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Abstract and Key Words 

 

Due to the increased requirements of environmental protection, significant 

effort has been made to develop new “green” chemistry and engineering methods. Two 

effective approaches for “green” processes are: (1) to employ routes with fewer synthetic 

and separation steps, and (2) to replace volatile organic solvents with environmentally 

friendly solvents. 

Supercritical carbon dioxide (scCO2) has emerged as such a viable “green” 

alternative to organic solvents for several applications including extraction, 

polymerization, and nanotechnology, etc. In addition, it is an enabling solvent, allowing 

new types of chemistry and materials to be formed. In order to effectively utilize scCO2, 

it is required to study its effect on the relevant chemical process. This thesis focuses on 

the copolymerization of ethylene and vinyl acetate in scCO2, and the application of 

scCO2 in the synthesis of novel poly(vinyl acetate) (PVAc) and poly(ethylene-co-vinyl 

acetate) (PEVA) nanocomposites. 

Firstly, the kinetics of the process was investigated. The thermal decomposition 

of the free-radical initiator diethyl peroxydicarbonate (DEPDC) was monitored by in situ 

attenuate total reflection Fourier transform infrared spectroscopy (ATR-FTIR) in heptane, 

and in scCO2. The rate constant and activation energy of the thermal decomposition of 

DEPDC in scCO2 were determined, and a decomposition mechanism was proposed. 

Further, with a knowledge of the initiator kinetics, in situ ATR-FTIR was employed to 

monitor the initial formation of copolymers of ethylene and vinyl acetate during 



iv 

polymerization in scCO2. The reactivity ratios for the copolymerization of ethylene and 

vinyl acetate in scCO2 were determined using both the Kelen-Tudos and the non-linear 

least-squares methods.  

The potential of scCO2 was further examined to synthesize advanced and novel 

nanomaterials based on an understanding of the polymerization mechanism. A novel one-

step synthesis route was developed for making silica-PVAc nanocomposites in scCO2, 

where the parallel reactions of free radical polymerization, hydrolysis/condensation, and 

linkage of the nanoparticles to the polymer chains, were found to take place 

simultaneously. This provides a new process featuring significant energy-saving, waste-

reduction, and excellent distribution of nanoparticles in the polymer matrix. In addition, 

the incorporation of quantum dots (QDs) into a transparent polymer matrix was 

investigated to form light-selective nanofilms. Both CdS and CdS-ZnS core-shell QDs 

were synthesized, then functionalized with a methoxysilane group, and finally used to 

synthesize novel QD-PVAc and QD-PEVA nanocomposites in scCO2. The synthesized 

QD-PEVA nanofilms displayed significant absorption in the ultraviolet and violet regions 

of the electromagnetic spectrum, while providing a characteristic emission in the region 

from orange to red light. These materials have significant potential in green houses, and 

solar absorber films. 

 

 

Key Words: supercritical CO2, initiator, thermal decomposition, kinetics, mechanism, 

ATR-FTIR, reactivity ratios, ethylene, vinyl acetate, silica, nanocomposite, one-pot 

synthesis, light-selective, nanofilm, quantum dots. 
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1.1. Background 

A supercritical fluid is any substance at a temperature and pressure above its 

thermodynamic critical point. It has unique properties such as a liquid-like density (which 

allows for solvation of many compounds) and a gas-like diffusivity (which has important 

implications for reaction kinetics), and these properties are “tunable” by varying the 

pressure and/or temperature.1 Supercritical fluids are being examined as a substitute for 

organic solvents in several industrial and laboratory processes. Carbon dioxide is the 

most commonly used supercritical fluid due to its moderate critical constants (Tc=31.1oC, 

Pc=7.38MPa,2 as shown in Figure 1.1), and its non-flammable and non-toxic nature. Not 

only is CO2 naturally occurring and abundant, it is also generated in large quantities as a 

byproduct in ammonia, hydrogen, and ethanol plants and in electrical power generation 

stations that burn fossil fuels. Moreover, as an ambient gas, CO2 can be easily recycled 

after use as a solvent to avoid any contribution to greenhouse effects. In recent years, 

supercritical CO2 (scCO2) has been used in extraction, dry cleaning, nano and micro 

particle formation, and chemical reactions including polymerizations as a reaction 

medium.  
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Figure 1.1 Carbon dioxide pressure-temperature phase diagram.2 

 

1.1.1. Polymerizations in Supercritical Carbon Dioxide 

Polymerizations in supercritical carbon dioxide have been reviewed by 

DeSimone et al3 and Mukhopadhyay et al4. As a solvent in polymerizations, scCO2 has 

several advantages including excellent mass transfer and heat dissipation, small chain 

transfer constant, easy removal from the polymers, and facilitated removal of residual 

monomers. 

Several important issues should be emphasized when considering scCO2 as a 

potential polymerization solvent. Firstly, because CO2 is an ambient gas, the polymers 

can be easily isolated from the reaction media by depressurization, resulting in dry 

polymer products. This feature represents potential cost and energy savings by 

eliminating energy-intensive drying procedures.  
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Secondly, solubility plays a very important role in the synthesis of polymers in 

scCO2. The most important limitation of utilizing CO2 as an industrial solvent has been 

the extremely poor solubility of most non-fluorous, polar and amphiphilic materials in 

CO2. CO2 is a good solvent for most non-polar and some polar molecules of low molar 

mass5, but it is a poor solvent for most high molar mass polymers under mild conditions 

(<100oC, <35MPa). It was reported in the literature that amorphous fluoropolymers and 

silicones1, 6-8 showed good solubility in CO2 under mild conditions. In order to expand the 

applications of CO2, a large amount of work has been devoted to developing inexpensive 

hydrocarbon-based CO2-philes, among which two typical studies were conducted by 

Beckman et al9, 10 and Wallen et al11 who synthesized poly(ether-carbonate) (known as 

the Beckman surfactants) and peracetylated sugars (the Wallen Sugars), respectively. 

Systematic studies have shown that the solubility of polymers in CO2 can be affected by 

several factors including conformational flexibility, free volume, polymer-polymer 

interactions, and Lewis acid-base type interactions between CO2 and polymer molecules.9, 

12 The interaction between the carbonyl groups of an acetate functionality and CO2 is 

almost half as strong as the hydrogen bond interaction in a water dimmer by Ab initio 

calculations13. In addition, the cooperative C-H⋅⋅⋅O hydrogen bond between CO2 and 

carbonyl compounds with hydrogen atoms attached to the carbonyl carbon or the α–

carbon atom was found to enhance solubility of these materials in scCO2.14 By using 

Fourier transform infrared spectroscopy (FTIR), it was found that CO2 exhibited Lewis 

acid-base type interactions with electron-donating functional groups of polymer chains 

such as the carbonyl group of poly(methyl methacrylate) (PMMA).15 McHugh16 found 

that in copolymers of ethylene and methyl acrylate, increasing the methyl acrylate 
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content increased the copolymer solubility. The interaction of CO2 and the carbonyl 

groups leads to an enhanced local CO2 density around these functional groups.12, 17 While 

polyethylene is insoluble in CO2, even up to 270oC and 275MPa, perfluorinated ethylene-

propylene copolymer has greatly improved solubility under the same conditions.16 These 

solubility requirements dictate the types of polymerization techniques employed in 

polymer synthesis. Many polymerization reactions in scCO2 are conducted under 

heterogeneous processes due to the inherent insolubility of most polymers in scCO2. 

Thirdly, the fractionation of polymers is an important area affected by polymer 

solubility in scCO2. Careful and controlled lowering of the density of a polymer solution 

allows precipitation of the highest molecular weight polymer fraction.1 Krukonis18 

reported that CO2-soluble synthetic oils such as poly(dimethylsiloxane) (PDMS) could be 

fractionated with scCO2. 

Another important feature of scCO2 in polymerization is CO2-induced 

swelling19 and plasticization, which results in the lowering of the polymer’s glass 

transition temperature (Tg)20 and the depression of the polymer’s melting point21. Due to 

the increased free volume, the swelling and plasticization allow important effects such as 

the removal of residual monomer from the polymer, incorporation of additives, polymer 

processing, formation of foams, and the synthesis of polymer composites. 

Supercritical CO2 has been shown to be a promising solvent in both chain-

growth and step-growth polymerizations. Chain-growth routes such as free-radical 

polymerization of styrenics22-24, acrylates25, and methacrylates26, 27, cationic 

polymerization of isobutylene28, vinyl ethers29, and styrene, and transition metal-

catalyzed polymerization of norbornene30 and olefins31, and copolymerization of 
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epoxides and CO2
32 have been reported. Step-growth reactions in CO2 have produced 

polycarbonates33, polyamides34, 35, polyesters36, polypyrrole37, and silica gels38. 

The four most widely studied free-radical heterogeneous processes are 

precipitation, suspension, dispersion, and emulsion. In a precipitation polymerization, an 

initially homogeneous mixture of monomer, initiator, and solvent becomes heterogeneous 

during the reaction as insoluble polymer chains aggregate to form a separate polymer 

phase. Powder products typically result from precipitation polymerizations. Although 

many common vinyl monomers exhibit high solubility in CO2, most corresponding 

polymers exhibit exceedingly poor solubility in CO2. As a result, the majority of early 

studies in this area focused on precipitation polymerization. Okubo et al synthesized 

polydivinylbiphenyl39 and polyacrylonitrile40 by precipitation polymerization without any 

colloidal stabilizer in scCO2. They found that an increase in initiator concentration led to 

an increase in the conversion and the degree of coagulation, but a decrease in molecular 

weight. At acrylonitrile concentration of 20% w/v, micron-sized, relatively monodisperse 

polyacrylonitrile particles with clean and uneven surfaces were produced. 

In a suspension polymerization, neither the monomer nor the initiator is soluble 

in the continuous phase. The formed polymer is also insoluble in the continuous phase, 

which only acts as a dispersant and heat-dissipation agent during the polymerization. 

Bratton et al41 synthesized poly(L-lactide) in scCO2 by using the suspension 

polymerization technique.  

A dispersion polymerization begins as a homogeneous mixture because of the 

good solubility of both the monomer and the initiator in the continuous phase. Once the 

growing oligomeric radicals reach a critical molecular weight, the chains are no longer 
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soluble in the reaction medium and phase separation takes place. At this point, the surface 

active stabilizing molecule absorbs to or becomes chemically attached to the polymer 

colloid and prevents coagulation or agglomeration of the particles. Polymerization 

persists both in the continuous phase and in the growing polymer particles. The product 

from a dispersion polymerization exists as spherical particles, typically ranging in size 

from 100nm to 10μm. Due to the good solubility of many small organic molecules in 

CO2, dispersion polymerization constitutes an excellent heterogeneous method that has 

been developed for producing high molecular weight, CO2–insoluble, industrially 

important polymers.  

In contrast to dispersion polymerization, the reaction mixture in an emulsion 

polymerization is initially heterogeneous due to the low solubility of the monomer in the 

continuous phase. For a reaction to take advantage of the desirable Smith-Ewart kinetics, 

the monomer and initiator must be segregated with the initiator preferentially dissolved in 

the continuous phase and not in the monomer phase. The repulsive forces, which result 

from the surface charges, prevent the coagulation of the growing particles and lead to a 

stabilized colloid. The polymer which results from an emulsion polymerization exists as 

spherical particles typically smaller than 1μm in diameter. Due to the high solubility of 

most vinyl monomers in CO2, emulsion polymerization in CO2 probably will not be 

suitable for the majority of commercially important monomers. 

As the surfactant plays a key role in successful dispersion or emulsion 

polymerization, and traditional surfactants designed for emulsion and dispersion 

polymerizations in an aqueous or organic continuous phase are not applicable in CO2, 

specific surfactants are required for dispersion or emulsion polymerization in scCO2. In 



8 

general, an effective surfactant contains a CO2-philic group which is highly soluble in 

CO2 and an anchor group which is adsorbed to the surface of the polymer particles.42 In 

the case of different block surfactants, the anchor soluble balance (ASB) of the stabilizers 

is the crucial parameter affecting the efficacy of the stabilization and the kinetics of the 

polymerization process.27 Johnston et al43 reported that there existed significant effect of 

stabilizers on the particle formation stage in dispersion polymerization of methyl 

methacrylate in scCO2. In addition to the work and expense associated with designing 

and adding these surfactants or stabilizers, costly purification of the polymer synthesized 

from suspension, dispersion, or emulsion polymerization is often necessary for 

applications where clean polymer or polymer derivative is desired.44 

For step-growth polymerization in scCO2, there are two significant features that 

make melt-phase condensation reactions performed in scCO2 advantageous: easier 

processing and higher molecular weight materials. In order to obtain high molecular 

weight material, many condensation polymerizations are conducted in the melt phase in 

the absence of organic solvents, resulting in the high viscosity of the high molecular 

weight polymer. As CO2 is able to plasticize the polymer melt phase, it increases the free 

volume of the melt and lowers the melt viscosity. As a result, good processability can be 

achieved. On the other hand, condensation polymerizations are driven by the removal of 

the small molecule condensate. Since CO2 is capable of plasticizing the polymer and 

solubilizing the small molecule condensate, it can assist in the removal of the condensate 

from the reactor, resulting in better reaction kinetics. 

Another remarkable application of CO2 in step-growth polymerization is sol-

gel polymerization. The sol-gel process is important for producing amorphous, porous 
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silica and polysilsesquioxane gels.45 Shrinkage and cracking during the drying of 

monolithic sol-gels have limited their commercial applications. A promising processing 

route to avoid shrinkage and cracking is the avoidance of capillary forces associated with 

air-drying by drying above the critical temperature and critical pressure of the solvent,46, 

47 resulting in aerogels that retain more of the original volume of the wet gel. As CO2 is a 

non-polar medium, sol-gel polymerization in scCO2 cannot use standard formulations due 

to the large quantities of water needed for hydrolysis and condensation of the 

alkoxysilane monomers. The low miscibility of water and CO2 was avoided by using the 

“water-free” sol-gel polymerization technique.48 Alkoxysilanes react with anhydrous 

formic acid to give silanols that condense to give siloxane bonds necessary for creating a 

network polymer that will form a gel.45 The alcohol produced is converted to the formate 

ester (Scheme 1.1). Supercritical CO2 and formic acid are completely miscible at the 

temperatures and pressures used in the experiments. Sui38 reported that formic and acetic 

acids gave a slow polymerization rate of silicon alkoxides and minimized the rate of the 

precipitation and agglomeration of the polycondensate particles. A submicron particle 

size range was obtained by depressurization of the sol-gel solution inside the reaction 

vessel, while the rapid expansion of supercritical solutions process was found to yield 

particles in the size range of approximately 100nm, as shown in Figure 1.2. 

 

Scheme 1.1 “Water-free” sol-gel polymerization technique used in scCO2
45
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Figure 1.2 SEM of silica aerogel powder collected using the rapid expansion of 
supercritical solutions process. The experimental conditions are TEOS/HAc= 1:4, 
T=60oC, P=41.4MPa. 38 

 

In addition, scCO2 can be used as porogenic solvent to produce porous polymer 

materials. Wood et al49 prepared macroporous polymer beads by suspension 

polymerization using supercritical CO2 as the porogenic solvent. The porosity in the 

beads could be controlled by varying the CO2 density. 

1.1.2. Copolymerization of Ethylene and Vinyl Acetate 

Poly(ethylene-co-vinyl acetate) (PEVA) is a polyolefin copolymer as shown in 

Scheme 1.2. PEVA resembles polyethylene but has considerably increased flexibility 

with elastomeric properties. The mechanical and thermal properties of PEVA depend on 

the vinyl acetate content, and also on the polymerization process. As a representative 
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semi-crystalline random copolymer, PEVA is a typical amphoteric polymer composed of 

hydrophobic and hydrophilic segments, and its physical and mechanical properties are 

expected to vary widely with the copolymer composition. For instance, the ethylene-vinyl 

acetate (EVA) copolymers become completely amorphous when the VAc content 

exceeds 50wt%.50 For low VAc content PEVA, the incorporation of VAc into the 

polyethylene backbone increases the polarity and clarity of the polymer films while 

reducing the crystallinity and stiffness.51 So it is widely used in thermoplastic 

applications and as hot-melt adhesives, films, and surgical gloves, etc. Copolymers 

containing 2 ~ 18% VAc are well-recognized materials in the film industry. Medium 

VAc content PEVA can be used for drug release related specialty applications due to its 

good chemical stability, biocompatibility, and inertness. High VAc content PEVA is used 

in paint, adhesive, and coating applications as the incorporation of ethylene decreases the 

brittleness, rigidity, and hardness of poly(vinyl acetate) (PVAc). Hydrolysis of PEVA 

yields poly(ethylene-co-vinyl alcohol) (Scheme 1.2), which has exceptional gas barrier 

properties as well as oil and organic solvent resistance and is used for containers. 

 

Scheme 1.2 Hydrolysis of PEVA to form poly(ethylene-co-vinyl alcohol) 

 

For the synthesis of PEVA, ethylene and VAc are usually copolymerized by 

means of free radical polymerization in continuous high-pressure reactors (upwards of 
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345MPa)，either autoclave or tubular, followed by batch processing to remove residual 

monomer. Volatile organic compounds (VOCs) such as heptane are often used in a 

solvent based process. Hence, it is desirable to conduct the copolymerization in scCO2 so 

as to make use of the advantages of scCO2 in polymerization and to synthesize PEVA 

copolymer for biological and nanotechnological applications. As the VAc content has a 

significant effect on the properties of PEVA copolymer, it is extremely important to 

control the distribution of monomer sequence lengths in the copolymer chains. 

By assuming that the chemical reactivity of the propagating chain in a 

copolymerization of monomers M1 and M2 is dependent on the monomer unit at the end 

of the chain (referred to as the first order Markov or terminal model of 

copolymerization52), the following four chain growth steps are possible:  
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Scheme 1.3 Propagation steps of copolymerization of monomer M1 and M2 

 

From these four reactions, it can be derived 
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where [M1], [M2], [~M1•], and [~M2•] are the concentrations (mol·L-1) of M1 monomer, 

M2 monomer, ~M1• radical, and ~M2• radical, respectively, and k11, k12, k21, and k22 are 

the propagation rate constants for ~M1• radical adding M1 monomer, ~M1• radical 
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adding M2 monomer, ~M2• radical adding M1 monomer, and ~M2• radical adding M2 

monomer, respectively. If a steady-state concentration is assumed for each of the reactive 

species ~M1• and ~M2• separately (i.e., their rates of interconversion are equal), the 

copolymerization equation (usually referred to as the Mayo-Lewis equation)53, 54 can be 

obtained: 
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where the reactivity ratios are defined in terms of the rate constants for the propagation 

steps as: 
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The copolymerization equation can also be expressed in terms of mole fractions instead 

of concentrations: 
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Although the above derivation of copolymerization equation involves the 

steady-state assumption, the same equation can also be obtained by a statistical approach 

without invoking steady-state conditions.55, 56 
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PEVA copolymer chains comprise ethylene and VAc in a distribution of 

sequence lengths which depend on the monomer feed ratio ([Ethylene]/[VAc]) and the 

reactivity ratios (rethylene and rVAc) which reflect the inherent tendencies of a radical to 

react with its own monomer relative to the comonomer. In light of the copolymerization 

equation (Eqn. 1-2), the reactivity ratios r1 and r2 can be determined experimentally by 

means of measuring the copolymer composition for several different comonomer feed 

compositions. 

The reactivity ratios for copolymerization of ethylene and VAc have been 

studied by several investigators including Van der Meer et al57, 58, German et al59, 

Erusalimskii et al60, Terteryan et al61, and Burkhart et al62, etc. Due to the different 

reaction conditions (temperature, pressure, and reaction medium) and analytical methods, 

the determined reactivity ratios are different, with rethylene ranging from 0.16 to 1.07 while 

rVAc ranges from 1.00 to 3.70. Although PEVA was synthesized via dispersion 

polymerization in CO2 by Canelas et al63, no study on the monomer reactivity ratios for 

the copolymerization of ethylene and VAc in scCO2 has been reported in the literature. 

Hence, it is necessary to study the kinetics of the copolymerization of ethylene and VAc 

in scCO2 in order to promote the industrial application of the “green” solvent scCO2 in 

the production of PEVA. 

As for initiators used in polymerizations in scCO2, 2,2'-azobis(isobutyronitrile) 

(AIBN) has been mostly employed. The decomposition kinetics of AIBN in scCO2 was 

studied by Guan et al8. Other initiators, whose decomposition kinetics has been studied in 

dense CO2 or scCO2, are bis(perfluoro-2-N-propoxypropionyl) peroxide64, 65, 

bis(trifluoroacetyl) peroxide65, and diethyl peroxydicarbonate (DEPDC)66. Dialkyl 
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peroxydicarbonates have been reported as low temperature sources of alkoxy radicals67, 68 

and these radicals may be formed in relatively inert media69. In this research, DEPDC 

(see Scheme 1.4) was selected as the initiator due to its relative ease of synthesis, its 

solubility in scCO2, its ability to initiate a polymerization at relatively low temperature, 

and previous examination of its reaction kinetics.66 ScCO2 has a gas-like viscosity and a 

very low dielectric constant, which can affect the kinetics of initiator decomposition.8, 64 

Understanding the kinetics of decomposition of DEPDC in scCO2 is very important for 

the application of DEPDC in polymerizations in scCO2. On the other hand, the 

decomposition mechanism is also important for the applications of the synthesized 

copolymer PEVA. It is necessary to know what remains in the polymer chain from the 

decomposition of an initiator, particularly whether the remainder is toxic or degradable 

for applications in the biological field. 

 

Scheme 1.4 Structural diagram of DEPDC 

 

1.1.3. Polymer Nanocomposites 

Polymer nanocomposites are commonly defined as the combination of a 

polymer matrix resin and inclusions that have at least one dimension (i.e. length, width, 

or thickness) in the nanometer size range. By integrating two or more materials with 

complementary properties, inorganic/organic hybrids offer the potential to perform at a 
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level far beyond that of the constituent materials. Based on the end-use application, 

different types of nanoparticles are needed to provide the desired effect. The most 

commonly used nanoparticles in the literature include montmorillonite organoclays, 

carbon nanofibers, carbon nanotubes, nanosilica, nanoaluminum oxide, and nanotitanium 

oxide, etc.70 A defining feature of polymer nanocomposites is that the small size of the 

fillers leads to a dramatic increase in the interfacial area as compared to traditional 

composites.71 Due to the substantially small size and significantly high surface-to-volume 

ratio of nanoscale fillers, polymer nanocomposites have ultra-large interfacial area per 

volume, and the distances between the polymer and the filler components are extremely 

short. In contrast to traditional polymer composites where reinforcement is on the order 

of microns or above, polymer nanocomposites benefit from the synergy between filler 

particles and polymer chains that are on similar length scales, and the large quantity of 

interfacial area relative to the volume of the material.72 As a result, the strong molecular 

interaction between the polymer and the nanoparticles gives polymer nanocomposites 

unique material properties. Multifunctional features attributable to polymer 

nanocomposites include improved mechanical properties (tensile strength, stiffness, and 

toughness), gas barrier properties, thermal stability, fire retardancy, chemical resistance, 

and charge dissipation, etc.70 

There are many methods for the synthesis of polymer nanocomposites 

including solution intercalation, melt intercalation, roll milling, in situ polymerization, 

emulsion polymerization, and high-shear mixing.70 To synthesize polymer 

nanocomposites, one important aspect is the incorporation of nanoparticles into the 

polymer matrix. Due to the large surface area per particle volume and the extremely 
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small size, it is difficult to overcome the inherent thermodynamic drive of nanoparticles 

to aggregate. Even well-dispersed nanoparticles naturally aggregate to form clusters 

whose size extends to length scales exceeding 1μm.73 As a result, the major challenge for 

synthesizing polymer nanocomposites is learning how to disperse nanoparticles into a 

polymer matrix and avoid aggregation of the nanoparticles. Excellent dispersion and 

interfacial load transfer are usually required to achieve optimum properties of the 

synthesized polymer nanocomposites. 

A common strategy to increase the probability of isotropic dispersion is to 

modify the surface of the nanoscale filler to increase favorable interactions between the 

nanofiller and the polymer matrix while minimizing the inter-filler attraction.72 The 

technical approach is to bind small molecules or polymer ligands to the surface of the 

nanofiller. In addition, supercritical carbon dioxide can effectively swell and plasticize 

the amorphous region of the polymers and be released from the polymers simply by 

depressurization. Small molecules dissolved in scCO2 can be infused and deposited into a 

polymer matrix exposed to such a solution. Supercritical CO2 enhances the clay 

dispersion and polymer intercalation into clay nanoparticles, even when favorable 

intercalation between the polymer and the clay are not present, as in the case of purely 

hydrophobic polymers.74, 75 It is challenging to synthesize polyolefin-based 

nanocomposites because polyolefins interact only weakly with clay surfaces. By 

impregnating tetraethyl orthosilicate (TEOS) into polypropylene matrix using scCO2 as a 

swelling agent and carrier followed by hydrolysis/condensation reaction of TEOS 

confined in polymer network, Sun and co-workers76 synthesized silica-polypropylene 

nanocomposites.  
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In this interesting and challenging field of the synthesis of polymer 

nanocomposites, not only can scCO2 help disperse nanofillers into the polymer matrix 

and facilitate the supercritical drying step, but it can also work as a reaction medium to 

replace VOCs. Recent years have seen a growing tendency to develop “green” chemistry 

and “green” engineering. As scCO2 has shown a successful application in sol-gel 

polymerization to make nanoparticles, it is desirable and becomes feasible to synthesize 

polymer nanocomposites with fewer steps and better dispersion by using scCO2. In this 

research, a one-pot technique was developed to synthesize SiO2-PVAc nanocomposites in 

scCO2. With this technique, the polymerization of VAc and the formation of spherical 

SiO2 nanoparticles took place simultaneously in the “green” solvent scCO2. Excellent 

dispersion of the SiO2 nanoparticles into the polymer matrix was achieved by direct 

coupling of SiO2 nanoparticles to polymer chains while the “green” features were fully 

demonstrated which potentially provide a significant reduction in labor, time, cost, and 

waste. 

1.1.4. Quantum Dots 

One of the most interesting polymer nanocomposites is light-selective nanofilm. 

Light-selective, also called spectrally selective, refers to the ability of a film to emit and 

subsequently transmit desirable light while blocking out undesirable light and heat. Light-

selective nanofilms can be used for greenhouse and as window films for sunlight control. 

Light-selective nanofilms can be obtained by incorporating organic fluorophores or 

inorganic fluorophores (luminescent quantum dots) into some transparent polymer 

matrices. 
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Quantum dots (QDs) are namometer-sized semiconducting materials whose 

excitons are confined in all three spatial dimensions.77 When the quantum dots are 

irradiated by light from an excitation source to reach respective energy excited states, 

they emit energies corresponding to the respective energy band gaps. The advantages of 

QDs over conventional organic fluorescent dyes include large absorption bands, narrow 

spectral emission bands, and photochemical stability.78 Moreover, the spectral properties 

are tunable by varying the size (Figure 1.3) and type (Figure 1.4) of the QDs. 
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Figure 1.3 Room temperature optical absorption spectra of CdSe nanocrystallites 
dispersed in hexane and ranging in size from ~1.2 to 11.5nm.79 
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Figure 1.4 Room temperature optical absorption spectra of ~2-3nm diameter CdS, CdSe, 
and CdTe crystallites.79 

 

Colloidal nanocrystal QDs consist of an inorganic nanoparticle surrounded by a 

layer of organic ligands. The synthesis of colloidal quantum dots is based on a three-

component system composed of precursors, organic surfactants, and solvents. The 

precursors transform into monomers when heated to a sufficiently high temperature. 

Once the monomers reach a high enough super saturation level, the nanocrystal growth 

starts with a nucleation process. Pickett and O’Brien80 synthesized semiconductor 
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nanoparticles using single-molecular precursors that decomposed in a high boiling point 

coordinating solvent (Lewis base) such as trioctylphosphine oxide (TOPO), as shown in 

Scheme 1.5. 

 

Scheme 1.5 The preparation of CdSe nanoparticles capped with TOPO by using 
bis(dialkyldithio-carbamate) cadmium(II)80 
 

The surface chemistry of the QDs has to be compatible with the polymer matrix 

in order to obtain good dispersion of the QDs throughout the matrix during the synthesis 

of QD-polymer nanocomposites. The synthesis of QDs is usually carried out under 

anaerobic condition at high temperature which is not compatible with most organic 

functional groups. Hence, functionalization of the surface of QDs, i.e., ligand exchange, 

is usually required before being incorporated into a polymer matrix. For the synthesis of 

QD-polymer nanocomposites, an effective ligand should contain a coordination “head” 

and a polymerizable “tail” in order to connect the QDs with polymer chains.81 
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1.2. Research Objectives 

The objectives of this research were to conduct a comprehensive study on the 

copolymerization of ethylene and vinyl acetate in the “green” solvent scCO2 and the 

synthesis of PEVA based nanocomposites by using scCO2. The objectives consist of the 

following four parts: 

(1). To study reaction kinetics and mechanism of thermal decomposition of the 

initiator DEPDC in scCO2; 

(2). To determine monomer reactivity ratios for the copolymerization of 

ethylene and vinyl acetate in scCO2; 

(3). To develop a “green” route for synthesizing SiO2-PVAc nanocomposites 

by using scCO2; 

(4). To synthesize light-selective QD-PEVA nanofilms by using scCO2. 

 

1.3. Thesis Structure 

This thesis is focused on developing a new route for synthesizing the widely 

commercialized copolymer, PEVA, by using the environmentally benign solvent, scCO2. 

As an effort to extend the applications of PEVA synthesized using scCO2, much work 

was contributed to designing a novel one-pot route to synthesize SiO2-PVAc 

nanocomposites using scCO2 and inventing light-selective QD-PEVA nanofilms. 

Chapter 1 provides a general review of polymerizations in scCO2, free radical 

copolymerization of ethylene and vinyl acetate, polymer nanocomposites, and quantum 

dots. It also includes the objectives of this research.  
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Chapter 2 introduces the experimental setup and the major characterization 

methods employed in this research. 

Chapter 3 presents the investigations of thermal decomposition of the initiator 

DEPDC in scCO2. The initiator DEPDC was first synthesized and then the kinetics and 

mechanism of decomposition of DEPDC were studied using high-pressure in situ FTIR 

and off-line nuclear magnetic resonance (NMR). 

In Chapter 4, monomer reactivity ratios for the copolymerization of ethylene 

and vinyl acetate in scCO2 were determined using in situ FTIR and compared with the 

results obtained from off-line 1H NMR.  

In Chapter 5, a one-pot route for the synthesis of SiO2-PVAc in scCO2 was 

developed. During the synthesis, PVAc and silica nanoparticles were formed 

simultaneously while vinyltrimethoxysilane (VTMO) was used as a linker to attach the 

nanoparticles to the polymer chains. This technique features excellent dispersion of 

nanoparticles into the polymer matrix, and both potential energy-saving and waste-

reduction improvements. 

Chapter 6 describes the synthesis of light-selective QD-PEVA nanofilms in 

scCO2. CdS and CdS/ZnS core/shell QDs were first synthesized and then functionalized 

with 3-mercaptopropyl trimethoxysilane (MPTMO). A terpolymer of ethylene, vinyl 

acetate, and VTMO was synthesized in scCO2 through free radical polymerization. The 

functionalized QDs were linked to PEVA chains by hydrolysis in scCO2. The synthesized 

QD-PEVA nanofilms showed strong absorption of short-wavelength lights and the 

characteristic light emission of long-wavelength lights, hence being attractive for sunlight 

control. 
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Chapter 7 provides a general conclusion of the above studies and 

recommendations for future work on the synthesis of PEVA and polymer 

nanocomposites in scCO2. 
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Chapter 2. Experimental and Characterization Methods 
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2.1. Outline 

The thermal decomposition of DEPDC, polymerization of vinyl acetate, 

copolymerization of ethylene and vinyl acetate, and synthesis of polymer nanocomposites 

were carried out in a stainless steel autoclave, with in situ attenuate total reflection 

Fourier transform infrared spectroscopy (ATR-FTIR) used for monitoring the processes. 

The major instrumental analysis techniques used for characterizating the 

decomposition products, synthesized polymer and polymer nanocomposites, and QDs 

include: ATR-FTIR spectroscopy, ultraviolet-visible spectroscopy (UV-Vis), nuclear 

magnetic resonance spectroscopy (NMR), thermogravimetric analysis (TGA), 

transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), 

and photoluminescence (PL).  

 

2.2. Experimental Setup 

Figure 2.1 displays a schematic diagram of the reactor used in this research. 

CO2 and ethylene (if required) were pumped into the reactor using syringe pumps (ISCO 

260D and 100DX, respectively). Both the pumps were controlled with an ISCO (Series D) 

pump controller. All feed lines had check valves to prevent backflow and a rupture disk 

(rating at 34.5MPa) was installed in the reactor for safety protection in case of over 

pressurization. The reactor is a 100-mL high-pressure stainless steel autoclave (Parr 

Instruments) coupled with a digital pressure transducer (Ashcroft K25F) and a 

thermocouple (Parr-A472E2), with a turbine impeller installed to provide mixing of 

ingredients. The reactor was heated with a Glas-Col® heating mantle while a digital 



27 

controller (Parr 4842) was used for controlling the reaction temperature and stirring speed 

and displaying the reaction pressure. 

 

Figure 2.1 Schematic diagram of experimental setup. 
(A) Computer; (B) FTIR; (C) K4 conduit; (D) 100-mL stainless steel autoclave equipped 
with IR probe; (E) heating mantle; (F) Parr 4842 temperature and stirring speed  
controller with pressure display; (G) stirrer; (H) needle valve; (I) check valve; (J) ISCO 
260D syringe pump; (K) & (L) purification columns; (M) CO2 cylinder; (N) ISCO 
100DX syringe pump; (O) ethylene cylinder. 
 

In situ FTIR monitoring of the solution concentration in the stirred 100-mL 

high-pressure autoclave was performed using a high-pressure immersion probe (Sentinel-

Mettler Toledo AutoChem). The DiComp ATR probe consists of a diamond wafer, a gold 

seal, a ZnSe support/focusing element, housed in alloy C-276. The probe was attached to 

an FTIR spectrometer (Mettler Toledo AutoChem ReactIR 4000) via a mirrored optical 

conduit, connected to a computer, supported by ReactIR 2.21 software (MTAC). This 
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system uses a 24-hour HgCdTe (MCT) photoconductive detector. The light source is a 

glow bar from which the interferometer analyzes the spectral region from 650-4000cm-1. 

The beamsplitter inside the RIR4000 is ZnSe.  

 

2.3. Characterization Methods 

2.3.1. ATR-FTIR Spectroscopy 

Infrared (IR) spectroscopy is one of the most common spectroscopic techniques 

used in chemical analysis. Infrared radiation is that part of the electromagnetic spectrum 

between the visible and microwave regions, spanning wavelengths from 800 to 

1,000,000nm. The IR region is commonly divided into three smaller areas: near IR, mid 

IR, and far IR. The portion of the IR region most useful for the analysis of organic 

compounds is mid IR ranging from 2,500 to 16,000nm. This portion of the IR region lies 

in the same frequency range as a vibrating molecule. When the frequency of a specific 

vibration is equal to the frequency of the IR radiation directed on the molecule, the 

molecule absorbs the radiation which is then converted into energy for molecular 

vibration, by either stretching or bending. Different types of bonds, and thus different 

functional groups, absorb IR radiation of characteristic wavelengths. By measuring 

changes in transmittance (or absorption) intensity as a function of frequency, IR 

spectroscopy can be used to identify the chemical functional groups in the sample. 

Fourier transform infrared spectroscopy (FTIR) is a measurement technique for 

collecting infrared spectra. Instead of recording the amount of energy absorbed when the 

frequency of the infrared light is varied, the IR light is guided through an interferometer. 

A time-domain interferogram is recorded by a detector after the light passes the sample.82 



29 

Performing a mathematical Fourier transform on the interferogram results in a frequency-

domain IR spectrum identical to that from conventional (dispersive) infrared 

spectroscopy. Fourier transform spectrograph is more sensitive and has a much shorter 

sampling time than conventional spectroscopic techniques. 

Attenuated total reflectance (ATR) is a sampling technique used in conjunction 

with infrared spectroscopy which enables samples to be examined directly in the solid or 

liquid state without further preparation. Traditionally, IR spectrometers have been used to 

analyze solids, liquids and gases by means of transmitting the IR radiation directly 

through the sample. Sample preparation of solid and liquid samples is very important for 

good spectral reproducibility. The ATR technique has revolutionized solid and liquid 

sample analyses through faster sampling, improved sample-to-sample reproducibility, 

and minimizing user-to-user spectral variation. 

An ATR accessory operates by measuring the changes that occur in a totally 

internally reflected IR beam when the beam comes into contact with a sample (see Figure 

2.2). An infrared beam is directed onto an optically dense crystal with a high refractive 

index at a certain angle. This internal reflectance creates an evanescent wave that extends 

beyond the surface of the crystal into the sample held in contact with the crystal. This 

evanescent wave protrudes only a few micrometers (0.5 ~ 5μm) beyond the crystal 

surface and into the sample. Consequently, there must be good contact between the 

sample and the crystal surface. In regions of the infrared spectrum where the sample 

absorbs energy, the evanescent wave will be attenuated or altered. The attenuated energy 

from each evanescent wave is passed back to the IR beam, which then exits the opposite 
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end of the crystal and is passed to the detector in the IR spectrometer. The system then 

generates an infrared spectrum. 

 

Figure 2.2 Schematic diagram of multiple reflection ATR system. 

 

2.3.2. Ultraviolet-Visible Spectroscopy 

Ultraviolet-Visible spectroscopy involves the absorption of UV-Visible light. 

UV light is electromagnetic radiation with wavelengths ranging from 190 to 400nm and 

visible light has wavelengths ranging from 400 to 800nm.82 UV-Visible light provides the 

energy to cause the promotion of an electron from a ground electronic state to an excited 

electronic state. UV-Vis is routinely used in the analysis of materials containing 

transition metal ions and highly conjugated organic compounds. 

For application of UV-Vis in the analysis of semiconductors, the absorption 

occurs once the photon energy is sufficient to promote electrons from the valence band to 

the conduction band. As seen in Figures 1.3 and 1.4, the absorption peak appears in a 

UV-Vis spectrum at the wavelength of light that has the corresponding photon energy. 

The band gap of QDs can then be determined from the UV-Vis spectrum by using the de 
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Broglie's equation83. Hence, UV-Vis spectroscopy is widely used for measuring the band 

gap of semiconductors. 

 

2.3.3. Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy is an instrumental spectroscopic 

technique which exploits the magnetic properties of certain nuclei to determine the 

structure of organic compounds. Compared with other instrumental techniques, NMR 

spectroscopy not only makes it possible to identify the functionality at a specific carbon 

atom but also allows us to determine what the neighboring carbon atoms look like.84 

NMR spectroscopy is based upon the measurement of absorption of radio 

frequency (RF) radiation by a nucleus in a strong magnetic field. When a nucleus with a 

non-zero spin is placed in a magnetic field, the nuclear spin can align either in the same 

direction (lower energy state) or in the opposite direction (higher energy state) as the field. 

The energy difference between the two energy states is in the range of radio frequency. A 

radio frequency generator "pulses" the sample with a short burst of radio waves. 

Absorption of the radio frequency radiation causes the nuclear spin to realign or flip in 

the higher-energy direction. After absorbing energy the nuclear will re-emit RF radiation 

of the same frequency and return to the lower-energy state. The absorption intensity is 

detected by a radio frequency receiver and then an NMR spectrum is generated. In the 

widely used Fourier transform nuclear magnetic resonance (FT-NMR), all the excited 

nuclei will re-emit RF radiation at their respective resonance frequencies, creating an 

interference pattern in the resulting RF emission versus time, known as free-induction 
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decay (FID). The frequency-domain NMR spectrum is then extracted from the FID by a 

Fourier transform of the time-domain data. 

Different nuclei resonate at different frequencies. The same nuclear in different 

environments flip at different frequencies. The precise resonant frequency of the energy 

transition is dependent on the effective magnetic field at the nuclei. This field is affected 

by electron shielding which is in turn dependent on the chemical environment. The 

electrons which surround the spinning nuclei are also charged and spinning. A spinning 

charge creates a magnetic field which is in opposition to the applied magnetic field. This 

decreases the magnitude of the applied magnetic field which reaches the nuclei. As a 

result, different chemical groups containing different density of valence electron show 

different peaks in the NMR spectra. 

The most important applications for polymer chemistry and engineering are 1H 

and 13C NMR spectroscopy. The number of signals in a (1H or 13C) NMR spectrum tells 

us how many different kinds of (hydrogen or carbon) atoms a sample has while the 

intensity of the signal in the spectrum tells the quantity of the same kinds of atoms in the 

sample. Two-dimensional NMR spectra such as correlation spectroscopy (COSY) and 

heteronuclear single quantum coherence (HSQC) provide significantly more information 

about a molecule than the conventional (one-dimensional) NMR spectra and are 

especially useful in determining the structure of a molecule. Figure 2.3 shows a 

schematic COSY spectrum with two frequency axes of a hypothetical molecule 

containing just two protons, A and B, which are coupled together. A diagonal of signals 

(A and B) divides the spectrum in two equal halves. The dots that are not on the diagonal 

(X) are called cross peaks.84 Cross peaks indicate pairs of protons that are coupled. 
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Figure 2.3 Schematic COSY spectrum for two coupled spins, A and B. 

 

2.3.4. Thermogravimetric Analysis  

Thermogravimetric analysis (TGA) is an analytical technique used to determine 

a material’s thermal stability and composition by monitoring the weight change that 

occurs as a specimen is heated in air or in an inert atmosphere such as nitrogen, helium, 

or argon. The analyzer usually consists of a high-precision balance with a pan (generally 

platinum) loaded with the sample. The pan is placed in a small electrically heated oven 

with a thermocouple to accurately measure the temperature. The atmosphere is usually 

purged with an inert gas to prevent oxidation or other undesired reactions. A computer is 
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used to control the instrument. Analysis is carried out by raising the temperature 

gradually and plotting weight against temperature. 

In most cases, TGA is performed with a linear temperature ramp. The 

maximum temperature is selected so that the specimen weight is stable at the end of the 

experiment, implying that all chemical reactions are completed. The decomposition 

temperature can be defined in many ways, including the temperature of the maximum in 

the weight loss rate (dW/dT)max, and the weight loss onset temperature (Tonset). The former 

refers to the temperature of the maximum rate of decomposition, while the latter refers to 

the temperature when the decomposition just begins. However, the former can be easily 

determined with a derivative weight loss curve. 

2.3.5. Transmission Electron Microscopy 

A microscope is an instrument for producing a magnified image of a small 

object. The resolution of a light microscope is limited by the wavelength of light, as 

lower wavelength light is required for one to be able to see smaller objects. The 

transmission electron microscope operates on the same basic principles as the light 

microscope, but uses electrons instead of light. As a result, TEM can be used to resolve 

objects to the order of a few angstroms. Although some structural features can be 

revealed by X-ray and neutron diffraction, direct imaging of individual nanoparticles is 

only possible using TEM and scanning probe microscopy.70 TEM is used heavily in 

material science, metallurgy, and biological science. 

Figure 2.4 shows a schematic diagram of a TEM instrument. An electron 

source at the top of the microscope emits a stream of electrons that travel through 
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vacuum in the column of the microscope. Instead of glass lenses focusing the light in the 

light microscope, the TEM uses metal apertures and electromagnetic lenses to confine 

and focus the electrons into a thin, focused, monochromatic beam. The electron beam 

then travels through an ultra thin specimen and interacts with the specimen as it passes 

through it. At the bottom of the microscope the unscattered electrons hit a fluorescent 

screen, which gives rise to a “shadow image” of the specimen with its different parts 

displayed in varied darkness according to their density, providing information such as 

structure and composition. 

 

Figure 2.4 Schematic diagram of a TEM instrument. 

 
High resolution transmission electron microscopy (HRTEM) is an imaging 

mode of the TEM that allows the imaging of the crystallographic structure of a sample at 

an atomic scale. It is an invaluable tool to study nanocrystallites such as semiconductors. 

As the resolution of HRTEM has reached 0.08nm so far, the lattice fringes and d-spacing 

(typically a few angstroms) of nanocrystallites can be easily observed and measured.  
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2.3.6. Energy Dispersive X-Ray Spectroscopy 

Energy dispersive X-ray spectroscopy (EDX), also known as EDS, is a 

technique used to identify the elemental composition of a sample or small area of interest 

on the sample. At rest, an atom within the sample contains ground state (or unexcited) 

electrons in discrete energy levels or electron shells bound to the nucleus. When a sample 

is exposed to an electron beam inside a scanning electron microscope (SEM), the incident 

electron beam may excite an electron in an inner shell, causing it to be knocked out of its 

orbit while creating an electron hole where the electron was (Figure 2.5). An electron 

from an outer, higher-energy shell then fills the hole and the difference in energy between 

the higher-energy shell and the lower energy shell may be released in the form of an X-

ray. X-rays emitted from atoms are characteristic of the elements, and the intensity 

distribution of the X-rays represents the thickness-projected atom densities in the 

sample.70 By analyzing the intensity and energy of the emitted X-rays with an energy 

dispersive spectrometer, the elemental composition of the sample can be determined. Its 

characterization capabilities are due in large part to the fundamental principle that each 

element has a unique atomic structure allowing X-rays that are characteristic of an 

element’s atomic structure to be identified uniquely from each other. EDX is a powerful 

tool for microanalysis of elemental constituents, particularly for heavier elements. 
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Figure 2.5 Schematic diagram of EDX. 

 
2.3.7. Photoluminescence 

Photoluminescence (PL) is a process in which a substance absorbs photons and 

then re-radiates photons (Figure 2.6). “Photo" refers to light and "luminescence" refers to 

emission of light. PL is distinguished from other forms of luminescence by photo-

excitation. When light is directed onto a sample, it is absorbed and imparts excess energy 

into the material. One way this excess energy can be dissipated by the sample is through 

the emission of light, or luminescence. PL spectroscopy is commonly used to probe the 

electronic structure of materials. The photo-excitation causes the material to jump to a 

higher electronic state, and then release energy, photons, as it relaxes and returns back to 

a lower energy level. The energy of the emitted light relates to the difference in energy 

levels between the two electron states involved in the transition between the excited state 

and the ground state.  
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Figure 2.6 Schematic diagram of PL measurements. 

 

The most common radiative transition in semiconductors is between states in 

the conduction and valence bands, with the energy difference being known as the band 

gap. PL is widely used for characterization of light-emitting devices. 
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Chapter 3. In Situ ATR-FTIR Study of the Thermal Decomposition of 

Diethyl Peroxydicarbonate in Supercritical CO2 
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This chapter presents the decomposition of diethyl peroxydicarbonate (DEPDC) 

in the “green” solvent, scCO2. In situ ATR-FTIR was used to monitor the thermal 

decomposition of the organic free-radical initiator, DEPDC, in heptane and scCO2. The 

decrease in the characteristic FTIR peaks of DEPDC upon heating was utilized to 

examine the kinetics of the decomposition of DEPDC. The simultaneously erected FTIR 

peaks reflected the formation of new compounds during the decomposition. The 

decomposition mechanism was then proposed based on the experimental observation and 

analysis of the final products with FTIR and NMR. Part of this chapter is reproduced by 

permission of Elsevier Ltd. from the published article by the author: In situ ATR-FT-IR 

study of the thermal decomposition of diethyl peroxydicarbonate in supercritical carbon 

dioxide85, in Polymer, Copyright [2006] by Elsevier Ltd. 
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3.1. Introduction 

Considerable effort has been devoted in recent years to finding 

environmentally-benign solvents and processes, particularly as a result of increased 

environmental regulations concerning the use of volatile organic compounds (VOCs)3, 6, 

31, 86-88. Supercritical carbon dioxide (scCO2) has emerged as a viable “green” alternative 

to organic solvents for several applications, including polymer synthesis, modification, 

and nanotechnology89, 90. In the supercritical state, carbon dioxide can have unique 

properties such as liquid-like density and gas-like diffusivity, and these properties are 

“tunable” by varying the pressure and/or temperature1. Previously, DeSimone and 

coworkers have shown that scCO2 is a promising alternative medium for free-radical, 

cationic, and step-growth polymerizations3, 86, 91. Indeed, DuPont has recently 

commissioned a plant to manufacture Teflon in scCO2 by the use of free-radical 

polymerization92. The reasons for the intense industrial interest are that CO2 is inert to 

highly electrophilic radicals (i.e., no chain transfer to solvent), inexpensive, non-toxic, 

non-flammable, and environmentally benign3. 

In recent years, considerable attention has been attracted to investigate and 

study the mechanism of free radical formation and the kinetics of the decomposition of 

organic peroxides93-102, particularly due to their applications in organic synthesis93, 94, 

biological processes95, 96, polymerization97, 98, and as resin modifiers99, additives for 

fuel100, and explosives101. Free radical polymerization still dominates in the production of 

many commercial polymers such as polystyrene, polyethylene (low density), 

poly(ethylene-co-vinyl acetate), Teflon, and other fluorinated polymers. Due to the 

proven ability of scCO2 in industrial continuous polymerizations, and a poor 
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understanding of how CO2 influences reaction kinetics, a study of the chemistry of the 

thermal decomposition of the required organic peroxide initiators under supercritical 

conditions is important to understand and control the polymerizations under these 

conditions. 

Dialkyl peroxydicarbonates (R-O-CO2)2 are used as free radical initiators in 

many commercial processes such as the large-scale production of polymers and curing 

resins93, 99, 102. Compared with other classes of peroxides, the number of mechanistic 

studies on the decomposition of dialkyl peroxydicarbonates is relatively small, 

particularly in “green” solvents. According to the previous studies97, 103-107, a general 

decomposition mechanism of peroxydicarbonates or peroxyesters can be described as 

direct decomposition of the peroxides through breaking the weak O–O bond. The 

resulting alkoxycarboxyl or carbonyloxy radical may either decarboxylate105-109 or 

participate in a bimolecular reaction103, 104. In addition, solvents may have some influence 

on the decomposition of peroxydicarbonates as the employed solvent is seldom inert due 

to the high activity of the formed free radicals. Thermal decomposition of initiators in 

supercritical CO2 has been studied by Guan et al8, Bunyard64, Charpentier et al66, 87, 88 and 

Kadla et al65. It was reported that the rate constants of initiator decomposition in scCO2 

were different from those in other organic solvents due to its “zero-viscosity”64 and low 

dielectric constant8. Charpentier et al66 studied the thermal decomposition of diethyl 

peroxydicarbonate (DEPDC) in scCO2 in a continuous-stirred-tank reactor (CSTR), 

wherein reaction kinetics were simulated based on a one-bond radical fission mechanism. 

However, this study did not harness the power of in situ ATR-FTIR. 
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Hence, the goal of this work was to study the decomposition of a previously 

studied initiator DEPDC in high pressure scCO2 and ethylene using high pressure in situ 

ATR-FTIR, and to compare the kinetic decomposition results to previous non-FTIR 

techniques. Off-line NMR was used as a complementary tool for studying the 

decomposition mechanism. Understanding the initiator decomposition by ATR-FTIR in 

scCO2 is the first step for analyzing more complex spectroscopic data during 

polymerizations to provide an understanding of the formation of ethylene-vinyl acetate 

polymers and inorganic/organic hybrids, the focus of the remainder of this thesis. 

 

3.2. Experimental 

3.2.1. Materials 

Polymer grade ethylene (99.99%) was purchased from Matheson Gas Products 

Canada, and further passed through columns filled with 5Å molecular sieves and reduced 

20% copper oxide/Al2O3 to remove moisture and oxygen, respectively. Instrument grade 

CO2 (from BOC Gases, 99.99%, with dip-tube) was purified by passing through columns 

filled with 5Å molecular sieves and reduced 20% copper oxide/Al2O3 to remove moisture 

and oxygen, respectively. Ultra high purity N2 (from BOC, 99.99%) was further purified 

by passing through columns filled with 5Å molecular sieves and reduced 20% copper 

oxide/Al2O3 to remove moisture and oxygen, respectively. The initiator diethyl 

peroxydicarbonate (DEPDC) was home-made as described below. Heptane (Aldrich, 

HPLC grade) was distilled under vacuum. NaOH, 30% H2O2, ethyl chloroformate, 0.1N 

sodium thiosulfate solution, sodium bicarbonate, sodium sulfate, glacial acetic acid, 
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potassium iodine, and diethyl carbonate were purchased from Aldrich and used as 

received. 

3.2.2. Preparation of DEPDC Initiator 

Distilled water (100mL) was charged in a glass reactor (250mL) equipped with 

a magnetic agitator and a thermometer. The reactor was cooled to ≤ 5°C in an ice/water 

bath. Ethyl chloroformate (12mL) and 30% H2O2 (6.64g) were added to the reactor under 

powerful stirring. Then NaOH solution (5N, 24mL) was introduced to the reactor 

dropwise. The reaction was carried out under gentle stirring for 10min with the reaction 

temperature controlled below 10°C. Heptane was utilized to extract the formed DEPDC 

from the mixture and the solution was dried over sodium sulfate. The dried solution was 

filtered and separated from the solvent by means of a rotary evaporator under vacuum at 

less than 2°C. The yield of DEPDC was measured using a standard iodimetric titration 

analysis technique (ASTM E298-91) to exceed 90%. *Owing to the instability of DEPDC, 

highly concentrated DEPDC must be stored at very low temperature (-20°C). Scheme 3.1 

provides the overall reaction. 

2C2H5OCCl + H2O2 + 2NaOH          C2H5OCO-OCOC2H5 + 2NaCl + 2H2O

O O O

 

Scheme 3.1 The overall reaction of synthesis of DEPDC 

 

3.2.3. Reactor and In Situ ATR-FTIR Measurements  

The reaction was carried out in the stirred 100-mL high-pressure autoclave 

equipped with In situ ATR-FTIR, as described in Chapter 2. Spectra were recorded at a 
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resolution of 2cm-1 and the absorption spectra were the results of 64 scans. In situ ATR-

FTIR was applied to monitor the thermal decomposition of DEPDC and the product 

formation. 

3.2.4. Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) spectra were recorded using a Varian 

Inova 600 or 400. 1H and 13C NMR chemical shifts are reported relative to 

tetramethylsilane (TMS). Proton – 400.087 MHz, PW90 (90 pulse width) = 12.3 μs 

(PW45 used in 1D experiment), number of transients (NT) = 8, acquisition time (AT) = 

4.00 s, delay time (D1) = 1. Carbon – 100.613 MHz, PW90 = 10.4 μs (PW 45 used in 

1D), NT = 256, AT = 1.20 s, D1 = 1. gCOSY – NT =1, number of increment (NI for 2D) 

= 128 (linear prediction was used to give a final data set of 384 for processing), AT = 

0.20 s, D1 = 1. gHSQC – NT = 4, NI = 128 (linear prediction used to 384 for processing), 

AT = 0.21 s, garp 13C decoupling used, D1= 1. 

 

3.3. Results and Discussion 

3.3.1. Assignment of Characteristic Peaks of DEPDC 

In order to provide accurate data for FTIR interpretation, highly concentrated 

DEPDC initiator was synthesized without solvent (*explosive). By using a standard 

iodimetric titration analysis technique, the concentration of the home-made DEPDC in 

this study was found to be greater than 97%. The two most intense absorbance peaks of 

DEPDC are located at 1191 and 1794cm-1 (Figure 3.1a). The peak at 1191cm-1 can be 

assigned to the C–O stretching vibration in the –C(O)–O– group, while the peak 
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appearing at 1794cm-1 is ascribed to the characteristic C=O stretching vibration in the –

C(O)–O–O–C(O)– group110, 111. 
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Figure 3.1 IR spectra of (a) DEPDC, (b) heptane, and (c) heptane+DEPDC. Spectra were 
collected at ambient temperature under atmospheric pressure. 

 

3.3.2. Thermal Decomposition of DEPDC in Heptane and Supercritical CO2 

In order to distinguish the characteristic peaks of DEPDC for decomposition in 

heptane (and later scCO2), the FTIR spectra of heptane and DEPDC/heptane were 

collected as shown in Figure 3.1b and 3.1c. The spectrum of heptane gives absorbance 

peaks at 1378, 1467, 2854, 2874, 2922, and 2958cm-1. The bands appearing at 2854, 

2874, 2922, and 2958cm-1 are assigned to CH2 sym., CH3 sym., CH2 asym., and CH3 

asym. stretching vibrations, respectively, while the peaks at 1378, 1467cm-1 are assigned 

to CH3 sym. bending and CH3 asym. bending/CH2 scissoring vibrations, respectively.110 
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In the solution of DEPDC/heptane, DEPDC showed strong absorbance peaks at 1194 and 

1803cm-1 which slightly differ from the characteristic peaks of pure DEPDC at 1191 and 

1794cm-1. When the DEPDC/heptane solution was heated, the thermal decomposition of 

DEPDC with time was monitored and clearly observed by the decrease in peak heights at 

1194 and 1803cm-1 (Figure 3.2 a-c). In order to clearly demonstrate the formation of 

decomposed products and the conversion of DEPDC, a further treatment was made by 

means of subtracting the spectrum measured before the reaction from the spectrum 

measured after the reaction (Figure 3.2d). The appearance of the positive peaks at 1262 

and 1747cm-1 in the subtraction spectrum are ascribed to the formation of decomposed 

products. 
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Figure 3.2 In situ FTIR spectra of DEPDC thermal decomposition in heptane (DEPDC 
concentration 2.7wt%) at 60oC. (a) at t = 0min; (b) at t = 60min; (c) at t = 480min; (d) 
resulting spectrum from c-a subtraction. 

 

Figure 3.3 shows the spectra before and after the reaction as well as the 

subtraction spectrum under supercritical conditions. It was found that the characteristic 

peaks of DEPDC in scCO2 at 1803 and 1203cm-1 decreased following heating time, while 

new peaks gradually developed at 1756 and 1250cm-1. The thermal decomposition of 

DEPDC was also studied in supercritical ethylene and supercritical ethylene/CO2, as 

DEPDC was selected as the initiator for the synthesis of ethylene-based copolymer and 

polymer nanocomposites in scCO2, and it is necessary to examine whether or not radical 

induced decomposition was significant. Figure 3.4 displays the result of FTIR spectra of 

the DEPDC/heptane before introducing ethylene and after the ethylene polymerization at 

60°C. The subtraction result (Figure 3.4b – 3.4a) is given in Figure 3.4c. Similar to that 

found with heptane and scCO2, the conversion of DEPDC gives rise to negative peaks at 

1193cm-1 and 1803cm-1, while the new species formed from decomposition of the 

initiator give positive peaks at 1261 and 1747cm-1. Figure 3.5 plots the four peaks 

observed during DEPDC decomposition in scCO2, with two peaks decreasing from 

initiator decomposition and the other two peaks increasing from product formation. The 

intensities of characteristic peaks of DEPDC were used for kinetic analysis as discussed 

below. 
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Figure 3.3 In situ FTIR spectra of DEPDC thermal decomposition in scCO2 (DEPDC 
concentration 3.4wt%) at T=50°C, P=20MPa. (a) at t=0min; (b) at t=860min; (c) 
resulting spectrum from b-a subtraction. 
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Figure 3.4 In situ FTIR spectra of DEPDC thermal decomposition in supercritical 
ethylene (T=60°C, P=13.8MPa). (a) at t=0min; (b) at t=200min; (c) resulting spectrum 
from b-a subtraction. 
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Figure 3.5 In situ FTIR results for absorbance versus reaction time curves for DEPDC 
decomposition in scCO2 (T=60°C, P=20MPa, DEPDC concentration 8.8wt%). 

 

3.3.3. Kinetic Measurement  

One of the advantages of using in situ FTIR for measuring initiator 

decomposition is that it provides direct measurement of the change in concentration of 

the reaction ingredients and products. The absorbance intensity is directly proportional to 

the concentration according to the Beer-Lambert law: 

lCA ⋅⋅= ε  (3-1) 

where A is the absorbance, ε is the molar absorptivity (L·mol-1·cm-1), C is the 

concentration of the compound in solution (mol·L-1), and l is the path length of the 



52 

sample (cm). In order to examine the linear relationship between the absorbance intensity 

and the concentration, the FTIR spectra of different concentrations of DEPDC in heptane 

at 20°C were measured (Appendix 1). Due to the instability of DEPDC at high 

temperature, diethyl carbonate was used as an alternative analog to DEPDC for 

examining the linear relationship in scCO2 (the peak at 1269cm-1 was used). An excellent 

linear relationship was found in both studied solvents. 

It is widely accepted that the decomposition of organic peroxides is via the 

breaking of the weak O-O single bond. Scheme 3.2 displays the formation of 

alkoxycarboxyl free radicals C2H5–O–CO2• from primary dissociation of DEPDC. 

C2H5OCO-OCOC2H5             2C2H5OCO *
kd

O      O                                 O .
 

Scheme 3.2 Primary dissociation of DEPDC to form alkoxycarboxyl free radicals 

 

If the reaction of DEPDC decomposition is first-order,  

Ck
dt
dC

d−=  (3-2) 

where kd is decomposition rate constant (s-1) and t is reaction time (s). By integrating 

equation (3-2), and taking advantage of the linear relationship: 

A
A

C
C oo =  (3-3) 

where Co and Ao are initial concentration and absorbance of the initiator, respectively,  

the following equation can be obtained: 

tk
A
A

d
o =ln  (3-4) 
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From equation (3-4), the decomposition rate constant kd can be determined with the 

experimental data absorbance A and time t. The absorbance intensities of the 

characteristic peaks at 1203cm-1 in scCO2
 and at 1194cm-1 in heptane were selected for 

kinetic study because these peaks effectively reflected the concentration of DEPDC, 

provided the best signal/noise ratio, and gave no observable superposition in this spectral 

region.  

With the experimental data (Ao, A, t), a plot of ln(Ao/A) versus t can be 

obtained. Figure 3.6 displays a typical plot of ln(Ao/A) versus time for DEPDC 

decomposition in heptane at 50°C using the intensity of the characteristic peak at 

1194cm-1. The linear plot of ln(Ao/A) versus time is strongly in agreement with the 

assumed first-order unimolecular decomposition mechanism, giving the decomposition 

rate constant, kd, as the slope. In order to make a comparison with the previous studies 

reported for DEPDC decomposition, a study was conducted on a series of experiments of 

DEPDC decomposition in heptane under atmospheric N2 at various temperatures between 

40 and 74°C. By means of plotting ln(Ao/A) versus t, the rate constants at different 

temperatures were obtained, as listed in Table 3.1. In light of the Arrhenius equation: 

RT
EAk a

dd −= lnln  (3-5) 

where Ad is pre-exponential factor (s-1), Ea is activation energy (J·mol-1), R is gas 

constant (J·K-1·mol-1), and T is temperature (K), a plot of lnkd versus 1/(RT) will give the 

activation energy as the absolute value of the slope. The plot of lnkd versus 1/(RT) for 

DEPDC decomposition in heptane and scCO2 is shown in Figure 3.7. The activation 

energy (Ea) and pre-exponential factor (Ad) for thermal decomposition of DEPDC in 

heptane, determined from the plot with linear correlation coefficient being 0.992, are 
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Ea=115 kJ/mol and Ad=2.01×1014 s-1. The 95% confidence limits of Ea and Ad are 95 ~ 

135 kJ/mol and 1.36×1011 ~ 2.97×1017 s-1, respectively.  
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Figure 3.6 Kinetic measurement of DEPDC thermal decomposition in heptane at 50°C. 
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Table 3.1 Decomposition rate constants of DEPDC in heptane under N2 

T (ºC) kd×106 (s-1) 

40 7.8 

45 29 

50 48 

60 180 

70 520 

74 740 

 
Ea = 115 kJ/mol.  
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Figure 3.7 Arrhenius plot of lnkd versus 1/(RT) for DEPDC decomposition in scCO2 and 
heptane. 
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For the decomposition of DEPDC in scCO2, the linear ln(Ao/A) ~ t plots in the 

temperature range from 40 to 60°C indicate that the decomposition of DEPDC under 

supercritical conditions also occurred via first-order kinetics of unimolecular 

decomposition. The rate constants at different temperatures in scCO2 are listed in Table 

3.2. The activation energy (Ea) and pre-exponential factor (Ad) for decomposition of 

DEPDC in scCO2, determined from the plot with linear correlation coefficient being 

0.998, are Ea=118 kJ/mol and Ad = 4.54×1014 s-1. The 95% confidence limits of Ea and Ad 

are 106 ~ 130 kJ/mol and 4.66×1012 ~ 4.42×1016 s-1, respectively. However, as discussed 

further below, if the concentration of DEPDC became high enough in pure scCO2, non-

first-order kinetics and a different reaction mechanism were found.  

 

Table 3.2 Decomposition rate constants of DEPDC in scCO2 

T(ºC) P (MPa) kd×106 (s-1) 

40 10.5 8.7 

45 12.1 20 

50 13.7 34 

55 15.2 70 

60 16.8 140 

 
 CO2 density = 15 mol/L. Ea = 118 kJ/mol.  

 

As reported by Yamada et al97, the activation energy for the decomposition of 

dialkyl peroxydicarbonates is between 113 ~ 126 kJ/mol and tends to decrease with 

increasing alkyl group chain length. The present results obtained by in situ FTIR are in 
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good agreement with the results obtained by the conventional titration method97. 

However, it still looks surprising that the rate constants and the activation energy data of 

the decomposition of DEPDC in the two solvents are similar. This can be explained by 

comparing the effects of viscosity and dielectric constants for the two solvents. On the 

one hand, the rate constant of decomposition of organic peroxides may be increased by 

lowering the viscosity of the solvent. It was reported that the decomposition rate constant 

increased as the solvent viscosity decreased for the thermal decomposition of a series of 

fluorinated diacyl peroxides in scCO2.64 On the other hand, the rate constant of 

decomposition of initiators may be decreased by lowering the dielectric constant of 

solvents.8 A dipolar interaction between the initiator’s transition state and the solvent 

medium exists but radical reactions are not very solvent sensitive with rates that usually 

span less than an order of magnitude.112 Hence, the similar kinetic results in this research 

may be explained as scCO2 has both a lower viscosity and a smaller dielectric constant 

than heptane. 

The decomposition of DEPDC in scCO2 was previously studied by Charpentier 

et al66 using a CSTR in the presence of galvinoxyl as a radical scavenger in the 

temperature range of 65 ~ 85°C, wherein it was found the decomposition of the DEPDC 

was first-order and the reaction of an initiator radical with the radical scavenger is 

essentially instantaneous. The activation energy (Ea) and pre-exponential factor (Ad) for 

the decomposition of DEPDC in scCO2 were determined as Ea = 132±8 kJ/mol and Ad= 

(6.3±1.4)×1016 s-1. This higher Ea found using the radical scavenger technique may be 

due to not all the free radicals from the decomposition reacting with the radical scavenger 

galvinoxyl. The reactions of radicals are complex and a small number of free radicals 
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could be consumed in a variety of other ways without reacting with the scavenger to form 

the UV-detectable adduct.  

The rate constants of DEPDC decomposition in both supercritical ethylene and 

supercritical ethylene/scCO2 were measured. It was found that the decomposition rates of 

DEPDC under scCO2 and supercritical ethylene are similar to one another, which implies 

that radical induced decomposition is negligible for this system. Figure 3.8 demonstrates 

the rate constants of DEPDC decomposition obtained from this study and from the 

literature using various other techniques. This figure suggests very strongly that the 

nature of the solvent has no significant effect on the rate constant for this initiator. Hence, 

high-pressure in situ FTIR is very useful for studying the kinetics of initiator 

decomposition in supercritical fluids. 
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Figure 3.8 Comparison of rate constants for diethyl peroxydicarbonate decomposition in 
scCO2 (◆) and heptane (*), to those reported in the literature for the solvents scCO2 (■), 
t-butanol (△), and 2,2’-oxydiethylene bis(allyl carbonate)( ○). 

 

3.3.4. Decomposition Mechanism of DEPDC in ScCO2 

As described above, the thermal decomposition of low-concentration DEPDC 

in either scCO2 or heptane is via first-order kinetics of unimolecular decomposition. In 

both solvent systems studied, the FTIR spectra of the decomposed products from DEPDC 

show peaks in the ranges of 1747 ~ 1756cm-1 and 1250 ~ 1262cm-1, which are assigned to 

the stretching vibrations of the C=O and C-O functional groups, respectively. Partial 

decarboxylation of the initially formed C2H5OCO2• radicals into C2H5O• radicals and 
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CO2 cannot be excluded from the experimental observation, but the observed growing 

peaks of the carboxyl group in the reaction products with reaction time (1747 and 

1262cm-1 in Figure 3.2 and 1756 and 1250cm-1 in Figure 3.3) suggest that most of the 

initially formed C2H5OCO2• radicals were not decarboxylated at the relatively low 

temperatures under the studied experimental conditions. The free radical C2H5OCO2• is 

extremely reactive and able to abstract a hydrogen atom from an available source if no 

monomer is present to polymerize. The gradually developed absorbance peaks at 1756 

and 1250cm-1 during the decomposition under scCO2 conditions are likely attributed to 

the formed molecule, monoethyl carbonate (C2H5–O–CO2H). 

The extent of the decarboxylation of the free radicals strongly depends on both 

the structures of the free radicals and the experimental conditions. Studies on the initiator 

structure showed for example that CF3OCO2• decarboxylated faster than FCO2•113 while 

carbonyloxy radicals with a tertiary α–carbon atom decarboxylated much faster than 

radicals with a primary α–carbon atom.105 For photoinduced decomposition of peroxides 

using C6H5-C(O)O-OR (R=benzoyl or tert-butyl) and tert-butyl 9-methylfluorene-9-

percarboxylate, decarboxylation of the benzoyloxy and 9-methylfluorenylcarbonyloxy 

radicals took place on the picosecond time scale.107, 109 The ultrafast decarboxylation of 

these carbonyloxy radicals was explained by the high excess energy available after 

photoexcitation of the parent peroxides, and/or a fast and direct dissociation via 

electronically excited states. On the contrary, the alkoxycarboxyl radicals from the 

thermal decomposition of dicyclohexyl peroxydicarbonate did not readily decarboxylate 

before entering into reactions with solvent or bimolecular disproportionation at 50°C, 

although the decarboxylation of alkoxycarboxyl radicals formed from OO-t-butyl O-
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cyclohexyl peroxycarbonate became significant in the 100 ~ 110°C range.103 

Decarboxylation of these radicals was slow relative to competing bimolecular reactions 

due to a high activation energy, so could be increased by higher temperatures.103 

Similarly, according to Buback et al’s photoexcitation study on 2-Me-C6H4-CO2•, 

intramolecular hydrogen atom migration was faster than decarboxylation at thermal 

energies associated with ambient temperatures, while higher energies increased the rate 

of decarboxylation.105 Hence, the present results showing little decarboxylation for 

DEPDC in scCO2 and hexane is expected at the relatively low temperatures studied from 

40 to 74ºC, and for the ethoxycarboxyl radical with a primary α–carbon atom. 

To further probe the mechanism of decomposition of DEPDC in scCO2, the 

reactor was first cooled down to ambient temperature and then the venting was carefully 

carried out to atmospheric pressure during a period of approximately 30min. Figure 3.9 

exhibits the spectrum of the decomposition products observed at the bottom of the reactor 

after the thermal decomposition of DEPDC in scCO2 and subsequent venting. The two 

previously developed broad peaks at 1756 and 1250cm-1 are no longer dominant. Instead, 

the newly formed peaks at 3323, 2975, 2879, 2339, 1797, 1716, 1370, 1263, 1197, 1089, 

1048 and 880cm-1 suggest the presence of new reaction products from decomposition. By 

referring to the literature and offline FTIR experimental measurements, the peaks at 3323, 

2975, 2879, 1089, 1048, and 880cm-1 are attributed to ethanol, which was formed from 

the decarboxylation of the unstable intermediate giving rise to the peaks at 1756 and 

1250cm-1 when CO2 was vented from the reactor. The peak at 1716cm-1 in Figure 3.9 can 

be assigned to 2,3-butanedione114 while the peak at 2339cm-1 indicates the existence of 

residual CO2 and/or CO2 from the conversion of residual monoethyl carbonate. It was 
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unavoidable to lose some volatile decomposition products during the venting process, but 

the major end products would remain in the reaction residue at the bottom of the reactor. 

This reaction residue was further analyzed using NMR (1H, 13C, gCOSY, and gHSQC) 

(Appendix 3), and ethanol, ethyl acetate, and 2,3-butanedione were found in the 

products.115  
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Figure 3.9 FTIR spectrum of thermal decomposition products after 860min reaction in 
scCO2 at 50oC and 20MPa then venting to atmospheric pressure. (Spectra were collected 
at ambient temperature under atmospheric pressure.) 

 

Figure 3.10a displays the spectrum of the high-purity DEPDC (without organic 

solvents) in a relatively high concentration in scCO2. Heating this solution led to Figure 

3.10b, which displays the IR spectrum of the induced decomposition of the initiator. This 

decomposition reaction was completed within a few seconds with subsequent increase in 
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temperature and pressure. Figure 3.10b shows new peaks at 3424, 2980, 2887, 1727, 

1096, and 1044cm-1. The peak at 1727cm-1 can be assigned to acetaldehyde while the 

other five peaks are ascribed to ethanol, using literature values114-116. These results are 

also in good agreement with the previous studies by Duynstee et al104 who found the 

major products from decomposition of a similar initiator, diisopropyl peroxydicarbonate, 

were isopropanol, acetone and CO2, and Van Sickle103 who found the major products 

from decomposition of dicyclohexyl peroxydicarbonate were CO2, cyclohexanol, and 

cyclohexanone. Schemes 3.3 and 3.4 summarize the likely decomposition reactions under 

these experimental conditions. Assignments of these absorbance peaks of DEPDC, 

heptane, diethyl carbonate, ethanol, and other decomposed products are given in Table 

3.3 as reference. It should be mentioned that in addition to the major products discussed 

above, other byproducts could also be produced in small amount due to the high 

reactivity of the free radicals. As the free-radical mechanisms are complex, these schemes 

should be taken as descriptive.  
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Figure 3.10 In situ FTIR spectra of before and after the induced explosive DEPDC 
decomposition in scCO2 at 60°C and 20MPa (DEPDC concentration 18.4wt%). 
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Table 3.3 Assignment of characteristic FTIR peaks used in this study 110, 114, 116 

Chemicals Frequency (cm-1) Assignment 

Heptane 2960-2850 CH3 and CH2 asym. & sym. stretching vibrations

 1467 CH3 asym. bending / CH2 scissoring vibrations 

 1378 CH3 sym. bending vibration (umbrella mode) 

Diethyl peroxydicarbonate (DEPDC) 

 1794-1803 C=O stretching vibrations 

 1191-1203 C-O stretching vibrations 

Diethyl carbonate 

 1744-1751 C=O stretching vibrations 

 1251-1262 O-C-O stretching vibrations 

Decomposed products 

 1747 C=O stretching vibrations (in heptane) 

 1756 C=O stretching vibrations (in scCO2) 

 1262 O-C-O stretching vibrations (in heptane) 

 1250 O-C-O stretching vibrations (in scCO2) 

 3323-3424 O-H stretching vibrations (CH3CH2OH) 

 2975-2980 CH3 asym. stretching vibrations (CH3CH2OH) 

 2879-2887 CH2 asym. stretching vibrations (CH3CH2OH) 

 
1044-1048 & 

1089-1096 
C-O stretching vibrations (CH3CH2OH) 

 1727 C=O stretching vibration (CH3CHO) 

 1716 C=O stretching vibration (2,3-butanedione) 
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Scheme 3.3 Proposed mechanism of forming monoethyl carbonate, ethanol, ethyl acetate, 
and 2,3-butanedione in scCO2 
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Scheme 3.4 Proposed mechanism of forming ethanol and acetaldehyde for the induced 
decomposition of DEPDC in scCO2 
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3.4. Conclusions 

This study has shown the great advantage of using in situ ATR-FTIR in 

studying the mechanism and kinetics of the thermal decomposition of diethyl 

peroxydicarbonate (DEPDC) in supercritical fluids (under high pressure). Two new 

characteristic peaks, appeared at 1747 ~ 1756 and 1250 ~ 1262cm-1 simultaneously with 

the decomposition of DEPDC, demonstrate that the major decomposed products contain a 

carboxyl group and decarboxylation of the initially formed ROCO2• radicals does not 

occur significantly. By comparison with standard IR spectra, the two peaks are assigned 

to the formation of carbonates from the decomposition of DEPDC. For DEPDC 

decomposition in supercritical CO2, the first formed intermediate monoethyl carbonate 

was decarboxylated and converted into ethanol during removal of CO2. Through the 

kinetic measurements, the decomposition of DEPDC is revealed as in the first-order 

kinetics of unimolecular reaction regardless of the applied media. The activation energy 

of the thermal decomposition of DEPDC was obtained to be 115kJ/mol in heptane from 

40 to 74°C and 118kJ/mol in scCO2 from 40 to 60°C. 
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Chapter 4. FTIR Study on Measuring the Monomer Reactivity Ratios 

for Ethylene-Vinyl Acetate Polymerization in Supercritical CO2 
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In this chapter, the determination of monomer reactivity ratios for 

copolymerization of ethylene and vinyl acetate in the “green” solvent, scCO2, is 

described. In situ ATR-FTIR was employed to monitor the copolymerization in scCO2. 

The FTIR spectra of the initial formation of copolymers of ethylene and vinyl acetate 

(VAc) were utilized for determining the reactivity ratios. Both the Kelen-Tudos and the 

non-linear least-squares (NLLS) methods were used to calculate the reactivity ratios. Off-

line 1H NMR analysis was also utilized for obtaining the copolymer composition, by 

which the determined reactivity ratios were compared with the ones obtained using in situ 

FTIR. The effect of polymerization temperature and pressure was examined and the 

solvent effect was also discussed. A version of this chapter has been accepted for 

publication to Industrial & Engineering Chemistry Research: FTIR study on measuring 

the monomer reactivity ratios for ethylene-vinyl acetate polymerization in supercritical 

CO2.117 
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4.1. Introduction 

Poly(ethylene-co-vinyl acetate) (PEVA) is a commercialized copolymer which 

is recognized for its flexibility, toughness, adhesion characteristics, stress-cracking 

resistance, and being used in a variety of applications. Some of the grades are used for 

hot-melt adhesives applications. PEVA is also widely used as an encapsulating resin for 

silicon based photovoltaic (PV) devices providing mechanical support, electrical isolation, 

and protection against environmental exposure.118 Hydrolysis of PEVA yields 

poly(ethylene-co-vinyl alcohol), which can be used in a variety of containers and 

biomedical applications.  

The thermal and mechanical properties of PEVA depend primarily on the VAc 

content and the polymerization process. The VAc content has a significant effect on the 

crystallinity, flexibility, and elastomeric properties of the copolymer with increasing VAc 

content leading to the PEVA copolymer becoming softer and more transparent. The 

copolymerization of ethylene and vinyl acetate is normally performed under high 

pressure, using free radicals as initiators, as vinyl acetate can effectively quench catalyst 

activity.119 The solvent based process requires volatile organic compounds (VOCs), 

which are increasingly being regulated, and the very high pressure process cannot 

produce polymers with significant amounts of vinyl acetate. As well, the 

copolymerization often produces product with significant amounts of low-molecular 

weight highly-branched material. Hence, a new process for synthesizing this copolymer 

in scCO2 would be highly desirable, particularly if supercritical fluid extraction (SFE) 

can be incorporated to remove the low MW fragments and provide better product for 
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emerging solar and biomedical applications. ScCO2 has additional advantages as it can be 

rapidly and safely vented to the atmosphere or recaptured, leaving dry solvent-free 

polymer. This overcomes drying issues, hence significantly lowering energy 

requirements. Additional advantages include that polymerization in scCO2 provides the 

ability to produce new desirable properties in the polymer, including enhanced free 

volume for increased loading capabilities of nanofillers120 extending this commodity 

polymer into emerging applications. 

To provide the required information for potential commercial employment, it is 

necessary to obtain the monomer reactivity ratios, which have not previously been 

measured for copolymerization of ethylene and vinyl acetate in scCO2. The reactivity 

ratios can be determined experimentally by using the instantaneous copolymer 

composition equation (Eqn. 1-2). Many analytical methods have been previously used to 

estimate monomer reactivity ratios, as reviewed by Penlidis and coworkers121. Fineman 

and Ross122 developed a linearization method by rearranging the well known Mayo-

Lewis equation (Eqn. 1-2), while Kelen and Tudos123 modified the Fineman-Ross method 

by introducing an arbitrary constant in order to spread the data points more evenly. The 

non-linear least-squares (NLLS) method has been found to be the most statistically sound 

technique wherein the more useful form of the Mayo-Lewis equation (Eqn. 1-5) is 

employed. 

In general, for measuring the reactivity ratios, copolymerizations are carried out 

to as low degrees of conversion as possible in a batch reactor to minimize the errors in 

the use of the differential equation. The copolymer composition can be determined either 

directly by analysis of the copolymer or indirectly by analysis of changes in the 
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comonomer composition. The main spectroscopic techniques that are effective for direct 

measurement of copolymer composition include infrared (IR), nuclear magnetic 

resonance (NMR) and ultraviolet (UV) spectroscopy. Among the various techniques, in 

situ Fourier transform infrared (FTIR) spectroscopy is a state-of-the-art monitoring 

technique which can provide real-time structural and kinetic information during a 

polymerization process. ATR-FTIR spectroscopy is particularly useful form of in situ 

FTIR that uses the phenomenon of total internal reflection, hence producing: (1) little to 

no disturbing interference from solid particles present in the solution, or generated by 

polymerization, and (2) a less intense solvent contribution to the overall infrared 

spectrum so the solvent spectra can be easily subtracted from the sample spectrum. These 

characteristics of a small depth of penetration with no sensitivity to solid particles 

constitute the technical motivation for the employment of ATR-FTIR technology as an 

online monitoring tool for supercritical crystallizations and polymerizations.124 

In this study, the initially-formed ethylene-vinyl acetate (EVA) copolymer 

compositions were determined by both in situ ATR-FTIR and off-line 1H NMR 

techniques. The non-linear least-squares method (using the Gauss-Newton algorithm) 

was employed for data analysis while the results obtained with the Kelen-Tudos method 

were also used for reference and comparison. 

 

4.2. Experimental 

4.2.1. Materials 

Instrument grade CO2 (99.99% purity from Praxair Canada Inc., with dip-tube) 

and polymer grade ethylene (99.9% purity, Praxair) were further purified by passing 
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through columns filled with 5Å molecular sieves and reduced 20% copper oxide/Al2O3 to 

remove the moisture and oxygen, respectively. Argon (99.999% purity, Praxair) was used 

without further purification. Vinyl acetate (VAc) (>99%) purchased from Sigma-Aldrich 

Canada was further purified by passing through an inhibitor remover column (Aldrich) to 

remove hydroquinone. Deuterium chloroform from Cambridge Isotope Laboratories, Inc. 

and 1,2,4-trichlorobenzene (TCB) (>99%) and hydroquinone(≥99%) from Sigma-Aldrich 

Canada were used as received. The initiator diethyl peroxydicarbonate (DEPDC) was 

synthesized as previously described in Chapter 3. Several PEVA samples of varying VAc 

content (Ateva® 1015A, 1210, 1231, 1240A, 1525, 1807V, 1821, 1985A, 2803A, 2811, 

3325AC, and 4030AC) were generously provided by AT Plastics Inc. 

4.2.2. Copolymerization.  

Copolymerization was conducted in the 100-mL high-pressure stainless steel 

autoclave coupled with a digital pressure transducer and a temperature controller. The 

stirring speed was controlled at 300 rpm. The comonomer vinyl acetate and the initiator 

DEPDC were charged into the reactor, purged with a flow of argon, and then ethylene 

and CO2 were pumped into the autoclave. The amount of ethylene and CO2 injected into 

the reactor was determined by measuring the pressure and volume dispensed from the 

syringe pumps, with the density obtained from equations of state125, 126. 

The copolymerization was carried out at 50±1 or 72±1oC, and 27.6±0.3 or 

13.8±0.3MPa. In situ ATR-FTIR was applied to monitor the solution concentration in the 

stirred high-pressure autoclave. Spectra were recorded at a resolution of 2cm-1 and the 

absorption spectra were the results of 32 scans. In order to accurately measure the area 

under the absorbance peaks of the initially formed copolymers, spectral subtraction was 
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employed by subtracting the spectrum measured before the copolymerization from the 

spectrum measured after a few minutes of copolymerization (typically 6 ~ 10min, by 

taking account of maximum signal-to-noise ratio and minimum monomer conversion). 

Due to a small amount of overlapping of the CH2 asymmetric and symmetric stretching 

absorbance peaks at 2929 and 2856cm-1, the peaks were further separated by a 

deconvolution technique using a commercial software package (ACD UVIR version 7.08, 

Advanced Chemistry Development Inc.). In order to obtain the most accurate results, the 

peak area instead of peak height was employed for calculating the peak ratios.  

After ca. 30min reaction, the autoclave was cooled down to ambient 

temperature, and then CO2 and unreacted ethylene were carefully vented leaving the 

formed sample in the autoclave. Subsequently, a small amount of hydroquinone was 

added into the autoclave to quench the polymerization, followed by drying the reaction 

mixture under a vacuum oven at ambient temperature for 2 days and then at 60oC for 3 

days. For comparison purposes, the dried copolymers were then characterized with 1H 

NMR.  

4.2.3 Characterization.  

Thermogravimetric analysis (TGA) was performed using a TA Instruments 

TGA Q500 with a temperature ramp from 30 to 600oC at a heating rate of 10oC/min 

under nitrogen atmosphere. Off-line FTIR spectra were collected with a Bruker Vector 22 

spectrometer at room temperature. Spectra were recorded at a resolution of 2cm-1 and the 

absorption spectra were the results of 32 scans. 1H Nuclear magnetic resonance (NMR) 

spectra were recorded using a Varian Inova 600 or 400 NMR spectrometer. High VAc 

content (≥30wt%) PEVA samples were dissolved in deuterated chloroform and run at 
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room temperature. The chemical shifts are reported relative to TMS. Frequency = 

400.087 MHz, PW45 (45 pulse width) =12.3 μs, number of transients (NT) =8, 

acquisition time (AT) =4.00 s, delay time (D1) =1 s. Low VAc content (<30wt%) PEVA 

samples were dissolved in 1,2,4-trichlorobenzene (TCB) and run at 60oC. The chemical 

shifts were referenced to TCB, peaks of which were previously calibrated with TMS. 

Frequency = 599.406 MHz, PW90 (90 pulse width) =12.1 μs, number of transients (NT) 

=8, acquisition time (AT) =1.708 s, delay time (D1) =2 s. Pre-saturation frequencies: 7.22, 

7.14, and 6.97ppm.  

 

4.3. Results and Discussion 

4.3.1. FTIR Analysis of Copolymerization 

During the copolymerization of ethylene and vinyl acetate (VAc) in scCO2, the 

copolymer PEVA was formed while both of the monomers, ethylene and VAc, are 

consumed (see Scheme 4.1). Figure 4.1 shows a plot of the in situ FTIR spectra of 

copolymerization of ethylene and vinyl acetate in scCO2 from 0 to 960 minutes. 

Normally, while performing kinetic analysis on copolymerizations, the consumption of 

the monomers is monitored. However, while following this copolymerization in scCO2, 

the consumption of ethylene could not be monitored due to its infrared-inactive vC=C 

peak. Although the consumption of vinyl acetate could be followed from the 

characteristic vC=C peak (1648cm-1), this peak was rather small. By analyzing Figure 4.1, 

the absorbance intensities decreased at 1767, 1648, 1221, and 1141cm-1 during the 

polymerization, while those at 2929, 2856, 1737, 1241 and 1020cm-1 increased. The 

decrease in height of the peaks at 1648cm-1 (due to C=C stretching vibration) and 
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1141cm-1 (due to O-C-C asymmetric stretching vibration of CH3C(O)-O-CH=CH2 

molecule) indicates the conversion of vinyl acetate. That the absorbance peaks changed 

from 1767 to 1737cm-1 (due to C=O stretching vibration) and from 1221 to 1241cm-1 

(due to C-C-O asymmetric stretching vibration) indicates the transfer of the ester groups 

from the monomer molecules to the polymer chains.110 Hence, although the VAc 

monomer peaks are small, the polymer peaks are easily observed by the in situ FTIR data. 

 

 
Scheme 4.1 Overall reaction of synthesis of poly(ethylene-co-vinyl acetate) 
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Figure 4.1 In situ FTIR spectra of copolymerization of ethylene and vinyl acetate in 
scCO2 (the experimental conditions: T=50oC, P=27.6MPa, ethylene mole fraction in feed: 
0.902). 

 

Figure 4.2 displays a typical in situ FTIR waterfall plot of the copolymerization 

of ethylene and VAc in scCO2 at the early stages of the copolymerization, where the 

reactivity ratios were determined for this study. In the experiment shown in Figure 4.2, 

the temperature was raised to the required reaction temperature during the first 10min 

heating, while the formation of copolymers is observed at ca. 4min later. The growing 

PEVA peaks provide useful and reliable information on the composition of the formed 

copolymers at low conversions, from which the reactivity ratios can be determined. The 

spectra of copolymers used for reactivity ratio calculation were collected at a monomer 

conversion of less than 2%, according to the change in area under the vC=C peak of vinyl 



78 

acetate (1648cm-1). As described in the introduction, low conversion is required for the 

successful application of the differential equation of copolymerization (Eqn. 1-2).  

 

Figure 4.2 In situ FTIR waterfall plot of the copolymerization of ethylene and VAc in 
scCO2 (the experimental conditions: T=50oC, P=27.6MPa, ethylene mole fraction in feed: 
0.887). 

 

To utilize these growing FTIR peaks during the copolymerization for 

measuring the reactivity ratios, a calibration curve must be established to relate the peak 

heights or peak areas to the composition of the formed copolymer PEVA. Pattacini et 

al127 reported that there existed an excellent linear relationship between the FTIR peak 

ratios, νC=O(1740cm-1) or νC-O(1020cm-1) to δCH2(1463cm-1) or ρCH2 (723cm-1), and 

the VAc contents for PEVA samples of low VAc content (≤11.1wt%). As well, an 

excellent linearity of the peak ratio 1740cm-1/1464cm-1 versus VAc content was also 
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observed by Williams128 using TGA up to 33wt%. Figures 4.1 and 4.2 show that these 

peaks are clearly observable and the absorbance ratio 1737cm-1/2929cm-1 gave an 

excellent signal-to-noise ratio.  

4.3.2. Determination of PEVA Composition by TGA and NMR Analysis 

To create a calibration curve for this study, so that the measured FTIR values 

can be related to the VAc content, several commercial PEVA samples (from AT Plastics 

Inc., VAc content < 42wt%) were characterized using both off-line TGA and 1H NMR 

analysis. Figure 4.3 shows a typical TGA plot of a PEVA sample, containing two stages 

of weight loss at approximately 365 and 475oC, respectively. The first stage is attributed 

to acetic acid being evolved rapidly and quantitatively, from which the VAc content can 

be determined128 while the residual hydrocarbon segments decompose during the second 

stage.129  
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Figure 4.3 TGA plot of a PEVA sample (Ateva® 3325AC). 
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In addition to TGA, NMR is considered to be an “absolute” technique for 

obtaining the chemical composition of copolymers. In this study, 1H NMR 

characterization was carried out for the commercial and home-made (VAc content: 57 ~ 

98wt%) PEVA samples of high and low VAc contents, with a typical spectrum shown in 

Figure 4.4 for a commercial PEVA sample (Ateva® 3325AC, VAc content: ca. 34wt%). 

Figure 4.4a shows five major peaks appearing at 4.85(CH), 2.03(CH3-COO-), 1.49(CH2), 

1.24(CH2), and 0.87ppm (CH3) using CDCl3 as solvent at room temperature. When using 

TCB at 60 °C, the identical peaks were observed and identified (Figure 4.4b) and the 

obtained composition results using TCB were found to be within 5% error to those 

analyzed using chloroform-d. Figure 4.5 provides a comparison of the VAc contents of a 

series of commercial PEVA samples measured from TGA and 1H NMR, indicating that 

both techniques gave similar results. 
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Figure 4.4 1H NMR spectra of a PEVA sample (Ateva® 3325AC) by use of different 
solvents. (a) chloroform-d at room temperature; (b) 1,2,4-trichlorobenzene at 60oC. 
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Figure 4.5 Comparison of VAc content of commercial PEVA samples determined from 
TGA and 1H NMR. 

 

Using the 1H NMR data and the measured values of the FTIR ratio at 

1737/2929cm-1, Figure 4.6 shows the calibration curve that was established to measure 

the VAc content. Since the copolymer composition can be derived from the in situ FTIR 

spectra using this calibration curve, and the reactor feed compositions are known, the 

reactivity ratios can hence be determined. 
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Figure 4.6 Calibration curve of absorbance ratio versus VAc content of PEVA 
copolymers. 
 

4.3.3. Determination of Reactivity Ratios 

4.3.3.1. Model Comparison 

Table 4.1 provides the experimental conditions for all the ethylene-VAc 

copolymerizations utilized for this study. The feed compositions and the corresponding 

copolymer compositions are listed in Table 4.2 and 4.3. 
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Table 4.1 Initial feed compositions for FTIR experiments under different reaction 
conditions 
 
Reaction Conditions VAc (mol) Ethylene (mol) DEPDC (mol) CO2 (mol) 

0.0512 0.0229 0.0035 2.30 

0.0526 0.0356 0.0046 2.28 

0.0482 0.0787 0.0045 2.22 

0.0502 0.1562 0.0036 2.05 

0.0510 0.3998 0.0049 1.70 

50oC 

27.6MPa 

0.0247 0.6061 0.0043 1.35 

0.0518 0.0259 0.0046 1.90 

0.0516 0.0569 0.0045 1.84 

0.0531 0.0952 0.0046 1.77 

0.0509 0.2397 0.0047 1.48 

50oC 

13.8MPa 

0.0233 0.2476 0.0034 1.46 

0.0516 0.0238 0.0005 2.04 

0.0523 0.0590 0.0009 1.94 

0.0515 0.0925 0.0005 1.89 

0.0514 0.2412 0.0006 1.74 

72oC 

27.6MPa 

0.0235 0.2449 0.0010 1.73 
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Table 4.2 Ethylene mole fraction of copolymers determined by FTIR and 1H NMR from 
copolymerization of ethylene and vinyl acetate in scCO2 at 50oC 27.6MPa with various 
feed composition 
 

fethylene Fethylene by FTIR Fethylene by 1H NMR 

0.961 0.9526 0.934 

0.887 0.8356 0.695 

0.757 0.6808 0.576 

0.620 0.5115 0.367 

0.403 0.2521 0.160 

0.309 0.2211 N/A 

 

Table 4.3 Ethylene mole fraction of copolymers determined by FTIR from 
copolymerization of ethylene and vinyl acetate in scCO2 with various feed composition 
 

Reaction Condition fethylene Fethylene 

0.914 0.8201 

0.825 0.6635 

0.642 0.4689 

0.524 0.3706 

50oC 13.8MPa 

0.333 0.2689 

0.912 0.8215 

0.824 0.6963 

0.642 0.5392 

0.530 0.3992 

72oC 27.6MPa 

0.316 0.2096 
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Figure 4.7 displays the experimental data for a set of experiments of varying f1 

at 50oC and 27.6MPa in a plot of the mole fraction of ethylene in the copolymer, F1, 

versus the mole fraction of ethylene in the feed, f1. The reactivity ratios were calculated 

using both the NLLS and the Kelen-Tudos methods, as compared in this figure. The two 

methods gave very similar results (see Table 4.4), with the two fitting curves largely 

overlapping, with rethylene=0.76±0.26 and rVAc=1.95±0.65 obtained by the NLLS method 

and rethylene=0.78 and rVAc=1.98 obtained by the Kelen-Tudos method. The standard 

deviation values between the model and experimental data points found by using the two 

methods were calculated to be 0.0172 and 0.0173, respectively. 
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Figure 4.7 Plot of mole fraction of ethylene in the copolymer, F1, versus mole fraction of 
ethylene in the feed, f1 (copolymer compositions determined from in situ FTIR). The 
points are experimental data, while the lines are the examined model equations (the 
experimental conditions: T=50oC, P=27.6MPa). 

 



87 

 

Table 4.4 Reactivity ratios and 95% confidence intervals determined under different 
reaction conditions with different numerical methods 
 
Temperature 

(oC) 

Pressure 

(MPa) 
Data Source 

Analytical 

Method* 
rethylene rVAc 

NLLS 0.76±0.26 1.95±0.65
In situ FTIR 

KT 0.78 1.98 

NLLS 0.41±0.31 3.17±2.25
50 27.6 

Off-line 1H NMR
KT 0.51 3.96 

NLLS 0.46±0.22 1.41±0.71
72 27.6 

KT 0.43 1.40 

NLLS 0.33±0.13 1.30±0.51
50 13.8 

In situ FTIR 

KT 0.35 1.29 

 
* NLLS: Non-linear least-square; KT: Kelen-Tudos. 

 

For comparison purposes, the formed copolymers were also characterized by 

offline 1H NMR (see Table 4.2), with the resulting reactivity ratios listed in Table 4.4. 

The reactivity ratio of ethylene determined from the off-line 1H NMR data is slightly 

smaller while that of VAc is larger in addition to the generally larger errors. The 

relatively large rVAc and small rethylene determined by off-line 1H NMR is likely due to 

higher monomer conversions in the experimental apparatus, as the polymerizations were 

normally run for 30 minutes or longer, with only the first few minutes of the FTIR data 

used for calculation purposes (i.e. Figure 4.2). The copolymerizations at higher 

conversions become heterogeneous (see Discussion) since the copolymers gave saturated 
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FTIR peaks after the initial stages of the reaction. These differences in the determined 

reactivity ratios reflect the advantages of the in situ FTIR method in the determination of 

reactivity ratios for copolymerization, as previously mentioned by Wiles et al130. The in 

situ method is particularly useful for high-pressure systems as it records the instantaneous 

composition change information, which can only be inferred using off-line measurement 

techniques such as NMR. 

4.3.3.2. Effect of Reaction Temperature and Pressure 

In order to examine the effect of reaction temperature on the reactivity ratios, 

several experiments varying f1 were conducted at a higher temperature (72oC) and the 

same reaction pressure (27.6MPa) for statistical comparison. The results in Table 4.4 

show that the reactivity ratios of both ethylene and VAc decrease slightly with increasing 

temperature from 50oC to 72oC.  

Although the effect of pressure on reactivity ratios is usually negligible for most 

copolymerization systems, the reactivity ratios involving a gaseous comonomer (such as 

ethylene) appear to be pressure-dependent.131 Several experiments in the 

copolymerization of ethylene and vinyl acetate in scCO2 varying ethylene mole fraction 

in the feed were conducted at the same temperature (50oC) but a lower pressure 

(13.8MPa), for statistical comparison. As seen in Table 4.4, both rethylene and rVAc increase 

with pressure. Figure 4.8 summarizes all the experimental data by showing a plot of 

copolymer composition versus feed composition for the different reaction temperature 

and pressure conditions examined in scCO2. It is found that the copolymer composition 

for the same monomer feed composition varies only slightly under the experimental 

conditions. 
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Figure 4.8 Copolymer composition versus feed composition for different reaction 
temperature and pressure conditions in scCO2. 
 

4.3.4. Discussion 

The monomer reactivity ratios can be theoretically calculated by means of the 

Q-e scheme proposed by Alfrey and Price.132 From the Q-e values,133 the reactivity ratios 

for the copolymerization of ethylene and VAc are calculated to be rethylene=0.59 and 

rVAc=0.72. By means of molecular orbital theory calculations, Filley et al134 found that 

the reactivity ratios for this system were rethylene=0.20 ~ 0.32 and rVAc=0.76 ~ 0.97 and the 

penultimate effect could be ignored. These theoretically-calculated results are not in good 

agreement with the experimentally-determined reactivity ratios found in scCO2, as listed 

in Table 4.4. In explanation, the reactivity ratios can be affected by the reaction 
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temperature, pressure, and reaction medium, 52 as being observed experimentally in this 

study.  

From the literature, a weak dependence of rethylene on temperature was reported 

by Buback and Panten135 in a study of the terpolymerization of ethylene, acrylonitrile and 

VAc from 170 to 240oC at 200MPa. As well, both rethylene and rVAc were found to be 

weakly dependent on temperature from 60 to 135oC by theoretical calculations.134 For the 

effect of pressure, Van der Meer et al136 found that the dependence was insignificant at 

62oC for the polymerization of ethylene and VAc under pressures between 3.4 and 

58.8MPa using tert-butyl alcohol as solvent. However, Erusalimskii et al60 found that the 

reactivity ratios of ethylene and VAc both increased significantly at 60oC when the 

pressure was increased from 10 to 120MPa using ethylene as the monomer/solvent. 

Similarly, the reactivity ratio of ethylene was also found to increase with pressure as 

reported by Buback and Dietzsch137 for the high-pressure free-radical copolymerization 

of ethylene and methyl methacrylate. The present experimental results, where the 

pressure effect came from the increased amount of scCO2, agree rather well with these 

latter studies. 

The reaction medium is also known to strongly affect the reactivity ratios 

through monomer partitioning, solubility, viscosity, and polarity.131, 134 The small degree 

of dependence of reactivity ratios on temperature/pressure that was experimentally 

observed in this study might be due in part to the variation of solvent nature with these 

variables, as reflected by the changing density (0.854, 0.756, and 0.665g/mL at 50oC 

27.6MPa, 72oC 27.6MPa, and 50oC 13.8MPa, respectively126). The effect of solvent on 

the copolymerization of ethylene and vinyl acetate was studied by Van der Meer et al57 at 



91 

62oC and 3.4MPa who found that solvents of higher polarity or stronger interaction with 

VAc resulted in higher rethylene and lower rVAc values. The present experimental results are 

in good agreement with this finding, with lower rethylene and higher rVAc values being 

observed when the non-polar scCO2 was used as solvent in this study. In the case of bulk 

copolymerization where ethylene works as the monomer/solvent, the polarity effect of 

non-polar ethylene could be more or less suppressed, as relatively low rVAc values were 

observed by Raetzsch et al.138 Ethylene can participate in the copolymerization while 

CO2 cannot. 

Supercritical CO2 is well known to be a good solvent for most low molar mass 

non-polar and some polar molecules (i.e. the monomers and initiator),5 but it is a poor 

solvent for most high molar mass polymers under mild conditions.3 In general, the 

copolymerization of ethylene and VAc in scCO2 should be considered as a precipitation 

polymerization, as the initially homogeneous mixture of the comonomers and initiator 

becomes heterogeneous during the reaction as the insoluble copolymer chains aggregate 

to form a separate polymer phase. Precipitation affects the copolymer composition and 

the monomer sequence distribution when accessibility of the reaction site is different for 

each monomer.139 As reported by Baradie and Shoichet,140 preferential solvation of one 

monomer in scCO2 is enhanced by differences in the polarity of the solvent and the 

comonomers, and the polar monomer partitions from the solution phase into the polymer 

phase. Hence, as the copolymerization of ethylene and VAc in scCO2 proceeds to higher  

conversions, the polar monomer VAc may be enriched at the polymerization sites, as it 

likely solvates the propagating macroradical chain in the non-polar scCO2. Once the polar 

monomer VAc has easier access to the polymerization site than the non-polar monomer 
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ethylene, the apparent propagating rate of VAc is enhanced while that of ethylene is 

weakened, leading to the observed higher rVAc and lower rethylene values at higher 

conversions. The effect of solvent polarity on the reactivity ratios is not a phenomenon 

only occurring in heterogeneous polymerizations, as a similar effect was noted on the 

reactivity ratios in the solution copolymerization of styrene and the relatively polar 

monomer 2-hydroxyethyl methacrylate in nonpolar solvents.141  

From cloud-point experimental data, poly(vinyl acetate) has been reported to 

have relatively high solubility in scCO2 by Rindfleisch et al16 and Shen et al17. During the 

initial stages where the in situ FTIR results were used for determination of reactivity 

ratios (below 2% conversion), the copolymerization of ethylene and VAc in scCO2 was 

homogeneous. The ATR-FTIR probe is mainly seeing the instantaneous copolymer 

formed in solution, so the higher molecular weight heterogeneous material formed in 

later stages of the copolymerization will not be observed. Hence, the reactivity ratios 

determined in this study in the initial stages of copolymerization can be considered as the 

true reactivity ratios. Due to the enhanced polarity effect of scCO2 on the reactivity ratios 

in heterogeneous processes as discussed above, apparent reactivity ratios of even higher 

rVAc and lower rethylene values should be expected at higher conversions. These measured 

reactivity ratios are very promising for potentially producing high content VAc 

copolymers in the “green” solvent, scCO2, which are not readily achievable using the 

current high pressure industrial processes. Future work will further explore the 

mechanism of copolymerization in scCO2 and how to utilize these measured reactivity 

ratios studying advanced nanomaterials of PEVA for emerging applications in solar 

energy and biomaterials120. 
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4.4. Conclusions 

The monomer reactivity ratios of the copolymerization of ethylene and vinyl 

acetate in scCO2 were determined using both in situ ATR-FTIR and off-line 1H NMR 

analysis. The in situ method showed significant advantages over the off-line method for 

this high-pressure system. Two analytical methods including the Kelen-Tudos, and the 

non-linear least-squares method were applied in the determination of reactivity ratios, 

wherein similar results were obtained. The reactivity ratios were found to be dependent 

on the reaction conditions such as temperature, pressure, and the reaction medium. By 

comparing the results with those reported in the literature, the scCO2 reaction medium 

was found to have significant effects on copolymerization of ethylene and VAc. The non-

polar CO2 was found to result in lower reactivity ratio of ethylene and higher reactivity 

ratio of vinyl acetate than those polar solvents studied in the literature. The determined 

reactivity ratios will promote the application of the “green” solvent scCO2 in industrial 

production of copolymers of ethylene and vinyl acetate, particularly those of higher vinyl 

acetate content.  
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Chapter 5. A Novel Approach to the Synthesis of SiO2-PVAc 

Nanocomposites Using a One-Pot Synthesis in Supercritical CO2 
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In this chapter, a novel one-pot technique for the synthesis of SiO2-PVAc 

nanocomposites using scCO2 is described. In situ ATR-FTIR was applied to monitor the 

process in scCO2, wherein the parallel reactions of free radical polymerization, 

hydrolysis/condensation, and linkage of silica nanoparticles to the PVAc matrix, were 

found to take place. Transmission electron microscopy (TEM) and EDX element Si-

mapping were employed to characterize the synthesized nanocomposites, indicating 

excellent dispersion of nanoparticles of 10 ~ 50nm in the polymer matrix. Part of this 

chapter is reproduced by permission of The Royal Society of Chemistry from the 

published article by the author: A novel approach to the synthesis of SiO2–PVAc 

nanocomposites using a one-pot synthesis in supercritical CO2
120, in Green Chemistry, 

Copyright [2007] by The Royal Society of Chemistry. 

(http://www.rsc.org/publishing/journals/GC/article.asp?doi=b617634h). 
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5.1. Introduction 

Significant progress has been achieved in recent years for developing new 

“green” chemical processes to meet the ever stringent governmental policies for 

environmental protection.142, 143 The main criteria for developing a “green” chemical 

process is producing the required (or superior) materials either by a waste-free process or 

with a significant reduction in the amount of generated waste.144-148 Generally, the 

development in “green” chemical processes can be divided into two scopes: reaction 

route alternatives144-146 and solvent alternatives.6, 147-149 It is widely accepted that reducing 

the number of synthesis steps can significantly reduce the amount of waste and energy 

consumption. Hence, changing the reaction route to lower the number of synthetic steps 

is of significant environmental and economic advantage.144 As well, alternative synthesis 

design and approaches utilizing “green” solvents for pollution prevention are highly 

desirable.147-149 Regulation of the use of hazardous organic solvents is becoming 

increasingly stringent and has spurred the development of environmentally conscious, 

economical reaction media.  

As mentioned in Chapter 1, supercritical carbon dioxide (scCO2) has shown to 

be a promising alternative medium for polymerizations and continuous processes.3, 86, 150 

In addition to polymer synthesis, scCO2 has also been developed as an enabling solvent 

in various chemical processes such as particle formation,151, 152 extraction, coating,153 

cleaning,148 drying, and media for organic and inorganic reactions including 

nanomaterials,89, 154 many of which are unique with exciting properties. 
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Polymer nanocomposites are finding widespread industrial, household and 

biomedical applications in both existing and several new areas.155-157 In comparison with 

the virgin plastics, polymer nanocomposites often have unique morphologies, physical 

and chemical properties, and exhibit marked improvements of fuel and gas (oxygen and 

CO2) barriers, flame resistance, stiffness, thermal and structural stabilities. The polymer 

nanocomposites normally contain fine inorganic particles or inorganic fibers well 

dispersed in the polymer matrix, with the particle size of the inorganic particles/fibers 

having a significant effect on the mechanical properties.158 However, controlling the 

particle size at the nanometer level is a challenging project.155 Of additional challenge is 

successful coupling of the nanoparticles to the matrix, which is highly desirable to 

maximize mechanical properties.155 Generally, the conventional methods for synthesis of 

polymer composites are through complex multi-step synthetic processes, including:157, 159-

168 (1) formation of inorganic particles or polymer; (2) modification of the obtained 

inorganic particles or the polymer; and (3) introducing the inorganic particles into the 

polymer matrix. The most popular method is simply by mixing the two obtained parts of 

polymer and inorganic particles, either by melt compounding, which adds inorganic 

particles into a polymer melt,159-161 or by a solution obtained by dissolving the polymer in 

an organic solvent,162-164 then evacuating the solvent after mixing with the inorganic 

particles. In addition, usually the inorganic particles or the applied polymer requires 

further modification by adding a coupling agent to enhance the interaction of the 

inorganic part with the organic polymer for coupling to the polymer matrix.169, 170 In these 

multi-step synthetic processes, each synthesis step consumes energy, time, labor and 

results in significant waste. Hence, a “green” approach to polymer nanocomposite 
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synthesis that provides small nanometer size particles, good distribution of the nanofillers 

throughout the matrix, chemical attachment of the nanofillers to the matrix, along with 

reducing the number of synthesis steps while using a “green” solvent, is extremely 

desirable. 

In this research, in situ FTIR was applied to analyze free radical polymerization 

and hydrolysis in scCO2, respectively, to generate polymer nanocomposites. A novel one-

step synthesis route of SiO2-PVAc polymer composites was discovered by combining 

parallel reactions of free radical polymerization and hydrolysis, and subsequent linkage 

of the particles to the polymer chain. 

 

5.2. Experimental 

5.2.1. Materials 

Instrument grade CO2 (from BOC Gases, 99.99%, with dip-tube) and ultra high 

purity N2 (BOC, 99.99%) were further purified by passing through columns filled with 

5Å molecular sieves and reduced 20% copper oxide/Al2O3 to remove the moisture and 

oxygen, respectively. Vinyl acetate (>99%) was purchased from Aldrich Canada and 

distilled under vacuum. Glacial acetic acid, tetrahydrofuran (THF) (≥99.9%) 

(CHROMASOLV® Plus), tetraethyl orthosilicate (TEOS), tetramethyl orthosilicate 

(TMOS), and vinyltrimethoxysilane (VTMO) were purchased from Aldrich Canada and 

used as received. The initiator diethyl peroxydicarbonate (DEPDC) was synthesized as 

previously described in Chapter 3. 
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5.2.2. Polymerization Procedure 

Synthesis was conducted in the 100-mL high-pressure stainless steel autoclave 

coupled with a digital pressure transducer. The stirring speed was controlled at 400 rpm. 

The designated chemicals were charged into the reactor, purging with a flow of nitrogen, 

then pumping CO2 into the autoclave by means of the syringe pump (ISCO 260D). After 

the reaction, CO2 was carefully vented leaving the formed sample in the autoclave. 

In situ Fourier transform infrared (FTIR) was used to monitor the solution 

concentration in the stirred 100-mL high-pressure autoclave. Spectra were recorded at a 

resolution of 2cm-1 and the absorption spectra were the results of 64 scans. In situ ATR-

FTIR was applied to monitor the various chemistries studied in scCO2 including: (1) 

thermal decomposition of DEPDC, (2) homopolymerization of vinyl acetate, (3) 

copolymerization of vinyl acetate and VTMO, (4) hydrolysis of silicon alkoxides in the 

presence of copolymer, and (5) the one-pot synthesis of nanocomposites. 

5.2.3. Characterization 

Transmission electron microscopy (TEM) images were recorded using a Philips 

CM10 Transmission Electron Microscope operated at 80 kV. The specimens were 

previously dissolved in THF, and then placed on a copper grid covered with carbon film. 

EDX elemental mapping was recorded using a Hitachi S-2600N Scanning Electron 

Microscope. 
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5.3. Results and Discussion. 

5.3.1. Copolymerization 

Although this one-pot process can work with essentially any vinyl monomer 

and silane linker that are soluble in scCO2, vinyl acetate (VAc) was chosen as the 

monomer of interest because it has a relatively high solubility in scCO2,
16, 17, 63, 171 and the 

polymer poly (vinyl acetate) (PVAc) has widespread industrial and biomedical 

applications. VAc is also one of the necessary monomers for synthesis of the copolymer 

PEVA, as described in Chapter 4 and expanded upon in Chapter 6. Vinyltrimethoxysilane 

(VTMO) was applied as the second monomer for coupling to the sol-gel derived 

nanoparticles as well as the functionalized quantum dots which will be described in 

Chapter 6. A schematic diagram of the copolymerization of VAc and VTMO is shown in 

Scheme 5.1. 
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Scheme 5.1 Copolymerization of VAc and VTMO to form copolymer 
 

Figure 5.1 shows the FTIR spectra of the homopolymerization of vinyl acetate 

in scCO2. In order to clearly identify the change of absorbance peaks in the 

homopolymerization and the copolymerization reactions, a transform was made in Figure 

5.1f by subtracting the spectrum at reaction time t=0 (Figure 5.1a) from the spectrum at 

reaction time t=300min (Figure 5.1e). The absorbance intensities at 1766, 1648, 1212, 

and 1140cm-1 decreased during the polymerization, while those at 1729 and 1233cm-1 



101 

increased. The decrease in height of the peaks at 1648cm-1 (due to C=C stretching 

vibration) and 1140cm-1 (due to O-C-C asymmetric stretching vibration of CH3C(O)-O-

CH=CH2 molecule) indicates the conversion of vinyl acetate to poly(vinyl acetate).110 

That the absorbance peaks changed from 1766 to 1729cm-1 (due to C=O stretching 

vibration) and from 1212 to 1233cm-1 (due to C-C-O asymmetric stretching vibration) 

indicates the transfer of the ester groups from the monomer molecules to the polymer 

chains. Depending on the molecular weight of the polymer chains, partial solubility is 

expected due to the acetate functionality13, analogous to that observed with Beckman 

surfactants9, 10, 172 or Wallen sugars11. 

νC-OνC=O
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Figure 5.1 In situ FTIR measurement of free radical polymerization of vinyl acetate in 
supercritical CO2 (The experimental conditions are: T=60ºC, P=20.7MPa). 
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The copolymerization of vinyl acetate and VTMO was carried out in scCO2 by 

introducing the monomers, initiator, and CO2 into the reactor, respectively. Figure 5.2 

shows the FTIR spectra of a typical copolymerization at 60°C and 16.8MPa. A transform 

was also made in Figure 5.2f by subtracting the spectrum at reaction time t=0 (Figure 

5.2a) from the spectrum at reaction time t=300min (Figure 5.2e). Similar to Figure 5.1, 

vinyl acetate consumption is indicated at 1764, 1649, 1214 and 1140cm-1. By contrast 

with the IR spectra of homopolymerization of vinyl acetate, it was found in Figure 5.2 

that the previously observed peaks during homopolymerization of vinyl acetate drifted 

slightly and some peaks grew at 1368 and 1021cm-1, which are assigned to CH3 

symmetric deformation vibration and Si-O stretching vibration, respectively.173 This 

silane modified PVAc was further applied in the next step, where hydrolysis of 

TMOS/TEOS was used to generate the inorganic part in the polymer composite. 
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Figure 5.2 In situ FTIR measurement of free radical copolymerization of vinyl acetate 
and VTMO in supercritical CO2 (The experimental conditions are: T=60ºC, P=16.8MPa, 
molar ratio: VAc:VTMO=40:1). 

 

5.3.2. Hydrolysis 

Hydrolysis using sol-gel chemistry is one of the most important methods for 

producing fine particles such as nanometer size inorganic particles.14, 174 Supercritical 

CO2 has been previously used to generate nanoparticles by drying the sample obtained 

from the sol-gel process,38, 174 while previous work has shown that a direct or “one-pot” 

synthesis technique for the hydrolysis of metal alkoxides in scCO2 was possible.38, 90 It 

was found that a variety of liquid metal alkoxides, such as tetraethyl orthosilicate (TEOS) 

or tetramethyl orthosilicate (TMOS) are relatively soluble in scCO2, particularly in the 

presence of a polar modifier/hydrolysis agent such as acetic acid. It was also found that 
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both TEOS and TMOS polycondensation could be carried out at above 35°C in scCO2 by 

using acetic acid. 

Figure 5.3 demonstrates the FTIR spectra of the hydrolysis of TEOS mixed 

with the previously obtained copolymer of vinyl acetate and VTMO in scCO2 at 60°C, in 

which acetic acid was added as the hydrolysis agent. It is seen that peaks grew with 

reaction time at 1742, 1238, 1050 and 1023cm-1 but lowered at 1714 and 1292cm-1. The 

growing peaks at 1742 and 1238cm-1 are due to the formation of acetic esters from the 

polycondensation reaction. The growing peak at 1050cm-1 is due to the formation of Si-

O-Si, while the shrinking peak at 1714 and 1292cm-1 indicates the consumption of acetic 

acid. Figure 5.4 displays a TEM image of the formed PVAc nanocomposite. The 

spherical nanoparticles of various sizes are well dispersed in the polymer matrix. The 

particle size ranges from approximately 50-150nm. 
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Figure 5.3 In situ FTIR measurement of hydrolysis of TEOS in the silane modified 
PVAc in scCO2 (The experimental conditions are: T=60ºC, P=16.8MPa, molar ratio: 
HAc:TEOS=4.3:1). 
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Figure 5.4 TEM image of the PVAc nanocomposite from hydrolysis of TEOS with acetic 
acid in presence of copolymer of vinyl acetate and VTMO in scCO2. 

 

5.3.3. One-Pot Synthesis 

The goal of this research was not only to synthesize polymer nanocomposites, 

but also to explore a novel “green” one-pot technique. For this purpose, all the raw 

materials such as vinyl acetate, VTMO, TEOS/TMOS, acetic acid, and the initiator 

DEPDC were introduced into the autoclave. Then the compressed CO2 was pumped into 

the autoclave and heated to reach the supercritical state. After 1080min reaction at 60ºC 

and subsequent cooling and evacuation of CO2, a viscous liquid was collected from the 

autoclave and placed in a vacuum oven. A monolith product of SiO2-PVAc 

nanocomposites was then obtained. Figure 5.5 and 5.6 display the FTIR spectra from the 

synthesis process by using TEOS and TMOS, respectively. Both the figures show the 

parallel reactions of copolymerization and hydrolysis proceeding simultaneously. Figure 

5.5 shows the consumption of monomer from the decreasing intensity of the peak at 

1648cm-1, by comparing with the spectra discussed previously. The growing peaks at 
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1740 and 1235cm-1 are due to the formation of acetic esters from the polycondensation 

reaction, while the absorbance decrease at 1712 and 1293cm-1 indicates the consuming of 

acetic acid. The formation of oxo bonds between silicon atoms can be noticed by the 

widening peak in the 1052cm-1 region, which is similar to Figure 5.3 where TEOS 

nanoparticles were attached to an existing vinyl acetate-VTMO copolymer. When using 

TMOS as the polycondensation agent, Figure 5.6 also shows the parallel reactions 

occurring of copolymerization and hydrolysis. The consumption of monomer is observed 

from the decreasing intensity of the peak at 1649cm-1, while the growing peaks at 1739 

and 1236cm-1 are due to the formation of acetic esters from the polycondensation reaction 

while the absorbance decrease at 1715 and 1294cm-1 indicates the consuming of acetic 

acid. The formation of oxo bonds between silicon atoms can be noticed by the widening 

peak in the 1068cm-1 region. Figure 5.7 demonstrates the TEM images and particle size 

distribution histograms of the PVAc nanocomposites from the one-pot synthesis by using 

TMOS and TEOS, respectively. From the images, nanoparticles with a diameter of 10 ~ 

50nm were well dispersed throughout the polymer matrix. The particle size distribution 

histograms show that the silica nanoparticles obtained when using TEOS have smaller 

diameter and narrower size distribution than that obtained when using TMOS precursor. 

This may be due to the lower reactivity of TEOS than TMOS in the sol-gel process45, 48. 

Low reaction rate could reduce agglomeration of particles and result in uniform and 

narrow distribution of particles. 38 Besides, these particles obtained from one-pot 

synthesis route are significantly smaller than those from the 2-step synthesis route 

discussed above. This may be due to enhanced interaction of the TEOS/TMOS alkoxide 

with the silane linker groups in the copolymer that forms during the one-pot synthesis, 
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compared to that of the two-step procedure, where the previously synthesized copolymer 

was placed in the reactor before subsequent hydrolysis. One can envision that as the 

polymer chain grows and incorporates vinyltrimethoxysilane, the silane linkage is more 

accessible and easier to attach to the growing nanoparticles, hence slowing down the 

condensation reaction and subsequently providing smaller nanoparticles. The EDX Si-

mapping (Figure 5.8) also shows that the element Si was well dispersed in the material. 

 

a. t=0 min

b. t=60 min

c. t=120 min

d. t=360 min

1840 1760 1680 1600 1520 1440 1360 1280 1200 1120 1040 960 880 800 720
Wavenumber (cm-1)

10
20

10
80

11
03

11
37

12
14

12
93

13
7216

4817
12

17
57

17
40

17
12

13
74

12
35

11
05

10
82

10
52 10

22

νC=O
νC-O νSi-O-Si

νC=C

νC=O νC-Oacetic acid

 

Figure 5.5 Parallel reactions of the copolymerization of vinyl acetate and VTMO and 
hydrolysis of TEOS/VTMO with acetic acid in scCO2 (The experimental conditions: 
T=60ºC, P=16.8MPa, molar ratio: VAc:VTMO:HAc:TEOS:DEPDC =40:1:43:10:1). 
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Figure 5.6 Parallel reactions of the copolymerization of vinyl acetate and VTMO and 
hydrolysis of TMOS/VTMO with acetic acid in scCO2 (The experimental conditions: 
T=60ºC, P=16.8MPa, molar ratio: VAc:VTMO:HAc:TMOS:DEPDC =40:1:43:10:1).  
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Figure 5.7 TEM images and particle size distribution histograms of the PVAc 
nanocomposites from the one-pot synthesis in scCO2 using TMOS (left) / TEOS (right). 
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Figure 5.8 EDX element Si-mapping of PVAc nanocomposite from the one-pot synthesis 
in scCO2 using TMOS. 

 

Hence, all the FTIR evidence regarding the independent copolymerization and 

hydrolysis steps are found in the one-pot experiment, such as the conversion of 

monomers, polymer formation, consumption of acetic acid, and the formation of Si-O-Si 

bonding. Based on the knowledge developed on polymerization and hydrolysis, silica-

PVAc nanocomposite was successfully synthesized by parallel reactions of the free 

radical copolymerization of vinyl acetate and VTMO and hydrolysis of TEOS/TMOS 

with acetic acid. This technique can be extended to other vinyl systems with solubility in 

scCO2, and hydrolysis of other metal alkoxides including TiO2, ZrO2, etc.  



112 

Several significant advantages of using scCO2 as a “green” solvent for both 

polymerization and hydrolysis over conventional methods of using aqueous or organic 

solvents are likely. Small nanoparticles were formed that attach directly to the polymer 

matrix, which is extremely challenging using existing multi-step approaches. On the one 

hand, due to the low heat of vaporization of CO2, energy costs can be substantially 

reduced relative to water-intensive or even solvent-based processes, which often demand 

a large amount of energy associated with drying operations87. On the other hand, using 

the parallel reactions of polymerization and hydrolysis in a one-pot reactor has significant 

advantages over multiple-step approaches which would require more time, labor and 

organic solvents. In addition, this process is amendable to a continuous process, with 

potential coupling to supercritical fluid extraction (SFE) for resin purification. Future 

work will further explore the details of the one-pot mechanism in scCO2, and how to 

change the synthesis conditions to form desirable nanocomposites. 

 

5.4. Conclusions 

A “green” chemical process for the synthesis of polymer nanocomposites of 

SiO2-PVAc in supercritical carbon dioxide (scCO2) was developed. In situ ATR-FTIR 

analysis showed that the steps of polymerization, hydrolysis, and coupling occurred 

simultaneously in scCO2 in the autoclave. Nanoparticles in the 10 ~ 50nm range were 

formed, that were well distributed throughout the polymer matrix. A significant 

improvement has been made by reducing a complex multi-step procedure to a one-step 

synthesis route. As the recyclable supercritical carbon dioxide worked as solvent, 
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modification agent, and drying agent, this “green” process demonstrated many 

advantages in waste-reduction and energy-saving. 
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Chapter 6. Synthesis of Light-Selective Quantum Dot-Polymer 

Nanofilms in Supercritical CO2 
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This chapter presents the synthesis of light-selective quantum dot-polymer 

nanofilms in scCO2. Both CdS and CdS-ZnS core-shell QDs were synthesized and then 

functionalized with a methoxysilane group. Several characterization methods were 

employed to confirm the successful synthesis and functionalization of the QDs. The 

functionalized QDs were then incorporated into PVAc and PEVA polymer matrices using 

scCO2 to form QD-polymer nanofilms. The light-selective properties of the synthesized 

nanofilms were revealed by photoluminescence and UV-Vis spectroscopy. A version of 

this chapter has been submitted for publication to Journal of Physical Chemistry: Light-

selective nanofilms of quantum dot-poly(ethylene-co-vinyl acetate) synthesized using 

supercritical CO2.175  
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6.1. Introduction 

Utilizing solar energy has been attracting considerable multidisciplinary 

research interest recently, as the Sun provides Earth with as much energy every hour as 

human civilization uses every year.176 Although turning solar radiation into electricity is 

one option, another is finding ways to harness its heat and control the wavelengths of 

sunlight. Converting the undesirable higher-energy lights, e.g., UV, into desirable lower-

energy lights will expand the applications of solar energy into new areas. Potentially, 

polymer films can be tailored for various applications such as greenhouses for controlling 

flowering or fruiting of plants and herbs177 and window films for sunlight control with 

heat gain/reduction. 

As a type of semiconducting nanocrystallite, quantum dots (QDs) are being 

intensively explored in a variety of fields such as nanobiotechnology178, 179 and solar cell 

technology180. QDs can emit photons corresponding to their respective energy band gaps 

when they are excited to reach their respective excited states. The band gaps of quantum 

dots can be tailored by changing the type of QDs, e.g., CdS, CdSe and CdTe, and/or the 

size, which are tunable by controlling the reaction conditions such as time and 

temperature. 79, 181, 182 

The main method for preparing QDs is classical colloidal chemistry80 where 

various researchers have employed organometallic and/or metal organic compounds 

under anaerobic conditions to synthesize QDs. For example, CdSe QDs was prepared by 

reacting dimethylcadmium (CdMe2) with trioctylphosphine selenide (TOPSe) in 

trioctylphosphine (TOP)/trioctylphosphine oxide (TOPO) at high temperature.79, 183 Other 
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researchers used single-molecular precursors such as bis(diethyldithio-/diseleno-

carbamato) cadmium (II) /zinc (II) for the preparation of QDs. 80, 184, 185 Single-molecular 

precursors have significant advantages of being less toxic, insensitive to air and moisture, 

easier to purify, and provide highly monodisperse nanoparticles, with the synthesis 

generally undertaken at desirable lower temperatures. 80,186 

In addition to the “bare” quantum dots such as CdSe and CdS, core-shell QDs 

have also been extensively studied due to their novel properties. Overcoating 

nanocrystallites with higher band gap inorganic materials has been shown to improve the 

photoluminescence quantum yields and photostability.187-189 Particles passivated with 

inorganic shell structures are more robust than organically passivated dots, and have 

shown greater tolerance to processing conditions necessary for incorporation into solid 

state structures.190 Some examples of core-shell quantum dot structures reported 

previously include CdS on CdSe189, ZnS on CdSe187, 190, 191, and ZnS on CdS192, 193, etc. 

The colloidal QDs are surrounded by a layer of organic ligands in a “shell” 

which dictates the surface chemistry of the QDs, and therefore plays a significant role in 

the solubility or miscibility within a given environment.194 As the high-temperature 

synthesis of QDs is not compatible with most organic functional groups, ligand exchange 

is often required for the introduction of new surface functionality to QDs. Ligand 

exchange with various thiol ligands has been extensively studied.195-198 Compatible 

organic ligands with polymer matrices, such as bifunctional molecules containing a 

coordination “head” and a polymerizable “tail”, enable the applications of QDs in 

polymer composites.81 Bawendi et al194 reported a family of oligomeric phosphine 

ligands allowing tunable compatibility in diverse environments and flexibility for further 
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chemistry. In their study, tris(hydroxypropyl)phosphine (THPP) was reacted with 

diisocyanatohexane (DIH) to produce oligomerized THPP that was further functionalized 

with molecules containing an isocyanate group and an additional functional group such as 

methacrylate group which enabled copolymerization of QDs with many monomers. 

In general, the major challenges for the successful synthesis of QD-polymer 

nanocomposites have been:183, 199-203 (1) aggregation of the QDs due to poor miscibility of 

the QDs with the polymer matrix, (2) migration of the incorporated QDs when the 

chemical environment is changed, and (3) a significant decrease in quantum efficiency of 

the QDs. Supercritical carbon dioxide has been showing successful applications in 

fabrication of well-dispersed polymer nanocomposites.204 The goal of this research was to 

develop a method to synthesize QD-PEVA nanofilms with a spectral emission of specific 

wavelengths. In this research, the one-pot technique described in Chapter 5 was extended 

to the synthesis of QD-PVAc nanofilms. CdS-ZnS core-shell QDs and CdS QDs were 

synthesized at a relatively low temperature and functionalized with a methoxysilane 

group. The functionalized QDs were incorporated into poly(vinyl acetate) (PVAc) and 

poly(ethylene-co-vinyl acetate) (PEVA) matrices by means of hydrolysis/condensation in 

the “green” solvent scCO2. 

 

6.2. Experimental 

6.2.1. Materials 

Instrument grade CO2 (99.99% purity from Praxair Canada Inc., with dip-tube), 

polymer grade ethylene (99.9% purity, Praxair), and ultra high purity N2 (99.99%, 

Praxair) were further purified by passing through columns filled with 5Å molecular 
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sieves and reduced 20% copper oxide/Al2O3 to remove the moisture and oxygen, 

respectively. Argon (99.999% purity, Praxair) was used without further purification. 

Vinyl acetate (VAc) (>99%) purchased from Sigma-Aldrich Canada was further purified 

by passing through an inhibitor remover column (Aldrich) to remove hydroquinone. (3-

Mercaptopropyl)trimethoxysilane (MPTMO), vinyltrimethoxysilane (VTMO) (97%), 

pentane (≥99%) (DriSolv®), and cadmium chloride (tech grade, A.C.S. reagent), sodium 

diethyldithiocarbamate trihydrate (A.C.S. reagent), zinc diethyldithiocarbamate (98%), 

glacial acetic acid (≥99.99%), trioctylamine (TOA) (≥99.0%) (Fluka), trioctylphosphine 

(TOP) (≥90%) (Fluka), anhydrous methanol (99.8%), and toluene (≥99.9%) 

(CHROMASOLV® Plus) were purchased from Sigma-Aldrich Canada and used as 

received. Anhydrous ethyl alcohol was purchased from Commercial Alcohols, Inc., 

Canada and used as received. The initiator diethyl peroxydicarbonate (DEPDC) was 

synthesized as previously described in Chapter 3.  

6.2.2. Preparation of the Single-Molecular Precursor Bis(diethyldithiocarbamato) 

Cadmium (II) 

The synthesis of the single-molecular precursor Cd[S2CN(C2H5)2]2 was 

previously described by O’Brien and coworkers.185 Stoichiometric amounts of a 0.1M 

aqueous solution of NaS2CN(C2H5)2·3H2O was reacted with 0.1M CdCl2 solution to give 

a white precipitate that was further filtered under vacuum and washed by means of 

redispersion of the precipitate into distilled water followed by vacuum filtration. Scheme 

6.1 displays the reaction of synthesis of the precursor bis(diethyldithiocarbamato) 

Cadmium (II). The product was subsequently dried by placing in a vacuum oven at 40oC 

overnight. 
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Scheme 6.1 The reaction of synthesis of bis(diethyldithiocarbamato) Cadmium (II) 

 

6.2.3. Preparation of CdS-ZnS and CdS QDs 

A slight modification of the method reported by Yim et al193 was used for the 

synthesis of CdS-ZnS core-shell QDs. 25mL TOA and a magnetic stirring bar were 

placed in a 100-mL three-neck flask under nitrogen equipped with a reflux condenser, a 

thermometer, and a thermocouple for automatic temperature control. When the 

temperature was stable at 180oC, a solution of 0.5g Cd[S2CN(C2H5)2]2 in 9mL TOP was 

rapidly injected into the flask. After 5 or 10min reaction time, a solution of 0.2g 

Zn[S2CN(C2H5)2]2 in 3mL TOP was slowly added dropwise. 5min after the completion of 

addition of the zinc diethyldithiocarbamate solution, the heater was removed to cool 

down the reaction mixture. When the temperature dropped to approximately 75oC, a large 

excess of methanol/ethyl alcohol was added followed by separation of the quantum dots 

through centrifugation. The QDs were washed with methanol, and then dispersed into 

toluene. The mixture of QDs in toluene was further filtered under vacuum to remove any 

insoluble material (poorly capped and large particles). Scheme 6.2 shows a schematic 

diagram of the synthesis of CdS-ZnS core-shell QDs. 
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Scheme 6.2 Schematic diagram of the synthesis of CdS-ZnS core-shell QDs 

 

For the synthesis of CdS QDs, the procedure was carried out in the same 

manner as the synthesis of CdS-ZnS core-shell QDs described above, except higher 

temperature (235oC), longer reaction time (30min), and no addition of Zn[S2CN(C2H5)2]2. 

6.2.4. Ligand Exchange of QDs 

The QDs synthesized from 6.2.3 were subsequently reacted with 5mM 

MPTMO with stirring at 70oC for 24 hours under a nitrogen flow. After the reaction, the 

reaction mixture was cooled to ambient temperature. Then a large excess of pentane was 

added into the mixture followed by separation of the QDs through centrifugation. The 

separated quantum dots were re-dispersed into 40mL of toluene, and then 5mM MPTMO 

was added. The mixture was refluxed with stirring under a nitrogen flow at 70oC for 24 

hours. This procedure was repeated several times. After centrifugation, the surface-

displaced QDs were dispersed in toluene. Scheme 6.3 demonstrates a schematic diagram 
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of the ligand exchange of the CdS-ZnS core-shell QDs, wherein the outer organic layer 

TOA is replaced with MPTMO. 

 

Scheme 6.3 Schematic diagram of the ligand exchange of CdS-ZnS core-shell QDs 

 

6.2.5. Synthesis of Polymer Nanofilms 

6.2.5.1. CdS-ZnS QD-PVAc Nanofilms 

The synthesis of CdS-ZnS QD-PVAc nanofilms was conducted in the 100-mL 

high-pressure stainless steel autoclave coupled with a digital pressure transducer and a 

temperature controller. The stirring speed was controlled at 300 rpm. The monomer vinyl 

acetate (0.1mol), initiator DEPDC (0.002mol), functionalized CdS-ZnS QDs (10.2407g 

0.51wt% in toluene), linker VTMO (0.005mol), and hydrolysis agent acetic acid (HAc) 

(0.02mol) were charged into the reactor, purging with a flow of argon, followed by 

pumping CO2 into the autoclave by means of the syringe pump (ISCO 260D). The 

temperature of the reactor was then raised to let the reaction take place at 60oC under 

24.3MPa for 22 hours. After the reaction, CO2 was carefully vented leaving the formed 

sample in the autoclave. The viscous liquid product was collected from the reactor and 

subsequently dried under vacuum at 40oC overnight. 
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In situ Fourier transform infrared (FTIR) was used to monitor the reaction 

process in the stirred 100-mL high-pressure autoclave. Spectra were recorded at a 

resolution of 2cm-1 and the absorption spectra were the results of 32 scans.  

6.2.5.2. QD-PEVA Nanofilms 

The synthesis of QD-PEVA nanofilms was carried out using both the above 

described one-step method and a two-step method. In the two-step method, the first step 

involved terpolymerization of ethylene, vinyl acetate, and VTMO. VAc (0.1mol), VTMO 

(0.005mol), and DEPDC (0.006mol) were charged into the 100-mL autoclave, purging 

with a flow of argon, followed by pumping ethylene (1.07mol) and CO2 into the 

autoclave by means of syringe pumps. The reactor was then heated to 50oC 27.6MPa to 

allow the polymerization to take place for 20 hours. After the reaction, CO2 and 

unreacted ethylene were carefully vented leaving the formed sample in the autoclave. The 

solid product was collected from the reactor and subsequently dried under vacuum at 

60oC overnight. 

The formed terpolymer was then used for the synthesis of QD-PEVA nanofilms. 

The terpolymer (1g), QDs solution (1g 0.39wt% in toluene), HAc(0.005mol), toluene 

(2.2g), and MPTMO (0.04g) were introduced into the 100-mL autoclave, with TOP(0.06g) 

being optionally added, followed by pumping CO2 into the autoclave by the syringe 

pump (ISCO 260D). The reaction was carried out at 50oC or 80oC under 27.6MPa for 2 

or 20 hours for the synthesis of CdS-ZnS QD-PEVA nanofilms and at 50oC under 

27.6MPa for 2 hours for the synthesis of CdS QD-PEVA nanofilms. After the reaction, 

CO2 was carefully vented leaving the formed sample in the autoclave. The solid product 

was collected from the reactor and subsequently dried under vacuum at 60oC overnight. 
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Scheme 6.4 shows a schematic diagram of the 2-step synthesis of QD-PEVA nanofilm in 

scCO2. 

 

 

Scheme 6.4 Schematic diagram of the 2-step synthesis of QD-PEVA nanofilm in scCO2 

 

6.2.6. Characterization 

The melting point of the synthesized single-molecular precursor 

bis(diethyldithiocarbamato) cadmium (II) was measured on a Barnstead Electrothermal 

9100. Photoluminescence (PL) spectra were recorded on a Photon Technology 

International QuantaMaster™. UV-Vis absorption spectra were measured on a Cary 

Varian UV-VIS spectrophotometer or a Shimadzu UV-3600 UV-VIS-NIR 

spectrophotometer. Gel permeation chromatography (GPC) was carried out using a 

Viscotek GPCmax (VE2001GPC Solvent/Sample Module) & Viscotek TDA302 (Triple 

Detector Array). Experimental conditions were: column: GMHHR-L; mobile phase and 

solvent: THF; temperature: 30oC; flow rate: 1.0mL/min; injection volume: 100μL. 
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Energy dispersive X-ray (EDX) elemental analysis of the QDs was recorded using a 

Hitachi S4500 field emission scanning electron microscope with an EDAX light element. 

EDX system operated at 20 kV electron accelerating voltage and 30 degree tilt. The 

liquid QD samples were placed in a vacuum oven at 60oC overnight before the analysis. 

EDX elemental mapping of the nanocomposites was recorded using a Hitachi S-2600N 

Scanning Electron Microscope. Transmission electron microscopy (TEM) images were 

recorded using a Philips CM10 Transmission Electron Microscope operated at 80 kV. 

The specimens were previously dissolved in toluene, and then placed on a copper grid 

covered with carbon film. High resolution transmission electron microscopy (HRTEM) 

images were recorded using a JEOL 2010F FEG TEM/STEM operated at 200 kV. The 

images were taken with the Gatan Tridium spectrometer with a 2048 × 2048 CCD array. 

Nuclear magnetic resonance (NMR) spectra were recorded using a Varian Inova 600 or 

400 NMR spectrometer. 1H and 13C NMR chemical shifts are reported relative to TMS. 

Proton - 400.087 MHz, PW90 (90 pulse width) =12.3 μs (PW45 used in 1D experiment), 

number of transients (NT) =8, acquisition time (AT) =4.00 s, delay time (D1) =1. Carbon 

- 100.613 MHz, PW90 =10.4 μs (PW 45 used in 1D), NT 256, AT 1.20 s, D1 =1. gCOSY 

- NT =1, number of increment (NI for 2D) =128 (linear prediction was used to give a 

final data set of 384 for processing), AT =0.20 s, D1 =1. gHSQC – NT= 4, NI =128 

(linear prediction used to 384 for processing), AT =0.21 s, garp 13C decoupling used, D1 

=1. Dynamic Light Scattering was performed using a Malvern Zeta Sizer 3000HSA. The 

In situ ATR-FTIR was applied to monitor the various chemistries studied including: (1) 

the synthesized single-molecular precursor bis(diethyldithiocarbamato) cadmium (II), (2) 
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the CdS-ZnS QDs before and after ligand exchange, and (3) the synthesis of QD-polymer 

nanofilms. 

 

6.3. Results and Discussion. 

6.3.1. CdS-ZnS Core-Shell QDs 

The synthesized single-molecular precursor bis(diethyldithiocarbamato) 

cadmium (II) was characterized by means of measuring the melting point, FTIR and 

NMR (1H, 13C, gCOSY, and gHSQC) spectroscopy. The melting point of the precursor 

was measured to be 250oC. The FTIR spectrum of the precursor showed peaks at 1495 

(νC=N), 1269 (νC-N), 1070 (νC=S), and 986cm-1 (νC-S). 1H NMR of the precursor 

showed a triplet at 1.33ppm and a quadruplet at 3.93ppm; 13C NMR showed two peaks at 

12.36ppm and 51.16ppm. The gCOSY and gHSQC spectra further presented evidence of 

the molecular structure. All of these results indicate the successful synthesis of the single-

molecular precursor bis(diethyldithiocarbamato) cadmium (II), as they are in good 

agreement with those reported in the literature.110, 205, 206 By using zinc 

diethyldithiocarbamate and the synthesized single-molecular precursor 

bis(diethyldithiocarbamato) cadmium (II), the core-shell CdS-ZnS QDs were synthesized 

with the procedure mentioned above at a relatively low temperature (180oC). For the sake 

of ensuring that the ZnS shell was grown on the CdS core, all the 

bis(diethyldithiocarbamato) cadmium (II) solution was rapidly injected into the reaction 

flask to speed up nucleation of CdS nanocrystallites, while zinc diethyldithiocarbamate 

solution was slowly added dropwise to allow ZnS to grow on the CdS crystal nuclei, 

minimizing nucleation of ZnS crystallites. 
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The synthesized CdS-ZnS core-shell QDs were characterized with TEM, 

HRTEM, EDX, and photoluminescence. In order to compare the CdS-ZnS core-shell 

QDs with the “bare” CdS QDs, CdS QDs were also synthesized under similar conditions 

as described above to examine their crystal structure. The TEM and HRTEM images of 

both the synthesized “bare” CdS and core-shell CdS-ZnS QDs are displayed in Figure 6.1 

and 6.2, respectively. It was found that both the “bare” and core-shell QDs presented 

nanocrystal structure, with a clear difference between the two types of QDs. The 

nanocrystal structure of the CdS QDs appears to be more uniform and regular than that of 

the CdS-ZnS QDs. The d-spacing of the CdS QDs was measured to be approximately 

4.5Å while the CdS-ZnS QDs has a d-spacing value of approximately 3.5Å. The slight 

“bending” of the lattice fringes of some CdS-ZnS QDs suggests some sort of strain exists 

in the core-shell structure, as also observed by Bawendi and coworkers190 for CdSe-ZnS 

QDs. The EDX plot of a CdS-ZnS/TOA sample (Appendix 8) showed the presence of 

sulfur, cadmium, zinc, phosphorus, oxygen, and carbon. Nitrogen was not found by EDX 

due to the low nitrogen concentration, and insensitivity towards nitrogen by this 

technique. By varying the reaction time of bis(diethyldithiocarbamato) cadmium (II) 

from 5min to 10min, while other reaction conditions remained unchanged, the 

photoluminescence emission peak shifted from 596nm to 615nm. This is due to the 

growing particle size of QDs with reaction time as reported in the literature.79, 186, 190 The 

CdS-ZnS QDs were also characterized with other methods as discussed below. 
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Figure 6.1 TEM images of the synthesized QDs. (a) CdS-ZnS QDs, (b) CdS QDs. (The 
experimental conditions are: for CdS-ZnS core-shell QDs, 180oC, 5min for core growth; 
for CdS QDs, 235oC, 30min). 
 

 
Figure 6.2 HRTEM and the d-spacing images of the synthesized CdS-ZnS (left) and CdS 
(right) QDs. (The experimental conditions are: for CdS-ZnS core-shell QDs, 180oC, 5min 
for core growth; for CdS QDs, 235oC, 30min). 
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6.3.2. Ligand Exchange of the CdS-ZnS QDs 

In order to make the QDs compatible with the polymer matrix, the surrounding 

organic layer has to be modified. As seen in Chapter 5, SiO2-PVAc nanocomposites were 

successfully synthesized in the “green” solvent scCO2 by a one-pot technique where 

parallel reactions of free radical polymerization of vinyl acetate (VAc) and 

hydrolysis/condensation of tetraethyl orthosilicate (TEOS) or tetramethyl orthosilicate 

(TMOS) took place simultaneously, while VTMO was used as a linker to participate in 

both reactions so as to enhance the interaction between the silica nanoparticles and the 

polymer matrix.120 By functionalizing the organic shell of the QDs with such functional 

groups as methoxysilane or ethoxysilane, it was hypothesized that the QDs could be 

incorporated into a polymer matrix through hydrolysis/condensation, and this step could 

be enabled by using scCO2 as both a solvent and a drying agent. MPTMO was chosen as 

a candidate for the ligand exchange of the synthesized QDs as it has the required 

functionality with a thiol head that can coordinate with zinc or cadmium to stabilize the 

QDs, while the methoxysilane tail can be used for subsequent reaction to attach the QDs 

to the polymer chains (see Scheme 6.3). 

In order to examine if the ligand exchange proceeded successfully, the QDs 

before and after ligand exchange were characterized with EDX elemental analysis, 

HRTEM, FTIR, solubility testing, photoluminescence, and UV-Vis absorption 

spectroscopy. Due to the limitation of EDX elemental analysis for detection of hydrogen, 

the poor sensitivity to nitrogen, and the interference from the employed carbon 

supporting film, the absolute chemical composition cannot be obtained by means of this 

method. However, relative ratios of the composition are available and provide important 
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information about the ligand exchange process. Table 6.1 displays the relative atom 

number ratios of the CdS-ZnS QDs before and after ligand exchange using the EDX data. 

It is seen that the ratios of Si/Cd and O/Cd increase significantly, while the ratio Zn/Cd 

drops after the ligand exchange. The increase in ratios of Si/Cd and O/Cd are consistent 

with MPTMO being attached to the QDs. The decrease in the Zn/Cd ratio may be due to 

loss of smaller zinc-enriched QDs during the repeated separation process through 

centrifugation. This was also evidenced by the photoluminescence spectra as discussed 

below. HRTEM images of the CdS-ZnS QDs after the ligand exchange show the well-

preserved nanocrystallites. The FTIR spectra of the CdS-ZnS QDs before and after the 

ligand exchange were collected and displayed in Figure 6.3. From the spectra, the 

dominant peaks from the TOA alkyl groups observed at 2954 (νasCH3), 2923(νasCH2), 

2871(νsCH3), 2853(νsCH2), 1466(δsCH2 & δasCH3), and 723cm-1 (ρCH2) disappear after 

the ligand exchange, while new peaks are formed from the ligand exchange at 

2926(νasCH2 & νasCH3), 2842(νsCH2 & νsCH3), 1191(ρCH3), 1087(νasSi-O-C), and 

813cm-1(νsSi-O-C).110 In addition, a specialized test was designed to examine the 

solubility difference of the QDs before and after the ligand exchange (Figure 6.4). In this 

test, the QDs were first dispersed in toluene, and then anhydrous methanol was added 

into the mixture followed by separation through centrifugation. It was found that the 

CdS-ZnS QDs before the ligand exchange could be easily separated from the mixture, 

while the QDs after the ligand exchange could hardly be separated, indicating the 

successful ligand exchange from the methanol-phobic TOA to methanol–philic MPTMO.  
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Table 6.1 Relative atom number ratios of the CdS-ZnS QDs before and after the ligand 
exchange 
 

Elements Before ligand exchange After ligand exchange 

Si/Cd 0.03±0.01 0.32±0.01 

O/Cd 0.57±0.02 1.19±0.20 

Zn/Cd 0.83±0.05 0.33±0.07 

S/Cd 1.46±0.03 1.42±0.02 

P/Cd 0.15±0.00 0.15±0.01 
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Figure 6.3 FTIR spectra of the CdS-ZnS QDs before and after ligand exchange. 
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Figure 6.4 Solubility test of the CdS-ZnS QDs before (left) and after (right) ligand 
exchange. 

All of these results indicate the successful synthesis and ligand exchange of the 

CdS-ZnS core-shell QDs. The Si-O-CH3 functional group in the new ligand can be 

employed for further incorporation of the QDs into polymer matrix through 

hydrolysis/condensation. 

 

6.3.3. Synthesis of QD-Polymer Nanofilms 

In general, the synthesis of QD-polymer nanocomposites requires at least three 

basic steps: (1) synthesizing polymers, (2) dissolving the synthesized polymers into 

solvents, (3) mixing the QDs with the polymer solution and then evaporating the solvent 

to form solid nanocomposites. More steps are needed in order to enhance the interaction 

between the QDs and the polymer chains to avoid aggregation and migration of QDs. 

Each step consumes energy, labor, time and chemicals, and results in significant waste. 

Hence, it is desirable to make nanocomposites with fewer steps, especially by 

incorporation of using the “green” solvent, scCO2. Due to the successful one-pot 
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synthesis of SiO2-PVAc nanocomposites in scCO2, as described in Chapter 5, it is 

necessary to examine the possibility to synthesize CdS-ZnS QD-PVAc nanofilms using a 

similar one-pot process. 

6.3.3.1. CdS-ZnS QD-PVAc Nanofilms 

In this process, the monomer vinyl acetate, initiator DEPDC, functionalized 

CdS-ZnS QDs, linker VTMO, hydrolysis agent HAc, and solvent CO2 were introduced 

into the reactor. The reactor was then heated and maintained at 60oC for 22 hours. In situ 

FTIR was used to monitor the process of the reactions. Figure 6.5 displays the in situ 

FTIR spectra of the parallel reactions of the copolymerization of vinyl acetate and 

VTMO and hydrolysis of functionalized CdS-ZnS QDs/VTMO with HAc in scCO2. The 

decrease in peak height at 1765 (νC=O), 1650 (νC=C) and 1220cm-1 (νC-O) is attributed 

to the consumption of the monomer vinyl acetate. The formation of oxo bonds between 

silicon atoms can be discerned by the widening peak in the 1045cm-1 region. The 

gradually developed peaks at 1739 (νC=O) and 1236 (νC-O) are ascribed to the formation 

of new acetic esters, poly(vinyl acetate) and methyl acetate resulting from the 

hydrolysis/condensation reactions. The in situ FTIR measurement shows that the 

polymerization and the hydrolysis/condensation proceeded simultaneously, despite 

incomplete conversion, as the monomer vinyl acetate was still detectable after 22 hours 

reaction. The product was dried and then examined by TEM and EDX elemental mapping 

(Appendix 9). Relatively large nanoparticles ca. 100nm were well dispersed in the 

polymer matrix, which due to their relatively large size are composites of silica and the 

CdS-ZnS QDs. EDX elemental mapping further proved the uniform distribution of the 

elements Cd, Zn, S and Si in the polymer matrix. 
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Figure 6.5 In situ FTIR spectra of parallel reactions of the copolymerization of vinyl 
acetate and VTMO and hydrolysis of functionalized CdS-ZnS QDs/VTMO with acetic 
acid in scCO2 (The experimental conditions: T=60ºC, P=24.3MPa; materials: VAc: 
0.1mol, VTMO: 0.005mol, DEPDC: 0.002mol, HAc: 0.02mol, CdS-ZnS QDs: 10.24g 
0.51wt% toluene solution). 

 

As control experiments to probe the influence of both the QDs and the SiO2 

nanoparticles on the synthesized PVAc nanocomposite, both a copolymer of vinyl acetate 

and VTMO and a silica-PVAc composite were synthesized under similar conditions in 

scCO2, respectively. Copolymerization of monomer vinyl acetate and VTMO in scCO2 

(60 ºC, 24.3MPa; materials: VAc: 0.1mol, VTMO: 0.005mol, and DEPDC: 0.002mol) in 

the absence of QDs and HAc at 60oC for 22 hours resulted in the copolymer poly(vinyl 

acetate-co-VTMO). By adding HAc (0.02mol) under the similar reaction conditions, 

additional crosslinks among the copolymer chains were formed due to the 
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hydrolysis/condensation of the Si-O-CH3 group in the VTMO segments of the copolymer, 

resulting in the SiO2-PVAc composite. TEM images of this SiO2-PVAc composite 

similarly showed that the silica nanoparticles were well dispersed in the sample. Gel 

permeation chromatography (GPC) results showed that the virgin copolymer formed in 

the absence of HAc had a weight-average molecular weight of ca. 27,000Da while the 

weight-average molecular weights of the PVAc composites with/without the QDs were at 

least one order of magnitude higher than that of the virgin copolymer, indicating a 

crosslinked structure for both the QDs/SiO2-PVAc and SiO2-PVAc nanocomposites. 

The photoluminescence and UV-Vis spectra of the CdS-ZnS QDs before and 

after the ligand exchange were also measured, as shown in Figure 6.6a. From these 

spectra, the spectral properties of the CdS-ZnS QDs after the ligand exchange were 

maintained, although a slight red shift was observed in all the excitation, emission, and 

UV-Vis spectra. This red shift may be due to the loss of smaller QDs during the repeated 

separation process through centrifugation as mentioned above from the EDX experiments. 

It was found that this red shift tendency could be minimized by adding more anti-solvent, 

increasing the rotary speed of centrifugation, and/or extending the separation time during 

the centrifugation process. Figure 6.6b shows the photoluminescence and UV-Vis spectra 

comparing the synthesized nanocomposites with and without QDs. It is seen that by 

incorporating the functionalized CdS-ZnS QDs into the PVAc matrix, the nanocomposite 

film showed significant improvement of absorption at wavelengths from 300-500nm, 

especially in the UV region (below 380nm), and light emission at wavelengths from 500 

to 700nm. However, the previously observed emission peak of the CdS-ZnS QDs after 

ligand exchange at ca. 620nm disappeared. Similar results were also observed by Skaff et 
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al199 and Mattoussi et al188 when they incorporated CdSe QDs into the conducting 

polymer poly(phenylene vinylene) (PPV). The reason for the diminishment of the 

characteristic peaks of QDs is attributed to both phase separation and aggregation of 

QDs.207, 208 In order to make QD-polymer nanofilms with the retention of the initial 

spectral emission of the QDs, further efforts were made to stabilize the QDs in the 

synthesis of QD-PEVA nanofilms. 
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Figure 6.6 Photoluminescence and UV-Vis spectra of (a) the CdS-ZnS QDs before and 
after the ligand exchange, and (b) the QDs/SiO2-PVAc and SiO2-PVAc nanocomposites. 
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6.3.3.2. QD-PEVA Nanofilms 

Based on the knowledge obtained from the QD-PVAc nanocomposites, 

subsequent efforts were devoted to preparing and examining QD-PEVA nanocomposites, 

as poly(ethylene-co-vinyl acetate) (PEVA) is well-recognized in the film industry being 

used in various grades of film for applications including greenhouses. In order to both 

stabilize the QDs during the process of synthesizing the QD-PEVA nanofilms and 

maintaining a low crosslink density during synthesis, a small amount of the ligand 

MPTMO was added to the QD solution before the synthesis of nanofilms. A one-pot 

method including polymerization and hydrolysis was tested but did not give high 

molecular weight polymer with resulting poor performance attributed to the high chain 

transfer capability of the thiol group in the ligand MPTMO. Hence, a two-step method 

was subsequently developed for the synthesis including: (1) terpolymerization of ethylene, 

vinyl acetate, and VTMO, and (2) hydrolysis of the ligand and VTMO in the terpolymer 

chains with HAc (see Scheme 6.4). ScCO2 was used as the reaction medium for both 

steps as it can effectively swell and plasticize the amorphous region of polymer to help 

incorporate nanoparticles into the polymer matrix76, along with facilitating both the 

polymerization and sol-gel chemistry steps209. 

After 2 hours hydrolysis at 50oC under 27.6MPa in scCO2, the synthesized 

CdS-ZnS QD-PEVA nanofilms stabilized by MPTMO with/without TOP retained the 

characteristic emission peak of the CdS-ZnS QDs at ca. 620nm (see Figure 6.7a and 6.7b). 

Extra TOP was added to examine if it would help to stabilize the QDs from 

agglomerating in the polymer matrix. The absorbance maximum is slightly increased 

when adding extra TOP from 2.5 to 3.5 (×106 counts/sec), while the peak position is not 
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changed. In order to examine the effect of reaction temperature and time on the optical 

properties of PEVA nanofilms, the hydrolysis was also carried out at (1) 50oC for 20 

hours and (2) 80oC for 2 hours. The resulting photoluminescence emission spectra are 

displayed in Figure 6.7c and 6.7d, respectively, which show that the characteristic peak 

of the QDs was still maintained in these synthesized PEVA nanofilms. However, the 

emission intensity decreased significantly by two orders of magnitude with both the 

extended reaction time at 50oC or increasing the reaction temperature to 80oC. This may 

be due to either destabilization/agglomeration of the QDs or by increased-crosslinking of 

the functional ligand, i.e. higher temperatures and longer reaction times would result in 

larger particles and higher crosslink density. This was evidenced by TEM images of the 

synthesized QD-PEVA nanofilms, as shown in Figure 6.8. By incorporation of the 

functionalized CdS-ZnS QDs of less than 10nm (Figure 6.8a) into the PEVA matrix at 

50oC for 2 hours, QD-SiO2 particles of 100 ~ 200nm (Figure 6.8b) were formed and well 

dispersed. When the reaction time was extended from 2 to 20 hours at the same 

temperature of 50oC, a network of particles was formed (Figure 6.8c) while increasing 

the reaction temperature from 50 to 80oC for the same reaction time of 2 hours resulted in 

significantly larger particle size of ca. 500nm (Figure 6.8d). 
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Figure 6.7 Photoluminescence emission spectra of CdS-ZnS QD-PEVA nanofilms 
prepared in different reaction conditions (under 27.6MPa in scCO2. (a) 50oC 2 hours 
without TOP; (b) 50oC 2 hours with TOP; (c) 50oC 20 hours with TOP; (d) 80oC 2 hours 
with TOP). 
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Figure 6.8 TEM images of (a) functionalized CdS-ZnS QDs, and CdS-ZnS QD-PEVA 
nanofilms prepared in different reaction conditions (under 27.6MPa in scCO2 with TOP). 
(b) 50oC 2 hours; (c) 50oC 20 hours; (d) 80oC 2 hours. 

 

In order to examine if this two-step technique could be applied to other QD 

systems, “bare” CdS QDs (ca. 4.5nm) (see Figure 6.1b and 6.9) were also synthesized  

and functionalized under similar reaction conditions as described in the experimental 

section. As shown in Figure 6.10a and 6.10b, the CdS QDs had an emission peak at ca. 

670 ~ 680nm. With these QDs incorporated into the PEVA matrix to form 
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nanocomposites, the synthesized PEVA nanofilms provided similar emission properties 

(Figure 6.10c). Figure 6.10d shows that similarly by adding extra TOP, the peak height 

was slightly increased. 
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Figure 6.9 Particle size distribution of the synthesized CdS QDs by light scattering 
measurement 
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Figure 6.10 Photoluminescence emission spectra of CdS QDs and CdS QD-PEVA 
nanofilms prepared in different reaction conditions. (a) CdS QDs before ligand exchange; 
(b) CdS QDs after ligand exchange; (c) CdS QD-PEVA nanofilms prepared at 50oC for 2 
hours without TOP; (d) CdS QD-PEVA nanofilms prepared at 50oC for 2 hours with 
TOP). 

 

Figure 6.11 compares the UV-Vis absorption spectra of the synthesized pure 

PEVA film both with and without incorporation of QDs. It is obvious that these 

synthesized nanofilms by means of filling CdS QDs or CdS-ZnS QDs demonstrated 

much stronger absorbance in the low wavelength region than the PEVA film. Along with 

the characteristic emission properties, these results imply potential applications of the 

QD-polymer nanocomposites in UV protection films and light-selective films for 

applications in greenhouses, etc. 
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Figure 6.11 UV-Vis spectra of PEVA and PEVA nanofilms. (a) PEVA; (b) CdS-ZnS 
QD-PEVA with TOP; (c) CdS QD-PEVA with TOP; (d) CdS QD-PEVA without TOP. 

 

Hence, all the experimental results discussed above in this study provide 

evidence of the successful synthesis of CdS-ZnS QD-PEVA and CdS QD-PEVA 

nanofilms by means of terpolymerization and hydrolysis in scCO2. The synthesized QD-

PEVA nanocomposites showed significant improvement in optical absorption of low 

wavelength lights such as UV and violet, and characteristic emission of high wavelength 

lights. Several significant advantages of this technique over the conventional methods 

include: (1) effective light-selective absorbance and emission properties, (2) replacement 

of volatile organic solvents with the “green” solvent scCO2, and (3) improved interaction 

between the QDs and the polymer matrices. 
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6.4. Conclusions 

A two-step synthesis technique for the synthesis of light-selective QD-PEVA 

nanofilms in supercritical carbon dioxide was developed. CdS-ZnS core-shell QDs and 

CdS QDs were synthesized by using single-molecular precursors at relatively low 

temperature, 180oC. The synthesized QDs were functionalized via ligand exchange with 

MPTMO which enabled chemical bonding to link the QDs to PEVA chains. Stabilization 

of the QDs in the polymer matrix was found to be extremely important for the successful 

synthesis of light-selective QD-polymer nanofilms. Using an excessive amount of ligands 

and controlling a low crosslink density can effectively stabilize the QDs. The synthesized 

QD-PEVA nanofilms showed excellent optical properties of selective absorbance and 

emission. With this technique, QD-polymer nanofilms with various optical properties can 

be synthesized by tuning the band gap of the QDs. 
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Chapter 7. Summary and Conclusions 
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7.1. Summary 

 

With supercritical carbon dioxide (scCO2) being considered as a viable 

alternative to organic solvents in various chemical processes, the study of the effect of 

CO2 on these processes becomes extremely important in order to make use of scCO2’s 

“green” enabling properties. ScCO2 has unique physical and chemical properties such as 

non-polarity, low dielectric constant, low viscosity, and zero surface tension, which 

differentiate it from conventional organic solvents. Despite its relatively poor solvation 

power, scCO2 is still a promising solvent for a variety of applications including 

polymerization, polymer modification, and polymer nanocomposites. 

In this research, a comprehensive study was conducted on the copolymerization 

of ethylene and vinyl acetate in scCO2 and the synthesis of light-selective quantum dot-

poly(ethylene-co-vinyl acetate) (QD-PEVA) nanofilms using scCO2. In addition to the 

study of thermal decomposition of the free radical initiator diethyl peroxydicarbonate 

(DEPDC) in scCO2 and the measurement of reactivity ratios for free radical 

copolymerization of ethylene and vinyl acetate in scCO2, significant efforts were made to 

synthesize novel PEVA nanocomposites using scCO2. 

The thermal decomposition of the organic free-radical initiator, DEPDC, was 

studied using in situ attenuate total reflection Fourier transform infrared spectroscopy 

(ATR-FTIR) in heptane and in the “green” solvent scCO2. That the characteristic peaks 

of DEPDC at 1802 ~ 1803 and 1194 ~ 1203cm-1 decreased significantly upon heating 

reflected the decomposition of DEPDC while that two new intense peaks simultaneously 
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appeared at 1747 and 1262cm-1 in heptane, and similarly at 1756 and 1250cm-1 in scCO2 

revealed the formation of new compounds. Based on the changes in the absorbance 

intensity of the characteristic peaks of the initiator during the decomposition, the 

decomposition rate constant of DEPDC was measured experimentally. The thermal 

decomposition of DEPDC at low concentration in either heptane under atmospheric N2 or 

scCO2 under high pressure was found via the first-order kinetics of unimolecular 

decomposition. The activation energy of the thermal decomposition of DEPDC was 

found to be 115kJ/mol in heptane from 40 to 74°C and 118kJ/mol in scCO2 from 40 to 

60°C. These new peaks revealed the formation of carboxyl groups contained in the 

decomposed products, indicating incomplete decarboxylation of the dissociated free 

radicals. During removal of CO2 after the reaction in scCO2, the instable intermediate 

monoethyl carbonate was decarboxylated and converted into the major end product, 

ethanol. By using FTIR and nuclear magnetic resonance (NMR) to analyze the final 

decomposition products, the mechanism of thermal decomposition of DEPDC in CO2 was 

proposed. 

An understanding of the monomer reactivity ratios is extremely useful for 

tailoring copolymers with desired compositions for a diversity of end-use applications. 

Although scCO2 did not show a significant effect on the decomposition of DEPDC, the 

monomer reactivity ratios were found to be affected by the “green” solvent, scCO2. In 

situ ATR-FTIR was employed to monitor the initial formation of copolymers of ethylene 

and vinyl acetate (VAc) during polymerization in scCO2. To obtain the copolymer 

composition, a calibration curve of absorbance ratio 1737cm-1/2929cm-1 versus vinyl 

acetate content of PEVA was established, covering the range of 5 ~ 98wt%. The 
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reactivity ratios for copolymerization of ethylene and VAc in scCO2 were determined 

using both the linear Kelen-Tudos and the non-linear least-squares (NLLS) methods, 

which gave similar results. Off-line 1H NMR analysis was also utilized for obtaining the 

copolymer composition, by which the determined reactivity ratios were compared with 

the ones obtained using in situ FTIR, suggesting an advantage of in situ FTIR over off-

line 1H NMR in this study. The effect of reaction temperature and pressure on reactivity 

ratios was examined at 50 and 72oC, and 13.8 and 27.6MPa, with the lower temperature 

and higher pressure conditions increasing the reactivity ratios slightly. 

Inorganic-polymer nanocomposites are of significant interest for emerging 

materials due to their improved properties, and unique combination of properties. A novel 

one-step synthesis route was developed for making the polymer nanocomposites silica-

poly(vinyl acetate) (SiO2-PVAc) in scCO2, wherein all raw chemicals, tetraethyl 

orthosilicate (TEOS)/ tetramethyl orthosilicate (TMOS), vinyltrimethoxysilane (VTMO), 

vinyl acetate, initiator DEPDC, and hydrolysis agent acetic acid were introduced into one 

autoclave. In situ ATR-FTIR was applied to monitor the process in scCO2. It was found 

that the formation of polymer and nanoparticles and the linkage of nanoparticles to the 

polymer chains took place simultaneously. Transmission electron microscopy (TEM) and 

EDX element Si-mapping revealed that the SiO2 nanoparticles of 10-50nm were well 

dispersed in PVAc matrix. This process provides a significant improvement by providing 

a one-step synthesis route where the potentially recyclable scCO2 works as a solvent, a 

modification agent, and a drying agent. This “green” process has potentially many 

advantages in producing new and unique materials, along with waste-reduction and 

energy-saving properties. Production of metal-oxide polymer nanocomposites from non-



150 

inhalable liquid precursors also has significant potential for nontoxicity in biomedical and 

other fields. 

Polymer nanocomposites with incorporated quantum dots (QDs) have unique 

applications in a variety of fields. Light-selective QD-PVAc and QD-PEVA 

nanocomposites for application as nanofilms were synthesized and characterized. Both 

CdS and CdS-ZnS core-shell QDs were synthesized by means of pyrolysis of single-

molecular precursors at 180oC and then functionalized with a methoxysilane group for 

subsequent attachment to polymer chains using sol-gel chemistry. These novel materials 

were examined using FTIR, EDX elemental analysis, solubility tests, photoluminescence, 

and UV-Vis spectroscopy for characterization of the QDs, indicating successful synthesis 

and functionalization. The functionalized QDs were then used to synthesize novel QD-

PVAc nanocomposites via a one-pot technique and QD-PEVA nanocomposites via a 

two-step method in scCO2 which acts as a solvent and drying agent for the sol-gel 

chemistry linking the QDs to the polymer chains. In the synthesis of QD-PVAc 

nanocomposites, the characteristic emission peak of the QDs was quenched attributed to 

phase separation in the nanocomposites. By stabilizing the QDs with an excessive 

amount of ligands and controlling the reaction conditions, light-selective QD-PEVA 

nanofilms were successfully synthesized using a two-step technique in scCO2. The 

synthesized QD-PEVA nanofilms displayed enhanced absorption in the UV and violet 

regions of the electromagnetic spectrum and provided a characteristic emission in the 

region from orange to red light. This novel synthesis route can be applied to the synthesis 

of other light-selective nanofilms by varying the quantum dot and polymer systems. 
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This research will not only promote the industrial application of scCO2 in the 

synthesis of the widely commercialized copolymer PEVA and PEVA-based 

nanomaterials, but also spur research on the synthesis of various novel polymer 

nanocomposites using scCO2. 

 

7.2. Recommendations 

 

Recommendations for future work are listed below. 

(1). In order to control the physical and mechanical properties and 

processibility of the synthesized QD-PEVA nanocomposites, it is 

necessary to examine the relationship among crosslink density, 

nanoparticle size, and reaction conditions such as temperature, pressure, 

concentrations, and reaction time, etc. 

(2). Research on the relationship between PEVA copolymer molecular weight 

and the reaction conditions is recommended, requiring a high-temperature 

GPC. 

(3). It would be very interesting and useful to synthesize light-selective QD-

PEVA nanofilms with different emission bands covering the whole range 

of electromagnetic spectrum of visible light for a variety of applications.  

(4). For a certain application, other types of nanoparticles such as TiO2 could 

be incorporated into polymer matrices via the established methods using 

scCO2.  
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Appendix 1. Examination of the Linear Relationship between Absorbance and 

Weight of DEPDC in Heptane 
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Figure A.1 Linear curve fit of Absorbance (1194cm-1) versus Weight of DEPDC (20oC 
in 40mL heptane, linear correlation coefficient 0.998) 
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Appendix 2. Matlab Program Used for the Calculation of Ad and Ea from kd ~ t 

Data 
 
function Initiator 

% Calculate Activation Energy (Ea) and Pre-exponential Factor (Ad) 

% Using Arrhenius Equation "lnkd=lnAd-Ea/(RT)" 

T1=40:5:60; % Assign temperature values for reactions in scCO2 

T2=[40 45 50 60 70 74];% Assign temperature values for reactions in heptane 

T1=T1+273.15; %Convert temperature from Celsius to Kelvin scale 

T2=T2+273.15; %Convert temperature from Celsius to Kelvin scale 

kd1=[8.7 20 34 70 140]*1e-6; %Assign kd values for reactions in scCO2  

kd2=[7.8 29 48 180 520 740]*1e-6; %Assign kd values for reactions inHeptane 

Lkd1=log(kd1); RT1=1/8.314./T1; %Calculate lnkd from kd and "1/(RT)" from T 

Lkd2=log(kd2); RT2=1/8.314./T2; 

AEa0=input('Enter the initial guesses of [Ad Ea]as a vector: '); 

AEa0(1)=log(AEa0(1)); %Convert Ad to lnAd 

[AEa1 R1 J1]=nlinfit(RT1,Lkd1,@ar,AEa0); 

[AEa2 R2 J2]=nlinfit(RT2,Lkd2,@ar,AEa0); 

ci1 = nlparci(AEa1,R1,J1); % Calculate 95% confidence interval 

ci2 = nlparci(AEa2,R2,J2); 

PLkd1=ar(AEa1, RT1) ; %Calculate predicted values of "lnkd" for reactions in scCO2 

PLkd2=ar(AEa2, RT2) ; %Calculate predicted values of "lnkd" for reactions in heptane 

R1=sqrt(sum((PLkd1-mean(Lkd1)).^2)/sum((Lkd1-mean(Lkd1)).^2)); % Calculate linear 

correlation coefficient R for reactions in scCO2 
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R2=sqrt(sum((PLkd2-mean(Lkd2)).^2)/sum((Lkd2-mean(Lkd2)).^2)); % Calculate linear 

correlation coefficient R for reactions in heptane 

disp('Determined Parameters for Decomposition in ScCO2:') 

disp('Ad = '), disp(exp(AEa1(1))) % unit "1/s" 

disp('Lower limit of Ad for 95% confidence interval = '), disp(exp(ci1(1,1))) 

disp('Upper limit of Ad for 95% confidence interval = '), disp(exp(ci1(1,2))) 

disp('Ea = '), disp(AEa1(2)*1e-3) % unit "kJ/mol" 

disp('Lower limit of Ea for 95% confidence interval = '), disp(ci1(2,1)*1e-3) 

disp('Upper limit of Ea for 95% confidence interval = '), disp(ci1(2,2)*1e-3) 

disp(' Linear correlation coefficient R = '), disp(R1) 

disp('Determined Parameters for Decomposition in Heptane:') 

disp('Ad = '), disp(exp(AEa2(1))) % unit "1/s" 

disp('Lower limit of Ad for 95% confidence interval = '), disp(exp(ci2(1,1))) 

disp('Upper limit of Ad for 95% confidence interval = '), disp(exp(ci2(1,2))) 

disp('Ea = '), disp(AEa2(2)*1e-3) % unit "kJ/mol" 

disp('Lower limit of Ea for 95% confidence interval = '), disp(ci2(2,1)*1e-3) 

disp('Upper limit of Ea for 95% confidence interval = '), disp(ci2(2,2)*1e-3) 

disp(' Linear correlation coefficient R = '), disp(R2) 

 

function y=ar(C,x) 

y=C(1)-C(2).*x; 

return 
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Appendix 3. NMR Spectra of the Residue from Decomposition of DEPDC in ScCO2 
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Figure A.2 1H NMR spectrum of the residue from decomposition of DEPDC in scCO2 
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Figure A.3 13C NMR spectrum of the residue from decomposition of DEPDC in scCO2 
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Figure A.4 gCOSY NMR spectra of the residue from decomposition of DEPDC in 
scCO2 
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Figure A.5 gHSQC NMR spectra of the residue from decomposition of DEPDC in 
scCO2 
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Appendix 4. Data Used for the Calibration of Absorbance Ratio versus VAc Content 

in PEVA Copolymer 

 
 

Table A.1 VAc contents in PEVA copolymer and the corresponding absorbance ratios 
 

VAc wt% of PEVA from 1H NMR Abs Ratio 1737cm-1/2929cm-1 

5.5 0.02 

12.4 0.24 

16.8 0.33 

18.7 0.37 

27.2 0.62 

34.7 0.77 

41.9 1.05 

57.4 1.68 

69.3 2.84 

86.2 7.47 

91.2 10.29 

98.1 22.88 
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Appendix 5. Linearization Methods for Determining Monomer Reactivity Ratios of 

Copolymerization 

 
 

Fineman and Ross122 developed a linearization method by rearranging the 

equation (Eqn. 1-2) to 

21 rHrG −=  (A-1) 

where ( )
y

yxG 1−
=  (A-2) 

y
xH

2

=  (A-3) 

][
][

2

1

M
Mx =  (A-4) 

][
][

2

1

Md
Mdy =  (A-5) 

 

G is plotted against H to yield a straight line with slope r1 and intercept -r2. The 

experimental composition data are unequally weighted by the Fineman-Ross plot, which 

can often be manifested as different results are obtained when different monomer is 

indexed as M1.52 

Kelen and Tudos123 modified the linearization method by introducing an 

arbitrary constant α to the equation so as to spread the data points more evenly. 

α
ξ

α
η 22

1
rrr −⎥⎦

⎤
⎢⎣
⎡ +=

 (A-6) 

where 
H

G
+

=
α

η  (A-7) 
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H
H
+

=
α

ξ
 (A-8) 

The value α is chosen as Mm HH=α  where Hm and HM are the smallest and 

largest H values, respectively. By plotting η against ξ, a straight line yields –r2/α and r1 as 

intercepts on extrapolation to ξ=0 and ξ=1, respectively. 
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Appendix 6. Matlab Program Used for Determining the Monomer Reactivity Ratios 

of Copolymerization from f1 ~ F1 data 

 
function RRPEVAc  

% Calculate monomer reactivity ratios with non-linear least squares and 

% the Kelen-Tudos methods from f1~F1 data 

% For PEVA monomer 1: ethylene, monomer 2: vinyl acetate 

f1=input('Enter ethylene mole fraction in feed, f1, [...] as a vector: '); 

F1=input('Enter ethylene mole fraction in copolymer, F1, [...] as a vector: '); 

% NLLS method 

[r res J]=nlinfit(f1,F1,@Reactivity,[1 1]);% Calculate reactivity ratios with NLLS method 

ci=nlparci(r,res,J); %Calculate 95% confidence interval  

stD_NLLS=sqrt(sum((res).^2)/(length(f1)-1)); %Calculate standard deviation for NLLS 

method 

disp('Determined Parameters') 

disp('r1 = '), disp(r(1)) 

disp('r2 = '), disp(r(2)) 

disp('95% confidence interval') 

disp('r1_error = +/-'), disp(r(1)-ci(1,1)) 

disp('r2_error = +/-'), disp(r(2)-ci(2,1)) 

disp('Standard Deviation = '), disp(stD_NLLS) 

%Kelen-Tudos 

x=f1./(1-f1);y=F1./(1-F1);H=x.^2./y;G=x.*(y-1)./y; %Fineman-Ross rearrangement 

global alpha; 
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alpha=sqrt(max(H)*min(H)); 

eta=G./(alpha+H);xi=H./(alpha+H);%Kelen-Tudos rearrangement 

[rKT resKT JKT]=nlinfit(xi,eta,@KT,[1 1]); % Calculate reactivity ratios with KT 

method 

calres=F1-Reactivity(rKT,f1); %Calculate residual for KT method 

stD_KT=sqrt(sum((calres).^2)/(length(f1)-1)); %Calculate standard deviation for KT 

method 

disp('Determined Parameters by Kelen-Tudos') 

disp('r1 = '), disp(rKT(1)) 

disp('r2 = '), disp(rKT(2)) 

disp('Standard Deviation = '), disp(stD_KT) 

%generate F1~f1 plot 

f1g=[0:0.00001:1]; % Generate a vector for f1 from 0 to 1 

F1c=Reactivity(r,f1g); % Calculate predicted values of F1 using NLLS 

F1cKT=Reactivity(rKT,f1g); % Calculate predicted values of F1 using KT method 

plot(f1, F1, 'ko',f1g, F1c,'k-',f1g,F1cKT,'k-.',f1g, f1g,'k--') 

xlabel('Ethylene mole fraction in feed, f_1') 

ylabel('Ethylene mole fraction in copolymer, F_1') 

legend('Experimental data', 'Non-linear least squares', 'Kelen-Tudos', 'Ideal 

copolymerization') 

 

function f=Reactivity(k,x); 

f=(k(1)*x.^2+x.*(1-x))./(k(1)*x.^2+2*x.*(1-x)+k(2)*(1-x).^2); 
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return 

function f=KT(k,x) 

global alpha; 

f=(k(1)+k(2)/alpha)*x-k(2)/alpha; 

return 



181 

Appendix 7. FTIR and NMR Spectra of the Single-Molecular Precursor 

Bis(diethyldithiocarbamato) Cadmium (II) 
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Figure A.6 FTIR spectrum of bis(diethyldithiocarbamato) cadmium (II) 
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Figure A.7 1H NMR spectrum of bis(diethyldithiocarbamato) cadmium (II) 
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Figure A.8 13C NMR spectrum of bis(diethyldithiocarbamato) cadmium (II) 
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Figure A.9 gCOSY NMR spectrum of bis(diethyldithiocarbamato) cadmium (II) 
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Figure A.10 gHSQC NMR spectrum of bis(diethyldithiocarbamato) cadmium (II) 
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Appendix 8. EDX Plots of the Core-Shell QDs before and after Ligand Exchange 
 
 

 
Figure A.11 EDX plots of the CdS-ZnS core-shell QDs before and after ligand exchange 
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Appendix 9. TEM and EDX Elemental Mapping Images of the Synthesized CdS-

ZnS QD-PVAc Nanocomposite 

 
 

 
Figure A.12 TEM image (a), EDX element Cd mapping (b), and EDX element Si 
mapping (c) of the synthesized CdS-ZnS QD-PVAc nanocomposite. 
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