTIVE LATEX PARTICLES1 

3.1. Abstract 

A new approach to the cross-linking and filling synthetic latex coatings has been 

developed. Peroxidized monodisperse polystyrene latex particles have been used as a cross-

linker and, simultaneously, as a filler of polymer coatings based on acrylic and styrene-

butadiene latexes. The synthesis of reactive (peroxidized) latex particles was carried out 

using the emulsion polymerization of styrene in the presence of the polymer inisurf, the 

initiator-surfactant, a copolymer of a peroxide monomer, N-[(tert-butylperoxy)methyl] 

acrylamide with maleic anhydride. The reactive latex particles were employed to crosslink 

polymer coatings from synthetic acrylic and styrene-butadiene latexes.  

The hardness and solvent resistance of the coatings based on both latexes increase 

with an increasing amount of the reactive latex filler in the formulation. The cross-linked 

coatings, based on styrene-butadiene exhibited better characteristics in terms of hardness 

and solvent stability. The properties of latex-cross-linked coatings depend on reaction 

temperature and the amount of the cross-linker, peroxidized reactive polystyrene latex 

particles. 

3.2. Introduction 

The properties of polymer colloid systems, such as latexes and latex composites 

(filled and reinforced plastics, paints, varnishes etc.), are often governed by system 

1Based on manuscript published in Progress in Organic Coatings, 2014, 77 
(12, B), 2123-2132. 

The material in this chapter was co-authored by Andriy Popadyuk and Ihor 

Tarnavchyk, Nadiya Popadyuk, Ananiy Kohut, Volodymyr Samaryk, Stanislav Voronov, 
Andriy Voronov. Andriy Popadyuk had primary responsibility for synthetic work, 
analytical measurements and data interpretation. Andriy Popadyuk was the primary 
developer of the conclusions that are advanced here. Andriy Popadyuk also drafted 

and revised all versions of this chapter.  
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heterogeneity and depend on properties of the interface (polymer adsorption, interfacial 

reactions, interfacial layer formation etc.) [1-2]. Environmentally friendly waterborne 

coatings are widely prepared from acrylic and styrene-butadiene polymer latexes [3-4]. 

Besides, the acrylic latexes are used in the textile and paper industry, coatings for wood,  

manufacturing artificial leather, where they provide high weather resistance, UV- and 

thermal stability, water, oil, and salt resistance. While acrylic latexes dominate the market, 

coatings from acrylic latexes lack the hardness, toughness and resistance to acids, bases 

and solvents, required for many industrial applications [5-6].  

Number of cross-linkers and cross-linking technologies have been developed in order 

to improve properties and performance of latex-based coatings. The typical cross-linkers are 

polycarbodiimides [7-8], polyaziridines [9-10], polyoxazolines [11-12], epoxides [13-17], 

melamine-formaldehyde resins [18-21] etc. Prior to formation of a three-dimensional 

polymer network, the latex particles should be modified by incorporating functional groups 

into the polymer structure for further cross-linking. Despite the number of existing 

technologies, the development of the resultant latex coatings still remains challenging with 

a need of special cross-linkers [5]. 

Formation of a polymer latex network can be also approached by using peroxide 

cross-linkers that generate free radicals at elevated temperatures and initiate free radical 

reactions [22]. The application of reactive (peroxidized) latex particles as a filler enhances 

the mechanical properties of the coatings, and imparts specific properties, towards potential 

reducing the coatings price.  For example, the use of high-styrene resin latex particles as a 

filler increases the film stiffness (especially at low stress), decreases the elongation at 

rupture, and improves tensile strength [23]. 

In this study, we foresee that monodisperse latex particles (for example, from 

polystyrene) with a controlled number of peroxide groups on the surface can be used 

simultaneously as cross-linker and filler, in latex coatings. Such peroxidized, reactive, 



 

31 

particles can be synthesized using emulsion polymerization of styrene in the presence of 

polymer inisurf (initiator-surfactant), generating free radicals [24]. Unlike traditional 

emulsifiers, the inisurf can be, thus, covalently grafted onto the surface of the particles 

during polymerization. 

Recently, polyperoxide inisurfs have been synthesized in our group using peroxide 

monomers with a ditertiary peroxide group [25-26]. Developing a polymer initiator-

surfactant with primary-tertiary peroxide groups enables free radicals generation at lower 

temperature. For this purpose, N-[(tert-butylperoxy)methyl]acrylamide peroxide monomer 

(PM), has been recently synthesized.  

The main goal of this study was to develop a new approach for cross-linking latex 

polymer coatings using peroxidized polystyrene latex particles as cross-linker. In contrast to 

the reported cross-linking methods primarily based on condensation reactions, we propose 

to form three-dimensional polymer coating structures using free radical mechanism.   

Achieving this goal involves the following stages: (i) synthesis of the PM, N-[(tert-

butylperoxy)methyl]acrylamide, (ii) synthesis of the polyperoxide inisurf, a copolymer of PM 

with maleic anhydride (PM-MA), (iii) formation of peroxidized monodisperse polystyrene 

latex particles using emulsion polymerization of styrene in the presence of PM-MA, and (iv) 

formation of cross-linked coatings using the peroxidized polystyrene latex particles 

simultaneously as filler and cross-linker. 

3.3. Experimental part 

3.3.1. Materials  

N-(Hydroxymethyl)acrylamide (HMAA) (TCI America, Portland, OR) was used as 

received. Tert-butyl hydroperoxide (TBHP) (Alfa Aesar, Ward Hill, MA) was dried over 

magnesium sulfate. Maleic anhydride (MA) (99%) (VWR, Radnor, PA) was purified by 

recrystallization from anhydrous benzene and sublimation in vacuum. Azobisisobutyronitrile 

(AIBN) (Sigma–Aldrich, St. Louis, MO) was purified by recrystallization from methanol. 
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Styrene monomer (St) (99%) (Sigma–Aldrich, St. Louis, MO) was distilled under vacuum to 

remove inhibitor and stored in a refrigerator. Cyclohexanone (Sigma–Aldrich, St. Louis, MO) 

was distilled. Pyrene (Sigma–Aldrich, St. Louis, MO) was used as received. Other solvents, 

analytical grade or better, were used as received. Deionized water was used for the 

synthesis and purification of the latex particles (MilliQ, 18 M). 

3.3.2. Syntheses  

3.3.2.1. N-(tert-butylperoxymethyl)acrylamide (PM).  

A solution of tert-butyl hydroperoxide (10.8 g, 0.12 mol) in diethyl ether (30 mL) 

was added dropwise to a solution of N-(hydroxymethyl)acrylamide (10.1 g, 0.1 mol) in 

diethyl ether (25 mL) at 5-7 °C. The mixture was stirred and a solution of H2SO4 (2.94 g, 

0.03 mol) in diethyl ether (20 mL) was added dropwise at 14-16°C for 1 h. After stirring for 

an additional 3 h at 22-25 °C, the organic phase was separated, washed in series with 

water, 5% aq Na2CO3, and water until pH 7, dried over MgSO4 for 12 h, and evaporated 

under reduced pressure to afford  N-(tert-butylperoxymethyl)acrylamide at 98% purity as a 

colorless transparent liquid (15.5 g, yield 82%). 

3.3.2.2. Poly[N-(tert-butylperoxymethyl)acrylamide-co-maleic anhydride], (PM-MA).  

N-[(tert-Butylperoxy)methyl]acrylamide (0.8 M), maleic anhydride (1.2 M) and AIBN 

(0.012–0.06 M) were dissolved in acetone. The reaction mixture was purged with argon at 

room temperature for 30 min. The copolymerization was carried out under an argon blanket 

at 60 °C for 4–24 h until a total monomer conversion of 65–70% was reached. Small 

samples of the reaction mixture were taken to monitor the progress of the copolymerization 

reaction using a potentiometric titration. The resulting copolymer was isolated by 

precipitation in hexane and purified by multiple reprecipitations. The purified polymer was 

dried under reduced pressure at room temperature until a constant weight was obtained. 

The resulting copolymer, containing 63–75 mol % peroxide monomer units, was soluble in 

acetone, toluene and water in the presence of sodium hydroxide. 
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3.3.3. Characterization of PM-MA  

3.3.3.1. Instrumental techniques 

FTIR spectra were recorded using a Nicolet 8700 (Thermo Scientific) spectrometer 

with a resolution of 4 cm-1. 

1H and 13C NMR spectra were recorded at 400 MHz on a JEOL ECA 400 MHz NMR 

spectrometer. 

The molecular weight of the PM-MA was determined by gel permeation 

chromatography (GPC) using a Waters Corporation modular chromatograph consisting of a 

Waters 515 HPLC pump, a Waters 2410 Refractive Index detector and a set of two 10 lm 

PL-gel mixed-B columns, the column temperature was set at 40 °C. Tetrahydrofuran was 

used as the carrier solvent. 

3.3.3.2. PM-MA composition 

To determine the PM-MA composition by 1H NMR spectroscopy, the PM content was 

quantified through the determination of tert-butyl hydrogens present in the spectrum. For 

this purpose, phthalic anhydride was applied as an internal standard: 

 
(3.1) 

where W is the weight fraction of the PM units in the copolymer, FPM is the molar fraction of 

PM units in the copolymer, MPM is the molar mass of the PM monomer (173 g/mol), MPA is 

the molar mass of phthalic anhydride (148.1 g/ mol), MMA is the molar mass of maleic 

anhydride (98 g/mol), mpa is the mass of the internal standard (phthalic anhydride) (g), 

mcopolymer is the mass of the copolymer sample (g), St is the integral of the tert-butyl 

hydrogens, and Sp is the integral of the phthalic anhydride hydrogens. 

3.3.3.3. Potentiometric titration 

A potentiometric titration (back titration using 0.1 N HCl as a titrant) was used to 

calculate the content of carboxylic groups in an aqueous solution of PM–MA with hydrolyzed 
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anhydride fragments. The molar fraction of maleic anhydride in the copolymer was 

determined using the following equation: 

 
(3.2) 

where FMA is the molar fraction of MA fragments in the copolymer, MMA is the molar mass of 

MA (98 g/mol), MPM is the molar mass of PM (173 g/mol), msample is the mass of the titrated 

sample (g), N is the normality of the HCl titrant (here 0.1 mol eq/L) and V is the volume of 

titrant between the two inflection points on the potentiometric curve (in mL of titrant). 

3.3.3.4. Dilatometry 

The course of the copolymerization was studied in dilatometers (15 mL, 20 cm of 

graded capillary tubing, grading accuracy 0.1 mL) as reaction vessels and in cyclohexanone 

as a solvent. The monomer reactivity ratios of PM and MA in the copolymerization reaction 

were determined using approaches developed by Skeist [27] and Feinmann-Ross [28]. 

3.3.3.5. Thermal analysis 

Thermal analysis of the decomposition of the peroxide groups of PM–MA and 

peroxidized latex particles was carried out using thermogravimetry in a TA Instruments 

Q500. Samples were subjected to an underlying heating rate of 10 °C/min. The specimen 

was heated to 400 °C. 

3.3.3.6. Critical micelle concentration determination 

The critical micelle concentration of PM–MA in aqueous solution was measured using 

a previously reported solubilization of fluorescent probe (pyrene) method [29]. The spectra 

were taken using a Fluoromax-3 fluorescence spectrometer (Jobin Yvon Horiba) with a 90 

geometry and a slit opening of 0.5 nm. For the fluorescence excitation spectra, em = 390 

nm was chosen. Spectra were accumulated with an integration time of 0.5 nm/s. 
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3.3.4. Methods  

3.3.4.1. Formation of peroxidized polystyrene latex   

A 10 wt. % emulsion of styrene in an aqueous solution of PM–MA (1–7.5 wt. % per 

styrene) was prepared at pH 9.5 by magnetic stirring at 1200 rpm for 30 min. The emulsion 

was purged with argon under constant stirring for 20 min and subsequently placed in an oil 

bath heated to 85 °C. The polymerization was conducted for 4 h under constant stirring 

(conversion up to 95%). At the end of the reaction, the latex was cooled and placed into a 5 

mL dialysis bag (50 kDa molecular cutoff) and submerged into a 2000 mL beaker filled with 

distilled water adjusted to pH 9.5 using NaOH. At intervals of 24 h, the water in the beaker 

was replaced to ensure a constant high concentration gradient to improve the dialysis 

process. After 14 days, the latex was removed from the dialysis bag and stored at 4 °C. 

3.3.4.2. Size distribution measurements  

Size distribution measurements were performed in aqueous dispersions using 

Malvern Zetasizer Nano-ZS90 at 25 °C. The final numbers represent an average of a 

minimum of 5 individual measurements. 

3.3.4.3. Imaging of latex  

Digital images of latex particles were obtained using JEOL JSM-6490LV scanning 

electron microscope. 

3.3.4.4. Reinforced latex formulation  

Two commercial samples of latexes were used – acrylic HG-56 (Maincote, Rohm and 

Haas) (AL) [52.9 wt. % dry solids] and styrene-butadiene DL-215 (Encor, Arkema) (SB) 

[49.3 wt. % dry solids]. Reinforced formulations were prepared by addition of aqueous 

dispersion of peroxidized polystyrene latex to commercial samples. Five formulations were 

prepared for SB latex (0, 1, 10, 30 and 50 wt. % added peroxidized latex) and four for AL 

latex (0, 1, 10, and 30 wt. % added peroxidized latex). In typical formulation for 50 wt. % 

added peroxidized latex, 10 g of SB latex (4.93 g dry solids) was mixed with 14.8 g of 
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peroxidized latex (2.465 g dry solids). Obtained composition was conditioned under light 

stirring for 24 h. 

3.3.4.5. Coating preparation  

Latex formulations were cast on aluminum 2024T3 alloy test panels using drawdown 

bar with initial film thickness set to 5 mil. Prior casting, panels were washed with aqueous 

soap solution (10 % w/v sodium dodecyl sulfate), dried and wiped with hexane-soaked lint-

free wipes, then dried again. After casting, each panel was placed in oven set to either 90 

°C or 120 °C for 12 h. After curing, panels were removed from oven and allowed to cool 

down and condition for another 24 h. 

3.3.4.6. Coating hardness measurements by pendulum damping test (König) 

Hardness measurements were followed after ASTM D 4366-95. Test panel was 

placed on panel table inside pendulum apparatus, whereas pendulum was gently brought 

onto surface of panel coating. Pendulum was deflected to 6°, released and simultaneously 

stopwatch was started. Time for the amplitude to decrease from 6° to 3° was measured, 

which is the König hardness. Each sample was run in three areas on the panel. 

3.3.4.7. Assessment of solvent resistance of coatings 

Procedure was followed as described in ASTM D 5402-93 with slight variation. Clean, 

undamaged patch of coating surface of at least 150 mm was selected on each test panel. 

Folded cotton pad was saturated with methyl-ethyl ketone to dripping-wet condition. This 

pad was secured on 200 g weight which was used to produce equally-heaved rubs. Each 

forward and back motion was counted as one double-rub, performed at a rate of 1 Hz. 

Number of double rubs coating could resist before losing gloss in testing area is reproduced. 

3.3.4.8. Resistance of coatings to the effect of rapid deformation (impact)  

Impact resistance of coatings was estimated as described in ASTM D 2794-93. 12.7 

mm indenter was secured on weight cylinder that is freely moving inside 1 m long guide. 

Sample panel was secured flat on a base support. Weight cylinder was raised above surface 
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of test panel and dropped onto the surface in 25 mm incremental steps starting from lowest 

known non-failure height. After each indentation surface of sample was inspected for cracks 

or delamination regions developed. Once latter were observed, indentation tests were run 

on similar heights for the same sample 5 times for reproducibility reasons. Tests were run 

both in intrusion and extrusion fashions and inch-pound values at the failure end point are 

presented. 

3.3.4.9. Film hardness by pencil test  

Procedure was followed after ASTM D 3363-05. Test panel was placed firmly on flat 

surface. Pencils, held firmly at 45°, were pushed away from operator in 6.5 mm strokes. 

The process is started from hard pencils and moving down the hardness scale until pencil no 

longer is able to cut or gouge into coating surface. Hardness of such pencil is recorded as 

pencil hardness value for tested coating.  

3.4. Results and discussion 

3.4.1. Synthesis of a peroxide monomer, N-[(tert-butylperoxy)methyl] acrylamide 

The synthesis of the peroxide monomer has been carried out via the interaction of N-

(hydroxymethyl)acrylamide with tert-butyl hydroperoxide (Scheme 3.1).  

The yield of the PM did not exceed 10% when water was used as a reacrion medium. 

N-[(Acrylamino)methyl]acrylamide and N-{[(acryloylamino)methoxy]methyl}acrylamide 

were formed as by-products under the reaction conditions (initial concentration of HMAA 

10%, HMAA : TBHP ratio from 1:1 to 1:1.7, and TBHP : H2SO4 ratio from 1:0.01 to 1:0.4). 

Thus, an aqueous medium cannot be used for the synthesis of N-[(tert-

butylperoxy)methyl]acrylamide because of a low yield and complicated isolation technique. 

 

Scheme 3.1. Synthesis of the peroxide monomer N-[(tert-butylperoxy)methyl] acrylamide. 
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Diethyl ether has been found out to be the most suitable reaction medium for high-

yield synthesis of N-[(tert-butylperoxy)methyl]acrylamide. The yield depends considerably 

on the initial concentration of the reactants and the ratio of H2SO4 (catalyst) to HMAA. The 

HMAA concentration of 0.135-0.138 g/mL and the molar ratio of reactants (HMAA : TBHP : 

H2SO4 as 1:1.2:0.3) result in the highest monomer yield (80-82%). With the increasing 

excess of TBHP in the reaction mixture, the monomer yield does not enhance, whereas 

when a greater amount of the catalyst is used, the reaction selectivity has been reduced. 

The chemical structure and properties of N-[(tert-butylperoxy)methyl]acrylamide have been 

confirmed by FTIR-, 1H NMR- and 13C NMR-spectroscopy as well as refractometry. The 

physico-chemical characteristics of the peroxide monomer are summarized in Table 3.1. 

Table 3.1. Physico-chemical characteristics of N-[(tert-butylperoxy)methyl] acrylamide. 

Parameter Value 

Refractive index, nD
20 

Molar mass (calculated) 

Molar mass (found by differential cryoscopy) 

Active oxygen content (found by gas-liquid chromatography) 

Density, d20 

Molar refractivity (found using the Lorentz–Lorenz equation) 

Molar refractivity (calculated) 

1.4512 

173.2 g/mol 

168.3 g/mol 

9.52% 

0.991 

46.15 

45.91 

 

The following absorption bands have been found in the FTIR-spectrum of N-[(tert-

butylperoxy)methyl]acrylamide (Figure 3.1): intense absorption bands at 3300, 1670, and 

1540 cm-1 correspond to the valence and deformation oscillations of subsituted amide 

groups, a band at 1630 cm-1, indicating the presence of carbon-carbon double bonds C=C, 



 

39 

and an adsorption band at 880 cm-1, which belongs to valence oscillations of peroxide 

groups. 

 

Figure 3.1. FTIR-spectrum of the peroxide monomer N-[(tert-butylperoxy)methyl] 
acrylamide. 

 

Figure 3.2. 1H NMR-spectrum of the peroxide monomer N-[(tert-

butylperoxy)methyl]acrylamide. 
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The following signals have been observed in the 1H NMR-spectrum of the peroxide 

monomer: 1.26, 5.17, 5.74, 6.15, 6.37 and 6.57 ppm. The chemical shifts of each proton 

along with their integral values are given in Table 3.2. 

Table 3.2. Chemical shifts and integration values in the 1H NMR-spectrum of N-[(tert-
butylperoxy)methyl]acrylamide. 

 

Signal 
Chemical shift, 

ppm 
Integration value 

f 

e 

b 

с 

a 

d 

1.26 

5.17 

5.74 

6.15 

6.37 

6.57 

8.98 

2.00 

1.03 

0.92 

1.02 

1.00 

 

The 13C NMR spectrum of the peroxide monomer with chemical shifts at 26.27, 

73.55, 80.75, 127.69, 130.53, and 165.72 ppm attributed to the corresponding carbon 

atoms in the N-[(tert-butylperoxy)methyl]acrylamide molecule is shown in Figure 3.3. 
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Figure 3.3. 13C NMR-spectrum of the peroxide monomer N-[(tert-
butylperoxy)methyl]acrylamide. 

 
The good agreement of found and calculated molecular refraction values (Table 3.1) 

confirms the structure of the synthesized monomer. Peaks with chemical shifts at 5.74, 

6.15, 6.37 ppm (1H NMR-spectroscopy) and 127.69, 130.53 ppm (13C NMR-spectroscopy) 

along with an adsorption band at 1630 cm-1 (FTIR-spectroscopy) indicate the presence of a 

carbon-carbon double bond in the peroxide monomer molecule. A chemical shift at 6.57 

ppm (1H NMR) and adsorption bands at 3300, 1670, 1540 cm-1 (FTIR) imply a secondary 

amide group whereas an absorption band at 880 cm-1 (FTIR) confirms the presence of a 

peroxide group. As show a peak with a chemical shift at 1.26 ppm and an integration value 

of 8.98 (methyl groups in a tert-butyl moiety), a peak at 5.17 ppm with an integration value 

of 2.00 (methylene group) (1H NMR) as well as peaks at 80.75, 26.27 ppm (tert-butyl 
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group) and 73.55 ppm (methylene group) (13C NMR), the peroxide group is a primary-

tertiary one. 

3.4.2. Copolymerization of the peroxide monomer N-[(tert-

butylperoxy)methyl]acrylamide with maleic anhydride 

For the development of a new polymer initiator-surfactant capable of generating free 

radicals at 120-160 °C, radical coplymerization of the peroxide monomer, N-[(tert-

butylperoxy)methyl]acrylamide, with maleic anhydride has been carried out (Scheme 3.2) 

to yield functional polyperoxide (FPP) containing anhydride groups. This multifunctional 

polymer enables the localization of reactive groups at the interface in various colloidal 

systems, such as emulsions, latexes and polymer composites. The FPP macromolecules can 

be ionized through a hydrolysis reaction of the anhydride groups, resulting in the formation 

of water-soluble macroinitiator. The FPP synthesized in this work is an amphiphilic 

copolymer.  The incorporation of both hydrophilic and hydrophobic moieties into the 

copolymer structure provides surface activity to the FPP macromolecules. At the same time, 

the peroxide groups of the PM units are capable of generating radicals and macroradicals 

through decomposition at elevated temperatures or in redox initiating systems. 

Obviously, the ratio of peroxide-containing units to maleic anhydride units in the PM–

MA copolymer, the molecular weight and the polydispersity index determine both the 

reactivity and surface activity of the peroxide copolymer during the emulsion 

polymerization. It is important to control the copolymer chemical composition during the 

synthesis of PM–MA, in particular, the content of the peroxide-containing units in the 

macromolecules. In this regard, an extensive study on the free radical copolymerization of 

PM and maleic anhydride was carried out to determine the extent of the reaction and the 

monomer reactivity ratios in the copolymerization. 
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Scheme 3.2. Copolymerization of N-[(tert-butylperoxy)methyl]acrylamide and maleic 
anhydride. 
 

To choose the initial monomer feed ratio in the copolymerization study, the reactivity 

ratios of PM and MA were first calculated using the Q–e values for the peroxide monomer (Q 

= 0.17, e = 0.13) [30] and maleic anhydride (Q = 0.89, e = 3.69) [28]. The theoretical 

values obtained, r1 = 0.974 and r2 = 0.011, indicate a high reactivity of the peroxide 

monomer in the addition reactions to a growing FPP macro radical. Thus, the 

copolymerization kinetic study was carried out at an initial PM:MA ratio of 1:1.5, and the 

total monomer concentration was chosen to be 2 mol/L. 

The kinetic plots for the monomer consumption rate in the copolymerization reaction 

initiated by different AIBN concentrations are shown in Figure 3.4. The initiator reaction 

order can be determined by the tangent of the slope angle of the logarithmic plot in Figure 

3.5. The obtained value of 0.95 indicates that the bimolecular termination reaction occurs 

mostly through disproportionation reactions. 
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Figure 3.4. Kinetic plots of the consumption of comonomers in the copolymerization of PM 
and MA at various initial AIBN concentrations (1–0.012 M, 2–0.018 M, 3–0.024 M, 4–0.036 
M, 5–0.06 M). 

 

Figure 3.5. The logarithmic plot for the initial rate of the monomers’ consumption vs. the 
AIBN concentration. 
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The integrated form of the copolymerization equation is the most useful way to 

determine the instantaneous copolymer composition as a function of conversion for the 

given comonomer feed ratio [28], and the Skeist method [27] can be applied to follow the 

drift in the composition of both the comonomer feed ratio and the resulting copolymer 

during the copolymerization. Analyzing the initial and residual monomer amounts, one can 

relate the degree of conversion to the change in the feed composition using the integrated 

form of the Skeist equation. 

We employed this approach to determine the experimental monomer reactivity ratios 

for MA (r2) and PM (r1) based on the monomer conversion (determined by a potentiometric 

titration): 
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where f1 is the PM mole fraction in the comonomer mixture, f2 is the MA mole fraction in the 

comonomer mixture, f1(0) and f2(0) are the initial mole fractions in the comonomer feed and 

f1 = 1 – f2. 

 

(3.4) 

The calculated experimental PM and MA reactivity ratios are shown in Table 3.3. At 

the same time, using the differential form of the Mayo-Lewis copolymerization equation 

(Feinmann and Ross’s approach [28]), similar values were obtained for both r1 and r2. The 

observed coincidence of the monomers’ reactivity data shows that the radical 

copolymerization of PM and MA can be described by classical copolymerization equations at 

a low and high monomer conversion and that the composition of the resulting copolymer 

can be controlled. The r1 and r2 values obtained from the Q–e scheme (r1 = 0.974 and r2 = 
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0.011) are in a good agreement with the values obtained experimentally (r1 = 1.71 and r2 = 

0.06). 

Table 3.3. Monomer reactivity ratios for copolymerization of PM and MA. 

Comonomer 

Monomer reactivity ratios 

(Skeist) 

Monomer reactivity ratios 

(Feinmann-Ross) 

r1 r2 r1 r2 

PM (1) 

MA (2) 

1.71±0.2 

- 

- 

0.06±0.02 

1.65±0.2 

- 

- 

0.31±0.05 

 

Using the experimentally determined r1 and r2 for both monomers, the expected 

variation in the resulting copolymer composition can be plotted as a function of the initial 

comonomer feed composition (Figure 3.6), based on the Mayo-Lewis equation: 

 
(3.5) 

 

where F1 is the PM mole fraction in the polymer. 
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Figure 3.6. Calculated PM content in the copolymer vs. the PM content in the initial feed 

mixture. 
 
To experimentally determine the copolymer composition drift throughout the course 

of the copolymerization, the effect of conversion on the instantaneous PM fraction (F1) and 

the average PM fraction (F1av) in the copolymer were estimated using the kinetic study 

carried out at an initial PM content f(1)0 = 0.4 in the comonomer feed mixture. Figure 3.7 

shows the change in the peroxide monomer content in the feed monomer mixture (f1) and 

the resulting copolymer (F1) with total monomer conversion.  
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Figure 3.7. Experimental change of the PM content in the feed mixture and the PM–MA 
copolymer by changing the total monomer conversion (f1, instantaneous PM content in the 
feed mixture, F1, instantaneous peroxide monomer content in the copolymer, F1av, average 
PM content in the copolymer). 

 
During the course of the copolymerization, the comonomer feed mixture becomes 

enriched with maleic anhydride, thus confirming the higher reactivity of peroxide monomer. 

However, increasing total conversion does not significantly change the average peroxide 

monomer fraction F1av in the resulting PM–MA copolymer. Most of the peroxide monomer 

becomes consumed at a total conversion exceeding 60%, and afterward, this experimental 

fact leads to the compositional drift in the resulting copolymer. It is, however, evident that 

if the total monomer conversion is below 50–55%, the experimental kinetic data observed 

for f(1)0 = 0.4 are in fairly strong agreement with the calculated PM content in the copolymer 

composition plotted vs. PM content in the initial feed mixture in Figure 3.6. 
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It can be concluded that to synthesize the PM–MA copolymer with a controlled 

variation of average peroxide monomer fractions, the total monomer conversion during the 

copolymerization should not exceed the values mentioned above. 

Based on the copolymerization study, the synthetic route presented in Scheme 3.2 

was followed to synthesize the PM–MA copolymer (Mn = 8500 g/mol, PDI = 1.68). The 

chemical structure of the copolymer was confirmed using 1H NMR and FTIR spectroscopy. 

The 1H NMR spectrum (Figure 3.8) contains peaks confirming the presence of both 

monomers in the copolymer chemical structure – the signals at 1.18, 2.30, 3.35 and 5.03 

ppm correspond to the C–CH3, C–CH2–C, C–CH–C and N–CH2–OO– protons, respectively. 

FTIR spectroscopy (Figure 3.9) confirms the presence of functional groups from both 

MA and PM in the copolymer structure. Characteristic bands at 887 and 868 cm-1 correspond 

to the peroxide O–O, the signals at 930 and 1238 cm-1 are caused by the anhydride (5-

membered ring) C–O–C, the bands at 1533 and 3350 cm-1 are attributed to the amide N–H, 

the anhydride C=O stretch appears at 1800 and 1849 cm-1, the peak at 1675 cm-1 

corresponds to the amide C=O groups. 
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Figure 3.8. 1H NMR spectrum of the PM–MA copolymer. 

 

Figure 3.9. FTIR spectrum of the PM–MA copolymer. 
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The synthesized PM–MA copolymer is soluble in water due to the hydrolysis of the 

maleic anhydride groups to give carboxylic groups and their further ionization by increasing 

pH. To confirm the copolymer surface activity and formation of micelles in aqueous solution, 

the solubilization of a fluorescent probe [31], pyrene, as a function of PM–MA concentration 

in water was determined, and surface tension measurements were performed. From the 

latter (data not shown), it was observed that the surface tension of the PM–MA aqueous 

solution decreases to 30 mN/m when the copolymer concentration in water increases, 

confirming that the macromolecules of the synthesized copolymer are surface active. 

To determine the critical micelle concentration of PM–MA using solubilization 

experiments, pyrene excitation spectra were monitored in the wavelength range of 300–360 

nm. A red shift of the fluorescence excitation spectra from 333 to 336.5 nm with an 

increasing copolymer concentration in aqueous solution indicates the formation of micelles 

and the solubilization of pyrene, which migrates from water to the micellar environment of 

PM–MA (Figure 3.10). 

 

Figure 3.10. The intensity ratio, I336.5/I333.5, of the excitation spectra of pyrene in the 
copolymer aqueous solutions vs. the copolymer concentration. 
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The sharp increase in the intensity ratio corresponds to the critical micelle 

concentration of the copolymer for each pH. The PM–MA copolymer shows higher surface 

activity at a lower pH. The critical micelle concentration increases with increased pH from 

1.2  10-5 mol/L (0.1 mg/L) at pH 5.5 to 2.3  10-3 mol/L (20 mg/L) at pH 9, indicating that 

PM–MA is more hydrophilic at higher pH due to the higher degree of ionization of the 

carboxylic groups in the copolymer. 

To determine the copolymer composition by quantifying the carboxylic group content 

in the PM–MA, we employed a back potentiometric titration on the PM–MA copolymer 

dissolved in aqueous alkali solution. The titration plot shows two inflection points (Figure 

3.11). The first inflection point indicates the neutralization of excess alkali, whereas the 

second inflection point corresponds to the pH where two carboxylic groups are formed (pH 

3) [32, 33]. The volume of titrant between the two inflection points, V, can be used to 

calculate the amount of carboxylic groups in the PM–MA copolymer. Using the calculated 

amount of carboxylic groups, the composition of the peroxide copolymer has been 

determined. The synthesized PM–MA copolymer (initial comonomer feed [PM] = 0.8 M, [MA] 

= 1.2 M) contains 0.33 mol parts of maleic anhydride and 0.67 mol parts of peroxide 

monomer. 
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Figure 3.11. Titration plot and first derivative of PM–MA in aqueous solution. 

 
This result is in a good agreement with the copolymer composition obtained from 

analyzing the 1H NMR spectrum and determining the composition of PM–MA by assessing 

the ratio of tret-butyl and phthalic anhydride protons.  

The capability of the peroxide groups in the PM–MA copolymer to undergo thermal 

decomposition was demonstrated using thermogravimetric analysis. Figure 3.12 indicates 

that the PM–MA samples undergo weight loss at 130–210C. The recorded weight loss is due 

to the decomposition of the primary-tertiary peroxide groups in the PM units of the 

copolymer. 
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Figure 3.12. TGA analysis of PM–MA. 

3.4.3. Synthesis of surface functionalized latex particles by emulsion 

polymerization using PM–MA 

Varying concentrations of the synthesized PM–MA copolymer were used in a series of 

emulsion polymerizations of styrene at pH 9.5. Our expectation was that the PM–MA would 

act as an inisurf during the polymerization process, initiating polymerization by generating 

free radicals at elevated temperatures, and ensuring micelle formation and stabilization of 

growing polymer particles.  

The obtained data show that polystyrene latexes with a narrow unimodal size 

distribution were synthesized at varying concentrations of PM–MA by styrene emulsion 

polymerization (Table 3.4). One can see that the increasing concentration of peroxide 

copolymer results in a slight decrease in the particle size. The polydispersity index indicates 

that the size distribution is narrow for all four polymerization experimental conditions. 

Analysis of the -potential measurements for latexes synthesized at various concentrations 
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of the peroxide copolymer showed that the synthesized latex particles have a negative 

charge due to the presence of carboxylic groups on the surface. 

Table 3.4. Physico-chemical characteristics of latex particles synthesized using varying 
concentrations of PM-MA in emulsion polymerization of styrene at pH 9.5. 

Initial 

[PM-MA], %*, 

(-OO-, mmol/g) 

[PM-MA] localized 

at the latex 

particle surface, 

% ** 

Dh, 

nm 
PDI 

-

potential,  

mV 

-OO- 

localized 

at the 

surface, 

mmol/g 

**/*** 

1.0  (0.05) 0.73 196 0.050 -58 ± 2.1 0.04/0.01 

2.5 (0.13) 1.76 162 0.015 -57 ± 1.9 0.09/0.07 

5.0  (0.27) 3.99 146 0.041 -54 ± 2.0 0.21/0.19 

7.5 (0.40) 6.21 155 0.033 -54 ± 1.8 0.32/0.29 

*in reaction feed, per styrene monomer 

**using potentiometric titration (as no decomposition occurs)  
***using TGA analysis (considering decomposition)  
 
Knowing the PM–MA composition from the copolymerization study described above, 

we were able to calculate the maximum amount of the peroxide copolymer that localizes on 

the latex particles during the emulsion polymerization and the amount of peroxide groups 

on the particles, assuming that no decomposition of the peroxide groups occurs. 

For this purpose, each latex sample after dialysis was titrated using 0.1 N HCl to 

obtain the content of carboxylic groups on the surface and calculate the amount of localized 

peroxide copolymer and the concentration of –OO–** groups. 

[PM-MA]localized (%) = (∆V∙N∙M100) /(msample∙ωsample∙1000∙2∙FMA) (3.6) 

where msample and ωsample are the masses of the latex sample and its solid residue, 

respectively, FMA is the mole fraction of maleic anhydride units in the copolymer, N is the 
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normality of the HCl titrant (here 0.1 mol eq/L), V is the volume of titrant in mL, and M is 

the average repeat unit molecular weight, calculated using the following equation: 

M = FMA∙MMA+(1- FMA)∙MPM (3.7) 

The obtained data follow the concentration of the copolymer and demonstrate that 

most of the employed PM–MA was found on the latex particle surface after polymerization 

(Table 3.4). 

Having confirmed the immobilization of the peroxide copolymer on the latex 

particles, our next goal was to evaluate how much polyperoxide was consumed during the 

free radical initiation of the emulsion polymerization and the formation of the polystyrene 

latex particles. For this purpose, a thermal analysis was performed on the polystyrene latex 

particles synthesized at each experimental copolymer concentration. 

Figure 3.13 shows the TGA of the surface functionalized polystyrene particles 

synthesized at different copolymer concentrations and the DSC data for the latex sample 

obtained at 7.5 wt. % PM–MA. The results confirm that the resulting amount of reactive 

peroxide groups on the latex particle surface depends on the initial concentration of the 

peroxide copolymer in the polymerization and increases with increasing PM–MA 

concentration. The thermolysis of the peroxide groups is an exothermic reaction, generating 

maximum heat at 177C.  
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Figure 3.13. TGA (1–4) and DSC (5) of surface functionalized polystyrene latex particles 

(1–1, 2–2.5, 3–5, 4, 5–7.5 wt. % of peroxide copolymer). 
 
To evaluate how much polyperoxide was consumed in the free radical initiation of the 

emulsion polymerization and the formation of the polystyrene latex particles, the amount of 

localized peroxide groups was calculated using the TGA data in the following equation: 

-OO-*** localized (mmol/g) = ((δlatex ⁄δPM-MA )/M )∙(1-FMA)∙103 (3.8) 

where latex and PM–MA are the weight losses for the dry latex sample and PM–MA in the 

range of 130–210C, respectively, as recorded from the TGA and M is the average repeat 

unit molecular weight. 

The data in Table 3.4 show that a similar amount of peroxide groups, 0.02–0.03 

mmol/g, (the difference between –OO–** and –OO–*** values) was consumed to initiate the 

polymerization in all four experiments. The latter fact provides an opportunity to not only 

localize the reactive peroxide groups on the latex particles’ surface during polymerization 
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but also to control the amount of these groups, which are available for further modification, 

such as the formation of core–shell particle morphology. 

As shown in Figure 3.14, the SEM analysis of the reactive latex particles supports the 

general observations of the DLS study, the synthesized polystyrene particles are 

monodisperse with a spherical morphology. The average particle size for the sample 

synthesized at a peroxide copolymer concentration of 7.5% per styrene monomer is 

approximately 150 nm, which is in strong agreement with the DLS data (Figure 4.15). 

 

Figure 3.14. SEM image of a surface functionalized polystyrene latex particle, synthesized 
by emulsion polymerization using 7.5 wt. % PM–MA per styrene monomer. 
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Figure 3.15. Size distribution (DLS) of a surface functionalized polystyrene latex particles, 

synthesized by emulsion polymerization using 7.5 wt. % PM–MA per styrene monomer. 
 

3.4.4. Cross-linking and filling of synthetic latex coatings with peroxidized 

monodisperse polystyrene latex particles 

The properties of latex coatings cross-linked using the peroxidized polystyrene 

particles is shown in Tables 3.5 and 3.6. Addition of 1 and 10 wt. % of the peroxidized latex 

to the acrylic latex results in increasing coating hardness (as determined by the pendulum 

damping test) in the range: AL-00 < AL-01 < AL-10 (110 sec < 114 sec < 126 sec).  
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Table 3.5. Properties of acrylic latex based reinforced coatings. 

Property AL-00 AL-01 AL-10 

Content of peroxidized 
latex, wt. %* 

0 1 10 

Pencil hardness (gouge) B HB H 

König hardness, sec 110 ± 5 114 ± 5 126 ± 6 

Impact resistance 
(intrusion/extrusion), 

in.-lb. 
>176 / 136 ± 8 >176 / 120 ± 8 158 / 24 ± 4 

MEK, # of double rubs 0 ± 1 2 ± 1 8 ± 3 

Thickness, x10-6 m 16 ± 2 13 ± 2 13 ± 3 

* calculated on the basis of AL latex dry solids. 
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Table 3.6. Properties of styrene-butadiene based reinforced coatings. 

Property 

S
B
-0

0
 

S
B
-0

0
-1

2
0
 

S
B
-0

1
 

S
B
-1

0
 

S
B
-3

0
 

S
B
-3

0
-1

2
0
 

S
B
-5

0
 

S
B
-5

0
-1

2
0
 

Curing temperature, 
°C 

90 120 90 90 90 120 90 120 

Content of modified 
latex, wt. %* 

0 0 1 10 30 30 50 50 

Pencil hardness 
(gouge) 

HB H H 2H 3H /4H 6H 4H 5H 

König hardness, sec 176 ± 3 180 ± 3 203 ± 3 211 ± 2 230 ± 4 212±10 227 ± 5 208±12 

Impact resistance 
(intrusion/extrusion), 

in.-lb. 

80 / 40 

± 8 

80 / 32 

± 4 

72 / 32 

± 4 

72 / 24 

± 4 

60 / 24 

± 8 

60 / 20 

± 4 

68 / 20 

± 8 

72 / 16 

± 4 

MEK, # of double 
rubs 

24 ± 2 25 ± 2 41 ± 4 48 ±  3 60 ± 5 66 ± 5 36 ± 4 40 ± 5 

Thickness, x10-6 m 17 ± 2 18 ± 2 22 ± 3 18 ± 2 17 ± 2 25 ± 5 23 ± 3 25± 6 

* calculated on the basis of SB latex dry solids. 
 

These data are in a good agreement with the results of the film hardness by pencil 

test: B < HB < H. Similarly, solvent resistance of the coatings increases with increasing 

content of peroxidized latex. Methyl ethyl ketone is known to dissolve polystyrene. Since the 

solvent resistance increases with increasing content of peroxidized latex in the coating 

formulation, it could be concluded that the revealed peculiarities can be explained by the 

formation of cross-linked polymer coatings using the peroxidized latex particles. It is 

confirmed by the impact resistance (intrusion/extrusion) measurements. The values of 

impact resistance indicate the formation of cross-linked structures with different cross-link 

densities depending on the content of peroxidized latex.  
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There is an essential difference between the data on coatings from styrene-butadiene 

latexes in comparison to acrylic latexes, obviously caused by presence of the unsaturated 

butadiene fragments enabling free radical reactions of cross-linking. With an increasing 

content of the peroxidized polystyrene latex particles, König hardness changes in range SB-

00 < SB-01 < SB-10 < SB-30  SB-50 (176 < 203 < 211 < 230  227) (Table 3.6). With an 

increase of the polystyrene particles content from 30% to 50%, hardness does not change. 

The similar results have been observed using pencil hardness (gouge) technique: HB < H < 

2H < 3H/4H  4H. By curing at 120C, the coating shows König hardness of 6H.  

The obtained indicate radical mechanism of the cross-linking the reinforced 

composites. Noteworthy, solvent resistance of the coatings increases from 24 double rubs 

for SB-00 to 60 of double rubs for SB-30. The impact resistance of coatings is determined 

by their chemical nature, namely the presence of unsaturated polystyrene units. It is clearly 

seen from Table 6, that the increase in content of the polystyrene particles to 50% and in 

temperature to 120C do not affect the coating hardness and its solvent resistance. 

3.5. Conclusions 

A new approach to the cross-linking and filling synthetic latex coatings has been 

developed. Peroxidized monodisperse polystyrene latex particles have been used as a cross-

linker and, simultaneously, as a filler of polymer coatings based on acrylic and styrene-

butadiene latexes. The synthesis of peroxidized latex particles was carried out using the 

emulsion polymerization of styrene in the presence of the polymer inisurf, the initiator-

surfactant, a copolymer of a peroxide monomer, N-[(tert-butylperoxy)methyl]acrylamide, 

with maleic anhydride. The peroxidized latex particles were employed to crosslink polymer 

coatings from synthetic acrylic and styrene-butadiene latexes.  

The hardness and solvent resistance of the coatings based on both latexes increase 

with an increasing amount of the peroxidized latex filler in the formulation. The cross-linked 

coatings, based on styrene-butadiene exhibited better characteristics in terms of hardness 
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and solvent stability. The properties of latex-cross-linked coatings depend on reaction 

temperature and the amount of the cross-linker, peroxidized polystyrene latex particles. 
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CHAPTER 4. SYNTHESIS OF COLLOIDOSOMES FROM 

PEROXIDIZED LATEX PARTICLES 

4.1. Abstract 

A new approach to synthesizing colloidosomes (micro-capsules with a shell from 

colloidal particles) was developed on the basis of Pickering emulsions (emulsion stabilized 

exclusively by colloidal particles), prepared from functionalized (peroxidized) polymer 

latexes. Soft template synthetic technique was employed, where free radical polymerization 

is used to convert droplets of Pickering emulsion into colloidosomes. Peroxidized latex 

particles were used to ensure formation and colloidal stability of Pickering emulsion during 

polymerization. The latex particles were developed with the use of inisurf (initiator-

surfactant), amphiphilic polyperoxide copolymer (PM-MA). The inisurf was applied as both 

initiator and surfactant during emulsion polymerization. The polymerization results in latex 

particles with controllable amount of functional (peroxide and anhydride, both derived from 

PM-MA molecules) groups at the particle surface. It was demonstrated that structure of 

synthesized (using latex particles) colloidosomes depends on amount of functional groups 

and pH during synthesis. Size and morphology of colloidosomes can be thus controlled by 

latex particle surface hydrophilic-lipophilic balance (HLB).  

4.2. Introduction 

It is difficult to underestimate the importance of colloidal systems in current polymer 

technology development. Constant efforts are being made in the field of 

emulsion/suspension/miniemulsion polymerization techniques. Such processes use 

templates from liquid droplets stabilized by molecular surfactants (that eventually 

contaminate final product) to produce tailored solid nanomaterials. 

Over last decade, considerable attention was focused on the surfactant-free systems 

[1], as they provide an opportunity to reduce environmental impact of polymer materials. 
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More specifically, great attention was drawn to Pickering emulsions, stable colloidal system 

of two immiscible liquids, whereas one is dispersed in the other with the help of solid 

particles [2], [3], [4]. The phenomena of particle surface activity was first described by 

Pickering and Ramsden [5], [6]. Several decades later, Velev [7], [8] proposed mechanism 

of self-assembly of colloidal particles at the liquid-liquid interphase. It was established that 

Pickering emulsion exhibits superior kinetic and thermodynamic stability when compared to 

conventional emulsions. Stabilization mechanism of colloidal particles is based on reducing 

of interphasial tension, similar to molecular surfactants. However, compared to surfactant 

molecules, colloidal particles are significantly larger and that imparts specifics to 

emulsification process and stability profile [9], [10]. Using Pickering emulsions opens a 

broad area of opportunities for not only improving of existing colloidal systems, but also for 

development of new composite polymer materials [11]. 

Colloidal structures, obtained as a result of fully or partially solidifying droplets of 

Pickering emulsion are generally denoted as colloidosomes (Scheme 4.1). To date, literature 

reports on synthesis of various types of colloidosomes, in particular, ‘hairy’ [12], ‘sensitive’ 

[13, 14], ‘carbon nanotubosomes’ [15]. Formation of covalently cross-linked colloidosomes 

via free radical and condensation polymerization mechanisms are reported [16-18], as well 

as possibility to fabricate core-shell and capsule-like colloidosome morphologies [17]. 

Because of ability to finely tune colloidosome properties (density of particle packing at the 

surface, shell thickness and its porosity, core type, composition etc.), such structures can 

be engineered to efficiently encapsulate (absorb) and deliver (release) various cargos in a 

controllable fashion [19]. Reports show that colloidosomes indeed can be employed as an 

effective encapsulation device, serving purpose of delivery (e.g. drug delivery) or protection 

of components in various fields of food, coating and cosmetic industries [20–23]. 
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Colloidal particle

Hollow core

Polymer shell

 

Scheme 4.1. Schematic representation of hollow colloidosome. 
 
In this study surface-functionalized latex particles (described in Chapter 3) were 

utilized in synthesis of colloidosomes. Latex particles were synthesized using inisurf 

(amphiphilic polyperoxide copolymer). Presence of carboxyl and peroxide functional groups 

(both derived from inisurf molecules) on the particles surface can provide: i) tuneable 

hydrophilic-lipophilic balance of the surface, sustaining requirements of Pickering emulsion 

mechanism for synthesis of colloidosomes [7]; ii) initiation of free radical reactions, grafting 

and cross-linking within Pickering emulsion droplets; iii) possibility of further 

functionalization of colloidosomes in post-polymerization reactions (targeting ligands, 

protective layers etc.) [24].  

It was shown that functional groups on particle surface play crucial role in stability of 

Pickering emulsion (by controlling hydrophilic-lipophilic balance) and determine success in 

colloidosomes synthesis. By utilizing peroxide functional groups of latex particles, 

colloidosomes can be further modified to obtain covalently cross-linked shell and hollow 

(liquid) core. 

4.3. Materials 

Styrene (St), divinylbenzene (DVB) (Sigma-Aldrich, St. Louis, MO), hexadecane (HD) 

(Alfa Aesar, Ward Hill, MA), 2,2'-azobis-isobutyronitrile (AIBN) (Aldrich, St. Louis, MO). 

Amphiphilic copolymer poly[N-(t-butyl-peroxymethyl) acrylamide]-co-maleic anhydride 
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(inisurf, PM-MA) was synthesized as described in Chapter 3 [25].  All monomers were 

purified by vacuum distillation, other reagents and water (MiliQ, 18 MΩ) were used as 

received. 

 4.4. Methods 

4.4.1. Peroxidized latex synthesis 

Emulsion polymerization was carried out in order to synthesize peroxidized latex 

particles following procedure described in Chapter 3 [p. 36]. Briefly, A 10 wt. % emulsion of 

styrene in an aqueous solution of PM–MA (1 wt. % per styrene) was prepared at pH 7.5 by 

magnetic stirring at 1200 rpm for 30 min. The emulsion was purged with argon under 

constant stirring for 20 min and subsequently placed in an oil bath heated to 85 °C. The 

polymerization was conducted for 4 h under constant stirring (conversion up to 95%). At 

the end of the reaction, the latex was cooled and placed into a 5 mL dialysis bag (50 kDa 

molecular cut-off). The bag was submerged into a 2000 mL beaker filled with distilled water 

adjusted to pH 9.5 using NaOH. At intervals of 24 h, the water in the beaker was replaced 

to ensure a constant high concentration gradient to improve the dialysis process. After 14 

days, the latex was removed from the dialysis bag and stored at 4 °C.  

Resulting polymer was then either i) stored in at 4 °C or ii) precipitated by freeze-

thaw cycle and washed repeatedly with 0.1 N NaOH and hexane to remove any non-reacted 

material. Resulting polymer was collected, dried at room temperature and stored at 4 °C to 

be used for further analysis. 

4.4.2. Dynamic light scattering and zeta-potential measurements 

Size distribution measurements were performed in dilute aqueous dispersions of 

latex particles using Malvern Zetasizer Nano-ZS90 at 25 °C. The final numbers represent an 

average of a minimum of 5 individual measurements. 
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4.4.3. Potentiometric titration 

A potentiometric titration (back titration using 0.1 N HCl as a titrant) was used to 

calculate the amount of carboxyl groups (originated from PM-MA) on the surface of latex 

particles. 

4.4.4. Peroxide content evaluation 

Thermal analysis of the decomposition of the peroxide groups at the surface of 

peroxidized particles was carried out using thermogravimetry using a TA Instruments Q500. 

Samples were subjected to an underlying heating rate of 10 °C/min. The specimen was 

heated to 400 °C in presence of air. Sample size of 15 mg. 

4.4.5. Colloidosomes synthesis 

Pickering emulsions were formed by mixing 28 g of aqueous phase, containing 0.3÷1 

wt. % peroxidized latex particles, with 2 g of oil phase, consisting of HD, St, DVB and 0.06 g 

AIBN initiator. Mixtures of oil and aqueous phases were homogenized at 10,000 rpm in 

pulsating regime (1 pulse consisting of 60 sec homogenizing + 20 sec rest time) for 8 min, 

using T25 Ultra-Turrax homogenizer (IKA, USA). Obtained Pickering emulsions were 

transferred into round bottom flask, purged with Ag for 20 min and subsequently 

polymerized at 80 °C for 24h. After polymerization, colloidosomes were isolated from 

dispersion, thoroughly washed with acetone/ethanol (1:1) mixture and stored either under 

H2O or HD layer, or in dry state. 

4.4.6. Colloidosomes imaging 

Digital images of latex particles were obtained using JEOL JSM-6490LV scanning 

electron microscopy. 

4.5. Results and discussion 

The main goal of this work was to develop a fabrication route for colloidosomes 

synthesis on the basis of Pickering emulsions stabilized with peroxidized latex particles. To 

achieve this goal, two objectives were detailed i) to investigate how presence of hydrophilic 
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functional groups on latex particle surface impacts Pickering emulsion stability and ii) to 

synthesize colloidosomes using peroxidized latexes. 

4.5.1. Synthesis and characterization of peroxidized latexes 

Amphiphilic PM-MA copolymer (inisurf) was employed in emulsion polymerization to 

synthesize peroxidized latex particles (Chapter 3). In order to provide surface activity and 

ability to stabilize Pickering emulsion, the latex particles need to exhibit amphiphilic 

behaviour – i.e. to combine hydrophilic and hydrophobic functional groups at the surface. In 

case of peroxidized latexes, hydrophilic properties are provided by hydrolysed maleic 

anhydride groups (carboxyl) in PM-MA (Figure 4.1), whereas non-polar PM fragments of the 

copolymer macromolecules and polystyrene (core material of latex) provide hydrophobic 

properties to the particle’s surface.  

 

Figure 4.1. PM-MA copolymer structure (blue and orange represent hydrophilic and 
hydrophobic functional groups of PM-MA). 

 

In order to investigate the ability to control the amount of carboxyl groups on the 

surface of latex particles, and thus particle’s surface activity, series of latexes were 

synthesized at pH 5.5, 7.5 and 9.5 using various PM-MA concentrations (0.3, 1, 2.5, 5 and 

7.5 wt. % based on monomer weight). Figure 4.2. A represents size variations of the 

obtained peroxidized latex particles as a function of pH and initial PM-MA concentration. In 

general, size of latex particles decreases with increasing inisurf concentration and by 

decreasing pH. Higher concentration of PM-MA (acting as a surfactant) obviously results in 
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formation of larger number of micelles (nucleating sites for the particle growth in emulsion 

polymerization), thus, greater number of smaller particles is formed. HLB value of inisurf 

macromolecules depends on pH of solution (degree of deprotonation of PM-MA carboxyl 

groups). At higher pH, inisurf macromolecules are more hydrophilic, thus more of them are 

required to form a micelle (vice versa for lower pH). Consequently, the pH changes total 

number of micelles in polymerization and results in variations in latex particle number and 

size (Figure 4.2 A). 

 

Figure 4.2. Size variations (A) and ζ-potential values (B) of peroxidized latex samples with 
various PM-MA content, synthesized at: ■ pH 5.5; ● pH 7.5; × pH 9.5.  

 
It was confirmed (Chapter 3), that inisurf macromolecules undergo covalent 

attachment (grafting) to latex particle surface during polymerization. Potentiometric 

titration of peroxidized latex was performed in order to determine absolute number of 

carboxyl functional groups present on the surface (Figure 4.3). 
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Figure 4.3. Potentiometric titration plot of peroxidized latex (synthesized at pH 7.5 and 
with 1 wt. % PM-MA based on monomer weight). 

 
The obtained data reveal that only 60-80 % of carboxyl groups from grafted inisurf 

macromolecules are indeed located on the latex particle’s surface, thus part of anhydride 

groups are localized in particle core and may not undergo hydrolysis. Figure 4.2 B shows 

zeta potential measurements of peroxidized latexes, providing information on overall effect 

of inisurf concentration and pH on particle’s charge. The data show that amount of carboxyl 

groups on the surface of latex particles linearly depends on concentration of inisurf (Figure 

4.4 B). However, density of the functional groups on the surface differs with inisurf 

concentration, possibly due to changes in latex particle size (Figure 4.4 A). We believe that 

changes of zeta potential with respect to pH during synthesis can be explained by the fact 

that part of MA groups are not accessible for hydrolysis, as it was determined by 

potentiometric titration. 

To summarize, it was observed that increasing inisurf concentration results in 

significantly smaller particle size and greater amount of carboxyl groups on the surface. 

Even though more carboxyl groups are present on the surface of latex particles, zeta 

potential value decreases by increasing inisurf concentration. Size of latex particles is 
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determined by pH, while it impacts number of carboxyl groups on the surface of particles as 

well. 

 

Figure 4.4. Amount of carboxyl groups (A) and PM-MA copolymer (B) on peroxidized latex 
particles, synthesized at: ■ pH 5.5; ○ pH 7.5; × pH 9.5. 

 
As a result, a controllable amount of carboxyl groups on the surface of peroxidized 

latex particles (hydrophilic groups) allows to control particle surface HLB. As the next step, 

the colloidosome synthesis was attempted, using peroxidized latex particles.  

4.5.2. Colloidosome preparation 

This study utilized ‘soft template’ synthesis approach, where liquid droplets of 

Pickering emulsion serve as templates for colloidosomes formation [7]. Pickering emulsion 

was composed of oil phase from monomer mixture, initiator and hydrophobic solvent (HD) 

that was emulsified in aqueous phase, where peroxidized latex particles, exclusively acting 

as a surface active ingredient, were located. Once Pickering emulsion is formed, it was 

heated to initiate the free radical polymerization inside each oil droplet, yielding hollow (HD 

filled) colloidosomes (Figure 4.5). 

Formation and stability of Pickering emulsion depend on the latex particles surface 

activity (surface HLB), therefore an ability to control the HLB of particle surface is crucial. To 

confirm that peroxidized latex particles can be used in Pickering emulsion formation for 

colloidosomes synthesis, series of Pickering emulsions were prepared. 
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Figure 4.5. Schematic of the colloidosomes synthesis: A) aqueous and oil phases before 
homogenization; B) Pickering emulsion droplets after homogenization; C) colloidosomes 
after polymerization (polymeric shell covered with grafted peroxidized latex particles and 
solvent-filled hollow interior). 

 

For the synthesis of colloidosomes, latex synthesized at pH 7.5 in the presence of 1 

wt. % (based on monomer weight) inisurf was chosen. It was our assumption that such 

latex, while having small number of carboxyl groups, exhibits sufficient surface activity to 

stabilize Pickering emulsion.  

First, formation and long-term stability of formulated Pickering emulsion were 

studied as a function of pH. Stability of a series of Pickering emulsions, prepared at different 

pH was studied (Figure 4.6). It was found that there is an optimal pH range, where superior 

Pickering emulsion stability can be achieved (Figure 4.7). Notably, at pH < 3 and pH > 9, no 

emulsion formation was observed which can be explained by either absence (pH < 3) or 

excessive amount (pH > 9) of ionized carboxyl groups on latex particle’s surface, causing 

particle coagulation due to detrimental HLB change of inisurf macromolecules acting as 

particle stabilizers. 

Aqueous phase 
containing latex particles

Oil phase containing 
St, DVB, HD and AIBN A B C
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Figure 4.6. Stability of Pickering emulsions over time (pH 4.5; oil phase contains 0.01% 
Nile Red dye for imaging purposes). 

 

Figure 4.7. Fraction of oil phase remaining in emulsified form for Pickering emulsions 
prepared at various pH (recorded after 24 h rest period). 

 

Immediately after formation, Pickering emulsion ‘creams’ by floating emulsified oil 

phase on top of excessive aqueous phase (Figure 4.6). This effect can be explained by 

different density of aqueous and oil phases (large size prevents droplet suspending). At this 
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point, formulation quality can be assessed by inspecting aqueous phase for the presence of 

excessive latex particles. Opalescence and turbidity would signify inefficient use of latex 

particles. By adjusting pH, shear rate and concentration of latex particles, it is possible to 

form clear (particle-free) aqueous phase, indicating that all particles are used in stabilization 

of droplets. 

After formulating Pickering emulsion, polymerization was conducted to yield hollow 

colloidosomes, decorated with peroxidized latex particles. Table 4.1 shows information on 

properties of the synthesized colloidosomes.  

Table 4.1. Colloidosomes synthesis conditions and properties. 

Sample pH 

Oil phase composition, 

wt. % 

Colloidosomes 

dimensions 

St DVB HD AIBN D, µm Shell, µm 

CS1 7.5 28 

28 

28 

12 

12 

12 

57 

57 

57 

3 

3 

3 

3 

10±8 1.7±0.4 

CS2 3.5 10±4 1.3±0.3 

CS3 4.5 15±3 1.5±0.4 

CS4 4.5 14 6 77 10±2 0.8±0.2 

The obtained results indicate that several morphological characteristics of 

colloidosomes can be controlled by variations in oil phase composition (e.g. monomers/HD 

ratio) and pH of aqueous phase. At the same time, the size of colloidosomes can be 

adjusted by pH of aqueous phase and homogenization parameters (pulse length, sonication 

intensity), whereas shell thickness depends on total initial concentration of monomers.  

SEM measurements show several different colloidosomes morphologies can be 

synthesized using peroxidized latex particles (Figure 4.8).  
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Figure 4.8. SEM photographs of colloidosomes: CS2 (A), CS3 (B), shell of CS3 (C) shell of 
CS4 (D), CS1 (E).  

 
Although the surface charge of latex particles is essential for electrostatic 

stabilization of droplets in Pickering emulsion, it can also be disruptive if it is too large. 

Notably, the colloidosomes prepared at pH 7.5, unlike other samples, did not feature 

smooth surface, covered with grafted latex particles. Their outer surface shows signs of 

phase separation during synthesis and obvious lack of latex particles due to possibly 

excessive particle charge at pH 7.5.  

4.6. Conclusion 

Peroxidized latex particles with variable amount of carboxyl functional groups were 

successfully employed in formation of colloidosomes using Pickering emulsion 

polymerization approach. It was shown that by controlling surface HLB of latex particles 
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(number of carboxyl and peroxide groups on the surface) colloidosomes with several 

different morphologies can be synthesized. It was also found, that the surface charge of the 

particles is essential for stability of the droplets in Pickering emulsion and for colloidosomes 

formation. Proposed technique allows for fabrication of carrier capsules without 

contamination with surfactants that can potentially leach out during application. 
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CHAPTER 5. SOY-BASED SURFACE ACTIVE COPOLYMERS AS 

SAFER REPLACEMENT FOR LOW MOLECULAR WEIGHT 

SURFACTANTS2 

5.1. Abstract 

Environmentally friendly soybean-based polymeric surfactants (SBPS) were 

synthesized using cationic polymerization of a vinyl ether monomer derived from soybean 

and tri(ethylene glycol) ethyl vinyl ether. The ability of SBPS to form micelles that solubilize 

hydrophobic molecules has been shown. Micellar “capacity” (size of micellar interior) 

increased with increasing polymeric surfactant concentration and temperature. The obtained 

results provide evidence for potential use of SBPS as a safer replacement for low molecular 

weight surfactants in the solubilization of poorly soluble ingredients in cosmetics. The 

macromolecules developed can be used as both a surface active agent and an additive that 

enhances the surface activity of low molecular weight surfactants (for example, anionic 

sodium lauryl sulfate) in personal-care products.  

5.2. Introduction 

The amount of surfactants used in personal-care products in the United States is 

close to 800 million pounds and is valued at over $70 billion [1]. The personal-care market 

includes bubble baths, body washers, hand soaps and cleaners, shaving products, hair 

shampoos and oral-care products. In 90% of personal-care products that foam, sodium 

lauryl sulafate (SLS) and ammonium lauryl sulfate (ALS) surfactants are used [2]. SLS and 

2Based on manuscript published in ACS Sustainable Chem. Eng., 2013, 1 (1), 19–22. 
The material in this chapter was co-authored by Andriy Popadyuk, Samim Alam, 

Harjyoti Kalita, Olena Kudina, Bret J. Chisholm and Andriy Voronov. Andriy Popadyuk had 
primary responsibility for, analytical measurements and data interpretation. Andriy Popadyuk 
was the primary developer of the conclusions that are advanced here. Andriy Popadyuk also 
drafted and revised all versions of this chapter.  
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ALS are highly soluble in water at a wide range of pH and temperature, insensitive to water 

hardness and can generate copious amounts of foam [3]. However, being anionic 

surfactants that contain sulfate groups, they can pose acute health threats.  Global 

consumer products companies now seek new alternative surfactant compositions to 

 substitute for SLS and ALS across their product portfolio [1]. Having the same functional 

properties as SLS and ALS, the replacement composition should not contain sulfate, 

sulfonate or amine oxide groups, be non-ionic in aqueous solution, and unaffected by water 

hardness.  

Additional desirable features include production of the novel surfactants from a 

renewable resource and the use of “green chemistry” for surfactant production [4].  To this 

end, natural product ingredients are an important trend in global cosmetics, making the 

development of new environmentally friendly natural product ingredients more prevalent in 

the personal-care area than in other segments of the surfactant market [5]. To this end, 

oleo-based surfactants have been commonly derived from plant oils (coconut and palm) or 

from animal fats [6-8]. In recent years, animal fat feedstocks have been targeted for 

replacement by vegetable oils, including growing utilization of soybean oil, that is about 

30% of the 2007 world seed oil production [7]. In addition to food uses, the industrial 

oleochemicals business is investigating the use of high oleic soybean oils as a feedstock for 

the production of numerous products. These products not only have the ecological benefit of 

being biodegradable and derived from a renewable resource, but they also lend different 

and increased functionality. Independent testing has shown that new oils actually may 

perform better than petroleum-based products in some uses [9]. High oleic soybean oil is 

being tested and utilized in cosmetics and has become the predominant feedstock used in 

the production of surfactants where soybeans are used (another starting material to 

produce surfactants can be soy protein). Both soybean oil and soy protein are used as raw 

ingredients to produce surfactants [1]. 
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Very commonly used in formulating personal-care products, polymeric surfactants 

form micelles by self-association of one or several macromolecules containing hydrophilic 

and hydrophobic sequences distributed along the macromolecular backbone [10-11]. 

Increasing environmental awareness and the utilization of renewable materials provide 

opportunities to use soybeans for the production of new polymeric materials, in particular 

for the synthesis of soybean-based polymeric surfactants [12-13]. To our knowledge, no 

soybean-based non-ionic polymeric surfactants have been reported for personal-care 

products. 

In this study, we focus on developing novel environmentally friendly and efficient 

soybean-based polymeric surfactants (SBPS) for personal-care applications. The reported 

synthetic approach combines benefits from using a natural ingredient, soybean oil, as a 

starting material, with an ability of amphiphilic polymeric macromolecules to self-assemble 

into micelles at a specific concentration (critical micelle concentration, CMC) and solubilize 

hydrophobic molecules in the micellar interior.  

5.3. Experimental section 

5.3.1. Monomer synthesis 

The synthesis of 2-(vinyloxy)ethyl soyate (2-VOES) has been described elsewhere 

[14].  Tri(ethylene glycol) ethyl vinyl ether (TEGEVE) was synthesized as follows:  16.5 g of 

di(ethylene glycol) monoethyl ether (99% purity from Sigma-Aldrich, St. Louis, MO), 8 g of 

sodium hydroxide, 60 ml of tetrahydrofuran, and 40 ml of de-ionized water were combined 

in a 500 ml, 3-neck, round-bottom flask using constant stirring to produce a homogeneous 

solution. The mixture was cooled to 0 °C and then 25.7 g of p-toluenesulfonyl chloride (99% 

purity from Sigma-Aldrich, St. Louis, MO) in 50 ml of tetrahydrofuran (THF) was added to 

the reaction mixture drop-wise using an addition funnel and the reaction was continued for 

2 hours at 0 °C. The reaction mixture was then poured into 100 ml of ice cold water and the 

product extracted with methylene chloride. The organic layer was washed with water and 
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dried with anhydrous magnesium sulfate. The product, i.e. the tosylate of di(ethylene 

glycol) monoethyl ether (Ts-DEGMEE), was recovered after rotary evaporation of all the 

volatiles and dried under vacuum overnight. In the second step, 1.5 g of sodium hydride 

(95 % purity from Sigma-Aldrich, St. Louis, MO) and 75 ml of THF were dissolved in a 500 

ml, 3-neck, round-bottom flask equipped with a nitrogen blanket. The solution was cooled 

at 0 °C and a solution of 4.77 g of ethylene glycol monovinyl ether (95 % purity, from TCI 

America, Portland, OR) in 30 ml THF was added drop wise. Next, a solution of 15 g of Ts-

DEGMEE in 45 ml THF was added to the reaction mixture and the temperature was raised to 

60 °C. After 24 hours, the reaction mixture was cooled to room temperature and diluted 

with 150 ml of diethyl ether. The organic layer was washed three times with 75 ml of water 

and dried with anhydrous magnesium sulfate. The product monomer, TEGEVE, was collected 

after rotary evaporation of all volatiles and dried under vacuum overnight. Successful 

synthesis of TEGEVE was confirmed by proton NMR: 6.4 ppm (q, 1H, OCH=C), 4. 0 - 4.2 

ppm (m, 2H, C=CH2), 3.4 – 3.8 ppm (m, 14H, OCH2CH2O, OCH2C), 1.2 ppm (t, 3H, CH3C). 

5.3.2. Typical synthesis of SBPS 

All glassware used for the polymerization was dried at 200 °C for 2 h. In addition, 2-

VOES and TEGEVE were dried over MgSO4 just prior to polymerization. Polymerizations were 

carried out in a glove box equipped with a cold-well.  For copolymer 2-VOES-ran-TEG-2, 

5.56 g of 2-VOES, 15.0 g of TEGEVE and 0.007 g of 1-isobutoxyethyl acetate initiator 

(synthesized as described by Aoshima and Higashimura [14]) were dissolved in 120 mL of 

toluene and the reaction mixture cooled to 0 °C. Next, a 2.40 mL of a 25 wt% solution of 

ethylaluminum sesquichloride in toluene was rapidly added to the reaction mixture to 

initiate polymerization.  After 18 h, the polymerization was terminated by the addition of 

120 mL of methanol. To purify the copolymer, the terminated reaction mixture was 

transferred to a 1 L separating funnel and 250 mL of dichloromethane added. The mixture 

was washed thrice with 100 mL of water and the polymer isolated by vacuum stripping 
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dichloromethane.  To remove any unreacted 2-VOES, column chromatography was used 

with silica gel as the stationary phase and hexane as the mobile phase.  Once the unreacted 

2-VOES eluted from the column, the purified polymer was flushed from the column with 

methylene chloride and the polymer isolated by vacuum stripping the volatiles.  For 

copolymer 2-VOES-ran-TEG-1, the same procedure was used with the exception that 

amount of 2-VOES utilized was 3.17 g.   

5.3.3. Characterization of SBPS 

The chemical structure of the 2-VOES-ran-TEG copolymers (Figure 5.1) was 

confirmed by 1H NMR and FTIR spectroscopy (Figure 5.2 and 5.3). A 1H NMR spectrum of 

one of the copolymers is depicted in Figure 5.2. The proton signals of the fatty acid 

moieties, triethylene glycol fragments, and polymer backbone are indicated in the 1H NMR 

spectrum. 

 

Figure 5.1. Chemical structure of 2-VOES-ran-TEG copolymers. 
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Figure 5.2. A representative 1H NMR spectrum of a 2-VOES-ran-TEG copolymer. 

 

Figure 5.3. A representative FTIR spectrum of a 2-VOES-ran-TEG copolymer. 
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For the FTIR spectrum of a 2-VOES-ran-TEG copolymer (Figure 5.3), the intense 

adsorption band at 1112 cm-1 corresponds to C–O stretching vibrations, while the narrow 

band at 1733 cm-1 is attributed to the stretching vibrations of C=O bonds of ester 

fragments. The shoulder absorbance band at 3010 cm-1 is due to stretching vibrations of C–

H bonds of the unsaturated fragments of VOES fatty acid moieties. 

5.3.4. Study of SBPS critical micelle concentration 

Critical micelle concentration of SBPS was measured using a pyrene fluorescent 

probe using a previously reported method to measure solubilization [15]. The spectra were 

taken using a Fluoromax-3 Fluorescence Spectrometer (Jobin Yvon Horiba, Japan) with 90° 

geometry and a slit opening of 0.5 nm. For fluorescence excitation spectra, λem = 390 nm 

was chosen. Spectra were accumulated with an integration time of 0.5 nm/s. Critical micelle 

concentration values were determined after fitting the semi-logarithmic plots of intensity 

ratio I336.5/I332.5 versus log concentration to the sigmoidal curve. 

5.3.5. Solubilization of Nile Red by SBPS micelles 

Micellar dyes were prepared by thin film method [16]. According to this method, 0.1 

g of polymer and 0.5 mL of acetone solution of Nile red (1 mg/mL) were dissolved in 10 mL 

of acetone. The solvent was removed by rotary evaporation at 60C for 1 hour to obtain a 

solid dye/SBPS matrix. Residual acetone remaining in the dye/SBPS matrix was evaporated 

overnight under vacuum. The resultant thin film was hydrated with 10 mL of Millipore 

water; the unincorporated dye aggregates were removed by filtration through 0.45 m 

filters.  

5.4. Results and discussion 

The general chemical structure of the SBPSs produced is shown in Figure 5.4. The 

repeating unit possessing the ester group is derived from soybean oil by conducting a base-

catalyzed transesterification of soybean oil with ethylene glycol vinyl ether to produce a 

vinyl ether possessing pendant groups containing the fatty acid esters of soybean oil. The 
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process for producing this vinyl ether monomer, 2-(vinyloxy)ethyl soyate (2-VOES), was 

developed recently by Chisholm et. al. [17]. In addition, a carbocationic polymerization 

process was developed for 2-VOES, which allowed for high molecular weight polymers to be 

produced without consuming any of the vinyl groups present in the fatty acid portion of the 

monomers [14]. 

 

Figure 5.4. Synthesis and characteristics of SBPS (R – soybean oil fatty acid components). 
 
In this work, cationic polymerization was used to synthesize two different SBPSs that 

differed with respect to the relative ratio of the two repeat units. For these random 

copolymers, the 2-VOES repeat units serve as hydrophobes while the other repeating unit, 

which possesses a triethylene glycol (TEG) pendant group, acts as a hydrophilic sequence in 

the amphiphilic SBPS macromolecules. 

Figure 5.4 shows the chemical structures of the two poly(2-VOES-ran-TEG) 

copolymers used in this study. Molecular weight, polydispersity index, and critical micelle 

concentration of the SBPSs are shown in Table on Figure 5.4. The chemical structures of the 

copolymers were confirmed by 1H NMR and FT-IR spectroscopy. 

It is expected that SBPS macromolecules present in aqueous solution at 

concentrations far above critical micelle concentration will immediately form micelles, 

consisting of a hydrophobic interior and hydrophilic exterior (Figure 5.5, top). 
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Figure 5.5. Schematic of SBPS aqueous solution cleaning the surface. 

The hydrophilic exterior of SBPS micelles facilitates stability in water and the 

hydrophobic interior solubilizes hydrophobic dirt, oils, and other molecular debris. The size 

of the micellar interior and, thus, it’s “capacity” for extracting the impurities, can be tuned 

by the length and number of 2-VOES fragments in SBPS macromolecules. Upon SBPS 

solution contact with a surface, the “dirt” will be extracted and accumulated into the interior 

of the micelles and removed from the surface (Figure 5.5, bottom) when the solution is 

rinsed. 

Different surface activity for the synthesized SBPSs was targeted to achieve varying 

capacity of SBPS micelles in the solubilization of hydrophobic molecules (“dirt”) in water. To 

confirm formation of SBPS micelles in aqueous solution, CMC values were measured using 

solubilization of pyrene, a well-known fluorescent probe for studying the association 

behavior of amphiphilic polymers [18-19]. Depending on the environment of the pyrene, a 

red shift of the absorption band with enhanced excitation intensity was observed due to the 

migration of the probe from the hydrophilic to the hydrophobic region of the polymer 

micelles. In our experiments, pyrene excitation spectra were monitored in the wavelength 

range of 300–360 nm. From the pyrene excitation spectra, the intensity ratios I336.5/I332.5 

were plotted as a function of SBPS concentration (Figure 5.6). 
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Figure 5.6. The intensity ratio I336.5 / I332.5 of the excitation spectra of pyrene in SBPS 
solutions vs. copolymer concentration. 

 
A red shift of the fluorescence excitation spectra from 332.5 nm to 336.5 nm with an 

increasing SBPS concentration indicates the solubilization of pyrene within the micellar 

hydrophobic environment and the transfer of pyrene molecules from water to the polymer 

micelles. The sharp increase in the intensity ratio corresponds to the critical micelle 

concentration for each SBPS. The data indicate that both SBPS are surface active and form 

micelles. The CMC values correlate with the chemical structure of the SBPS.  

Changing the ratio of hydrophilic to hydrophobic fragments in SBPS macromolecules 

results in a difference in recorded CMC values. The CMC increases with an increasing TEG 

repeat unit content in the reactive mixture from 3.8 x 10-7 mol/L (4.4 mg/L) for slightly 

more hydrophobic 2-VOES-ran-TEG-2 to 8.3 x 10-7 mol/L (9.5 mg/L) for 2-VOES-ran-TEG-1. 

In addition, the low CMC values for both SBPSs indicate that the micelles would provide 

good stability in solution even after strong dilution if required for preparation of special 

formulations. 
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In the next step, an ability of SBPS micelles to solubilize poorly water soluble 

hydrophobic materials in aqueous solutions was shown. Nile red (7-diethylamino-3,4-

benzophenoxazine-2-one) is a lipophilic dye that is insoluble in water [20] and shows no 

absorption in optical spectroscopy measurements [21].  However, in the presence of a 

micellar solution of 2-VOES-ran-TEG-2 (1% w/v), the dye was immediately solubilized by 

SBPS micelles in water (Figure 5.7 A).  The absorption intensity corresponding to the 

selected wavelength of 547 nm increases with an increasing SBPS concentration in water. 

This fact confirms that polymer micelles provide a microenvironment that is capable of 

sequestering hydrophobic molecules in water. In addition, the increasing absorption 

intensity recorded for solubilization carried at 37oC demonstrates that more lipophilic 

material has been polymer-sequestered from water at higher temperature. 

 

Figure 5.7. Solubilization of insoluble dye by SBPS macromolecules at 25oC and 37oC in 
aqueous solutions (A). Surface tension measurements of SBPS and SBPS/SLS mixture in 
aqueous solutions (B). 

 

To study possible synergy of two surfactants, the low molecular weight anionic, SLS 

and the polymeric SBPS, the surface activity of SLS/SBPS mixtures was determined using 

surface tension measurements, The surface tension data showed that when a small 

concentration of SBPS (below CMC) is added to the SLS micellar solution (above CMC), the 

critical micelle concentration of the mixture shifts towards lower (in comparison to pure 
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SLS) values (Figure 5.7 B). A few general conclusions can be drawn from Figure 5.7 B. 

Firstly, there is an interaction between SLS and SBPS in aqueous solutions which indicates 

that surface activity of SLS can be changed by adding the SBPS already at low polymer 

concentration. Secondly, the critical micelle concentration of an SLS/SBPS mixture is lower 

than the CMC of SLS itself, showing that surface activity of SLS can be enhanced by adding 

the SBPS. Finally, the synergetic behavior of the surfactant mixture, SBPS and SLS, can 

potentially result in a decrease in the amount of SLS needed in formulations where this 

surfactant is used. Similar surface activity is, thus, possible by lowering the concentration of 

SLS when it is mixed with SBPS. 

5.5. Conclusions 

In summary, we report on novel, environmentally friendly soybean-based polymeric 

surfactants synthesized using cationic copolymerization of a monomer derived from soybean 

oil fatty acids and tri(ethylene glycol) ethyl vinyl ether. The ability of SBPSs to form micelles 

that further solubilize hydrophobic molecules has been demonstrated. Micellar “capacity” 

(size of micellar interior) increases with increasing polymeric surfactant concentration and 

temperature. The obtained results provide evidence for potential use of SBPSs as a safer 

replacement for low molecular weight surfactants in the solubilization of poorly soluble 

ingredients in cosmetics. The macromolecules can be used as both surface active agents 

and additives that enhance the surface activity of low molecular weight surfactants (for 

example, anionic sodium lauryl sulfate) in personal care products.  
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CHAPTER 6. EVALUATION OF SOY-BASED SURFACE ACTIVE 

COPOLYMERS AS SURFACTANT INGREDIENTS IN MODEL 

SHAMPOO FORMULATIONS3 

6.1. Synopsis 

Objective:  

A new non-toxic soybean oil-based polymeric surfactant (SBPS) for personal-care 

products was developed and extensively characterized, including an evaluation of the 

polymeric surfactant performance in model shampoo formulations.  

Methods:  

In order to experimentally assure applicability of the soy-based macromolecules in 

shampoos, either in combination with common anionic surfactants (in this study, sodium 

lauryl sulfate, SLS) or as a single surface-active ingredient, the testing of SBPS 

physicochemical properties, performance and visual assessment of SBPS-based model 

shampoos was carried out.  

Results:  

The results obtained, including foaming and cleaning ability of model formulations, 

were compared to those with only SLS as a surfactant as well as to SLS-free shampoos. 

Overall, the results show that the presence of SBPS improves cleaning, foaming and 

conditioning of model formulations.  

3Based on manuscript published in International Journal of Cosmetic Science, 
2014, 36 (6), 537-545. 

The material in this chapter was co-authored by Andriy Popadyuk, Harjyoti Kalita, 
Bret J. Chisholm and Andriy Voronov. Andriy Popadyuk had primary responsibility for 

analytical measurements and data interpretation. Andriy Popadyuk was the primary 
developer of the conclusions that are advanced here. Andriy Popadyuk also drafted and 
revised all versions of this chapter. 
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Conclusion:  

SBPS-based formulations meet major requirements of multifunctional shampoos - 

mild detergency, foaming, good conditioning, and aesthetic appeal, which are comparable to 

commercially available shampoos.  

In addition, examination of SBPS/SLS mixtures in model shampoos showed that the 

presence of the SBPS enables the concentration of SLS to be significantly reduced without 

sacrificing shampoo performance.   

6.2. Introduction 

A hair shampoo is a surfactant solution with a number of different additives that 

cleanse the hair and scalp and enhance hair combability and appearance [1]. Surfactants 

are mainly responsible for cleaning, but can also provide other important benefits, such as 

formulation aesthetics, stability, and color, to shampoos [2]. There is extensive literature 

pertaining to different surfactant types, properties, and applications [3-9], including 

applications in cosmetics [10-11]. 

Surfactants usually have both hydrophobic and hydrophilic components in their 

chemical structure. They are effective cleaning agents because of the ability of the 

hydrophobic part of the molecules to interact with “dirt” (oil, sebum, etc.), while the 

hydrophilic fragments serve to suspend the surfactant and bound dirt in water. Depending 

on the nature of the hydrophilic portion of the molecule, the surfactants are classified as 

non-ionic (no charge), anionic (negatively charged), cationic (positively charged) and 

amphoteric (carry both charges once ionized) [1]. The majority of personal-care products, 

that foam, contain the anionic surfactants, sodium lauryl sulfate (SLS) and/or ammonium 

lauryl sulfate (ALS), as the main surface active ingredients [12]. SLS and ALS are highly 

soluble in water at a wide range of pH and temperature, insensitive to water hardness and 

can generate copious amounts of foam [13]. Both of these surfactants are widely available 
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and economical. Based on total weight, the anionic surfactant can comprise 8 ÷ 20 wt. % of 

the shampoo [14]. 

Nevertheless, no single surfactant can successfully provide proper hair cleaning, easy 

rinse-off, and desirable hair appearance and texture without chemical damage to the hair. 

As a result, both shampoos and shampoo conditioners (2-in-1) usually contain a primary 

surfactant and other surfactants, often referred to as secondary surfactants. The primary 

surfactant provides cleaning and foaming, while the secondary surfactant may serve 

another role such as delivery of active ingredients. Most conventional shampoos generally 

contain SLS in combination with ALS to improve surfactant mixture solubility and to prevent 

precipitation due to the presence of conditioning agents in a 2-in-1-type formulation [15]. 

Polymers are large molecules (i.e. macromolecules) composed of many repeating 

structural units linked by covalent bonds. Surface active or amphiphilic polymers usually 

contain a large number of hydrophilic (“water-loving”) and hydrophobic (“oil-loving”) 

sequences distributed along the polymeric backbone and form micelles by self-association of 

one or several amphiphilic macromolecules in aqueous solution at the critical micelle 

concentration (CMC). Amphiphilic polymers are commonly used in formulating personal care 

products [16-21]. They are often employed to enhance viscosity and consistency, to control 

rheology of personal care products [22], although the polymer micelles (micellar 

assemblies) have also been used to impart detergency, solubilization and conditioning to 

shampoo formulations [23, 24]. 

Complex shampoo formulations are in close contact with skin and other tissues of 

the human body, thus, their ingredients are usually deposited on contact areas for indefinite 

periods of time after application. In some cases, it may cause an allergic reaction, skin 

irritation or sensitization. For medical safety, the ingredients of shampoos need to be free of 

any toxic and potentially hazardous components and show no irritation to skin/eye/scalp 

[25]. In fact, both SLS and especially, ALS possess a degenerative effect on the cell 
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membranes because of theirs protein denaturing properties. As a result, SLS and ALS may 

deteriorate the skin’s immune system by separating and inflaming outer skin layers. If 

exposed to these surfactants, young eyes may not develop properly, because of induced 

protein degradation. Although, the skin absorption of anionic surfactants is reported to be 

low [26], even a low concentration of toxic ingredients can pose health threats. High levels 

of skin penetration may occur at even low use concentration of these surfactants. 

The use of natural product ingredients is currently a major trend in global cosmetics. 

The development of new environmentally friendly natural ingredients is more prevalent in 

the personal care area than in any other segment of the surfactant market. Some types of 

polymeric surfactants from renewable sources are, for example, alkyl polyglucosides, 

synthesized by the reaction between a fatty alcohol (derived from vegetable oils) and 

glucose [27, 28]. For these materials, surfactant properties depend on the alkyl chain length 

and average degree of polymerization. Other examples include surface active 

macromolecules from inulin (extracted from chicory roots) and amphipathic graft 

copolymers produced by modifying the polyfructose backbone with alkyl groups (C4-C18) 

[29-30]. 

Increasing environmental awareness and the utilization of renewable materials 

provide opportunities to use soybean oil for the production of new surfactants as well, in 

particular for the synthesis of surface active polymers. Oleo-based surfactants are 

commonly derived from plant oils, such as coconut and palm oil, or from animal fats, but no 

soy-based polymeric surfactants are widely reported and used in personal care products. 

Recently, we synthesized and characterized novel soybean oil-based polymeric 

surfactants (SBPSs) using cationic copolymerization of a vinyl ether monomer derived from 

soybean oil and tri(ethylene glycol) ethyl vinyl ether. Such SBPSs are considered to be 

‘naturally-derived’ as they are synthesized partially based on natural raw material – 

soybean oil, as well as ‘dioxane-free’ for the 1,4-dioxane is not a part of development 
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process. It is uncertain if such SBPS could be nominated as ‘PEG-free’ composition as it 

contains ethylene glycol units in sequences of less than 5, however there is no sign of 

presence of ethylene oxide, 1,-4-dioxane, heavy metals or polycyclic aromatic compounds in 

sourced monomer composition.   

 It was demonstrated that these SBPSs form micelles and effectively solubilize 

hydrophobic molecules in an aqueous environment. It was also shown that micellar 

“capacity” (size of the micellar interior) increased with increasing SBPS concentration and 

temperature.   

To assure applicability of the environmentally friendly SBPSs in shampoos, either as 

a single component or in combination with the common anionic surfactant, SLS, the quality 

control tests including physicochemical properties, visual assessment and performance of 

model shampoo formulations were carried out in this study. Primary criteria for modern 

shampoos - cleaning and foaming, conditioning, visual/aesthetic appeal – were all 

investigated for shampoos based on SBPS and SBPS/SLS mixtures as a surfactant 

component and the results compared to commercially available shampoos. 

6.3. Materials and Methods 

6.3.1. Materials 

Hair samples (hair tresses of up to 2 g Caucasian brown hair) (L'Oreal, Clark, 

U.S.A.). Before conducting experiments, the tresses were washed with 15 wt. % aqueous 

SLS (Sigma-Aldrich, Saint-Louis, MO). Nile Red (TCI America, Portland, OR), pyrene (Alfa 

Aesar, Ward Hill, MA) and copper (II) sulfate pentahydrate (VWR International, Randor, PA) 

used as received. Deionized water was obtained from a Millipore Milli–Q system (Millipore, 

Bedford, MA). Aloe Vera extract was isolated from a gel (Fruit of the Earth, Fort Worth, TX). 

All other reagents and solvents were supplied by Sigma-Aldrich, Saint-Louis, MO. All 

chemicals used were of analytical reagent grade and used without additional purification. 
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6.3.2. Methods 

6.3.2.1. SBPS synthesis and characterization.  

6.3.2.1.1. SBPS Synthesis  

The soybean oil-based vinyl ether monomer, 2-(vinyloxy)ethyl soyate (2-VOES), was 

synthesized as described elsewhere [32].  The hydrophilic vinyl ether monomer, 

penta(ethylene glycol) ethyl vinyl ether (PEGEVE), was synthesized by first producing the 

tosylate of tri(ethylene glycol) ethyl ether (TsTEGEE) and reacting it with diethylene glycol 

vinyl ether (DEGVE).  TsTEGEE was synthesized as follows:  In a 200 mL beaker, 8 g of 

sodium hydroxide (NaOH) was dissolved in 40 mL of deionized (DI) water and 30 mL of 

tetrahydrofuran (THF).  Next, in a 500 mL round-bottom flask, 22 g of tri(ethylene glycol) 

ethyl ether was dissolved 30 mL of THF before adding the NaOH solution.  This solution was 

then chilled to 0 °C using an ice bath.  A solution of 22.5 g of tosyl chloride in 70 mL of THF 

was then added dropwise to the rapidly stirring solution at a rate that allowed the reaction 

temperature to be maintained at 0 °C.  Once the addition was complete, the reaction 

mixture was allowed to stir for 2 hour at 0 °C. The reaction mixture was then transferred to 

a separating funnel and 100 mL of ice water was added. The product was extracted with 

100 mL of CH2Cl2, which was done twice. The two CH2Cl2 solutions were combined and then 

washed with DI water (150 mL) twice, followed by a wash with 150 mL of brine solution. 

The solution was then dried with MgSO4 and the product isolated by vacuum stripping the 

solvent. The yield of TsTEGEE was 95%. 

The procedure for the synthesis of PEGEVE was as follows: To a three-neck, round-

bottom flask, 1.5 g of NaH was dissolved in 75 mL of THF and the flask placed in an ice-

bath. The flask was equipped with an addition funnel and nitrogen inlet and outlet.  Next, a 

solution of  6.25 g of DEGVE dissolved in 30 mL of THF was added dropwise to the rapidly 

stirring NaOH solution. Once the addition was complete, the solution was stirred for an 

hour, which was long enough to observe the cessation of hydrogen gas evolution from the 
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solution. The reaction mixture was then allowed to warm to room temperature, and the 

flask was further equipped with a condenser.  Next, a solution of 15 g of TsTEGEE in 45 mL 

of THF was added dropwise to the reaction mixture, and the temperature was raised to 60 

°C. The reaction was continued for 20 hours before cooling down to room temperature. 

Once cooled, 150 mL of diethyl ether and 100 mL of THF were added to the flask and the 

precipitate removed by filtration. The product was isolated from the solution by vacuum 

stripping all volatiles.  The crude product was then dissolved in 100 mL of CH2Cl2, 

transferred to a separating funnel and washed with DI water twice.  The solution was then 

dried with MgSO4 before isolation by vacuum stripping the CH2Cl2. The yield of PEGEVE was 

85%. 

Using cationic polymerization, a copolymer of 2-VOES and PEGEVE was produced 

inside a glove box equipped with a heptane bath and chiller [33].  The initiator for the 

polymerization was 1-isobutoxyethyl acetate, which was produced using the method of 

Aoshima and Higashimura [34].  2-VOES and PEGEVE were dried with MgSO4 prior to use, 

and all glassware was baked at 200 °C and allowed to cool to room temperature inside the 

glove box. A 500 mL round-bottom flask equipped with an overhead stirrer was charged 

with 3 g of 2-VOES, 17 g of PEGEVE and 74 mg of IBEA dissolved in 120 mL of dry toluene.  

This reaction mixture was chilled to 0 °C before the polymerization was initiated by the 

addition of 2.52 mL of the coinitiator, Et3Al2Cl3 (25 wt. % in toluene). The reaction was 

terminated after 18 h by the addition of 120 mL of chilled methanol. The mixture was then 

transferred to a 500 mL separating funnel and washed twice with 50 mL of DI water. The 

toluene layer was dried with MgSO4 before isolating the purified copolymer by vacuum 

stripping the toluene.  The copolymer was isolated as a viscous liquid.     

The molecular weight of the copolymer was determined using gel permeation 

chromatography (GPC) and polystyrene standards.  The GPC system was from Waters 

Corporation and consisted of a Waters 515 HPLC pump, a Waters 2410 Refractive Index 
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detector and a set of two 10 µm PL-gel mixed-B columns. The column temperature was set 

at 40 °C, and tetrahydrofuran (THF) was used as the carrier solvent. Fourier transform 

infrared spectra of the SBPS copolymer were recorded using a Nicolet 8700 (Thermo 

Scientific) spectrometer with a resolution of 4 cm-1. 1H NMR spectra of the copolymer were 

recorded in acetone-d6 using a JEOL ECA 400 MHz NMR spectrometer.  

6.3.2.1.2. SBPS critical micelle concentration  

Critical micelle concentration for the SBPS was measured using a pyrene fluorescent 

probe and the method previously reported [35]. The spectra were taken using a Fluoromax-

3 Fluorescence Spectrometer (Jobin Yvon Horiba) with 90° geometry and a slit opening of 

0.5 nm. For fluorescence excitation spectra, λem = 390 nm was chosen. Spectra were 

accumulated with an integration time of 0.5 nm/s. Critical micelle concentration values were 

determined after fitting the semi-logarithmic plots of intensity ratio I336.5/I332.5 versus log 

concentration to the sigmoidal curve. 

6.3.2.1.3. Solubilization of Nile Red (hydrophobic dye) by SBPS micelles  

Micellar dyes were prepared by the thin film method [36]. According to this method, 

0.1 g of SBPS and 0.5 mL of an acetone solution of Nile red (1 mg/mL) were dissolved in 10 

mL of acetone. The solvent was removed by rotary evaporation at 60 °C for 1 hour to obtain 

a film of the dye dispersed in the SBPS. Residual acetone remaining in the dye/SBPS 

mixture was evaporated overnight under vacuum. The resultant thin film was hydrated with 

10 mL of Millipore water and dye aggregates removed by filtration through a 0.45 µm filter. 

Optical spectra were recorded using a Cary UV-vis-NIR optical spectrometer. 

6.3.2.2. SBPS-based model shampoo formulations and evaluation 

6.3.2.2.1. Model shampoo preparation  

Two groups of model shampoos were used in this study (Table 6.1). Model 

formulations of Group 1 comprise only deionized water and a surfactant ingredient, either 

SBPS or a SBPS/SLS mixture. The model formulations of Group 2 were prepared by adding 
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the most frequently used commercial shampoos additives (Table 6.1) to Group 1 

formulations. In testing, Group 1 formulations were employed to study the effect of SBPS as 

a surfactant on physicochemical properties and performance. To compare these properties 

with commercially available shampoos (Herbal shampoo, Nature's Gate, Chatsworth, Ca, 

and Jonson's Baby Shampoo, J&J), Group 2 formulations were applied.  

Table 6.1. The model shampoo formulations used.  The values in the table represent 
weight percent. 

   Group 1 Group 2 

  1A 1B 1C 1D 1E 2A 2D 2E 

Deionized 

water 

 

90 90 90 90 90 72.3 72.3 72.3 

SLS  10 9 7.5 5 – 10 5 – 

SBPS  – 1 2.5 5 10 – 5 10 

Base 

composition* 

 

– – – – – 

8/8/1/ 

0.5/0.2 

8/8/1/ 

0.5/0.2 

8/8/1/ 

0.5/0.2 

*Base composition (as listed): cocamidopropyl betaine, Polyquaternium-7, xanthan 

gum, 1,3-bis(hydroxymethyl)-5,5-dimethylimidazolidine-2,4-dione (DMDM Hydantoin), and 

2,2',2'',2'''-(ethane-1,2-diyldinitrilo)tetra acetic acid (disodium EDTA). 

6.3.2.2.2. Cleaning action  

The Thompson method was used to evaluate cleaning ability of the model 

formulations [37]. For this purpose, sample hair tresses were initially soiled using artificial 

sebum. The artificial sebum was similar to actual sebum [37]: 5 wt. % squalene, 5 wt. % 

cholesterol, 6 wt. % stearic acid, 7 wt. % linoleic acid, 12 wt. % oleic acid, 12 wt. % 

paraffin, 13 wt. % palmitic acid, 20 wt. % coconut oil, 20 wt. % olive oil. Before testing, 

each hair tress was washed with 15 wt. % aqueous SLS solution and dried in an oven to a 

constant weight, then equilibrated at room temperature for 12 h. 
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Artificial sebum was deposited onto hair tresses from a 10 wt. % hexane solution by 

immersion of each tress into a beaker with sebum solution for 1 h. After immersion, excess 

solution was gently squeezed from the hair tress and the tress dried using a laboratory 

heat-gun operating at 40 °C. After the tresses were equilibrated at room temperature, each 

tress was treated with 10 ml of Millipore water and subsequently with 2 ml of a 10 wt. % 

aqueous solution of a model shampoo formulation using a thumb-rubbing washing 

procedure (adapted from [37]). After the washing, tresses were rinsed with 3 x 500 ml of 

deionized water, dried using a laboratory heat-gun operating at 40 °C and equilibrated at 

room temperature. Five parallel tests were performed for each hair tress. For every 

experimental batch, a control sample was produced.  Production of the control sample 

involved following same procedure but without treatment with a model shampoo 

formulation. Cleaning action results were evaluated gravimetrically and calculated using the 

following equation: 

𝜑 =
𝑀𝑤 − 𝑀𝑤

0

𝑀𝑑

∙ 100% (6.1) 

where 𝑀𝑤 and 𝑀𝑤
0  is the weight of the sebum washed off the treated hair tress and the 

control sample, respectively. 𝑀𝑑 is the weight of initially deposited sebum. 

SBPS-based model shampoo foaming ability  

SBPS-based model shampoo foaming ability was evaluated using the Ross and Miles 

test [38], which has been widely accepted for measuring foaming performance of 

shampoos, and the Hart and De George method [39], which includes  foam drainage time. 

Consistent with the Ross and Miles technique, 200 ml of a 1 wt. % aqueous solution of each 

model formulation was carefully placed into a 500 ml graduated cylinder. Next, 50 ml of the 

same solution was dropped to the cylinder from a fixed height using a funnel. Foaming 

ability was evaluated by measuring the height of the foam generated in the cylinder. To 



 

106 

determine effect of sebum on foam formation, 0.5 g of olive oil was added and foaming 

ability in presence of the oil compared to the foaming without sebum.  

Additionally, consistent with the Hart and De George method, a kitchen blender was 

used to generate foam. 50 ml of a 1 wt. % aqueous solution of each model formulation was 

poured in a 500 ml plastic beaker and subsequently beaten with a blender at 700 rpm for 3 

minutes. Formation of a thick, creamy foam was evaluated gravimetrically by weighing 50 

ml of the foam. To determine foam drainage, 50 ml of the blender-generated foam was 

placed inside a sintered glass funnel and the time required for the material to pass through 

the funnel into a graduated cylinder determined.  

6.3.2.2.3. Dirt dispersion  

One drop of ink was added to 10 ml of a 10 wt. % aqueous shampoo solution in a 

10x100 mm glass test tube. Samples were tightly closed and shaken by hand for 15 

seconds. Tinting severity of the foam produced in each test tube was visually determined 

and graded on a scale: slight-moderate-severe. 

6.3.2.2.4. Protein loss measurement  

To determine hair protein loss caused by shampooing, a modified version of the 

Lowry method was employed [40]. First, for calibration, eleven sets of 10 x 100 mm glass 

test tubes were washed and dried in an oven at 100 °C for 4 h. To each test tube, an aliquot 

of bovine serum albumin (BSA, 1 mg/ml) was added.  Aliquot sizes were 0, 10, 20, 30, 40, 

50, 60, 70, 80, 90 and 100 µl. 2 ml of incubation mixture (48 ml 2 wt. % Na2CO3 in 0.1 N 

NaOH, 1 ml 1 wt. % NaK tartrate in H2O, 1 ml 0.5 wt. % CuSO4 in H2O) were added to each 

tube and incubated for 10 min at room temperature. At this point, 0.2 ml of phenol reagent 

(50 % v/v Folin-Phenol in H2O) was added to each test tube, immediately vortexed and 

incubated for an additional 30 minutes. Absorbance of the samples was recorded at 600 nm 

using a Cary UV-vis-NIR spectrometer to build a calibration plot. Each sample was 

measured in triplicate. 
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Further, 2 ml of a 10 wt. % aqueous solution of each model formulation (containing 

Aloe Vera extract as a hair conditioner) was applied onto 2 g of hair tress. Each tress was 

subsequently washed using a thumb-rubbing technique, rinsed with deionized water three 

times (3 x 500 ml) and combed (wet) using a nylon comb with 8 teeth/cm, 100 times. For 

every 10 passes through the hair tress with the comb, the comb was dipped into 50 ml of 

deionzed water to rinse the proteins removed from the hair. After each 20 passes with the 

comb, the comb and tress were rinsed in the same 50 ml of water and tress was turned to 

change the side of the tress from subsequent combing. After completing the combing 

process, 1 ml of the protein colloid produced was collected. To determine protein 

concentration, the modified Lowry method, described above, was employed. 

6.3.2.2.5. Rheological evaluation  

Viscosity was determined using a Brookfield CAP 2000 viscometer, cone #3, at 2000 

rpm and constant temperature. 

6.3.2.2.6. Visual inspection  

All formulations prepared were visually inspected in terms of their clarity, fluidity and 

ability to generate foam by shaking. 

6.4. Results and Discussion 

6.4.1. SBPS surface activity 

The chemical structure of the SBPS used in this study is shown in Figure 6.1. The 

repeat units derived from 2-VOES possess long aliphatic chains derived from soybean oil 

that are hydrophobic, while the repeat units derived from PEGEVE possess hydrophilic 

ethylene glycol units. 
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Figure 6.1. Synthesis of the SBPS copolymer (R – soybean oil fatty acid components). 
 
The random copolymer was synthesized using cationic polymerization, and the 

chemical structure of the poly(2-VOES-ran-PEGEVE) copolymer was confirmed by 1H NMR 

and FTIR spectroscopy. The 1H NMR spectrum of the copolymer is depicted in Figure 6.2 A. 

Proton signals from 2-VOES-derived pendant groups, PEGEVE-derived pendant groups, and 

the polymer backbone are indicated in the 1H NMR spectrum.  For the polymerization, the 

weight ratio of 2-VOES to PEGEVE used was 15/85.  Using the peak integration values from 

the 1H NMR spectrum, it was determined that the composition of the copolymer was the 

same as the monomer feed ratio, i.e. the content of 2-VOES repeat units was 15 weight 

percent. For the FTIR spectrum of the poly(2-VOES-ran-PEGEVE) copolymer (Figure 6.2 B), 

the intense adsorption band at 1112 cm-1 corresponds to C–O stretching vibrations, while 

the narrow band at 1733 cm-1 is attributed to the stretching vibrations of C=O bonds of the 

ester groups. The shoulder absorbance band at 3010 cm-1 is due to stretching vibrations of 

C–H bonds associated with unsaturation in pendant groups derived from 2-VOES. 
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Figure 6.2. The 1H NMR (A) and FTIR (B) spectra of the poly(2-VOES-ran-PEGEVE) 

copolymer. 
 
To confirm formation of SBPS copolymer micelles in aqueous solution, the CMC was 

determined using the solubilization of pyrene technique [36] and surface tension 

measurements. A red shift of the absorption band with enhanced excitation intensity was 

observed in optical spectra measurements due to the migration of the probe from the 

hydrophilic to the hydrophobic region of the polymer micelles, depending on the 

environment of the pyrene (Figure 6.3 A). In our experiments, pyrene excitation spectra 

were monitored in the wavelength range of 300–360 nm. The intensity ratio (I336.5/I332.5) 

was plotted as a function of SBPS concentration from the pyrene excitation spectra. It is 

expected that once the copolymer micelles are formed in the aqueous solution, the 

hydrophilic exterior of the micelles provides stability in water and the hydrophobic interior 

solubilizes hydrophobic species, for example, dirt, oils, etc. As it was shown in Chapter 5, 

the size of the micellar interior and, thus, it’s “capacity” for extracting the impurities, can be 

tuned by the number of 2-VOES sequences in the SBPS macromolecules. Upon contact of 

the SBPS solution with a surface, the “dirt” is extracted and accumulated into the interior of 

the micelles and can be removed from the surface when the solution is rinsed.  
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Figure 6.3. The intensity ratio I336.5 / I332.5 of the excitation spectra of pyrene in SBPS 
solutions vs. SBPS concentration (A). Solubilization of the insoluble dye by SBPS 
macromolecules at 25 °C in aqueous solution (B). 

 
Molecular weight, polydispersity index, and CMC (using both pyrene solubilization 

and surface tension measurements) of the SBPS are shown in Table 6.2.  

Table 6.2. Chemical characteristics of the SBPS used for the study. 

 Mn PDI CMC, mol/L 

2-VOES-ran-PeEG 12,327 1,45 

2.5 x 10-6 * 

2.5 x 10-7 ** 

* using surface tension study, 
** using solubilization study. 

 
Next, we determined an ability of SBPS micelles to solubilize poorly water-soluble 

hydrophobic materials in aqueous solution. Nile red (7-diethylamino-3,4-benzophenoxazine-

2-one) is a lipophilic dye that is insoluble in water [41] and provides no absorption in optical 

spectroscopy measurements of aqueous systems [42]. However, in the presence of a SBPS 

solution (1% w/v), the dye is immediately solubilized by the SBPS micelles in water (Figure 

6.3. B), which confirms the surface activity of SBPS and its potential as a polymeric 

surfactant.  The absorption intensity at 547 nm, which is associated with Nile red, increases 

with increasing SBPS concentration in water. This fact confirms that polymer micelles 

provide a microenvironment that is capable of sequestering hydrophobic molecules in water.  
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6.4.2. Evaluation of model shampoo formulations based on SBPS 

To ensure applicability of the novel SBPS macromolecules as polymeric surfactants, 

testing of physicochemical properties, performance and appearance of SBPS-based model 

formulations was conducted. This study was carried out for both single surfactant 

formulations, where the SBPS served as the only surface active ingredient, as well as 

surfactant mixtures of SBPS and SLS. Both groups of model shampoos were compared to 

commercial shampoos. The commercial shampoos were the herbal shampoo from Nature's 

Gate) and Johnson's Baby Shampoo from Johnson & Johnson. 

6.4.2.1. Foaming evaluation 

Foam generation and foam stability are important criteria to shampoo consumers, 

even though foam itself has little to do with a cleaning ability [43]. In our study, we applied 

two different techniques for evaluating foaming ability, namely, the Ross and Miles method 

and the Hart and De George method. Although the Ross and Miles method has been widely 

criticized, it still remains a fast and reproducible method that reflects shampoo performance. 

However, this test produces “airy” foam that does not represent the foam that results 

during the use of the shampoo by the consumer [44]. In contrast, the Hart and De George 

blender method results in a thick and creamy foam that is representative of that observed 

during the shampooing of hair.  

Model formulations 2A (10 wt. % SLS), 2D (10 wt. % of a 1:1 mixture of SLS and 

SBPS) and 2E (10 wt. % SBPS) were chosen to study foaming and foam stability. As seen 

from Figure 6.4, the model shampoo based on SLS (i.e. 2A) provided the highest foaming 

ability both in the absence and in the presence of artificial sebum (olive oil). However, the 

presence of sebum reduced the foaming ability of formulation 2A while the foaming ability of 

the two SBPS-containing formulations (i.e. 2D and 2E) were essentially unaffected by the 

sebum. 
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Figure 6.4. Foaming ability as evaluated using the Ross and Miles technique of three model 

formulations with no added sebum (A) and in the presence of sebum (olive oil) (B). 
 
Using the Hart and De George method, all of the formulations investigated showed 

similar foaming performance (Figure 6.5 A), indicating that the SBPS can successfully 

replace almost half of common anionic detergent (on a weight basis) without decreasing its 

foaming ability.  

 

Figure 6.5. Foaming ability as evaluated using the Hart and De George method (A), and 
foam drainage (B) of three model shampoos and two commercially available shampoos. 

 
Moreover, the presence of the SBPS in a mixture with SLS improves the stability of 

the foam produced as indicated by the foam stability results shown in Figure 6.5 B. 
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6.4.2.2. Dirt dispersion 

The foaming study was followed by measuring the ability of the SBPS-based 

formulations to disperse dirt. For this purpose, ink was used as a model for dirt. The ink was 

dispersed in the Group 2 samples and commercial shampoos. If the shampoo concentrates 

the ink in the foam, it is considered to be of a low quality. Ideally, the ink should remain in 

solution where it is easy to rinse away [45]. As shown in Table 6.3, almost no dirt was 

present in the foam. Interestingly, one of the commercial shampoos displayed the poorest 

performance of all compositions evaluated. 

Table 6.3. Data pertaining to the appearance of foam after exposure of the shampoo to 

dirt. 

Model formulation Foam tinting by ink 

2A Slight 

2D Slight 

2E Slight 

Johnson’s Baby Slight/Moderate 

Herbal Moderate 

 

6.4.2.3. Viscosity testing  

Shampoo viscosity is important in defining many properties, such as clarity, ease of 

flow from the container, stability in the container, spreading etc. [46]. There are also both 

psychological and practical values of having relatively high viscosity of shampoos, such as 

the inhibition of dripping through the fingers and slow pouring into the palm of the hand.  

We compared the viscosity of the model SBPS-based formulations with commercial 

shampoos in order to see how the presence of the SBPS impacts viscosity. As shown in 

Table 6.4, increasing SBPS content within the Group 2 samples (i.e. replacing the SLS with 
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SBPS) results in a considerable increase of viscosity. The viscosity of SBPS-based 

formulation (2E) was found to be similar to that of the two commercial shampoos. 

Table 6.4. Viscosity of model formulations compared to commercial shampoos. 

Formulation 2A 2D 2E Herbal J&J Baby 

Viscosity, Ps 0.0468 0.256 0.309 0.135 0.308 

 

6.4.2.4. Protein loss from hair after treatment with different formulations and conditioner 

Since hair is a protein-containing material, it was anticipated that possible damage to 

hair by combing could be measured by determining the amount of protein abraded from the 

hair after shampooing [47]. This technique can also potentially demonstrate the 

conditioning/protective efficacy of the modern conditioning shampoos (2-in-1 shampoo and 

conditioner). In this study we determined if the presence of SBPS in model formulations has 

an impact on the amount of protein removal caused by combing [48]. In addition to 

evaluating the effect of SBPS on protein removal, the effect of Aloe Vera extract as a hair 

conditioning treatment was also evaluated. To determine the effect of the treatment, hair 

tresses were shampooed with Group 1 formulations with and without Aloe Vera and the 

protein loss resulting from combing determined using a modified version of the Lowry 

method.  

Table 6.5 indicates that the presence of SBPS in a shampoo formulation decreases 

the harsh influence of SLS on the hair cuticle. It appears that the presence of SBPS 

promotes a conditioning effect as indicated by the reduction in protein loss from treated hair 

tresses. The positive influence of the SBPS is even more pronounced when the common 

conditioning agent, Aloe Vera extract, is present in the shampoo. Overall, these results 

indicate that SBPS reduces damage to the hair during wet combing. The shampoo that 

resulted in the greatest combing-induced loss of protein was the formulation containing only 

SLS as the surfactant ingredient (i.e. 1A). 
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Table 6.5. The effect of shampoo composition on protein loss resulting from combing. 

Treatment 

Protein Loss,  

μg protein /g  Hair 

Relative Protein Loss 

(vs. Control) 

Control* 1243 – 

1A 1445 + 16.25 % 

1D 1280 + 2.97 % 

1E 1138 - 8.45 % 

1A + Aloe Vera 1240 - 0.24 % 

1D + Aloe Vera 1170 - 5.87 % 

1E + Aloe Vera 946 - 23.89 % 

* Hair treated with deionized water only 

6.4.2.5. Cleaning ability 

The Thompson method was used to evaluate the cleaning ability of SBPS-based 

model shampoos (Group 1 formulations). Briefly, the hair tresses were first soiled with 

sebum dissolved in hexane and then washed using the different model shampoos. After 

drying the shampooed tresses, the remained sebum was determined gravimetrically and the 

cleaning power calculated. 

Figure 6.6 A shows cleanability data for model shampoos based on SLS, various 

mixtures of SLS/SBPS and SBPS as the surface active ingredient. It can be clearly seen that 

combining SLS and SBPS as the surface active component, it is possible to optimize and 

improve cleaning performance. As seen from the results, there is a significant difference in 

the amount of sebum removed between the different Group 1 formulations. The maximum 

cleaning ability was obtained when SLS/SBPS ratio was 9/1 ratio. 
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Figure 6.6. Cleaning ability of the different model shampoos determined using the 
Thompson method (A), and visual appearance of the 9/1 SLS/SBPS-based shampoo (1B) 
and the foam (B) produced from the (1) Johnson’s Baby and (2) SBPS-based (2E) 

shampoos. 
 
Finally, the visual assessment of both Group 1 and Group 2 formulations was 

performed. Figure 6.6 B shows the appearance of shampoo formulation 1B (9/1 SLS/SBPS) 

and the foam produced using the foaming test as well as the foam produced by Johnson’s 

Baby Shampoo used for comparison. The results of visual inspection indicate that the 

formulations do not change their physical appearance over 6 months of storage at room 

temperature.  The model shampoos remain light yellow and transparent over the 6 month 

period. In addition, the clarity, fluidity and ability to generate foam by shaking does not 

change over this period. 

Overall, the results show that SBPS positively influences cleaning and foaming 

ability, as well as the physicochemical properties of model shampoo formulations. The 

SBPS-based formulations meet major requirements of multifunctional shampoos and are 

comparable with commercial shampoos. 
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6.5. Conclusions 

A new non-toxic, environmentally friendly soybean oil-based polymeric surfactant 

was produced and extensively studied for potential application as a surface active ingredient 

for shampoos. The hydrophobic portions of these surface active macromolecules were 

derived from soybean oil, while the hydrophilic portions were based on ethylene glycol units. 

Using both surface tension measurements and fluorescence spectroscopy, high surface 

activity and the formation of micelles for the SBPS in water was demonstrated. 

In order to determine the utility of the SBPS in shampoos, either in combination with 

SLS or as a single surface active ingredient, the physicochemical properties, cleanability, 

foaming characteristics, viscosity and appearance of model  SBPS-based shampoos were 

characterized and compared to model shampoos based on SLS as the sole surface active 

ingredient as well as commercially available, SLS-free part shampoos.  

Overall, the results showed that the presence of SBPS improves foaming as well as 

hair cleaning and conditioning of model formulations. As a result, SBPS-based formulations 

meet major requirements of multifunctional shampoos, including mild and efficient 

detergency, foaming comparable with existing retail products, good conditioning, and 

aesthetic appeal.  In general, the model SBPS-based shampoos were found to be 

comparable with the commercial shampoos used for the study.  

By investigating mixtures of SBPS and SLS in model shampoos, it was shown that 

the presence of the SBPS enabled the concentration of the anionic surfactant, SLS, to be 

significantly reduced without sacrificing shampoo performance.  This result is significant and 

demonstrates the utility SBPS in shampoos. 
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CHAPTER 7. THERMORESPONSIVE LATEXES FOR 

FRAGRANCE ENCAPSULATION AND RELEASE 

7.1. Abstract  

New thermoresponsive polymer particles for fragrance encapsulation were 

synthesized and characterized, including assessing the performance of particles in triggered 

release by elevated temperature. Cross-linked latex particles protect the encapsulated 

fragrance at ambient temperatures, and facilitate the release of cargo at the temperature of 

the surface of the skin that varies in different regions of the body between 33.5 and 36.9 

°C. Poly(stearyl acrylate) (PSA), a polymer with long crystallizable alkyl side chains 

(undergoes order-disorder transitions at 45 °C), was chosen as the main component of the 

polymer particles. To obtain network domains of various crystallinity, stearyl acrylate was 

copolymerized with dipropylene glycol acrylate caprylate (comonomer) in the presence of a 

dipropylene glycol diacrylate sebacate (cross-linker) using the miniemulsion process. 

Comonomers and a cross-linker were mixed directly with a fragrance during polymerization. 

Fragrance release was evaluated at 25, 31, 35, and 39 °C to demonstrate a new material 

potential in personal/health care skin-related applications. It is also shown, how release 

profiles can be tuned by temperature and controlled by the amount of loaded fragrance and 

the ratio of comonomers in the feed mixture. 

7.2. Introduction 

Important in daily life, fragrances, scent-masking agents, and their mixtures (such 

as perfume compositions) are widely applied to provide odors for consumer cosmetic, 

personal care, and household products [1]. The demand for such products is growing, but 

high volatility of fragrances, as well as low stability in time, often results in a loss of active 

components during manufacturing, storage, and use [2-4]. Currently, direct admixing of 

fragrances (in particular, in the presence of surfactants) in product formulation is a main 
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strategy used to introduce odors to consumer products [5]. However, fragrance volatility 

and low stability still remain significant drawbacks to this strategy. 

It is highly desirable for many fragranced consumer products, such as perfumes, 

deodorants, moisturizers, shampoos, etc. [6-8], that their active odor components (both 

less volatile and highly volatile) are released slowly over time (sustained release). This is 

because the most volatile fragrance components (top notes) are responsible for the so-

called fresh-feeling consumer experience. The concentration of top notes in the vicinity of 

the substrate (headspace concentration) should ideally be constant over a long period of 

time and characterized by zero-order diffusion kinetics [2, 9]. 

The direct admixing of fragrances into the product does not impart the desired 

kinetics of release. By this technique, the headspace concentration increases exponentially 

and depends on the volatility of the fragrance. The top notes can only be found over a short 

period of time. It remains highly advantageous to develop an approach to fragrance delivery 

that will protect the volatile top notes in product formulation and provide their sustained 

release from various substrates over a longer period (at least 24 hours) of time [2].  

A significant amount of research on encapsulation (engulfing the fragrance molecules 

into confinement within a protective matrix material) has been devoted to improving the 

sustained release of odor components [10-15]. Although various commercial delivery 

systems are available for this purpose, many common state-of-the-art materials suffer from 

low, uncontrolled interaction between the cargo (fragrance molecules) and the carrier 

(matrix) materials. Many fragrances are hydrophobic substances, as well as often carrier 

components (waxes, fats, fragments of amphiphilic polymers, etc.). Therefore, carrier 

hydrophobic fragments steadily discharge hydrophobic volatile fragrance molecules and do 

not reduce evaporation [2]. 

Using polymers in the encapsulation of fragrances and their controlled release has 

been a subject of significant study during recent decades [7, 16-19]. It was shown that the 
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incorporation of odor components into polymer micro- and nanoparticles could result in 

novel materials and devices for sustained delivery of these substances [17, 19]. Various 

polymer-based systems are patented and applied to the commercial development of 

consumer products, including air fresheners, deodorants, devices for fragrance release in 

contact with skin, etc. [17, 20, 21]. A wide range of hydrophilic polymers and copolymers 

can be cross-linked to provide swellable polymer networks (polymer gel particles) for the 

encapsulation of fragrances. The release rate from such polymer particles is swelling-

controlled, whereas the degree of swelling depends on polymer structure and physical 

properties [6-8, 16, 20]. Moreover, responsive polymeric particles that change their 

network properties in response to external stimuli can be designed for the encapsulation of 

hydrophobic odor components [4, 23]. Such particles are considered novel and innovative 

smart materials for the sustained release of fragrances. 

In this study, we developed thermoresponsive cross-linked latex particles for 

fragrance encapsulation and release. The main component of the particle network is 

poly(stearyl acrylate) (PSA), a polymer with long crystallizable alkyl side chains (Scheme 

7.1). PSA macromolecules undergo reversible order-disorder transitions at 45 °C [22, 24] 

associated with interactions between the alkyl side chains [25-27]. Below this temperature, 

the polymer side fragments are ordered in the crystalline lamellar structures that may 

suppress diffusion of the incorporated volatile molecules and stabilize the fragrance 

(Scheme 7.1 A). When PSA is heated above 45 °C, the crystalline domains become 

disordered, and fragrance molecules can diffuse from the polymer and be released (Scheme 

7.1 B). Our objective was to synthesize the particles protecting the encapsulated fragrance 

at ambient temperatures, and to facilitate the release of cargo at the temperature of the 

surface of the skin, which varies in different regions of the body between 33.5 and 36.9 °C 

[28]. 
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Scheme 7.1. Expected mechanism of release from PSA crystalline domains. 
 
To develop latex particles with fragrances incorporated in the interior, we used 

miniemulsion free radical polymerization. The miniemulsion method has been widely applied 

in developing nanocapsules and nanospheres [4, 29-31]. This process is especially 

convenient for the hydrophobic monomers (as stearyl acrylate) that scarcely diffuse through 

aqueous phases and, thus, are hardly suitable for conventional emulsion polymerization 

[32-34]. 

To obtain domains with a various degree of crystallinity in the network, commercially 

available stearyl acrylate (SA) was copolymerized with dipropylene glycol acrylate caprylate 

(DGAC) (a comonomer) in the presence of dipropylene glycol diacrylate sebacate (DGDS) (a 

cross-linker) (Scheme 7.2). Both DGAC and DGDS were developed in this study. The 

miniemulsion oil phase was prepared by mixing monomers, cross-linkers and initiator with a 

fragrance. Cross-linked particles with localized fragrance molecules were formed via free 

radical miniemulsion polymerization. 
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Scheme 7.2. Chemical structure of DGAC and DGDS. 
 
The fragrance release profile from latex particles was evaluated at 25, 31, 35, and 

39 °C to demonstrate the potential of the material in a variety of personal and health care 

(particularly, skin-related) applications. 

7.3. Materials and Methods 

7.3.1. Materials 

Caprylic (octanoic) acid (Alfa Aesar, Ward Hill, MA), sebacic (decanedioic) acid (TCI 

America, Portland, OR), dipropylene glycol (DPG) (Alfa Aesar, Ward Hill, MA), acryloyl 

chloride (EMD Millipore, Billerica, MA), 4-dimethylaminopyridine (DMAP) (Alfa Aesar, Ward 

Hill, MA), trimethylamine (TEA) (Amresco, Solon, OH), Tween 80, absolute ethanol (Sigma-

Aldrich, St. Louis, MO), a fragrance composition (Givaudan, Cincinnati, OH), the free radical 

initiator 2,2'-azobis(2-methylbutyronitrile), VAZO-67 (DuPont, Wilmington, DE) were used 

as received. Deionized (DI) water was used for the purification steps (MiliQ, 18 MΩ). Other 

solvents and chemicals were used as received and were of an analytical grade or higher. 

7.3.2. Synthetic and analytical methods 

7.3.2.1. Synthesis of DGDS 

The synthetic route to obtain a cross-linker, DGDS, comprises two steps, i.e., the 

synthesis of dipropylene glycol sebacate diester (DS) and DS acrylation (Scheme 7.3). To 

synthesize DS, 170 g of DPG (1.27 mol) were mixed with 30 ml toluene, followed by the 

addition of 13 g sebacic acid (0.064 mol) and 1 ml of concentrated H2SO4 in a 250 ml 

round-bottom flask fitted with a Dean-Stark condenser. The reaction mixture was heated to 
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110 °C in an oil bath and stirred at 500 rpm for 12 h. The reaction mixture was then 

transferred to a separating funnel and 100 mL DI water were added. The product was 

extracted with 100 mL of CH2Cl2, washed with DI water (150 mL) twice, and washed with 

150 mL of a brine solution. The resulting solution was passed several times through an 

Al2O3 column and dried with MgSO4. The solvent was removed under reduced pressure. The 

yield of DS was 90 %. 
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Scheme 7.3. Synthesis of dipropylene glycol diacrylate sebacate (DGDS) (cross-linker). 
 
The second step, the acrylation of DS, was performed by reacting DS with acryloyl 

chloride, as follows: 5.7 g of acryloyl chloride (0.063 mol) were added slowly via syringe to 

a stirring solution of 6.3 g TEA (0.062 mol) and 10 g DS (0.023 mol) in dry CH2Cl2 (7 ml). 

Temperature was kept at 0 °C during addition, and afterwards was allowed to reach room 

temperature. At this point, a catalytic amount of DMAP was added, and the reaction was 

stirred for an additional 2 h. The reaction mixture was then admixed with ethyl acetate, 
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washed with DI water (50 mL) twice, followed by a wash with 50 mL of a brine solution, and 

filtered. The solvent was removed under reduced pressure. The DGDS yield was 96 %. For 

storage, 10 ppm of hydroquinone was added to the product, which was stored at –4 °C. 

7.3.2.2. Synthesis of DGAC  

Synthesis of the DGAC monomer comprises two similar steps as described for the 

DGDS cross-linker (Scheme 7.4). 
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Scheme 7.4. Synthesis of dipropylene glycol acrylate caprylate (DGAC) (monomer). 
 
To obtain dipropylene glycol caprylate diester (DC), 170 g DPG (1.27 mol) were 

reacted with 15 g caprylic acid (0.104 mol). The DC yield was 99 %. In the second step, 

acrylation of DC was performed by reacting with acryloyl chloride in a similar way, where 10 

g of DC (0.038 mol) were reacted with 4.5 g acryloyl chloride (0.050 mol) and 5 g TEA 

(0.049 mol) in 7 ml dry CH2Cl2. To confirm the chemical structure, the synthesized DS, 

DGDS, DC, and DGAC were characterized using ESI mode GC-MS mass spectrometry 

(BioTOF, Bruker Daltonics, Billerica, MA), 1H NMR spectroscopy (ECA 400 MHz JEOL, 

Peabody, MA,) and FT-IR spectroscopy (Nicolet 8700, Thermo Scientific, Waltham, MA,). 

7.3.2.3. Synthesis and characterization of fragrance-loaded latex particles 

Fragrance-loaded latex particles were synthesized using a miniemulsion 

polymerization process. The acrylate monomers SA and DGAC (at 100/0, 85/15, and 70/30 

wt. % monomer ratios), the cross-linker DGDS (0.03 mol/l, equal to 1 part per 40 parts of 
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monomer mixture), and initiator VAZO-67 (1.7 wt. %) were mixed in a fragrance (at total 

monomer concentrations 50 and 67 wt. %) to obtain 1.5 g of the oil phase. A 16.5 g of 

aqueous solution of the surfactant, Tween 80 (0.13 wt. %), was added to the oil phase. For 

pre-emulsification, the mixture was homogenized using a magnetic stirrer for 1 h at 1000 

rpm. The miniemulsion was prepared by ultrasonicating the pre-emulsified mixture for 180 s 

at 90 % amplitude (digital sonicator 500 Watt, 1/2” tip, 20 kHz, QSonica, Newtown, CN) at 

0 °C. The polymerization was performed at 72 °C for 8 h under stirring. Solid content was 

determined gravimetrically by drying the samples at 80 °C. For most polymerization 

experiments, conversion was 99%. The size distribution of latex particles was measured 

using a Zetasizer Nano-ZS90 (Malvern, Worcestershire, UK) at a single scattering angle of 

90° and temperature of 25 °C. 

Transmission electron microscopy (TEM) images were taken using a JEM-2100 (JEOL, 

Peabody, MA) analytical transmission electron microscope. For the TEM measurements, a 

drop of latex dispersions was placed onto a copper mesh covered with a thin carbon film. 

Scanning electron microscopy (SEM) images were taken using a JEOL 7600F 

scanning electron microscope. For the SEM measurements, a drop of latex dispersions was 

placed onto a silicon wafer and dried. 

Differential scanning calorimetry (DSC) was measured to determine thermal 

transitions (melting temperatures) of the latex nanoparticles network using a Q1000/Q2000 

Modulated Differential Scanning Calorimeter (TA Instruments, New Castle, DE) in hermetic 

aluminum pans in a 0–100 °C sweep range with a 10 °C/sec heating rate. To prepare 

samples for DSC measurements, acrylate monomers, cross-linkers, and initiators were 

mixed in a fragrance at concentrations used for miniemulsion polymerization. Solutions 

were sealed in a 5 ml glass ampoule and polymerized at the same conditions used in the 

miniemulsion process. After polymerization, the ampoules were opened to immediately 

subject samples to DSC measurements. 
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The fragrance release profile from particles was determined by quantifying the 

amount of fragrance remaining in samples that were left in uncovered vials at certain 

temperature for specified times. Quantification was performed using UV-Vis spectroscopy 

measurements. For this purpose, 0.35 g of fragrance-loaded particles were placed into a 20 

ml glass vial in a thermostat at the experimental temperature. The vials were kept 

uncovered for 6–48 h to facilitate release. After a specified time, the remaining fragrance 

was extracted from the sample by mixing the particles with absolute ethyl alcohol in a 

tightly capped vial. To facilitate desorption of fragrance into alcohol, samples were initially 

placed on sonic bath for 5 min and then kept under stirring at 36 °C for 24 h with another 5 

min sonic bath treatment just before measurements. The fragrance content in the extract 

was determined by monitoring optical absorbance at 303 nm using UV-Vis spectra recorded 

on a Cary 5000 UV-Vis-NIR (Varian, Palo Alto, CA) spectrophotometer. The analysis was 

carried out in triplicate. To assess the remaining concentration of fragrance in the extract, a 

calibration curve was prepared using known fragrance concentrations in ethanol. 

Release profiles from latex particles were compared to the corresponding 

unencapsulated (direct admixed) sample of fragrance. The unencapsulated samples were 

prepared by adding 2.6 and 4 wt. % fragrances into 0.28 wt. % SDS aqueous solution and 

thorough stirring. Three unencapsulated samples were prepared for each experiment, left 

opened, and then subjected to extraction and optical absorbance analysis to determine the 

released amount of fragrance. 

7.4. Results and Discussion 

7.4.1. Synthesis and characterization of fragrance-loaded latex particles 

When macromolecules consist of a main backbone with branch points and linear side 

chains, it is said to be a graft polymer [35]. Such poly(acrylates) are often classified as graft 

(co)polymers with differing physical properties if compared to polymers with no side 

fragments [36]. Due to interactions between the side chains, the graft polymers are able to 
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form crystalline domains when the length of the side chain is above eight carbon atoms. The 

crystallization is not favored for four- to eight-atom-long side fragments, and such polymer 

structures remain amorphous [37]. 

We chose two acrylates with a different nature and length of side fragments to 

synthesize a graft copolymer network of thermoresponsive cross-linked latex particles. Such 

a combination was chosen in order to obtain crystalline and amorphous domains in the 

cross-linked polymer structure. Scheme 7.5 shows the formation of the network by the 

copolymerization of stearyl acrylate (17 methylene fragments in the alkyl group) and 

dipropylene glycol acrylate caprylate with six methylene groups in alkyl fragment in the side 

chain. A three-dimensional network was formed by a radical copolymerization reaction of 

monomers and cross-linkers. At the same time, the longer stearyl fragments form ordered 

(crystalline) domains (Scheme 7.5), whereas shorter fragments of the DGAC remain 

disordered and form amorphous phases (domains). 

 

Scheme 7.5. Miniemulsion polymerization (top) and the anticipated temperature-controlled 

release mechanism (bottom). 
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The chemical structures of the synthesized monomer, DGAC, and the cross-linker, 

DGDS, were confirmed  

DS and DC syntheses were conducted in 10 fold molar excess of hydroxyl functional 

groups in order to ensure consumption of carboxylic functional groups and suppress 

formation of high molecular weight oligomers. Structure of DS, DC, DGDS, and DGAC were 

confirmed by 1H NMR spectroscopy and GC-MS spectrometry (observed monoisotopic 

masses were within <7 ppm threshold of theoretical structures). 

The structure of the synthesized monomers was confirmed using FT-IR spectroscopy 

(Figure 7.1, 7.2), 1H NMR spectroscopy (Figure 7.3, 7.4), and mass spectrometry (Figure 

7.5, 7.6).  
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Figure 7.1. FTIR spectrum of DGDS. 
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Figure 7.2. FTIR spectrum of DGAC. 

The presence of an ester group was confirmed by the presence of several 

characteristic adsorption bands in the FTIR spectra of DGDS and DGAC. Valence vibrations 

of the ester C=O bond result in an intense adsorption band at 1727 cm-1. A doublet of 

adsorption bands at 1198-1101 cm-1 is caused by valence vibrations of ester C-O bonds. 

The spectrum shows a doublet of absorption bands in the range of 2858–2933 cm-1 (valence 

oscillations) that are characteristic of CH3, CH2, and CH groups. Finally, the presence of 

carbon-carbon double bonds was confirmed by the adsorption bands at 2977 cm-1 (C=C–H), 

1637 cm-1 (C=C), as well as 809 and 985 cm-1 (C=C–H). 
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Figure 7.3. 1H NMR spectrum of DGDS. 
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Figure 7.4. 1H NMR spectrum of DGAC. 
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In the 1H NMR spectrum of dipropylene glycol diacrylate sebacate (DGDS) (Figure 

7.3), peaks appeared at A ppm (m, 4H, (CH2)2) and B ppm (m, 4H, CH2CH2CH2COO), which 

were in agreement with those of sebacic acid. The spectrum shows multiplet peaks at F and 

E ppm corresponding to the methylene groups in an α- and β-position in relation to the 

carbonyl groups in sebacic acid moieties (4H, CH2CH2COO and 4H, CH2CH2COO, 

respectively). At J and K ppm, multiplet absorption peaks that can be contributed to the 

methyne protons of the acylated dipropylene glycol end unit was observed (m, 4H, COOCH). 

Other protons of the dipropylene glycol fragments reveal themselves as multiplet peaks at C 

and D ppm (12H, CH3) and G and H ppm (8H, CH2). The signals of acrylate moieties are 

found at L ppm (2H, CH2=CH), M ppm (2H, CH2=CH), and N ppm (2H, CH2=CH). 

In the 1H NMR spectrum of dipropylene glycol acrylate caprylate (DGAC) (Figure 

7.4), peaks appeared at A ppm (t, 3H, CH3), B and C ppm (m, 8H, (CH2)4CH2CH2COO), 

which were in agreement with those of caprylic acid. The spectrum shows multiplet peaks at 

G and F ppm corresponding to the methylene groups in an α- and β-position in relation to 

the carbonyl groups in caprylic acid moieties (2H, CH2CH2COO and 2H, CH2CH2COO, 

respectively). At I and K ppm, multiplet absorption peaks that can be contributed to the 

methyne protons of the acrylated dipropylene glycol end unit was observed (m, 2H, 

COOCH). Other protons of the dipropylene glycol fragments reveal themselves as multiplet 

peaks at D and E ppm (6H, CH3) and H and J ppm (4H, CH2). The signals of an acrylate 

moiety are found at L ppm (1H, CH2=CH), M ppm (1H, CH2=CH), and N ppm (2H, CH2=CH). 
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Figure 7.5. Mass-spectrometry of DGDS (monoisotopic M= 565.2988, difference 3 ppm). 
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Figure 7.6. Mass-spectrometry of DGAC (monoisotopic M=337.1991, difference 4 ppm). 
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Fragrance molecules were loaded into the hydrophobic polymer network using the 

miniemulsion process (Scheme 7.5, top). Monomers, cross-linkers, and initiators of radical 

polymerization were mixed in a fragrance to obtain the oil phase of the emulsion. The 

mixture was sonicated in a surfactant-containing aqueous phase to form miniemulsion. 

Polymerization started by increasing the temperature and resulted in a stable latex 

formation. The structure of the synthesized latex particles represents a polymer network of 

various crystallinity with fragrance loaded into the particle matrix. It was expected that the 

variation of crystallinity provides particles with temperature-controlled release of fragrance. 

Fragrance-loaded latex particles of six different compositions (S1f–S6f in Table 7.1) 

were synthesized. For the purpose of various crystallinity of the network, a long side chain 

monomer, SA, was copolymerized with a comonomer, DGAC, at two different ratios (S2f, 

S3f, S5f, S6f), as well as homopolymerized (no DGAC) (S1f, S4f). To monitor whether 

different fragrance loading in the particles influences the release profile and facilitates 

temperature-sensitive properties of particles, the amount of fragrance in the reaction 

mixture was varied (33 wt. % of fragrance in S1f–S3f and 50 wt. % in S4f–S6f). It was 

expected that both cargo loading and monomer ratios will contribute to release profiles of 

fragrances at different temperatures. 
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Table 7.1. Polymerization mixtures and estimated Tm of fragrance-loaded and dried 
copolymers. 

 S1f S2f S3f S4f S5f S6f 

SA/DGAC, mol 
 

1.8/- 

 

1.5/0.3 

 

1.2/0.6 

 

1.35/- 

 

1.15/0.2 

 

0.95/0.4 

DGDS, mol/L 
 

0.047 

 

0.047 

 

0.047 

 

0.034 

 

0.034 

 

0.034 

Initiator, mol/L 
 

0.084 

 

0.084 

 

0.084 

 

0.064 

 

0.064 

 

0.064 

Fragrance, wt.% 33 33 33 50 50 50 

Tm (with 

fragrance), °C 

36 

 

29 

 

23 

 

30 

 

24 

 

19 

 

 S1 S2 S3 S4 S5 S6 

Tm (no 

fragrance), °C 
44 38 30 43 36 30 

 

SEM and TEM analysis indicate that particles of a spherical shape are formed (Figure 

7.7). Dynamic light scattering measurements reveal an average latex particle size between 

170 and 200 nm (Table 7.2). No significant effect of monomer ratio and fragrance loading 

on latex particles size distribution was observed. Miniemulsion polymerization results in a 

formation of stable latexes. The obtained cross-linked polymer latex particles remain stable 

during storage over at least several months in the lab (Figure 7.7, top inset). 
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Table 7.2. Characteristics of latex particles. 

 S1 S2 S3 S4 S5 S6 

Particles diameter, nm 173±21 176±24 183±27 180±19 184±24 208±26 

Estimated loading, 

mg/g 
330 330 330 500 500 500 

 

 

Figure 7.7. TEM and SEM images of fragrance-loaded latex nanoparticles, and latex 
appearance. 

 

7.4.2. Thermal properties of polymer networks from psa and dgac formed in the 

presence of DGDS 

In this study, the feasibility of the temperature-sensitive release of fragrance from 

the cross-linked latex particles was targeted. It was expected that the crystallinity of PSA, 

as a main component of the particle network, determines the thermal properties of the 

material – Tm (melting temperature [38]) and release performance of the particles. 

In order to study the thermal properties of polymer networks, copolymer samples 

were synthesized via copolymerization of SA with DGAC in the presence of a DGDS cross-

linker and an initiator in solution (Table 7.1). The resulting polymers were used to 

characterize the thermal properties of the network by determining the Tm in DSC 

measurements. Figure 7.8 A compares the results for the fragrance-loaded sample 

(corresponds to S1f in Table 7.1) and material where the fragrance was removed from the 

network by washing with ethanol and drying S1 in Table 7.1. Using point of inflection on the 
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plots we determined that the Tm of the dried network S1 is 44 °C, whereas the Tm of S1f 

was 36 °C. Lower Tm of loaded samples can be attributed to the ability of incorporated 

fragrance molecules to reduce intermolecular interactions between stearic fragments in the 

cross-linked polymer, and, thus, to decrease the network crystallinity. 

 

Figure 7.8. Temperature-dependant heat flow for fragrance-loaded S1f, dried S1 (A) and 
dried S1, S2, S3 (B) polymers. The inset shows data for S4, S5 and S6 compositions (Table 
7.1). 

 
Using the DSC, an effect of monomer ratio and the amount of loaded fragrance on 

the Tm of the network was determined. It is evident that the Tm of a dried copolymer 

samples decreases by increasing the amount of DGAC comonomer in the monomer feed 

(Figure 7.8 B). When the concentration of the DGAC short-side chain comonomer in the 

reaction mixture was 30 wt. %, the Tm of the dried network dropped from 44 °C to 30 °C. 

At the same time, the Tm of dried samples did not change by increasing the amount of 

loaded fragrance from 33 to 50 wt. % (S1 and S4 in Figure 7.8 B, Table 7.1). This indicates 

that the crystallinity of the resulting polymer network does not depend on a fragrance 

amount during polymerization. 

In general, Tm is lower for the fragrance-loaded network if compared to the dried 

material without the fragrance. It differs noticeably when the ratio of monomers in a feed 

mixture and amount of loaded fragrance are varied (S1f–S6f in Table 7.1). Contrary to the 

polymers without incorporated fragrance, the Tm of the loaded samples depends on the 
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amount of cargo (33 or 50 wt. %) encapsulated in the polymer network. Based on DSC 

data, the PSA/DGAC ratio and fragrance loading can be both essential in ensuring the 

feasibility of latex particles for temperature-sensitive release. 

7.4.3. Fragrance release from latex particles 

It was expected that PSA crystalline-to-amorphous transition (as demonstrated by 

DSC) will trigger cargo release from the fragrance-loaded latex particles by elevated 

temperatures. The presence of the encapsulated fragrance molecules, as well as including a 

smaller fraction of DGAC comonomer that forms amorphous domains in the latex network, 

can reduce the particles’ crystallinity and, thus, enhance the triggered release. To this end, 

the effect of both factors, fragrance loading, and monomers ratio, on release behavior was 

considered. 

Figure 7.9 shows the release profiles of fragrance in terms of released amount per 

weight of latex in time. For each sample, release was studied at 25, 31, 35, and 39 °C, 

gradually approaching the Tm = 44 °C of poly(stearyl acrylate), the main polymer 

component in the latex network. Release profiles were compared for the particles prepared 

from 100 (Figure 7.9 A,D), 85 (Figures 7.9 B, E), and 70 wt. % (Figures 7.9 C, F) of stearyl 

acrylate mixed in a monomer feed, respectively, with 0, 15, and 30 wt. % of DGAC in 33 

(Figures 7.9 A–C) or 50 wt. % (Figures 7.9 D–F) of fragrance. 
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Figure 7.9. Release of fragrances from latex particles depending on copolymer 
composition, temperature, and fragrance loading (two numbers on each plot provide the 
amount of fragrance released after 6 and 48 h of the experiment). 

 

Some general conclusions can be drawn from the obtained data. The encapsulation 

into the latex particles protects the fragrance with respect to release at 25 °C. At this 

temperature, most of the encapsulated material remains inside the particles (Figure 7.9 – 

the fragrance release is about 10 mg/g regardless of copolymer composition), preventing 

rapid volatilization and loss of cargo. Within the same period of time, a considerable amount 

of cargo was lost at 25 °C if the fragrance was emulsified (admixed) by an SDS aqueous 

solution (Figure 7.10 A – the fragrance release is about 50 mg/g). 
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Figure 7.10. The release of fragrance from an SDS aqueous emulsion (A) and total 
fragrance release from latex nanoparticles after 48 h (B) (two numbers on plot A provide 

the amount of fragrance released after 6 and 48 h of the experiment). 
 
The amount of released fragrance increases over time for all samples when the latex 

particles are subjected to heating. The total amount of the released material grows when 

the temperature increases. Interestingly, the total release was similar for all samples with 

the same fragrance loading after 48 h of heating (Figure 7.10 B – about 200 mg/g for 33 

wt. % of fragrance and about 350 mg/g for 50 wt. % of fragrance). However, all samples 

have one general feature, namely that their release plots display two clearly distinguishable 

slopes (Figure 7.9). The first slope corresponds to a rapid increase of the released amount 

over 6 h (the “fast” period), and the second one indicates a subsequent decrease of release 

rate (the “prolonged” period). Hence, it is evident that the cross-linked latex particles are 

able to facilitate controlled release of the fragrance. Currently, direct admixing of fragrances 

(in particular, in the presence of surfactants) in product formulation is a main strategy used 

to introduce odors to consumer products [5]. As evidenced by Figure 7.10 A, a large fraction 

of cargo is released within a few hours in the case of SDS formulation; thus, sustained 

release is hardly possible. 

As can be seen from Figure 7.9 A and D, the released amount during the period of 

“fast” release from particles from PSA homopolymer does not depend on the amount of 
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loaded fragrance. However, this factor becomes essential when fragments of the PSA in 

network are partially replaced by amorphous DGAC (Figure 7.9 B and E). As expected, the 

presence of short side chain fragments enhances “fast” release both at the same and 

increased temperatures. This observation is in agreement with DSC data indicating that 

enhanced release can be explained by decreased polymer network crystallinity due to the 

formation of amorphous domains of DGAC (Figure 7.8, Table 7.1). 

Contrariwise, the second slope (“prolonged” release) is noticeably determined by 

fragrance loading and does not depend on polymer composition (Figure 7.9, A–C compared 

to D–F). Interestingly, the latex particles from the copolymer containing 30 wt. % of 

amorphous DGAC release the cargo slower than the particles from the copolymer containing 

15 wt. % of DGAC (Figure 7.9 C and F). The total release from such particles decreases as 

well if compared to the particles from 15 wt. % DGAC (Figure 7.10 B). 

We attribute this finding to the fact that fragrance molecules might have stronger 

physical interactions with DGAC domains in the polymer network. When the temperature 

increases and crystalline-to-amorphous transition occurs, the release of cargo from DGAC 

domains is delayed due to these interactions. Either higher temperature or longer heating 

time was needed to release fragrance localized in amorphous domains, causing changes in 

the release profiles that were observed in Figure 7.9 C and F in comparison to Figure 7.9 B 

and E. 

7.5. Conclusion 

New thermoresponsive polymer latex particles for fragrance encapsulation were 

synthesized and characterized, including the performance of particles in triggered release by 

elevated temperature. Poly(stearyl acrylate), a polymer with long crystallizable alkyl side 

chains (undergoes order-disorder transitions at 45 °C), was chosen as the main component 

of the particles’ polymer network. To obtain network domains of various crystallinity, stearyl 

acrylate was copolymerized with propylene glycol acrylate caprylate (comonomer) in the 
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presence of di-propylene glycol di-acrylate sebacate (a cross-linker) using the miniemulsion 

process. Comonomers and cross-linkers were mixed directly in fragrances (oil phase) prior 

to polymerization. The fragrance release was evaluated at 25, 31, 35, and 39 °C to 

demonstrate new polymer material potential in personal/health care skin-related 

applications. Particles retain the fragrance at 25 °C. Fragrance release gradually increases 

at 31, 35, and 39 °C. The crystalline-to-amorphous transition of PSA triggers the release of 

fragrances from the cross-linked latex particles by increasing their temperature. The 

inclusion of amorphous fragments in the network reduces the particles’ crystallinity and 

affects fragrance release. The release profile can be tuned by temperature and controlled by 

the amount of loaded fragrance and the ratio of comonomers in the feed mixture.  

Application of biobased latex carriers for fragrance encapsulation potentially reduces 

environmental impact of the whole cosmetic product composition by providing possible 

biodegradability. 
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CHAPTER 8. SYNTHESIS AND FREE RADICAL 

COPOLYMERIZATION OF A VINYL MONOMER FROM 

SOYBEAN OIL4 

8.1. Abstract 

A one-step method that converts soybean oil into (acryloylamino)ethyl soyate, a 

novel acrylic monomer for free radical polymerization, was developed. The synthesized 

monomer uniquely combines vinyl double bonds (acryloyl functional group) and non-

conjugated (isolated) double bonds of fatty acids. The double bond of the acryloyl group is 

reactive in radical chain polymerization yielding linear macromolecules containing isolated 

double bonds in side chains. The Q-e parameters of the new soybean oil-based acrylic 

monomer (SBA) and monomers reactivity ratios (r1, r2) in SBA copolymerization with 

styrene, methyl methacrylate and vinyl acetate were determined. The results indicate that 

copolymerization can be described with the classical Mayo-Lewis equation. In terms of 

polymerizability, the SBA can be classified as a conventional vinyl monomer. The isolated 

double bonds remain unaffected during polymerization. These double bonds in side chains 

are capable of further oxidative cross-linking and developing cross-linked polymer coatings. 

8.2. Introduction 

The design of biobased polymers from renewable resources, including vegetable or 

plant oils, represents an interesting platform to partially substitute petroleum-based 

polymers and provide new materials with industrially viable properties and a positive 

environmental impact [1, 2]. On a cost-performance basis, some of the biobased polymeric 

4Based on manuscript published in ACS Sustainable Chem. Eng., 2015, web. 

The material in this chapter was co-authored by Andriy Popadyuk, Ihor Tarnavchyk 
Nadiya Popadyuk  and Andriy Voronov. Andriy Popadyuk had primary responsibility for 
synthetic work, analytical measurements and data interpretation. Andriy Popadyuk was 
the primary developer of the conclusions that are advanced here. Andriy Popadyuk also 
drafted and revised all versions of this chapter. 
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materials can even surpass existing petroleum-based polymers in various possible 

applications [3, 4]. New biobased macromolecules that compete with existing petroleum-

based commodity polymers can be accessed at relatively low cost, which makes plant oils a  

reliable starting resource (Scheme 8.1 A) [5]. Due to the abundant availability of vegetable 

oils, they recently became the most important renewable feedstock in the chemical 

industry, in particular in the production of biobased polymers [6, 10].  

The most common renewable resources for synthesizing vegetable oil-based 

polymers are soybean, linseed, castor and corn oils. Soybean oil (Scheme 8.1 B) is the most 

abundant and cheap renewable starting material available in large quantities [1]. 

 

Scheme 8.1. Chemical composition of vegetable oil (A), where R1, R2 and R3 are fatty acid 
chains. Composition of R1, R2 and R3 in soybean oil (B). 

 
Despite recent progress in the development of renewable polymers, only a small 

portion (<5%) of biobased polymeric materials are used in the commercial market (largely 

due to their high cost and mediocre performance), which has motivated thinking about how 

to prepare low-cost and high-volume polymers from vegetable oils whose properties and 

performance match those of commodity materials in use, or provide additional benefits [5]. 

Among polymers from vegetable oils, free radical oxidation polymerization of double bonds 

of unsaturated triglycerides in atmospheric conditions is the mostly commonly exploited 

mechanism in coating applications [11, 13]. At the same time, the development of 

waterborne polymeric materials (emulsions, dispersions, latexes) from vegetable oils 

remains one of most challenging tasks because of the highly hydrophobic nature of oil [7]. 

In fact, converting plant oil triglycerides into acrylic monomers for synthesizing latexes, 

adhesives, etc., via classic chain radical copolymerization is challenging. Currently, the 
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production of fatty acrylates utilizes multistep synthetic procedures [14, 16]. In particular, 

the production of a fatty monomer, stearyl acrylate, includes the following stages: 

saponification, neutralization, reduction, acylation and other procedures, thus significantly 

increasing the monomer cost [17]. Presented approach utilizes one-step transesterification 

reaction, leading to reduced cost of final monomer. 

8.2. Materials and Methods 

8.2.1. Materials 

Soybean oil (Crisco®, The J.M. Smucker Company, Orville, OH) and N-

(hydroxyethyl)acrylamide (HEAAm; TCI America, Portland, OR) were used as received. 

Azobisisobutyronitrile (AIBN; Sigma–Aldrich, St. Louis, MO) was purified with 

recrystallization from methanol. Styrene (St; Sigma–Aldrich, St. Louis, MO), methyl 

methacrylate (MMA) and vinyl acetate (Vac; TCI America, Portland, OR) monomers were 

distilled under vacuum to remove the inhibitor and stored in a refrigerator. Toluene (Sigma–

Aldrich, St. Louis, MO) was distilled prior to use. Other solvents and chemicals, analytical 

grade or better, were used as received. Deionized water was used for purification purposes 

(MilliQ, 18 M). 

8.2.2. Methods 

8.2.2.1. Soy-based Acrylic Monomer (SBA) Synthesis and Characterization 

About 115 g of N-hydroxyethyl-acrylamide was added to 150 g of soybean oil, 150 

ml of tetrahydrofuran and 0.1 g of 2,6-dimethylphenol in a two-neck 500 ml round-bottom 

flask equipped with a mechanical stirrer. The reaction mixture was heated up to 40 °C in the 

presence of a catalytic amount of ground sodium hydroxide slowly added to the reaction 

mixture with continuous stirring. The reaction mixture was stirred at 40 °C until complete 

homogenization (approx. 3 hours), and allowed to remain overnight at room temperature. 

The synthesized product was diluted with CH2Cl2, purified by washing with brine, treated 

with magnesium sulfate and dried under vacuum.   
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To confirm the chemical structure of the SBA monomer, (acryloylamino)ethyl soyate, 

1H NMR spectra were recorded on an AVANCE III HDTM 400 high-performance digital NMR 

spectrometer (Bruker, Billerica, MA) using CDCl3 as a solvent. The ESI high-resolution mass 

spectrum of the SBA was obtained using a Bruker Daltonics BioTOF mass spectrometer.   

8.2.2.2. Description of FT-IR spectrum of (acryloylamino)ethyl soyate 

Figure 8.1 shows the FTIR spectrum of (acryloylamino)ethyl soyate. The appearance 

of the strong NH adsorption band at 3200-3400 cm-1, the carbonyl (amide I) band at 1670 

and the NH (amide II) band at 1540 cm-1 indicates the attachment of the acrylamide species 

to the fatty fragment. The presence of the strong ester bands at 1740, 1245 and 1180 cm-1 

confirm the ester nature of the synthesized monomer. 

 

Figure 8.1. FT-IR spectrum of (acryloylamino)ethyl soyate. 

 
FT-IR (film): 3400-3200 cm-1 (N-H), 3010 (=CH, CH2, alkene), 2870-2930 (CH2, 

alkane), 1740 (C=O, ester), 1670 (C=O, amide I), 1630 (C=C, vinyl), 1540 (N-H, amide 

II), 1245 (C-C(O)-O, ester), 1180 (C(O)-O-C, ester). 
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8.2.2.3. Description of 1H-NMR spectrum of (acryloylamino)ethyl soyate. 

Figure 8.2 shows the 1H-NMR spectrum of (acryloylamino)ethyl soyate. The structure 

of the synthesized monomer is confirmed by the presence of the characteristic peaks of the 

protons of the acrylic double bond at 6-6.6 ppm, the peaks of the protons of the ethylene 

linkage between the amide and ester groups at 3.6 and 4.20 ppm, and signals from the 

fatty acid chains (0.8 to 2.8 ppm).  

 

Figure 8.2. 1H NMR spectrum (A) and mass spectrum (B) of SBA. 
 
1H NMR (CDCl3, 400 MHz): δ 0.87 t (3H, CH3); 1.26 (16-18H, (CH2)3-9); 1.61 (2H, 

C(O)-CH2-CH2); 2.10 (3-4H, CH2-CH2-CH=); 2.33 dt (2H, C(O)-CH2-CH2); 2.77 (2H, =CH-

CH2-CH=); 3.6 (2H, NH-CH2); 4.2 (2H, CH2-O-); 5.35 (2-3H, CH=CH); 5.66 (1H, CH2=CH-

C(O)); 6.12 (1H, HCH=CH-C(O)); 6.3 (1H, HCH=CH-C(O)). 

8.2.2.4. SBA free radical polymerization  

SBA (0.5 M) and AIBN (0.024 M) were dissolved in toluene and stirred. The reaction 

mixture was purged with argon at room temperature for 30 min and heated to 60 °C under 

an argon blanket until 8 h (total monomer conversion of 65 ÷ 85%). The resulting 

homopolymer was precipitated using a large excess of hexane and purified with multiple 

precipitations. The purified polymer was dried under reduced pressure at room temperature 

until a constant weight was obtained. 
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8.2.2.5. Free radical copolymerization of SBA with St/MMA/Vac 

SBA (0.1 ÷ 0.9 mole part), vinyl monomer (St, MMA or Vac) (0.9 ÷ 0.1 mole part) 

and AIBN (0.024 M) were dissolved in toluene and stirred. The total concentration of 

monomers was 1-2 M. The reaction mixture was purged with argon at room temperature for 

30 min. Copolymerization was carried out under an argon blanket at 60 °C for 2 h until a 

total monomer conversion of 10 ÷ 15 % was reached. Small samples of the reaction 

mixture were taken to monitor the progress of the copolymerization reaction using a 

gravimetric method after precipitation of the copolymer. The resulting copolymer was 

isolated with precipitation in methanol or hexane and purified with multiple precipitations. 

The purified polymer was dried under reduced pressure at room temperature until a 

constant weight was obtained. The resulting copolymers containing 20-80 wt. % of soy-

based acrylic units are soluble in acetone, toluene and tetrahydrofuran and non-soluble in 

methanol and water. The average molecular weight of the copolymers was determined with 

gel permeation chromatography (Mn = 28,000–37,000 g/mol).  

8.2.2.6. SBA-based copolymer characterization 

To determine the composition of the SBA-St, SBA-MMA and SBA-Vac copolymers, 1H 

NMR spectra for the homo- and copolymers were recorded on an AVANCE III HDTM 400 

high-performance digital NMR spectrometer (Bruker, Billerica, MA) using CDCl3 as a solvent 

and phthalic anhydride as an internal reference.  

The average molecular weight of the copolymers was determined with gel 

permeation chromatography (GPC) using a Waters Corporation modular chromatograph 

consisting of a Waters 515 HPLC pump, a Waters 2410 Refractive Index Detector and a set 

of two 10 µm PL-gel mixed-B columns; the column temperature was set at 40 °C. 

Tetrahydrofuran (THF) was used as the carrier solvent. 
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Figure 8.3 shows the chemical structure of the copolymers synthesized from the SBA 

and three commodity vinyl monomers, methyl methacrylate (MMA), styrene (St), vinyl 

acetate (Vac).  

 

Figure 8.3. Chemical structure of the copolymers from the soy-based acrylic monomer and 
styrene (SBA-St) (A), methyl methacrylate (SBA-MMA) (B), vinyl acetate (SBA-Vac) (C) (R - 
fatty acid chains of soybean oil). 

 
The glass transition temperature of the SBA homopolymer as well as the SBA-MMA 

copolymers was determined via modulated differential scanning calorimetry (MDSC) using a 

TA Instruments Q1000 calorimeter. Dry nitrogen with a flow rate of 50 mL/min was purged 

through the sample. The samples were subjected to an underlying heating rate of 10 

°C/min.  

8.3. Results and Discussion 

In this study, we developed a one-step approach for converting soybean oil into 

acrylic/methacrylic fatty monomers by reacting naturally occurring triglycerides with 

acrylamide- or methacrylamide-containing alcohols. The direct transesterification reaction 

allows for the acylation of the hydroxy groups in N-(hydroxyethyl)acrylamide molecules with 

the acyl groups of triglyceride molecules (Scheme 8.2). It is assumed that the conjugated 

double bond of the acrylamide functional group is reactive in addition radical chain 

polymerization and linear macromolecules form from the new (meth)acrylic fatty 

monomers. 
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Scheme 8.2. Synthesis of soy-based acrylic monomer (SBA) via direct transesterification 
reaction triglycerides of soybean oil with N-(hydroxyethyl)acrylamide. 

 

At the same time, their non-conjugated double bonds remain unaffected during free 

radical polymerization, resulting in (co)polymers with unsaturated fatty side fragments. 

These fragments facilitate (co)polymer oxidative cross-linking, thus enhancing the 

material’s properties and performance and broadening the potential application of the 

synthesized macromolecules for developing cross-linked polymer coatings.  

To yield the (acryloylamino)ethyl soyate monomer, crude soybean oil was reacted in 

one step with N-(hydroxyethyl)acrylamide in the presence of a catalytic amount of sodium 

hydroxide. Among various solvents, tetrahydrofuran is a suitable reaction medium for high-

yield synthesis of the targeted SBA monomer, which depends on the initial concentration of 

the reactants and the ratio of catalyst (NaOH) to reactants.   

The anticipated chemical structure of the synthesized monomer was confirmed using 

FT-IR spectroscopy (Figure 8.1), 1H NMR spectroscopy (Figure 8.2 A) and mass-

spectrometry (Figure 8.2 B). The recorded spectra show that the (acryloylamino)ethyl 

soyate molecules contain an N-acryloyl fragment that provides monomer reactivity in chain 

radical polymerization. 

To establish the monomer capability in free radical reactions, first 

homopolymerization was carried out in toluene at 60 °C, an initial monomer concentration 

of 0.5 M, and a concentration of free radical initiator, AIBN, 0.024 M.  

Figure 8.4 shows the 1H NMR spectrum that confirms the formation of the 

homopolymer from the SBA monomer. The spectrum indicates that polymer backbone is 

formed through the polymerization of SBA acrylic fragments while the isolated double bonds 

of the soy-based monomer remain unaffected during the reaction. Reactive in oxidative 
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polymerization [18, 19], these fragments can be further involved in the free radical 

processes of the SBA-based macromolecules, in particular the (ambient) cross-linking and 

formation of the cross-linked polymers. The latter observation distinguishes the SBA 

monomer from existing vegetable oil-based monomers that do not possess conjugated 

double bonds (polymerizable in chain radical polymerization) and undergo exclusively free 

radical oxidation reactions (through isolated double bonds).  

 

 

Figure 8.4. 1H NMR spectrum of the SBA homopolymer. 

 

The further focus of this study is to evaluate the reactivity of the SBA acrylic double 

bond and monomer feasibility in free radical copolymerization. To evaluate monomer 

reactivity, one should either experimentally determine the r1 and r2, reactivity ratios of the 

monomer pair, showing the tendency of each comonomer to cross-propagation (interaction 

between the free radical and the “other” monomer) regarding self-propagation (the 

interaction of the radical and the “own” monomer), or foresee the copolymerization behavior 

of each monomer using the Alfrey-Price Q-e scheme [20]. If the Q-e values are available for 
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each monomer in copolymerization, the Alfrey-Price scheme becomes a useful tool for 

accessing the potential copolymer composition in a controllable way.  

In this work, we performed experiments in order to determine the Q-e values for a 

new soy-based acrylic monomer. For this purpose, in copolymerization of the SBA and 

styrene (St), the r1 and r2 were determined experimentally by measuring an instantaneous 

copolymer composition (with 1H NMR spectroscopy at low monomer conversions) (Figure 

8.5) and employing the Kelen-Tudos approach (a differential form of the Mayo-Lewis 

copolymerization equation) (Equation 8.1) [20-22].  

 

Figure 8.5. Experimental SBA content in the SBA-St copolymer vs. SBA content in the 
initial feed mixture.  

 

𝑦𝑖 = 𝑟1 𝑥𝑖 −
𝑟2

𝑎
(1 − 𝑥𝑖) 

 (8.1) 

𝑎 = √(𝐹𝑖
2 𝑓⁄ )𝑚𝑖𝑛(𝐹𝑖

2 𝑓⁄ )𝑚𝑎𝑥;   𝑥𝑖 =
𝐹𝑖

2 𝑓𝑖⁄

𝑎 + 𝐹𝑖
2 𝑓𝑖⁄

;   𝑦𝑖 =
𝐹𝑖(𝑓𝑖 − 1)

𝑓𝑖(𝑎 + 𝐹𝑖
2 𝑓𝑖⁄ )
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where Fi is the mole fraction of the monomer in a feed mixture, and fi is the monomer 

fraction in the copolymer. 

Experimental data of feed composition 𝐹𝑖 = [𝑀1]𝑖/[𝑀2]𝑖 and copolymer composition                                   

𝑓𝑖 = [𝑚1]𝑖/[𝑚2]𝑖, 𝑦𝑖 values were calculated and plotted vs. 𝑥𝑖 values [21].  [𝑀1], [𝑀2] are each 

monomer concentration in a feed, and [𝑚1], [𝑚2] are each monomer content in a copolymer.  

According to the Kelen-Tudos approach, linear approximation of the resulting plot 

yields the reactivity ratios r1 and r2 as follows: {𝑥 = 1, 𝑟1 = 𝑦} and {𝑥 = 0, 𝑟2 = −𝑎𝑦}. 

Experimental data on r1 and r2 for SBA and St are shown in Table 8.1. 

Table 8.1. Monomer reactivity ratios and Q-e values for copolymerization of SBA and MMA, 
St, Vac. 

Comonomer pair r1 r2 

SBA (Q = 0.39, e = 0.58) –  

MMA (Q = 0.78, e = 0.4)20 
0.45 ± 0.1 2.15 ± 0.4 

SBA - Vac (Q = 0.026, e = -0.22)20 9.43 ± 0.7 0.06 ± 0.01 

SBA - St (Q = 1, e = -0.8)20 0.18 ± 0.06 0.85 ± 0.2 

 

Having the experimental r1 and r2 for SBA and St, as well as literature data on 

styrene Q-e values (Q = 1 and e = -0.8) [20], the Alfrey-Price scheme (Equation 8.2) was 

applied to calculate the Q-e of the SBA monomer. This calculation yields Q = 0.39 and e = 

0.58.  

 

𝑟2 =
𝑄2

𝑄1

exp{−𝑒2(𝑒2 − 𝑒1)} ;   𝑟1 =
𝑄1

𝑄2

exp {−𝑒1(𝑒1 − 𝑒2)} (8.2) 
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To demonstrate that the Q-e values of SBA can be applied to control copolymer 

composition, an additional studies on copolymerization of the soy-based acrylic monomer 

with methyl methacrylate (MMA) and vinyl acetate (Vac) were performed.   

The chemical composition of each resulting SBA-MMA and SBA-Vac copolymer (ten 

for each monomer pair) was determined experimentally using 1H NMR spectroscopy, and 

compared to the theoretical copolymer compositions. The theoretical compositions were 

assessed using the Alfrey-Price scheme (Equation 8.2) and the Q-e values for MMA, Vac 

(from the literature data for both), and SBA (from our experiments, Table 8.1) to determine 

r1 and r2 for the SBA-MMA and SBA-Vac monomer pairs. In the next step, these r1 and r2 

were applied to calculate each theoretical copolymer composition using the Mayo-Lewis 

copolymerization equation (Equation 8.3).   

[𝑚1]

[𝑚2]
=

[𝑀1]

[𝑀2]
∙

𝑟1[𝑀1] + [𝑀2]

𝑟2[𝑀2] + [𝑀1]
 (8.3) 

     It can be clearly seen in Figure 8.6 that the experimental and calculated plots are 

in a good agreement, indicating that copolymerization of SBA with Vac (Figure 8.6 A) and 

MMA (Figure 8.6 B) can be described with the classical Mayo-Lewis copolymerization 

equation. Additionally, the Q-e values of the new monomer provide reliable information on 

SBA reactivity in free radical copolymerization. 

 

Figure 8.6. Experimental SBA content in SBA-Vac (A) and SBA-MMA (B) copolymers vs. 

SBA content in the initial feed monomer mixture.  
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The SBA-based copolymer composition in the fraction of the soybean oil-derived 

units in the resulting macromolecules can vary within a broad range and in a controlled way 

by the monomer feed mixture in copolymerization of SBA with three commodity vinyl 

monomers, styrene, methyl methacrylate and vinyl acetate.  

For most free radical copolymerizations, the product r1 • r2 may be used with 

discretion for estimating the extent of copolymer randomness [20, 22, 23]. Based on r1 and 

r2 shown in Table 8.1, their product equals 0.96 for SBA and MMA, 0.15 (SBA and St), and 

0.56 (SBA and Vac). The obtained data indicate that there is a tendency toward alternation 

of fragments in the macromolecular backbone of copolymer from SBA and St (the r1 • r2 

value approaches zero). In contrast, the copolymerization of SBA and MMA results in 

random copolymers (r1 and r2 product approaches 1). 

To show that the fraction of the soybean oil-derived units in the resulting 

macromolecules affects the copolymers’ properties, the glass transition temperature (Tg) of 

the SBA-MMA copolymers with varied composition was determined using differential 

scanning calorimetry (DSC).  

The Tg is an important polymer characteristic indicating when the material softens 

and becomes rubberlike, thus giving direct information about the required polymers’ 

processing conditions and possible various applications. The DSC data (Figure 8.7) indicate 

that the increasing fraction of the soybean oil-derived fragments in synthesized 

macromolecules results in decreasing Tg of the copolymers.    
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Figure 8.7. Glass transition temperature (Tg) of SBA-MMA copolymers vs. soybean oil-
derived fragment content in the macromolecular backbone determined with DSC.   

 
To conclude, the free radical copolymerization of (acryloylamino)ethyl soyate, a 

biobased acrylic monomer, and commodity monomers can become an important and useful 

tool in designing new polymeric materials. 

8.4. Conclusions 

In this work, we demonstrated that in terms of polymerizability, the new monomer 

behaves as a conventional vinyl monomer. The SBA-based copolymer composition can be 

varied by the monomers ratio in a feed mixture using the classical Mayo-Lewis 

copolymerization equation. The physico-chemical properties of such biobased copolymers, 

including the glass transition temperature, solubility, adhesion, elasticity, chemical 

reactivity, etc., can vary within wide limits. The SBA monomer could advantageously replace 

petroleum-based monomers in the production of, in particular, polymer latexes, adhesives 

and other industrial materials that utilize acrylic monomers and polymers. 
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CHAPTER 9. CONCLUSIONS AND FUTURE WORK 

9.1. Conclusions 

Main goal of this work was to develop novel polymer materials with lower 

environmental impact, including new biobased materials with properties and performance 

not sacrificed by presence of renewable content. Synthesis, characterization and feasibility 

of industrial applications in waterborne systems for such materials are demonstrated. 

Chapters 3 and 4 showcase development and application of new copolymer, PM-MA, 

which combines features of both initiator and surfactant (the inisurf), to be applied in 

conventional emulsion polymerization. PM-MA was synthesized on the basis of N-[(tert-

butylperoxy)methyl]acrylamide monomer, previously developed in our group, and maleic 

anhydride. It was shown that PM-MA can perform as both surfactant (reduce surface 

tension, form micelles, solubilize water-insoluble molecules) and initiator of free radical 

polymerization (decompose at elevated temperature yielding radicals). PM-MA was 

successfully applied as an inisurf in emulsion polymerization – leading to formation of 

surface functionalized (peroxidized) polymer latexes. Unlike traditional surfactants, inisurf is 

covalently grafted onto the latex particle’s surface. Extent of in-situ surface functionalization 

was explored, showing an ability to finely-tune amount of peroxide and carboxyl functional 

groups on the surface.  

Chapter 3 focuses on application of PM-MA functionalized polymer latexes as reactive 

additives for coatings based on conventional acrylate and styrene-butadiene latexes. It was 

shown that monodisperse latex particles with a controlled amount of peroxide groups on the 

surface can be used simultaneously as cross-linker and filler, in latex coatings, effectively 

improving mechanical properties of the coatings.  

Chapter 4 describes a new way of colloidosomes fabrication using functionalized 

polymer latexes. Discussion is mainly focused on Pickering emulsion formation aspect. 

Pickering emulsions use PM-MA functionalized latex particles as an exclusive surface active 
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ingredient to form micron-sized ‘soft template’ droplets that are further polymerized into 

colloidosomes. 

As a conclusion to work presented in Chapters 3 and 4 it can be summarized that 

application of PM-MA inisurfs might not only lead to new waterborne polymer materials, but 

also allows to reduce number of chemicals used in polymer latex production. Usage of PM-

MA functionalized latexes can improve properties of current industrial latex materials, 

opening new possibilities to reduce polymer material environmental impact. 

Chapters 5 and 6 are devoted to synthesis, characterization and application of soy-

based polymeric surfactants (SBPS) – copolymers of 2-(vinyloxy)ethyl soyate and ethylene 

glycol ethyl vinyl ether oligomers. Specifically, Chapter 5 describes development of novel 

environmentally friendly and efficient SBPS for personal-care applications and showcases 

colloidal properties of SBPS macromolecules - as related to their composition. Notable 

conclusion drawn from this chapter includes importance of maintaining hydrophilic-lipophilic 

balance within certain range for SBPS by tailoring chemical structure of ethylene glycol ethyl 

vinyl ether oligomer and ratio of comonomers in copolymer structure. Evidence of 

synergetic surface activity in combination with lower molecular weight surfactants (in 

particular, sodium dodecyl sulfate, SDS) is presented. Solubilization study, where mixture of 

SDS with SBPS are used, shows higher solubilization abilities of surfactant mixtures than for 

respective components.  

Chapter 6 develops idea of synergy between SDS and SBPS in aqueous solutions. 

Model SBPS-based hair shampoos are selected as a platform for study and their 

performance in terms of cleaning efficiency, foaming, conditioning, visual appearance and 

physicochemical properties was studied. It is shown, that use of environmentally friendly 

SBPS allows to reduce SDS content of shampoo without sacrificing performance of the 

formulation. Moreover, SBPS introduces additional desirable property to the shampoo 

formulations – conditioning, providing protection for hair shafts from protein loss. SBPS 
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application in shampoo formulations leads to less toxic product and a opens great niche for 

renewable polymer material applications. 

Chapter 7 describes research focused on development of thermoresponsive cross-

linked latex particles for fragrance encapsulation and release. The main component of the 

particle network is a biobased polymer – poly(stearyl acrylate) (PSA), a polymer with long 

crystallizable alkyl side chains. PSA macromolecules undergo reversible order-disorder 

transitions at 45 °C associated with interactions between the alkyl side chains. Our objective 

was to synthesize the particles protecting the encapsulated fragrance at ambient 

temperatures, and to facilitate the release of cargo at the temperature of the surface of the 

skin, which varies in different regions of the body between 33.5 and 36.9 °C. In order to be 

able to control melting temperature of carrier latex particles, additional monomer and cross-

linker were developed in this work and copolymerized with PSA to form cross-linked matrix 

of latex particles. For this, monomers based on caprylic (dipropylene glycol acrylate 

caprylate) and sebacic (dipropylene glycol diacrylate sebacate) acids were synthesized. As a 

result, importance of side-chain crystallinity as a triggering mechanism for 

thermoresponsive fragrance release from carriers was shown. Additionally, effect of 

interaction between cargo fragrance and different monomer units in structure of matrix is 

presented. The work concludes that efficient fragrance carriers with thermal trigger release 

mechanism can be developed on entirely renewable basis, signifying vast improvement in 

reduction of polymer material environmental impact while fabricating high-performance 

materials. 

Research work presented in Chapter 8 targets development of one-step approach for 

converting soybean oil into acrylic/methacrylic fatty monomers for free radical 

polymerization by reacting naturally occurring triglycerides with acrylamide- or 

methacrylamide-containing alcohols. Presently, new renewable monomer obtained via the 

direct transesterification reaction of N-(hydroxyethyl)acrylamide molecules with soybean oil 
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triglycerides is disclosed. Synthetic procedure, characterization and application possibilities 

are presented in details. It is shown, that new monomer (SBA) can be effectively 

copolymerized with other common vinyl monomers via free radical copolymerization to yield 

linear macromolecules. Moreover, the obtained results point to ability of controlling such 

copolymer composition by employing Q-e monomer reactivity scheme. This is demonstrated 

on the examples of copolymerization of SBA with methyl methacrylate, vinyl acetate and 

styrene. In fact, as experimental results suggest, SBA proves to be promising as a 

comonomer for various latex technologies, such as adhesives, paints and coatings, inks etc. 

SBA brings several invaluable properties into copolymer macromolecules, including high 

hydrophobicity, fatty acid unsaturations and long side-chain morphology in conjunction with 

linear backbone. Yet again, development and application of SBA opens vast array of 

possibilities in reducing polymer material environmental impact – starting from 

sustainability and ending with reduced volatile organic content waterborne polymers. 

9.2. Future work 

The future work in view of currently presented research would include several 

research efforts.  

From perspective of Chapter 3, future research would focus mainly on further 

investigating improvement of coatings via addition of PM-MA functionalized latexes. 

Specifically, look into Red-Ox systems to facilitate peroxide decomposition at lower 

temperatures for ambient cross-linking.  

As continuation of Chapter 4, colloidosomes synthesis could be modified to utilize 

plant oil-based monomers for fabrication of renewable carrier systems for agricultural 

application. 

Additional optimization and manufacturing scale-up studies for SBPS copolymers 

from Chapters 5 and 6 would be carried out. SBPS copolymers presented in this work were 

synthesized on the basis of custom-made PEG derivatives, however some similar PEG 
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derivatives are commercially available and it would be appealing if SBPS would be 

synthesized using them. It was shown in Chapter 5 that surface activity of SBPS depends on 

balance between content/type of PEG derivative in SBPS macromolecule. Consequently, 

changing type of PEG derivative could lead to optimization of SBPS structure for better 

performance. 

As for Chapter 7 – there is still some uncertainty as to the initial evaporation kinetics 

of fragrance from carrier latex. One of the possible additions to experimental studies would 

include headspace evaporation technique and application of gas chromatography to analyze 

composition of vapors. This will not only allow us to better optimize carrier matrix 

composition, but also gives insights on fragrance fractionation during evaporation stage as 

well as during storage. Another interesting aspect of this work is type and structure of 

cross-linking monomer – there exists additional possibility to control fragrance protection 

and evaporation rates by changing density of cross-links throughout matrix. 

Chapter 9 opens variety of possibilities for future work – both in terms of monomer 

development (using other acrylamide derivatives), monomer synthesis scale-up and 

monomer application in fabrication of waterborne polymer materials. SBA shows promising 

application opportunities in the field of polymer latexes for coatings and adhesive industries. 


