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ABSTRACT   
 

One of the major classes of polymer matrix resins under consideration for structural 

composite applications in the infrastructure and construction industries is vinyl ester 

resin.  Vinyl ester resin is comprised of low molecular weight poly(hydroxyether) 

oligomers with methacrylate endgroups diluted with styrene monomer. The methacrylate 

endgroups cure with styrene via free radical copolymerization to yield thermoset 

networks.  The copolymerization behavior of these networks was monitored by Fourier 

Transform Infrared Spectroscopy (FTIR) at various cure conditions.  Reactions of the 

carbon-carbon double bonds of the methacrylate (943 cm-1) and styrene (910 cm-1) were 

followed independently.  Oligomers possessing number average molecular weights of 

700 g/mole were studied with systematically increasing levels of styrene. The Mortimer-

Tidwell reactivity ratios indicated that at low conversion more styrene was incorporated 

into the network at lower cure temperatures. The experimental vinyl ester-styrene 

network compositions deviated significantly from those predicted by the Meyer-Lowry 

integrated copolymer equation at higher conversion, implying that the reactivity ratios for 

these networks may change with conversion.  The kinetic data were used to provide 

additional insight into the physical and mechanical properties of these materials.  

    In addition to establishing the copolymerization kinetics of these materials, the 

development of halogen free fiber reinforced vinyl ester composites exhibiting good 

flame properties was of interest.  Flame retardant vinyl ester resins are used by many 

industries for applications requiring good thermal resistance.  The current flame-retardant 

  



technology is dependent on brominated vinyl esters, which generate high levels of smoke 

and carbon monoxide.  A series of halogen free binder systems has been developed and 

dispersed in the vinyl ester to improve flame retardance.  The binder approach enables 

the vinyl ester resin to maintain its low temperature viscosity so that fabrication of 

composites via Vacuum Assisted Resin Transfer Molding (VARTM) is possible.  The 

first binder system investigated was a polycaprolactone layered silicate nanocomposite, 

which was prepared via intercalative polymerization.  Transmission Electron Microscopy 

(TEM) and X-ray Diffraction (XRD) data indicated a mixed morphology of exfoliated 

and intercalated structures.  The mechanical properties and the normalized peak heat 

release rates were comparable to the neat vinyl ester resin.     

    Alternative binder systems possessing inherent flame retardance were also 

investigated.  A series of binders comprised of novolac, bisphenol A diphosphate, and 

montmorillonite clay were developed and dispersed into the vinyl ester matrix.  Cone 

calorimetry showed reductions in the peak heat release rate comparable to the brominated 

resin.  
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CHAPTER 1: OVERVIEW OF DISSERTATION 
 
    This dissertation focuses on dimethacrylate-styrene networks, commonly termed 

“vinyl esters”.  These materials are important matrix resins for reinforced polymer 

composites.  These networks result from the free radical copolymerization of the 

dimethacrylate oligomer (Figure 1-1) and styrene to yield materials possessing excellent 

mechanical properties and corrosion resistance to chemical environments.  The objectives 

of this work have been three-fold: to develop a copolymerization laboratory experiment, 

to understand the copolymerization kinetics of these materials, and to develop a halogen-

free flame retardant vinyl ester composite. 
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Figure 1-1: Structure of dimethacrylate terminated polyhydroxyether oligomers 

 

     Recently, there have been numerous discussions concerning the quality of a graduate 

school education.1,2 One major issue concerns identifying how to prepare new PhDs for 

successful careers in industry or academia.3,4  Most agree that an integrative approach 

that combines traditional lectures and “hands on” experience would greatly enhance 

graduate education.1-4  This is particularly true in polymer science due to its 

interdisciplinary nature and industrial emphasis.  Chapter 3 presents a copolymerization 

experiment developed for a polymer laboratory course.  The experiment outlines the 

determination of reactivity ratios for the dimethacrylate oligomer and styrene.  It provides 

the relevant background required to perform the lab, but more importantly, it gives 

students an opportunity to work with a commercial material.  Students who complete this 

lab should have an appreciation for the utility of the reactivity ratios to “real-life” 

industrial situations.   

                                                           
1 Z Grauer.  “Quality Graduate Education”, Chemical Engineering News, 66(5): 3, 1988. 
2 J.W. Moore. “Graduate Education”, Journal of Chemical Education, 79(1): 7, 2002. 
3 A.T. Schwartz. “Graduate Education in Chemistry: More and More about Less and Less”, 
Journal of Chemical Education, 71(11) 949-50, 1994. 
4 D.J. Steinburg. “Science Education Lays Another Egg”, Scientist, 12(13): 8, 1998. 
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    Chapter 2 is a review of the topics discussed in this dissertation.  It consists of three 

main subjects: network chemistry and kinetics, layered silicate nanocomposites, and 

flame retardant fillers.   

    Understanding the kinetics and mechanism of network formed via free radical 

polymerization has been the subject of numerous publications.  The copolymerization 

behavior of dimethacrylate-styrene resins is the focus of chapter 3.  Much attention is 

given to reactivity ratios for the dimethacrylate system and mono-methacrylate system in 

order to provide additional insight into the observed physical properties (fracture 

toughness, tensile strength, and shrinkage) of these materials.    

    Flame retardant vinyl ester composites are currently utilized by the Navy as well as in 

many private industry products.  The current standard is the brominated vinyl ester 

(Figure 1-2).  The bromine content lowers heat release rate; however, the smoke and 

carbon monoxide generation is high.5     Thus, it is desirable to find suitable alternatives 

to these halogenated resins. Chapter 5 presents work in synthesis and characterization of 

flame retardant polycaprolactone layered silicate nanocomposites, which will act as a 

binder for fiber reinforced vinyl ester composites.  Chapter 6 discusses synthesis and 

characterization of alternative binder systems (novolac, bisphenol A based diphosphate) 

that provide similar flame properties to those of the brominated vinyl ester resin. 
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Figure 1-2: Structure of tetra brominated dimethacrylate oligomer  
 
    The research is summarized in the chapter 7.  Major conclusions are highlighted as 

well.  In the final chapter, recommendations for future work are discussed. 
 
 
 
 

                                                           
5 U. Sorathia, J. Ness, M. Blum, “Fire Safety of Composites in U.S. Navy”, International SAMPE 
Symposium Exhibition, 43, 1067, 1998. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 The Chemistry of Dimethacrylate-Styrene Networks 

2.1.1 Introduction 

    The network formation mechanism via free radical polymerization remains an area of 

controversy and uncertainty for many polymer scientists.  The applicability of current 

theories and analytical techniques to crosslinking polymerizations are severely limited 

due to the complexity of the reactions and insolubility of the polymer networks.  

Nevertheless, many polymeric materials with huge application potential undergo a free 

radical network formation mechanism.  One system of particular interest consists of vinyl 

ester resins diluted with styrene.  Their low viscosities coupled with rapid cure schedules 

and low resin cost make them ideal candidates for structural composites.  However, the 

mechanical behavior of these systems is sensitive to the cure conditions.  Thus, probing 

the chemistry of this cure reaction is becoming important not only in understanding the 

physical and mechanical properties of these materials but also in designing materials 

suitable for specific applications.    

    The lack of research activity in investigating the reaction kinetics and microstructure of 

free radical networks may be attributed to the following problems that arise during the 

polymerization: (1) early onset of the Trommsdorff effect, (2) incomplete conversion of 

pendent double bonds due to vitrification, (3) reactivity ratios changing with conversion, 

(4) sensitivity of polymerization rates to chain transfer to polymer, (5) presence of 

trapped radicals, (6) or the lack of available theory to account for ring formation.6  Most 

of these problems result from the fact that free radical polymerizations are diffusion-

controlled.  Increased viscosities and crosslinking reduce the mobility of the radicals, 

which, in turn, suppress termination.  At this stage, the Trommsdorff effect or 

autoacceleration occurs.  Decreased reaction and diffusion rates occur at later stages of 

the reaction as a result of vitrification.  Moreover, this autodeceleration provides an 

environment for trapped radicals and hydrogen transfer between the radicals and the 

network. 

                                                           
6 J.G. Kloosterboer, “Network formation by chain crosslinking photopolymerization and its 
applications in electronics” Advances in Polymer Science, 84, 1,1988. 
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    Recently, there has been a renewed interest in the kinetics of network formation.  

Current literature focuses on the determination of reactivity ratios of vinyl ester and 

unsaturated polyester systems and attempts to model network formation.  However, there 

has been little or no investigation of the initiation, chain transfer, and microgel formation 

that may occur during the polymerization of these systems.  Consequently, this paper will 

concentrate on past studies of vinyl ester/styrene reaction kinetics and discuss other 

techniques used for similar systems (unsaturated polyester resins, ethylene 

dimethacrylate) that may provide valuable information about how the vinyl ester/styrene 

network forms at different temperatures. 
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2.1.2 Overview of vinyl ester resins  

    Since commercialization in the mid-sixties, dimethacrylate resins (so called vinyl ester 

resins) have been used in composites, adhesives, and coatings.7,8,9 These materials are 

products of various epoxide resins and unsaturated monocarboxylic acids.  With or 

without the addition of a co-monomer, the terminal unsaturated double bonds can form a 

crosslinked network.  From a commercial standpoint, vinyl ester resins are very popular 

because they combine the best properties of two different thermosetting species- 

polyester systems and epoxy resins.  Like polyesters, vinyl ester resins can be cured via 

free radical mechanisms in the presence or absence of unsaturated monomers.  However, 

these resins possess the mechanical strength of epoxy networks upon cure.  

Consequently, although vinyl ester resins are often categorized with unsaturated 

polyesters, they exhibit physical and mechanical properties superior to these materials. 

 

2.1.2.1 Synthesis 

  Numerous patents for the synthesis of vinyl esters exist.10  Generally, the reaction is 

catalyzed by tertiary amines, phosphines, alkalis or –onium salts.  Research shows that 

triphenylphosphine is a more effective catalyst for this reaction than other catalysts.11  

For conversions of 90 – 95%, typical reaction conditions are 120°C for 4-5 hours.  

Hydroquinone is commonly employed as an inhibitor to prevent the occurrence of radical 

side reactions. 

 
                                                           
7 R.E. Young in Unsaturated Polyester Technology, P.E. Bruins, Ed., Gordon and Breach, New 
York, 1976. 
8 H.Y. Yeh and S.C. Yang, “Building of a composite transmission tower”, Journal of Reinforced 
Plastics Composites, 16 (5), 414, 1997. 
9 S.S. Sonti and E.J. Barbero, “Material characterization of pultruded laminates and shapes”, 
Journal of Reinforced Plastics Composites, 15(7), 701, 1996. 
10 F. Fekete, et al., U.S. Patent 3,256,226; T.E. Doyle, et al., U.S. Patent 3,317,465; C.A. May, 
U.S. Patent 3,345,401; C.A. May, U.S. Patent 3,373,221; H.A. Newey, et al., U.S. Patent 
3,337,406; C.A. May, U.S. Patent 3,432,478; J.W. Jernigan, U.S. Patent 3,548,030; D.H. Swisher 
et al., U.S. Patent 3,564,074; R.T. Dowd, et al., U.S. Patent 3,634,542; C.A. May, Patent 
3,637,618. 
11 B. Sandner and R. Schreiber,  “Synthesis and polymerization of epoxymethacrylates: 1. 
Catalysis and kinetics of the addition reaction of methacryalic acid and 2,2 bis [4-(2,3-
epoxypropoxy)phenyl] propane”, Makromolekulare Chemie-Macromolecular Chemistry and 
Physics, 193(11), 2763, 1992. 
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  Today a variety of vinyl ester resins are available for commercial use.   The chemical 

structures of some common vinyl ester components are provided in Figure 2-1.  

Bisphenol A (BPA) based vinyl esters, derived from the diglycidyl ether of bisphenol-A 

and methacrylic acid, are the most common versions of vinyl ester resins (Figure 2-2).  

The diepoxide (diglycidyl ether) is formed by reacting bisphenol A and epichlorohydrin.  

The bisphenol A diglycidyl ether is able to react further with the anions of bisphenol A 

present in the reaction mixture.  Molecular weight control is achieved by ratioing the 

bisphenol A anions to the diepoxide via the Carother’s equation.  The diepoxide is 

typically used in excess to ensure that the oligomer has terminal epoxy groups, which can 

subsequently react with methacrylic acid to yield poly(hydroxyether) oligomers with 

methacrylate endgroups.   

    Styrene is a typical co-monomer that not only lowers the viscosity of the bisphenol A 

based vinyl ester but also provides the best cure properties (e.g. better strength, higher 

modulus and higher % elongation at break) when compared to others.12,13  When cured, 

these materials have high heat deflection temperatures and good solvent resistance.   

     Other commercially available variations of vinyl ester resins exist that provide better 

performance.  The higher aromatic content and increased crosslink sites along the 

backbone of epoxidized novolac based resins improves the solvent and high temperature 

corrosion resistance of vinyl ester systems.14,15  Vinyl ester resins derived from 

halogenated epoxy resins have been developed to provide fire resistance while 

maintaining the desirable physical and mechanical properties characteristic of vinyl ester 

resins.14,16 

                                                           
12 I. Yilgor, E. Yilgor, A.K. Banthia, G.L. Wilkes, and J.E. McGrath, “Synthesis and 
characterization of free radical cured bis(methacryloxy)bisphenol-A epoxy networks”, Polymer 
Composites , 4(2), 120, 1983. 
13 I.K. Varma, B.S. Rao, and M.S. Choudhary, “Effect of styrene on vinyl ester properties”, 
Angew. Makromol. Chem., 130, 1985. 
14 T.P. O’Hearn, “Vinyl Esters”.  ASM International Engineering Plastics.  Engineered Materials 
Handbook, vol. 2, 1995. 
15 B.S. Rao, “Vinyl ester resins: A new way to beat corrosion menance”, Popular Plastics, 33(6), 
33, 1988. 
16 F. Le Lay and J. Gutierrez,  “Improvement in the fire behavior of composite materials for naval 
application”, Polymer Degradation and Stability, 64(3), 397, 1999. 
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Figure 2-2: Synthesis of a dimethacrylate (vinyl ester) oligomer 

 

    Moreover, chemically modified vinyl ester resins have become increasingly popular.  

Improved toughness in vinyl ester resins has been achieved by reacting rubbery polymers 

into their backbone.  Polymers with carboxylic acid endgroups, such as carboxy 

terminated butadiene-acrylonitrile copolymers, can provide higher tensile elongation, 

better adhesion to a variety of substrates, and improved thermal and mechanical shock 

resistance.14,17  Additionally, vinyl ester resins modified with maleic anhydride are 

commercially available.  The unsaturated sites on the polymer backbone are reported to 

increase the heat deflection temperatures of the networks and improve retention of high 

temperature properties.14  

     

 
                                                           
17 J.S. Ullett and R.F. Chartoff, “Toughening of unsaturated polyester and vinyl ester resin with 
liquid rubbers”, Polymer Engineering and Science, 35(13), 1086, 1995. 
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    The superior properties of vinyl ester resins may be attributed to their chemical 

structure.  The aromatic rings in the backbone provide good mechanical properties and 

heat resistance.  The chemical resistance of the resin to most inorganic and organic 

acids/solvents is primarily due to the phenolic ether linkages as opposed to having ester 

units along the chain.  Additionally, the methyl group in methacrylic acid stabilizes the 

ester endgroup against hydrolysis.   

 

OCHCH2O
CH3

O

CCH CHC

O

n  

Figure 2-3: Fumarate Polyester 

 

    When compared to the chemical structure of a polyester resin (Figure 2-3), vinyl esters 

have the advantage of containing ester groups only in terminal positions rather than in the 

polymer backbone.  The adhesive properties of vinyl ester resins result from the pendent 

hydroxyl groups, which are able to hydrogen bond.  Moreover, these groups may be 

chemical modification sites.  The terminal unsaturated sites provide reactive sites for 

network formation.   

 

2.1.2.2  Fiber Reinforced Composites:  Applications and Fabrication 

    The commercial uses of vinyl ester resins are vast.  These materials have been 

employed as adhesives and corrosion resistant coatings for pipes, electrical equipment, 

flooring, etc.14  Moreover, they form one of the major classes of matrix resins for fiber 

reinforced composites.18 Fiber reinforced polymer matrix composites are excellent 

candidates for structural applications because they are lightweight, durable, and strong.  

Proposed uses include parts for automobiles and plumbing fixtures, fascia for buildings, 

and structural reinforcements for bridges. 

                                                                                                                                                                             
 
18 G. Gray and G.M. Savage, “Advanced Thermoplastic Composite Materials”, Metals and 
Materials, vol. 513, 1989. 
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    Fiber reinforced composites are comprised of long or continuous fibers embedded in a 

polymer matrix (usually a thermoset material).  Fibers selected for composites include 

carbon, glass, aramids (Kevlar) and specially processed, high molecular weight 

polyethylene.18  The matrix binds the fibers together, transfers load back into the fibers in 

the vicinity of fiber damage, and protects the composite from environmental effects 

(Figure 2-4).  In addition to vinyl esters, epoxies, unsaturated polyesters and 

thermoplastics such as polyether ether ketone, polyethylene terephthalate, and 

polyphenylene sulfide have been employed as the matrix component in composites.   

    The “interphase” is the third component of the composite.  It is located at the 

fiber/matrix interface and can have gradients in physical properties from the fiber surface 

outward into the composite that greatly influence the performance of the final 

composite.18,19,20,21,22 The application of a coating (sizing) material to the surface of the 

fibers enables modification and control of the properties of this interphase region.  

Previous studies have shown that improvements of 50% in fatigue composite 

performance in carbon fiber reinforced vinyl ester matrix composites can be achieved by 

incorporating less than 1 weight % (of the total composite) of a lightly crosslinked 

poly(hydroxyether) sizing at the interface.20-22  

                                                           
19 L. T. Drzal, M. J. Rich, and P. F. Lloyd, "Adhesion of Graphite Fibers to Epoxy Matrices: 1.  The Role 
of Fiber Surface Treatment," J. Adh., 16, 30, (1982). 
20 J. J. Lesko, R. E. Swain, J. M. Cartwright, J. W. Chen, K. L. Reifsnider, D. A. Dillard, and J. P. 
Wightman, "Interphases Developed from Fiber Sizings and their Chemical-Structural Relationship to 
Composite Performance," J. Adh., 45, 43, (1994). 
21 J. J. Lesko, A. Rau, and J. S. Riffle, "The Effect of Interphase Properties on the Durability of Woven 
Carbon/Vinyl Ester Matrix Composites," Proc. 10th Am. Soc. Comp., 18-20 Sept., 1995, 53-62.  
22 N. S. Broyles, K. E. Verghese, S. V. Davis, H. Li, R. M. Davis, J. J. Lesko, and J. S. Riffle, "Designed 
Polymeric Interphases in Carbon Fiber-Vinyl Ester Composites," Polymer (London), 39 (15), 3417-3424 
(1998). 
 

  10



 Matrix

 

Fiber (vf = 60%)
8 µ diameter

Interphase

Matrix (vf = 40%)

Geometry of the Inter-fiber Region

Role of Matrix
•bonds and holds filaments in place
•protects filaments
•provides transverse strength
•provides interlaminar toughness
•provides durability

Role of Fibers
•carries in-plane loads
•provides stiffness and strength

 

Fiber

Interphase
(Sizing material)

Figure 2-4: Composite components and their functions 

 

    The cure procedure is dependent on the polymer matrix, the method of fabrication, and 

the requirements of the application. Vinyl ester resins typically undergo an ambient 

temperature cure for fabricating cylindrically shaped parts such as pipes, tanks, and 

ducting while elevated temperature cures are required for structural parts in automotive 

applications and pipe fittings and flanges.19  Composites prepared with these resins can 

be processed in relatively rapid molding operations such as pultrusion or resin transfer 

molding.  The low initial viscosities of the “vinyl ester resins” coupled with the wide 

range of curing schedules obtainable make them attractive for such processes.          

    Pultrusion is a continuous manufacturing process that provides primary reinforcement 

in the longitudinal direction (Figure 2-5).23 The process begins with drawing the 

reinforcement material through a liquid thermosetting resin bath. The wet, fibrous 

laminate then is pulled through a heated steel die, where the material is cured with precise 

temperature control.   

                                                           
23 C.B. Smith, Pultrusion Fundamentals, published on http://cours.cegep-st-
jerome.qc.ca/procedes/module3/Procede/pultrusi/pultfind.htm, 2000. 
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Figure 2-5: Schematic of Pultrusion Process used for Fabricating Fiber Reinforced 
Composites24  
 

     

    In resin transfer molding (RTM), a dry, fibrous preform is placed into a metal mold.  

The mold is then closed, and a thermosetting resin is injected into the preform.   RTM 

offers the following advantages over traditional processing techniques:25,26 

 Inexpensive and efficient creation of large, complex shapes 

 Better reproducibility of parts fabrication  

 Reduction in the evolution of volatile organic compounds 

However, disadvantages of RTM can include:26 

 Formation of resin rich areas  

 Movement of reinforcements during resin injection 

    Vacuum assisted resin transfer molding (VARTM) was developed to overcome some 

of the problems associated with RTM.  In VARTM, a vacuum bag is employed.  The 

exact fit of this bag to the preform reportedly reduces resin rich areas and allows for 

efficiently controlling VOC emissions.27  A disadvantage is that since a mold with 

defined dimensions is not employed, controlling the volume fraction of resin applied 

becomes an empirical process for each system.  Low injection pressures (~1 atm) are 

                                                           
24 reproduced from http://www.leecomposites.com 
25 G.H. Hasko, H.B. Dexter, A.C. Loos, and D. Kranbuehl, Journal of Advanced Materials, 26(1), 
9, 1994. 
26 S.M. Lee, International Encyclopedia of Composite Materials, vol 3, New York: VCH, 1990-1. 
27 M.C. Gabriele, Plastics Technology, 41(3), 67, 1995. 
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required, resulting in minimal movement of the reinforcements during processing.  A 

typical VARTM setup is shown in Figure 2-6.  The fiber preform is first laid on an open- 

faced plate, followed by a porous peel ply.  The vacuum bag is then placed over the entire 

assembly.  

    The VARTM process begins with starting the vacuum to expel any air in the preform 

assembly.  The resin travels through the resin distribution tube and across the highly 

permeable medium.  The resultant composite is either allowed to cure at room 

temperature or placed in an oven to assist the cure reaction.  

 

vacuum source

resin supply

lay-up assembly

vacuum
port

vacuum bag

fiber preform peel ply

high-permeable medium

resin
distribution tube

 
Figure 2-6: Schematic of Vacuum Assisted Resin Transfer Molding (VARTM) used 
for Fabricating Fiber Reinforced Composites  
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2.1.3 Overview of Dimethacrylate Network Reactions  

    The cure reaction of vinyl ester resins involves free radical reactions that ultimately 

result in the formation of a crosslinked network (Figure 2-7).  Specifically, networks 

result from addition of a propagating radical to a divinyl monomer.  The result is a new 

propagating radical with a pendent double bond.  In the next step, another propagating 

radical reacts with the pendent double bond to form a branch or crosslink.  At a certain 

point in the addition process, a dramatic increase in the bulk viscosity is observed due to 

formation of a gel, which is a highly branched polymer swollen with unreacted monomer.  

As the addition process continues, the network forms.   

 

 
Figure 2-7: Schematic representation of a free radical crosslinking mechanism 

 

    The mechanism of network formation is a complicated process that is not well 

understood.  Complex structures consisting of pendent double bonds, trapped radicals, 

and microgels can result from the polymerization.  Incomplete conversion of double 

bonds and trapped radicals can be due to vitrification and decreased reactivity as these 

double bonds (and radicals) get tied into the network.  Microgels result from a series of 

intermolecular crosslinking reactions within the highly branched polymer.6  Side 

reactions such as intramolecular cyclization and chain transfer further complicate the 

network chemistry.6 
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2.1.3.1  Initiation 

    Free radical copolymerization of vinyl ester resins can be achieved at both ambient and 

elevated temperatures by using initiators and accelerators, UV radiation, or ionizing 

radiation.  Initiators such as peroxides, hydroperoxides, and azo/diazo compounds are 

employed for thermal and UV cures. 

     Methyl ethyl ketone peroxide is one example of an initiator commonly used for 

ambient temperature cures of vinyl ester resins.14  This organic ketone peroxide consists 

of a mixture of monomeric (2,2-dihydroperoxybutane) and dimeric (2-hydroperoxy-1-

methylpropylperoxybutane), and possibly higher oligomers also.  Studies by Nwoko and 

Pettijohn suggested that MEKP dimers were more effective in curing vinyl esters.28 

Cobalt salts, such as cobalt naphthenate and cobalt octoate, are commonly employed as 

promoters for low temperature cures.   These promoters catalyze the decomposition of the 

peroxide into free radicals and anions via electron transfer reactions (Figure 2-8).29 

During the decomposition of methyl ethyl ketone peroxide, the purple cobalt II is 

transformed to the green cobalt III.30 

 

 

                                                           
28 D. Nwoko and T. Pettijohn, “The role of monomeric and dimeric oligomers of methyl ethyl 
ketone peroxide in the cure of unsaturated resin formulations”, Proceedings of the 1999 
Composites Expo Cinncinatti, Ohio, May 10-12, 1999. 
29 D.J. Carlsson and D.M. Wiles, “Degradation” in Encyclopedia of Polymer Science and 
Engineering, vol 4, New York: John Wiley and Sons, 1986. 
30 W.H. Brinkman, L.W.J. Damen, and S. Maira, “Accelerators for peroxide curing of 
polyesters”, Modern Plastics, 45(14), 167, 1968. 
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Figure 2-8: Generation of free radicals at room temperature using cobalt 
naphthenate and MEKP 
 
    Tertiary aromatic amines, such as N,N-dimethylaniline and dibenzylaniline, are also 

capable of transferring an electron to a peroxide or hydroperoxide. Decomposition of 

diaryl peroxides, e.g. benzoyl peroxide, is best accelerated by amines (Figure 2-9).  

Unlike the cobalt salts, tertiary amines are not true catalysts because they react with the 

peroxide to produce compounds with radical character.  Consequently, both the peroxy 

radical and the accelerator can be incorporated into the polymer network.29,31 
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Figure 2-9: Generation of free radicals at room temperature using DMA and BPO 

 

                                                           
31 K. Kircher, “UP Resins” in Chemical Reactions in Plastics Processing, New York: Hanser 
Publishers, 1980. 
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    Elevated temperature cures of vinyl ester resins are achieved by the thermal 

decomposition of peroxides.  Benzoyl peroxide, t-butyl perbenzoate, t-butyl peroctoate, 

and peroxy dicarbonate are examples of initiators used in high temperature cures, where 

selection depends on reaction temperature and cure rate.   

 

2.1.3.2  Cyclization Reactions 

    The formation of intramolecular bonds (cyclization or cyclopolymerization) depends 

on the meeting of two reactive groups (one pendent double bond and a radical) connected 

by at least one sequence of bonds (Figure 2-10).  This reaction was first observed in the 

free radical polymerization of diallyl quaternary ammonium salts, which yielded water 

soluble linear polymers as opposed to the expected formation of a highly crosslinked 

network.32  The experimental indicators of cyclization reactions include a shift in the gel 

point toward higher conversions and a low content of unreacted pendant double bonds at 

early conversions.32   

 

 
Figure 2-10: Reaction scheme of intramolecular cyclization that occurs during 
network formation in the free radical polymerization of monovinyl-divinyl systems 
 
    Shultz performed some of the early investigations of the extent of cyclopolymerization 

in monovinyl-divinyl systems.33  Ethylene dimethacrylate-methyl methacrylate networks 

were irradiated with an electron beam to promote random chain scission reactions.  The 

intermolecular crosslinking efficiencies of the networks were determined based on sol-gel 

studies of irradiated products.  The crosslinking efficiency ranged from 0.39 to 0.48 and 

increased with decreasing EDMA concentration.  In a different study, the extent of 

cyclization was estimated from deviation of the experimental critical conversion-rate 
                                                           
32 A. Matsumoto, “Free Radical Crosslinking Polymerization and Copolymerization” Advances in 
Polymer Science, 123, 41, 1995. 
33 A.R. Shultz, “Crosslinking efficiencies in the methyl methacrylate-ethylene dimethacrylate and 
ethyl methacrylate-ethylene dimethacrylate systems: Degradative analysis by electron 
irradiation”, Journal of American Chemical Society, 80, 1854, 1958. 
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plots from theory.  It was determined that greater than 50% of the doubly reacted EDMA 

chains participated in intra-chain cyclization prior to gelation.   

    Dusek and Spevacek studied cyclization in EDMA-styrene networks.34  Compositions 

of the copolymers (extracted at conversions below the critical gel point) were determined 

via 1H NMR.  Broadening in the NMR spectra was observed and increased with 

increasing amounts of EDMA.  The authors postulated that the extracted copolymers 

were compact structures resulting from numerous cyclization reactions.  

 

2.1.3.3  Microgelation 

    In 1935, Staudinger and Husemann35 first reported formation of microgels in styrene-

divinylbenzene systems.  Since their work, the presence of microgels in polymer 

networks has been commonly proposed as an explanation for deviations from the 

classical Flory-Stockmayer theory in monovinyl-multivinyl36,37,38,39,40,41 and monovinyl-

divinyl systems34,42,43,44, but their existence in vinyl ester/styrene networks has yet to be 

irrefutably proven.       

                                                           
34 K. Dusek and J. Spevacek, “Cyclization in vinyl-divinyl copolymerization”, Polymer, 21, 75, 
1980. 
35 H. Staudinger and E. Husemann, Chem. Ber., 68, 1935. 
36 Y.J. Huang and J.S. Leu, “Curing of unsaturated polyester resins: Effects of temperature and 
initiator- 1. Low temperature reactions”, Polymer, 34(2), 295, 1993. 
37 C.P. Hsu and L.J. Lee, “Free radical cross-linking copolymerization of styrene and unsaturated 
polyester resins: 1. Phase separation and microgel formation” Polymer, 34(21), 4496, 1993. 
38 Y.S. Yang and L.J. Lee, “Microstructure formation in the cure of unsaturated polyester resins”, 
Polymer, 29(10), 1793, 1988. 
39 Y.S. Yang and L. Suspene, “Curing of unsaturated polyester resins: Viscosity studies and 
simulations in pre-gel state” Polymer Engineering and Science, 31(5), 321, 1991. 
40 T.L.Yu, J.L. Liu, and S.B. Liu, “Microgelation in the curing of unsaturated polyester resins”, 
Journal of Applied Polymer Science, 53(9), 1165, 1994. 
41 B. Mortaigne, B. Feltz, and P. Laurens, “Study of unsaturated polyester and vinyl ester 
morphologies using eximer laser surface treatment”, Journal of Applied Polymer Science, 66(9), 
1703, 1997. 
42 S. Dua, R.L. McCullough, and G.R. Palmese,  “Copolymerization kinetics of styrene/vinyl-
ester systems: Low temperature reactions”, Polymer Composites, 20(3), 379, 1999. 
43 S. Ziaee, and G.R. Palmese,  “Effects of temperature on cure kinetics and mechanical 
properties of vinyl ester resins”, Journal of Polymer Science: Part B Polymer Physics, 37(7), 725, 
1999. 
44 R.P. Brill and G.R. Palmese, “An Investigation of Vinyl Ester-Styrene Bulk Copolymerization 
Cure Kinetics using Fourier Transform Infrared Spectroscopy”, Journal of Applied Polymer 
Science, 76, 1572, 2000. 
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    Microgels result from intramolecular crosslinkages (Figure 2-11).  It is hypothesized 

that during the polymerization the polymer chains become entangled, thus enhancing the 

occurrence of intermolecular crosslinking between the growing polymer radical and a 

pendent double bond of the prepolymer.  Similarly, it is believed that this provides an 

ideal environment for intramolecular crosslinking between the growing polymer radical 

and the pendent double bond of a prepolymer preceded by the intermolecular crosslinking 

reaction with another polymer chain.  Consequently, this leads to microgel formation that 

possesses a highly crosslinked microdomain.  It is believed that these particles are not 

soluble, but they swell in the liquid phase and affect the mechanical properties of the 

cured networks.6,32  

 

 
Figure 2-11: Reaction scheme of intramolecular crosslinking reaction leading to 
formation of a microgel during the free radical polymerization of a monovinyl-
divinyl system 
 

    Much attention has been focused on obtaining a fundamental understanding of 

microgelation.  Formation of microgels in unsaturated polyesters has been studied 

extensively using a variety of techniques.  Light scattering has emerged as a powerful 

analytical tool that measures particle size distribution.  Hsu and Lee investigated 

microgel formation by coupling time-resolved and dynamic light scattering with optical 

microscopy.37   Unsaturated polyesters (possessing St/UPE molar ratios of 2 and 4) were 

cured at various temperatures using a methyl ethyl ketone peroxide/cobalt naphthenate 

initiating system.  The cures of these resins were viewed with an optical microscope 

equipped with a phase contrast attachment and a heat stage.  At ~300 s, phase separation 

was only observed for a 40°C cure of UPE resin having a molar ratio equal to 4. The 

particle size of the partially reacted polymer formed during cure (before macrogelation) 
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was estimated by dynamic light scattering.  During the initial stages of cure, a broad 

distribution ranging from 7 to 13 nm and 10 to 21 nm was observed for UPE resins with 

molar ratios of 2 and 4 respectively.  As the reaction continued, the average particle size 

of the polymer increased slightly for both UPE systems, and the particle size distribution 

of these systems ultimately became bimodal near the gel point.  The bimodal distribution 

was attributed to occurrence of intermolecular reactions between two or more highly 

branched polymers.  At the gel point, the particle size distribution remained bimodal; 

however, the average particle size for the primary polymers disappeared and larger 

average particle sizes were observed.  The authors stated that this implied an increased 

occurrence of intermolecular crosslinking reactions that would ultimately lead to 

macrogelation. 

    To gain further insight from the d.l.s. data, the authors compared the particle size 

expansion coefficients between the partially reacted UPE polymers (soluble portion) and 

a linear polystyrene chain by taking measurements at different temperatures.37  The 

authors defined the expansion coefficient as the percent size change relative to the size 

measured at room temperature.  For every 10°C temperature increase, the linear 

polystyrene control showed an average of ~11% size expansion.  In the early stages of 

cure, the average size expansions for both resins were considerably lower, implying that 

the molecular structure of the polymers was highly branched.  Higher size expansions 

were observed near the gel point, suggesting the formation of a loose connection of the 

primary polymer chains.  At the gel point, the size expansions were quite low as a result 

of a tighter connection between the chains, implying that the crosslink density of this 

system may be higher.  

    Other methods to corroborate light scattering data have been attempted.  Yang and Lee  

used scanning electron microscopy to probe the microstructures of cured styrene-

unsaturated polyester resins.38 SEM images of the fractured surfaces for a series of UPE 

resins with varied amounts of styrene were obtained. At high styrene concentrations, a 

dumbbell shape connection (open-type structure) between the particles was observed.  

The authors proposed that at high styrene concentrations (low concentrations of 

microgels) individual microgel particles were connected by styrene chains.  In the case of 

low styrene concentrations (high microgel concentration), the microgels were closely 
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packed together and tended to overlap with each other.  The authors described this 

morphology as “flake-like.”  Moderate styrene contents produced morphologies in 

between the two extremes.  Estimated particle sizes from the SEM micrographs showed 

that larger microgels were produced as the styrene content increased.  The authors 

attributed this to the “swelling effect” of the styrene monomer during network formation. 

    Liu et al. further investigated microstructure formation of styrene-unsaturated polyester 

systems by studying the sol fractions via gel permeation chromatography.40  The authors 

postulated that increased microgelation may result from two factors- higher degree of 

polyester unsaturation and higher molecular weights.  It is necessary to note that 

microgels are insoluble in all solvents; thus, the “microgels” investigated in this paper 

were actually highly branched polymers.  The tendency for the polyester chains to form 

branches was increased by these factors, which, in turn, produced an environment for 

intramolecular crosslinking reactions to occur.   Reactions of various styrene-unsaturated 

polyesters were stopped at different time intervals and analyzed.  GPC data showed that 

for samples with the same molecular weight but higher degrees of polyester unsaturation, 

shrinkage of “microgel” (meaning soluble but highly branched) particles occurred at 

lower conversions.  Similarly, it was found that “microgel” particles shrank at lower 

conversions for samples with equivalent degrees of polyester unsaturation but higher 

molecular weight.   

    Recently, microgel formation in vinyl ester systems were investigated.  Mortaigne et 

al. studied this phenomenon using excimer laser surface treatment.41  Excimer is a 

contraction of the two words excited and dimer, which refers to Fluoride-Argon 

molecules in the excited state.  The decay of these unstable molecules to a stable state 

results in emission of a highly energetic photon of ultraviolet light at 193 nm.  These 

lasers possess short laser pulse duration (typically ten nanoseconds) that induce localized 

effects on a polymer surface without degrading it.  The type of physical phenomena 

occurring during the laser surface interaction is related to the flux of incoming photons 

from the laser (known as laser fluence).  When the fluence is greater than the threshold 

for the polymer, ablation (material ejection from the polymer surface) occurs via 

photothermal or photochemical effects.  When the fluence is below the threshold for the 

polymer, changes in the surface properties, such as chemical modifications and surface 
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amorphisation, occur.  Initial studies indicated that ablation thresholds were 15 mJ/cm2 

for polystyrene and 25 mJ/cm2 for unsaturated polyesters and vinyl ester resins.  SEM 

micrographs of styrene-vinyl ester systems after an excimer laser treatment of 20 mJ/cm2 

(fluence above the ablation threshold for PS and below the threshold for VE) show 

nodules on the surface of the samples.  The size of these nodules decreased with 

increasing styrene content.  The authors attributed these nodules to vinyl ester microgels.  

When compared to unsaturated polyesters, the polyester nodules appeared to be randomly 

oriented, whereas the vinyl ester nodules seemed to be organized.  The authors attributed 

this ordered arrangement to physical polymerization, i.e., hydrogen bonding or coulomb 

interactions.   

    Ziaee and Palmese used atomic force microscopy in the tapping mode to view the vinyl 

ester topography of a fracture surface.43  The topography of the 30°C cured and the 90°C 

cured vinyl ester systems consisted of nodules with dimensions of ~100 nm.  In 

accordance with the work of Mortaigne et al.41, the authors concluded that the nodular 

morphology was an indication of network formation via microgelation.  Moreover, AFM 

micrographs showed that the size of the nodules decreased as the cure temperature was 

increased.  The copolymerization kinetics of these systems (discussed in detail in Chapter 

4) complimented the observed trends in microgel size.  As the cure temperature 

increased, the reactivity ratio of dimethacrylate oligomer increased from 0.35 to 0.82. 

Thus, the oligomer became more reactive at higher cure temperatures.  Moreover, the 

occurrence of homo-propagation reactions increased as well.  It is possible that this 

increased reactivity and homo-addition provides an environment for more intramolecular 

crosslinking reactions to occur at higher temperatures.  As result, these microgels will 

possess higher crosslink densities and should be smaller in size. 

 

2.1.3.4 Chain Transfer Reactions 

    The occurrence of chain transfer in vinyl ester/styrene free radical copolymerizations is 

a possible side reaction that has not been thoroughly investigated.  During the 

copolymerization of these systems, propagation becomes limited by diffusion and 

termination is suppressed as a result of vitrification.  Radicals connected to the network 

can hardly diffuse; however, hydrogen transfer provides additional mobility of radical 
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sites in the polymer.  Consequently, chain transfer facilitates the termination of active 

chains, thereby reducing the rate of polymerization.  In vinyl ester/styrene systems, chain 

transfer is likely to occur, possibly via abstraction of hydrogens attached to carbon atoms 

with pendent hydroxyl groups (Figure 2-12).45 

C

H

OH

CH2CH2 OO C

OH

CH2CH2 OO

H

Figure 2-12: Mechanistic pathway of chain transfer to polymer in vinyl ester 
systems 
 
     

    In addition to hydrogen transfer, catalytic chain transfer becomes a possibility for room 

temperature cures. The chain transfer reactions are believed to occur between a growing 

polymer chain and CoII catalyst.45  

 

Mechanism for catalytic chain transfer via a Co(III)-H intermediate: 

Rn
.  +  Co (II)         Pn  +  Co(III)H 

Co(III)H   +  M        Co(II)  +  R. 

Mechanism for catalytic chain transfer via a monomer-Co(II) complex: 

   M  +  Co(II)         M---Co(II) 

   M---Co(II)  +  Rn
.   Pn  +  Co(II)  +  R. 

Figure 2-13:  Possible Mechanisms for Catalytic Chain Transfer 

 

    The net result is hydrogen abstraction, which produces a dead polymer chain (with an 

unsaturated end group) and CoIII-H.  Monomers are able to react with CoIII-H to produce 

additional radicals, which are able to propagate.  A mechanism involving a monomer-

cobalt complex has also been proposed.45  Figure 2-13 shows a schematic representation 

of these mechanisms. 
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45 G. Moad and D.H. Solomon, The Chemistry of Free Radical Polymerization, New York: 
Elsevier Science, 1995. 



  True advances in the investigation of catalytic chain transfer kinetics began in 1975 with 

the work of Enikolopyan et al., who discovered the catalysis of chain transfer to 

monomer in the polymerization of methyl methacrylate in the presence of a cobalt 

complex of hematoporphyrin tetramethyl ether.46  Fundamental studies of this system 

revealed much needed information about the kinetics and mechanism of the process.  

Using the Mayo method, it was found that the catalytic chain transfer constant was 

independent of the temperatures ranging from 40 to 70°C.  Extraction studies revealed 

that the weights of the cobalt complex before and after polymerization were similar, 

which was an indication that the complex was not bonded to the polymer.  UV-Vis 

spectroscopy and 1H NMR spectroscopy were used to further probe the mechanism of 

chain transfer to monomer.  During the course of the polymerization, the UV-Vis spectra 

of the cobalt complex remained unchanged.  The authors stated that this not only implied 

that catalyst regeneration occurred at a high rate but that the concentration of a complex 

intermediate was small compared to the initial complex.  After proposing numerous 

mechanisms, the 1H NMR spectra of the polymer product revealed that the hydrogen 

atom was abstracted from the β position (preferably from an α-methyl group) in the 

active polymer chain and was subsequently transferred to a monomer molecule.  Other 

studies showed that methacrylic-like monomers and styrene were susceptible to catalytic 

chain transfer whereas acrylic monomers were inert.  Moreover, only cobalt complexes 

that were structural analogs of porphyrins were found to catalyze chain transfer.   

    Kukulj and Davis further investigated the mechanism of catalytic chain transfer in the 

polymerization of methyl methacrylate and styrene by using a cobalt complex of 

bis(boron difluorodimethylglyoximate).47  Using both Mayo and chain length distribution 

methods, the calculated values of the chain transfer rate constant were on the order of 107 

dm3⋅mol-1⋅s-1, which were close to the magnitude of termination rate coefficients.  Based 

on these results, the authors stated that these chain transfer reactions may be diffusion 

controlled.  Other experiments involved determining the dependence of catalyst 
                                                           
46 Enikolopyan, N.S., Smirnov, B.R., Ponomarev, G.V., and Belgovskh, I.M.  “Catalyzed chain 
transfer to monomer in free radical polymerization”, Journal of Polymer Science: Polymer 
Chemistry, 19, 879, 1981. 
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concentration and molecular weight on reaction rate and conversion respectively.  

Increasing the concentration of catalyst from 0 to 5.69 × 10-7 mol/(mol MMA) reduced 

the reaction rate by 10%. 

    This observation was consistent with a previous study that attributed this overall 

reduction in rate to a decrease in average chain length at higher catalyst concentrations, 

resulting from increased termination rates.48  The authors also proposed that the possible 

formation of cobalt-carbon bonds may lead to slower reaction rates.  Molecular weight 

studies showed a slight increase as the polymerization proceeded, which was contrary to 

the decrease commonly observed.  Moreover, the chain transfer coefficient decreased as a 

function of conversion.  The authors hypothesized that this deviation from expected 

behavior implied that the chain transfer reaction was first order in monomer (i.e. direct 

participation of the monomer in the abstraction of hydrogen).  However, a later study 

disproved their supposition.49 

 

2.1.3.5 Trapped Radicals   

    Electron spin resonance (ESR) spectroscopy is a powerful analytical tool that provides 

direct information about radical type and concentration.  Two radical populations exist 

during polymerization: (1) active radicals that are in an environment with greater free 

volume and (2) inactive radicals trapped in domains of polymeric segments. The 

heterogeneity of the reaction mixture complicates the kinetics of free radical reactions, 

particularly when networks are formed.  ESR has been applied to network reactions to 

gain additional insight into the molecular processes that occur at high conversion, where 

the kinetics become diffusion controlled.  For dimethacrylate systems, active (more 

mobile) radicals produce a 13-line ESR spectrum while inactive (trapped) radicals have a 

9-line spectrum.50-52 

                                                                                                                                                                             
47 D. Kukulj and T.P. Davis, “Mechanism of catalytic chain transfer in the free-radical 
polymerisation of methyl methacrylate and styrene”, Macromolecular Chemistry and Physics, 
199(8), 1697, 1998. 
48 R.A. Sanayei and K.F. O’Driscoll, “Catalytic chain transfer in the polymerization of methyl 
methacrylate: 1. Chain length dependence of chain transfer coefficient” Journal of 
Macromolecular Science- Chemistry, A26(8), 1137, 1989. 
49 J.P.A. Heuts, D.J. Forster, and T.P. Davis, “The role of monomer in the chain transfer reaction 
in the cobaloxime-mediated free radical polymerization”, Macromolecular Rapid 
Communications, 20(6), 299, 1999. 
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    Zhu and co-authors performed numerous studies on MMA/EGDMA networks using an 

online ESR spectrometer.50,51 MMA/EGDMA networks composed of 0, 25, 50, and 100 

weight % EGDMA were synthesized at 70 °C.  Experimental data revealed that trapped 

radical concentrations increased (from 10-5 mol/L to 10-3 mol/L) with the increasing 

amounts of crosslinker, while the terminal double bond conversion decreased.  The 

concentration levels of trapped radicals depended on vitrification and crosslink density.  

Thus, the authors postcured the networks at 105, 120, 150, and 180 °C to gain additional 

insight.  The decay rate (decrease in radical concentration) was faster for networks 

containing lower weight percentages of EDMA.  Higher levels of trapped radicals 

remained in the more dense networks (higher amounts of EDGMA).  The authors 

concluded that the network structure (i.e. crosslink density) had a greater impact on 

radical concentration and decay rates than vitrification.  

    Anseth et al. measured the concentration levels of active and inactive radicals during 

the photopolymerization of multi-ethylene glycol dimethacrylates.52  Plots of trapped 

radical concentration as a function of double bond conversion showed three distinct 

regions.  In the first region (low conversion) the radical mobility was high; thus low 

levels of inactive radicals were observed.  In the second region (~20 – 70 % conversion), 

a rapid rise in the concentration (10-7 to 10-3 mol/L) was observed.  Moreover, the amount 

of trapped radicals exceeded the active (more mobile) radical levels during this stage.  

The authors attributed the sharp increase to diffusion limitations and believed that this 

observation indicated the existence of microgels in the system.  The third region occurred 

at high conversions, where the mobility was drastically reduced (due to macrogelation). 

The concentration of trapped radicals remained constant.    

 

 

                                                           
50 S. Zhu, Y. Tian, A.E. Hamielec, and D.R. Eaton, “Termination of trapped radicals at elevated 
temperatures during the copoylmerization of MMA/EGDMA” Polymer, 31(9), 1726, 1990. 
51 S. Zhu, and A. Hamielec, “Kinetics of network formation via free radical mechanisms: 
Polymerization and polymer modification”, Makromolekulare Chemie- Macromolecular 
Symposia, 63, 135, 1992. 
52 K.S. Anseth, K.J. Anderson, C.N. Bowman, “Radical concentrations, environments, and 
reactivities during crosslinking polymerizations”, Macromolecular Chemistry and Physics, 197, 
833, 1996. 
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2.1.4 Kinetics of Network Formation 

    Kinetic studies of thermoset systems remain a major area of interest.  Coupled with 

thermal and rheological data, these studies provide valuable information about network 

formation that can ultimately be used to generate a mathematical model.  In the past thirty 

years, the reaction kinetics of thermosets have been investigated using swelling53,54, 

electrical conductivity55,56, rheological57,58,59, tensile braid60,61, spectroscopic, and thermal 

analysis.  To date, differential scanning calorimetry (DSC) and infrared (IR) spectroscopy 

have emerged as two methods commonly employed to probe the kinetics of these 

systems. 

    

2.1.4.1  DSC Studies of Dimethacrylate-Styrene Networks 

    Differential scanning calorimetry has the advantage of simultaneously generating 

kinetic and thermal data for thermosetting systems based on the assumption that the rate 

of heat generation is proportional to the rate of the cure reaction.  For isothermal DSC 

measurements, Kamal and Sourour62,63 showed that the cure kinetics of epoxy, vinyl ester 

and unsaturated polyester resins may be described by: 

 

                                                           
53 B.M.E. Van der Hoff, “Crosslinking of polybutadiene induced by free radicals”, Appl. Polymer 
Symp., 7, 21, 1968. 
54 J. Barton, “Peroxide crosslinking of poly(n-alkyl methacrylates)”, Journal of Polymer Science: 
Chemistry, 6(5), 1315, 1968. 
55 M.A. Acitelli, R.B. Prime, and E. Sacher, “Kinetics of epoxy cure: 1. System bisphenol A 
diglycidyl ether/m-phenylene diamine” Polymer, 12(5), 335, 1971. 
56 G.S. Learmonth, and G. Pritchard.  “Dielectric relaxation and crosslinking in unsaturated 
polyester resins”, Journal of Applied Polymer Science, 13, 2219, 1969. 
57 A. Shimazaki, Journal of Applied Polymer Science, 12, 1968. 
58 C.D. Han and K.W. Lem, “Rheology of unsaturated polyester resins: Thickening behavior of 
unsaturated polyester and vinyl ester resins”,  Journal of Applied Polymer Science, 28(2), 763, 
1983. 
59 C.D. Han and K.W. Lem.  “Thermokinetics of unsaturated polyester and vinyl ester resins”, 
Polymer Engineering and Science, 24(3), 175, 1984. 
60 J.K. Gillham and M.B. Roller.  “Advances in instrumentation and technique of torsional 
pendulum and torsional braid analysis”, Polymer Engineering and Science, 11(4), 295, 1971. 
61 M. Stone, Thesis, University of Delaware, 1997. 
62 M.R. Kamal and S. Sourour,  “Kinetics and thermal characterization of thermoset cure”, 
Polymer Engineering and Science, 13(1), 59, 1973. 
63 M.R. Kamal, “Thermoset characterization for moldability analysis”, Polymer Engineering and 
Science, 14(3), 23, 1974. 
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where k1 and k2 are the reaction rate constants and m and n are constants independent of 

temperature.  The relative degree of cure, α, is defined as 
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where Qi(T) is heat generated at cure time t and isothermal cure temperature T and (QUT)T 

is the total heat released for complete reaction of all double bonds.  Based on this work, 

Ryan and Dutta64,65 developed an expression that relates isothermal curing kinetics to 

non-isothermal kinetic studies.  These studies provided the theoretical basis for many of 

the subsequent investigations of vinyl ester cure kinetics.66,67  

    Lem and Han68 investigated the isothermal and non-isothermal curing kinetics of vinyl 

ester resins using benzoyl peroxide as an initiator and N,N-dimethylaniline as a promoter.  

For isothermal cures, the amount of heat generated (QR) increased as the cure temperature 

increased.  This was the expected behavior for vinyl ester cures, which are exothermic 

reactions.  The following behavior was observed for non-isothermal cures: (1) the 

temperature at which reaction began increased with β (heating rate);  (2) the temperature 

at which the exotherm peak occurred and the exotherm peak height increased with β; and 

(3) the amount of heat generated by the cure reaction was independent of β.  The ultimate 

heat of cure (QUT), defined as the average value of QTOT values measured at various 

temperatures or scan rates, were 345.5 J/g and 420.0 J/g for the isothermal cure and non-

isothermal cure, respectively.  The authors attributed the lower QUT values generated by 

the isothermal cure to variations in the formation of the styrene-vinyl ester networks.  

Moreover, when comparing the non-isothermal DSC scans for vinyl ester cure with and 

without promoter, the resin with promoter showed two exotherm peaks whereas the resin 

                                                           
64 M.E. Ryan, and A. Dutta, “Kinetics of epoxy cure: a rapid technique for kinetic parameter 
estimation”, Polymer, 20(24), 203, 1979. 
65 M.E. Ryan and A. Dutta, Thermochimica Acta, 33, 1979. 
66 P.W.K. Lam, H.P. Plaumann, and T. Tran “An improved kinetic model for the autocatalytic 
curing of styrene-based thermoset resins”, Journal of Applied Polymer Science, 41, 3043, 1990. 
67 R. Dhulipala, G. Krieg, and M.C. Hawley, “Kinetic modeling of vinyl ester resin 
polymerization”, Polymer Materials Science and Engineering, 68, 175, 1993. 
68 K.W. Lem, and C.D. Han, “Thermokinetics of unsaturated polyester and vinyl ester resins”, 
Polymer Engineering and Science, 24(3), 175, 1984. 
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without promoter showed only one.  The authors hypothesized that the existence of two 

exotherm peaks suggested the occurrence of two initiation reactions- the first beginning 

at lower temperatures via the reversible complex formation between the benzoyl peroxide 

and N,N-dimethylaniline and the second beginning at higher temperatures via thermal 

decomposition of benzoyl peroxide. 

    Studies similar to those of Lem and Han were extended further when Cook et al.69 

investigated the curing kinetics of vinyl ester resins containing 45 wt.% styrene as a 

function of initiator and promoter concentration using scanning DSC.  Scanning mode 

DSC data (where β = 10 °C/min) indicated that increased concentrations of initiator 

shifted the exotherm to lower temperatures, expected behavior for faster reacting 

systems.  However, with the exception of very low levels (≤ 0.1 wt.%), increasing the 

concentration of promoter shifted the exotherm to higher temperatures.  Gel time 

measurements showed an inverse relationship between the gel time and the promoter 

concentration.  According to the authors, this apparent contradiction implied that the 

promoter accelerated the reaction in the initial stages while at higher conversion (later 

stages) the promoter retarded the reaction via deactivating the alkoxy, methacrylate, or 

styryl radicals.  Consistent with previous work, two exotherms were observed in the non-

isothermal scans.  However, the data did not comply with the conclusions of past 

research.  When the initiator concentration was varied, the exotherm at the lower 

temperature (attributed to redox initiation processes in the past) was the largest at high 

initiator to promoter ratios.  Additionally, when promoter concentration was varied, the 

exotherm at the higher temperature (attributed to thermal decomposition of the initiator in 

the past) was the largest at low initiator to catalyst ratios.  Consequently, based on similar 

initiator studies 70,71, the authors endorsed the hypothesis that attributed the two 

exotherms to complex variations in the rate constants during the polymerization. 

                                                           
69 Cook, W.D.; Simon, P.S.; Burchill, P.J.; Lau, M., and Fitch, T.J.  “Curing kinetics and thermal 
properties of vinyl ester resins”, Journal of Applied Polymer Science, 64(4), 769, 1997. 
70 Horie, K.; Mira, I., and Kambe, H.  Journal of Polymer Science: Part A, 1, 8, 1970. 
71 Horie, K.; Mira, I., and Kambe, H.  Journal of Polymer Science: Part A, 1, 6, 1968. 
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    The curing behavior at slightly elevated temperatures of a commercial vinyl ester resin 

containing 45 wt.% styrene was investigated by Lee and Lee.72  A plot of the degree of 

cure (for an isothermal scan ranging from 86.1 to 127.1 °C) as a function of reduced time 

generated a single line.  This caused the authors to conclude that the reaction mechanism 

did not change with the cure conditions.  Additionally, the glass transition temperatures 

(Tg) for the vitrified vinyl ester increased linearly with increasing cure temperature. 

During the cure reaction, a gradual increase in Tg was observed up to α = 0.15, and then 

the Tg began to increase rapidly.  The authors proposed that the inflection point in the Tg-

conversion curves corresponded to the gel point of the material. 

    A more recent study by Scott and co-authors 73 determined the effects of initiator and 

styrene concentration on the kinetics of bisphenol A based vinyl esters.  Isothermal (70 

°C cure) and scanning (5 °C/min) DSC studies were performed on the vinyl ester-styrene 

mixtures using benzoyl peroxide as the initiator.  Increased initiator concentrations 

resulted in faster polymerization rates; however, the final conversion was unaffected.  

Conversely, the final conversion of the networks increased with styrene content while the 

polymerization rate decreased.  The authors reasoned that the reduced rates might have 

been due to the relative stability of the styryl radical (slower propagation rate) and the 

lower crosslink density (higher termination rate constant due to increased mobility).74  

 

2.1.4.2  FTIR Studies of Dimethacrylate-Styrene Networks 

    Infrared spectroscopy is a powerful technique that is able to monitor the concentrations 

of reacted and unreacted monomeric species as a function of the extent of polymerization.  

Thus, the sequence distribution of the copolymer (at early stages of reaction) can be 

determined using copolymerization theory.  For vinyl ester systems, the absorbancies at 

943 cm-1 and 910 cm-1, corresponding to methacrylate and styrene double bonds, 

respectively, have been monitored and used to calculate reaction conversions.  To 

                                                           
72 J.H. Lee and J.W. Lee, “Kinetic parameters estimation for epoxy based vinyl ester resins”, 
Polymer Engineering and Science, 34(9), 742, 1994. 
73 T.F. Scott, W.D. Cook, and J.S. Forsythe, “Kinetics and network structure of thermally cured 
vinyl ester resins”, European Polymer Journal, 38, 705, 2002. 
74 G.L. Batch and C.W. Macosko, “Kinetic model for crosslinking free radical polymerization 
including diffusion limitations”, Journal of Applied Polymer Science, 44, 1711, 1992.  
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compensate for changes in thickness and opacity during cure, it is common to use the 

phenyl peak of styrene at 700 cm-1 as an internal standard to normalize the spectra. 

    Ganem et al.75 studied the copolymerization kinetics of vinyl ester resins crosslinked 

with styrene (concentrations ranging from 25 to 60 weight percent).   The system was 

cured at room temperature using methyl ethyl ketone peroxide, dimethylaniline, and 

cobalt octoate.  Data indicated that the reaction occurred in three stages.  Calculated 

reactivity ratios for the first stage were 0.4 ± 0.1 and 1.2 ± 0.5 for styrene and the 1100 

g/mol dimethacrylate, respectively.  When the conversion reached ~20 – 30 %, the 

second stage began.  The reactivity ratios determined for styrene and methacrylate were 

0.8 and 0.7, respectively.  The third stage occurred at ~50 –60% conversion.  At this 

stage, the methacrylate conversion had ceased while styrene monomer continued to react.  

Since methacrylate groups remained in this third stage, it was difficult to understand why 

the methacrylate did not copolymerize with the styrene.  Based on these results, the 

authors concluded that the styrene was in a separate phase that had formed during the 

cure.  One phase was hypothesized to contain a copolymer network with unreacted 

(mostly pendent) vinyl ester and styrene monomer and the second phase consisted of 

styrene.  

    Recently, there has been a series of papers42-3,76 revisiting the work of Ganem et al.  

Using a similar cure system, these papers confirmed that at later stages of reaction 

styrene continued to react well after the vinyl ester reaction ceased.  Moreover, the 

analytical method was used to determine the reactivity ratios for different cure 

temperatures and vinyl ester systems.  Dua et al.42 calculated reactivity ratios for vinyl 

ester resins containing different styrene concentrations (from 28 wt% to 57 wt%). For 

cure temperatures ranging from 30 to 50 °C, the reactivity ratios were 0.1 and 0.05 for 

styrene and 700 g/mol dimethacrylate oligomer respectively, which implied that 

approximately alternating copolymerization occurred during the initial stages of reaction.   

                                                           
75 Ganem, M.; Mortaigne, B.; Bellenger, V.; and Verdu, J.  “Influence of styrene ratio on the 
copolymerization kinetics of dimethacrylate of diglycidyl ether of bisphenol A vinyl esters 
crosslinked with styrene” Journal of Macromolecular Science: Pure Applied Chemistry, 30(11), 
829, 1993. 
76 Li, L.; Sun, X.D.; and Lee, L.J.  “Low temperature cure of vinyl ester resins”, Polymer 
Engineering and Science, 39(4), 646, 1999. 
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Additionally, the authors showed that the reactivity ratios were independent of changes in 

accelerator and initiator concentrations.  

    Ziaee et al.43 determined reactivity ratios (rs and rm) values for styrene and a 900 g/mol 

dimethacrylate oligomer at two different cure temperatures- 30 and 90 °C.  It was found 

that rs was 0.45 and rm was 1.54 at 30 °C while rs was 0.47 and rm was 0.61 at 90 °C.  

Thus, the authors concluded that a higher ratio of vinyl ester to styrene double bonds 

were initially incorporated into the network for a 30 °C cure.   

    Li et al.77 conducted similar studies at elevated temperatures.  For a 120 °C cure, 

reactivity ratios of 0.36 and 0.24 were determined for styrene and methacrylate.  It was 

concluded that the copolymerization of the vinyl ester resin (Derakane 441-400) was 

similar to the small monomer system of styrene (rs = 0.52) and methyl methacrylate (rm = 

0.46).  

    The FTIR studies were extended to investigate other reaction conditions that affect the 

cure kinetics of vinyl ester/styrene systems.  Dua et al.42 examined the effects of cure 

temperature and accelerator/initiator concentration on conversion.  It was found that the 

reaction orders for both monomers remained constant, while reaction rates and fractional 

conversion increased with temperature.  Compared to the vinyl ester, conversion 

increases were greater for styrene.  When the initiator concentration was increased, a 

similar trend was observed.  However, with respect to accelerator concentration, 

variations in the reaction order occurred.  Moreover, the fractional conversion of vinyl 

ester remained constant while the conversion of styrene increased slightly.   

 

 

 

 

 

 

 
                                                           
77 H. Li, A.C. Rosario, S.V. Davis, T. Glass, T.V. Holland, R.M. Davis, J.J. Lesko, and J.S. 
Riffle, “Network formation of vinyl ester-styrene composite matrix resins”, Journal of Advanced 
Materials, 28(4), 55, 1997. 
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2.1.5  Models for Network Formation in Free Radical Polymerization 

2.1.5.1  Introduction to early polymer network theories 

    Attempts to model network formation began in the 1940s with the pioneering work of 

Flory78,79 and Stockmayer80,81,82.  Using probability theories, mathematical expressions 

were developed to theoretically predict the extent of reaction at the gel point.  Networks 

formed via polycondensation mechanisms were studied first.  By assuming no difference 

in reactivity of the functional groups, Flory created the following equation to express the 

probability of one branch on the molecule leading to another branch  (Equation 2-3).  

 

( )1  -  f
1    c =α      Equation 2-3 

where αc is the critical branching condition and f is the functionality of the branched 

molecule.  This equation eventually led to Equation 2-4, which predicts the gel point for a 

system consisting of multifunctional A and difunctional A and B monomers.78-9  

 

( )[ ] 2/1a
2  -  fr  r  

1    p c ρ+
=    Equation 2-4 

where pac is the extent of reaction at the onset of gelation and r is the ratio of A groups to 

B groups.78-9 

 

 

 

 

 

 

                                                           
78 P.J. Flory, Journal of American Chemical Society, 63, 3083-96, 1941. 
79 P.J. Flory, Principles of Polymer Chemistry.  New York: Cornell University Press,  1953. 
80 W.H.  Stockmayer, Journal of Chemical Physics, 11, 45, 1943. 
81 W.H.  Stockmayer, Journal of Chemical Physics, 12, 125, 1944. 
82 W.H.  Stockmayer, Journal of Chemical Physics, 13, 199, 1945. 
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    Flory developed a variation of Equation 2-3 for vulcanization reactions (Equation 2-5).  

In this case, the polymer is the multi-functional material, where each repeating unit has a 

functionality of one.  

    ( )1  -  P
1    

w
c =α     Equation 2-5 

where wP  is the weight average degree of polymerization of the initial material.78-9 

 

    Stockmayer extended Flory’s work by modifying Equation (2-5) to predict the gel 

point of networks prepared from monovinyl and divinyl monomers (Equation 2-6).  

 

( )1  -  P
1    

w
c ρ

=α     Equation 2-6 

where wP  is the weight average degree of polymerization of the primary chains (results 

from cutting all the crosslinks in the network) and ρ is the fraction of double bonds 

residing on the divinyl units.80-2   

 

 The extent of reaction at the gel point is then given by 

    
w

a P
1    p c ρ

=      Equation 2-7 

 

    One can experimentally approximate wP  by obtaining the degree of polymerization 

for a linear polymer prepared from a mono-vinyl monomer, under conditions simulating 

the network forming reaction.80-2 

    While these models provide a satisfactory description of network formation via step 

reactions, they fail to portray networks generated by chain reactions, particularly at high 

diene concentrations.  This results from the complexity of radical polymerizations, which 

challenge the validity of the assumptions on which these models are based.  Firstly, the 

double bonds usually are not equally reactive.  For example, the reactivity of pendent 

double bonds decreases significantly when gelation begins.  Secondly, cyclization or 

intramolecular crosslinking is a probable occurrence that is believed to cause the 

formation of densely crosslinked microdomains.  Moreover, any autoacceleration that 
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occurs as the reaction proceeds, i.e. the Trommsdorff effect, further complicates efforts to 

model the formation of networks via chain additions.6,32,83  

    Efforts to develop adequate models for chain polymerizations continue.  Generally, 

three approaches have been employed.  The first is a statistical approach where the 

generation of polymer structures are based on probability theories.  The second approach 

uses kinetics to predict the concentration of reactive species during polymerization.  In 

the third approach, network structures are simulated in space using percolation theory.83 

 

2.1.5.2  Statistical Approach  to Describing Network Formation 

    Statistical methods consider tree-like structures built from monomer units based on 

rules for bond formation. The extent of reaction at the gel point is determined by 

calculating when Mw (or Xw) approaches infinity.  The work of Flory and Stockmayer 

was extended by Gordon et al.84 to account for unequal reactivity, substitution effects 

within monomer units, and limited cyclization.  Using the theory of stochastic branching, 

the authors were able to predict the molecular weight averages of nonlinear polymers.  In 

order to simplify the mathematics of Gordon’s work, Macosko et al.85,86 used a recursive 

method to generate the average molecular parameters (Mn, Mw, and Mz) of prepolymers 

up to the gel point.  Moreover, a similar statistical method was used to determine 

mathematical expressions for network structure beyond the gel point, such as the weight 

fraction of soluble species, ws, and crosslink density, X.  Retaining the assumptions of 

Flory, Durand and Bruneau87,88 combined vector analysis with probability theories to 

                                                           
83 A.B. Scranton and N.A. Peppas, “A statistical model of free-radical 
copolymerization/crosslinking reactions”, Journal of Polymer Science Part A: Polymer 
Chemistry, 28, 39, 1990. 
84 M. Gordon, Proceedings of the Royal Society London, A268, 240, 1962. 
85 Macosko, C.W. and Miller, D.R.  “A new derivation of average molecular weights of non-
linear polymers”, Macromolecules, 9(2), 199, 1976. 
86 Macosko, C.W. and Miller, D.R. “A new derivation of post gel properties of network 
polymers”, Macromolecules, 9(2), 206, 1976. 
87 Durand, D. and Bruneau, C.M.  “Statistics of random macromolecular networks made by 
chainwise polymerization of polyfunctional monomers: Characterization of the pre-gel region”, 
European Polymer Journal, 21(6), 527, 1985. 
88 Durand, D. and Bruneau, C.M. “Statistics of random macromolecular networks made by 
chainwise polymerization of polyfunctional monomers: Characterization of the post-gel region”, 
European Polymer Journal, 21(7), 611, 1985. 
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produce general expressions for pre-gel and post-gel properties.  Their model was 

subsequently modified to incorporate the probable departures from Flory’s constraints 

(such as unequal reactivity and intramolecular loops).  

    A more recent treatment by Williams and Vallo89 employed a fragmentation approach 

to obtain the statistical parameters for free radical polymerization of polyfunctional 

monomers.  The polymer network was fragmented into distinguishable units comprised 

of monomer and polymer fragments.  Statistical parameters (Mw, sol and gel fractions) in 

the pre- and post-gel regions were determined using a recursive algorithm.  While the 

model maintains the classical assumptions, it has the advantage of allowing different 

termination mechanisms (chain transfer, combination, and disproportionation) to occur 

simultaneously.  

 

2.1.5.3  Kinetic Approach to Describing Network Formation 

    Kinetic models were developed to overcome the predictive limitations of statistical 

methods.  Additional goals were to create a model that was easy to use and general such 

that all reaction processes occurring in free radical polymerizations were considered.  

Tobita and Hamielec90,91 proposed a model for gelation based on the pseudo-kinetic rate 

constant method.  Two pathways leading to gelation were considered: (1) reactions with 

terminal double bonds and (2) reactions with internal double bonds.  Algebraic equations 

were developed to calculate average molecular properties of a gel.  Their model also 

predicted the crosslink density distribution among primary chains.  Moreover, their 

model addressed whether or not chain transfer to polymer caused gelation.  It was 

concluded that chain transfer to polymer coupled with disproportionation did not cause 

gelation while chain transfer with combination may produce a gel. 

    The Tobita-Hamielec model was further developed to incorporate possible cyclization 

reactions.  This modified model predicted that unequal double bond reactivity and intra-

chain cyclization caused inhomogeneities in crosslink density.51   

                                                           
89 Williams, R.J.J. and Vallo, C.I.  “Statistics of free radical polymerizations revisited using a 
fragment approach: 2. Polyfunctional monomers” Macromolecules, 21(8), 2571, 1988. 
90 Tobita, H. and Hamielec, A.E. “A kinetic model for network formation in free radical 
polymerization”, Makromolekulare Chemie- Macromolecular Symposia, 20/21, 501, 1988. 
91 Tobita, H. and Hamielec, A.E. “Modeling of network formation in free radical polymerization”, 
Macromolecules, 22(7), 3098, 1989. 
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    The kinetic model used by Naghash et al.92 was applicable to free radical 

copolymerizations involving monovinyl monomers (MVM) and divinyl monomers 

(DVM).  The model was able to distinguish among three types of vinyl groups with 

different reactivities on: MVM (M1), DVM (M2) and polymer chains (pendent vinyls) 

(M3) (Figure 2-14).  In general, MVM-DVM copolymerizations are complicated in that 

they involve three kinetically distinguishable radicals, four initiation, nine propagation 

and twelve termination reactions.  Instantaneous rate constants for propagation and 

termination reactions were defined such that the copolymerization system could be 

viewed as consisting of three propagation reactions.  Cyclization was not accounted for in 

this model.  However, the authors stated that these reactions could be included in their 

kinetic model by using cyclization constants for primary and secondary cyclization.  

Although these multiple crosslinking reactions are significant in free radical 

copolymerization reactions, Naghash et al. suggested that they could be neglected due to 

low DVM concentrations (0.23 and 0.46 mole %).  Overall, the model correctly predicted 

development of the gel properties.  For highly crosslinked systems, the effect of 

cyclization reactions and the conversion dependence of the elementary rate constants 

(termination and crosslinking reactions) must be taken into account. 

 

 
Figure 2-14: Types of vinyl groups and radical centers in MVM –DVM 
copolymerization 
 

                                                           
92 H.J. Naghash, O. Okay, and H. Yildirim, “Gel formation in the free radical crosslinking 
copolymerization”, Journal of Applied Polymer Science, 56(4), 477, 1995. 
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2.1.5.4  Percolation Approach 

    One huge limitation of statistical and kinetic models is their inability to predict gel 

properties and heterogeneities in the high crosslinking regime (high concentrations of 

divinyl monomer).  Percolation models, also known as kinetic gelation models, are 

computer generated random walks on three-dimensional lattices.  Each site represents a 

chemical species in the system (monomer, initiator, etc).  As the polymerization 

progresses, the radicals react randomly with one of their nearest (unreacted) neighbors.  

Termination results when two radicals that are nearest neighbors meet.  This model is 

able to provide a snapshot of the reaction at any time.  Thus, information about 

conversion, polymer structure, and molecular weights can be obtained during simulated 

polymerizations.  Relative amounts of cyclics, unreacted monomer, and crosslinks can 

also be determined from this model.  Some limitations of this approach include: (1) fixed 

lattice structure, and (2) inability to incorporate “realistic” mobilities of reacting 

species.83,93  

    Anseth and Bowman93,94 have applied this approach with tetrafunctional monomers 

(Figure 2-15) to study the mechanism of network formation.  Typical simulation 

parameters were 15 % void sites, 1 % initiator molecules, and an initiator decay time of 

5000.  The initiator decay time was defined as the inverse of the dissociation kinetic 

constant for first order initiator decay.  The remainder of the sites in the lattice were 

monomer molecules.  Figure 2-15 shows two-dimensional slices of the lattice at 10, 25, 

and 50 % double bond conversion.  As the reaction proceeded, the black regions 

(unreacted double bonds) decreased while the gray regions (polymer) grew.  The authors 

stated that the gray areas were microgel regions.  At early conversion, the microgels were 

isolated.  These isolated microgels ultimately combined to form a macroscopic network.  

This network mechanism was confirmed by TEM images of a triethylene glycol 

dimethacrylate network (photopolymerized with 1 weight % 2,2-dimethoxy-2-

                                                           
93  K.S. Anseth, S.M. Newman, and C.N. Bowman, “Polymeric dental composites: Properties and 
reaction behavior of the multimethacrylate dental restorations”, Advances in Polymer Science, 
122, 179, 1995. 
94 K.S. Anseth and C.N. Bowman, “Kinetic gelation predictions of species aggregation in 
tetrafunctional monomer polymerization”, Journal of Polymer Science, Part B: Polymer Physics, 
33, 1769, 1995. 
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phenylacetophenone at 4.0 mW/cm2).  At higher conversions, the model predicted that 

monomer aggregated into pools.   

 (a.) 10 % Conversion   (b) 25 % Conversion 

  
    

   (c) 50 % Conversion 

 
Figure 2-15: 2D lattice generated from a percolation model of monovinyl-divinyl 
systems at (a) 10 %, (b) 25 % , and (c) 50 % conversion of double bonds 
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2.2 Layered Silicate Thermoset Nanocomposites 

2.2.1 Introduction to Fillers and Nanocomposites 

    The use of fillers in industry has long been common practice.  Probably two of the 

most well known examples are wood flour in phenolic resins (Bakelite) and carbon black 

in rubbers.  Manufacturers opt to fill polymers to affect certain properties required in end 

products.  Table 2-1 provides a representative compilation of types of fillers currently in 

the market.  In 1999, the world filler consumption totaled 10 million tons, 66% accounted 

for by calcium carbonate alone (Figure 2-16).95       

19 %

3 %

6 %

6 %
66 %

Calicum Carbonate
Talc
Kaolin
Wollastonite
Other

 
Figure 2-16: World Consumption of Fillers 

  

    Fillers are solid substances that are added in high percentages to plastics, paints, and 

papers to adjust volume, weight, costs, or technical performance.  Industry often 

considers these materials in two categories: (1) inactive or extender fillers, which are 

added to simply reduce costs, and (2) active or functional fillers, which cause a special 

change in the materials properties such as color, density, shrinkage, expansion 

coefficient, conductivity, permeability, and/or thermal/mechanical properties. The 

observed improvements in the polymer’s properties are due to the surface interactions 

between filler and polymer.  Consequently, the filler type and incorporation method 

become important parameters when evaluating the effectiveness of the filler.95,96 

 
                                                           
95 W. Hohenberger, “Fillers and reinforcements/coupling agents” in Plastic Additive Handbook, 
7th ed. Cincinnati: Hanser Publications, Inc., 2001. 
96 R. Seymour, “Non-reinforcing fillers for plastics” in Additives for Plastics: State of the Art, 
vol.1, New York: Academic Press, Inc., 1978. 
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Table 2-1: Types of Fillers for Polymers 

 

                                                                                                                                                                             
 

Glass 
1. Solid Spheres 
2. Cellular Nodules 
3. Hollow Spheres 
4. Flakes 
5. Granules 

 
Carbon  

1. Carbon Black 
2. Hollow Spheres 
3. Ground Petroleum Oxide 

 
Cellulose Fibers 

1. Wood Fiber 
2. Cork 
3. Shell Flour 
4. Cellulose Fibers 

 
Other Carbohydrates 

1. Ground Waste Products 
2. Starch 

 
Calcium Carbonate 

1. Chalk 
2. Dolomite 
3. Limestone 

 
Metallic Oxides 

1. Alumina 
2. Berylium oxide 
3. Iron oxide 
4. Magnesia 
5. Titanium dioxide 
6. Zinc oxide 
7. Zirconia 
8. Aluminum trihydrate 
9. Antimony Oxide 

 
 
 

 
Metallic Powders 

1. Aluminum 
2. Copper and Bronze 
3. Lead 
4. Stainless Steel 

 
Silica Products 

1. Minerals 
a. Diatomaceous earth 
b. Feldspar 
c. Novaculite 
d. Quartz 
e. Sand 

2. Synthetic Amorphous Silica 
3. Perlite 
4. Rice Hull Ash 

 
Silicates 

1. Minerals 
a. Kaolin clay 
b. Mica 
c. Nepheline-syenite 
d. Talc 
e. Wollastonite 

2. Synthetic Products 
a. Aluminum silicate 
b. Calcium silicate 

 
Other Inorganic Compounds 

1. Barium ferrite 
2. Barium sulfate 
3. Calcium sulfate 
4. Molybdenum disulfide 
5. Potassium titanate 
6. Sodium aluminum hydroxyl 

carbonate (Dawsonite) 
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    Filled polymers are usually more expensive than unfilled polymers, which may be 

attributed to costly methods of incorporation, high stabilizer costs, need for special 

additives, and greater handling costs.95  From an industrial standpoint, the selection of a 

filler is an important decision.  Criteria that are considered when selecting a filler include: 

(1) desired ultimate property enhancements of the polymer, (2) moderate cost, (3) easy 

handling (low moisture, non-toxic) and minimal effects on processing, (4) polymer 

compatibility (readily wettable), (5) requirement of special additives.  Moreover, the filler 

should be inert, thermally stable, release no volatiles, and retain its structure during 

processing.95,96 

    Currently, nanocomposites have received much attention.  These materials represent a 

new class of composites, which consist of particle-filled polymers where at least one 

dimension of the dispersed particles is in the nanometer range.  Compared to 

conventional fillers, nano-fillers have higher aspect ratios (sometimes >200).  At low 

concentrations (< 15 wt %), these reinforcements can greatly improve the physical 

properties of the polymer matrix.95   

   Nanofillers are classified based on the number of dimensions in the nanometer range.97  

Isodimensional nanoparticles have three dimensions in the nanometer range.  Examples 

include spherical silica nanoparticles98,99 and silica-coated magnetic cobalt 

nanoparticles.100,101,102  When two dimensions are on the nanometer scale, elongated 

structures often result.  Carbon nanotubes103,104,105 and cellulose whiskers106,107 are 

                                                           
97 M. Alexandre and P.Dubois, “Polymer-layered silicate nanocomposites: preparation, 
properties, and uses of a new class of materials”, Materials Science and Engineering Reports: A 
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98 J.E. Mark, “Ceramic reinforced polymer and polymer-modified ceramics”, Polymer 
Engineering Science, 36, 2905-20, 1996. 
99 Q.Y. Zhou, S.X. Wang, X.W. Fan, R. Advincula, and J. Mays, “Living anionic surface-initiated 
polymerization (LASIP) of a polymer on silica nanoparticles”, Langmuir, 18(8), 3324-31, 2002. 
100 M. Rutnakornpituk, M.S. Thompson, L.A. Harris, K.E. Farmer, A.R. Esker, J.S. Riffle, J. 
Connolly, T.G. St. Pierre, “Formation of cobalt nanoparticle dispersions in the presence of 
polysiloxane block copolymers”, Polymer, 48(8), 2337-48, 2002. 
101 J.P. Dailey, J.P. Phillips, C. Li, and J.S. Riffle, “Synthesis of silicone magnetic fluid for use in 
eye surgery”, Journal of Magnetism and Magnetic Materials, 194(1-3), 140-8, 1999. 
102 J.P. Stevenson, M. Rutnakornpituk, M. Vadala, A.R. Esker, S.W. Charles, S. Wells, and J.S. 
Riffle, “Magnetic cobalt dispersions in poly(dimethylsiloxane) fluids”, Journal of Magnetism and 
Magnetic Materials, 225(1-2), 47-58, 2001. 
103 J.H. Weaver, “Totally tubular”, Science, 265(5172), 611-2, 1994. 
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examples that have gained wide interest as reinforcing nanofillers.  When one dimension 

is in the nanometer range, the nanofiller can be in the form of sheets that are a few 

nanometers thick but hundreds to thousands nanometers long.  Clays (layered silicates) 

fall into this category and will be the subject of this portion of the review. 

    Layered silicate, or clay, nanocomposites have been the subject of intense research 

ever since Toyota researchers reported a nylon – smectite clay nanocomposite in 1987.108  

Clays are a group of microcrystalline minerals consisting of hydrous aluminum silicates.  

They occur abundantly in nature and can be obtained mineralogically pure at a relatively 

low cost.109  Their ultrafine phase dimensions (1-100 nm), high aspect ratio (~100-1000) 

and high surface area of the dispersed platelets result in unique properties (improved 

mechanical properties, lower permeability to oxygen and improved flame retardance) that 

are unattainable with conventional microscale reinforcements.110,111  

 

 

 

 

 

 

 

 

                                                                                                                                                                             
104 P.M. Ajayan, O. Stephan, C. Colliex, and D. Trauth, “Aligned carbon nanotube arrays formed 
by cutting a polymer resin-nanotube composite” Science, 265(5176), 1212-4, 1994. 
105 P. Calvert, “Potential applications of carbon nanotubes” in: T.W. Ebbesen (Ed.), Carbon 
Nanotubes, Boca Raton: CRC Press, 1997. 
106 M. Paillet and A Dufrense, “Chitin whisker reinforced thermoplastic nanocomposites”, 
Macromolecules, 34(19), 6527-30, 2001. 
107 L. Chazeau, J.Y. Cavaille, G. Canova, R. Dendievel, and B. Boutherin, “Viscoelastic 
properties of plasticized PVC reinforced with cellulose whiskers”, Journal of Applied Polymer 
Science, 71, 1797-1808, 1999. 
108 A. Okada, M. Kawasumi, T. Kurauchi, and O. Kamigaito. Polymer Preprints, 28, 447, 1987. 
109 Z. Wang, T. Pinnavaia. “Nanolayer reinforcement of elastomeric polyurethane”, Chemistry of 
Materials, 10, 3769-71. 
110 P.C. LeBaron, Z. Wang, T.J. Pinnavaia, “Polymer-layered silicate nanocomposites: an 
overview”, Applied Clay Science, 15, 11-29, 1999. 
111 M. Biswas, S.S. Ray, “Recent progress in synthesis and evaluation of polymer-
montmorillonite nanocomposites”, Advances in Polymer Science, 15, 167-221, 2001. 
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2.2.2 Structure and Basic Chemistry of Layered Silicates 

    The silicates are the most abundant, and are some of the most complicated classes of 

minerals.  Approximately 30 % of all minerals are silicates and it is estimated that they 

comprise 90 % of the earth’s crust.112  The basic chemical unit of silicates is the SiO4 

tetrahedron-shaped anionic group with a charge of negative four.  The linking of SiO4 

tetrahedrons can lead to a variety of structures ranging from the simple single 

tertrahedron unit to complex frameworks.  These geometries divide the silicates into the 

following subclasses (Table 2-2):113 

 

Table 2-2: Subclasses of Silicates and Corresponding Structures 

Subclass Geometry 

Nesosilicates Single tetrahedron 

Sorosilicates Double tetrahedral 

Inosilicates Single and double chains 

Cyclosilicates Rings 

Phyllosilicates Sheets 

Tectisilicates Frameworks 

 

    The layered silicates commonly used in nanocomposites belong to the structural family 

known as the phyllosilicates.112  In this subclass, the tetrahedra are linked by shared 

oxygens in a two dimensional plane that produces sheet-like structures (Figure 2-17).  

Specifically, the structure consists of sheets of silicon oxide alternating with sheets of 

aluminum oxide.  The silicon oxide sheets are made up of tetrahedra in which each 

silicon atom is surrounded by four oxygen atoms.  Of the four oxygen atoms in the 

tetrahedron, three are shared with other silicon atoms that are components of other 

tetrahedra (silicon to oxygen ratio 1: 2.5).  This sheet is called the tetrahedral sheet.  The 

aluminum oxide is contained in an octahedral sheet, so named because each aluminum 

atom is surrounded by six oxygen atoms in an octahedral configuration.  The structure is 

                                                           
112 S.E. Manahan, Environmental Chemistry, 6th ed. Boca Raton: Lewis Publishers, 1994. 
113 R.W. Grimshaw, The Chemistry and Physics of Clays and Allied Ceramic Minerals, 4th ed., 
New York: Wiley-Interscience, 1971. 
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such that some of the oxygen atoms are shared between a tetrahedral sheet and an 

adjacent octahedral sheet.112,113  

 

           
Figure 2-17: Chemical structure and model of 2:1 phyllosilicates 

 

    Phyllosilicates can be either two-layer clays in which oxygen atoms are shared 

between a tetrahedral sheet and an adjacent octahedral sheet or three-layer clays, in which 

an octahedral sheet shares oxygen atoms with tetrahedral sheets on either sides.112  These 

layers, composed of either two or three sheets are called unit layers.  These unit layers 

organize themselves to form stacks with a regular van der Waals gap in between them 

known as the interlayer or the gallery.  A unit layer of a two-layer clay is typically ~0.7 

nm thick, whereas that of a three-layer clay may exceed 0.9 nm in thickness.  (The layer 

thickness includes one unit layer and one interlayer region.)112,113  

    Clay minerals may attain a net negative charge by ion replacement, in which Si4+ and 

Al3+ ions are replaced by metal ions of similar size but lesser charge,114,115 

  [SiO4]  +   free Al3+  →   [AlO4]-  +  free Si4+ 

  [AlO6]  + free Mg2+  →  [MgO6]-  +  free Al3+ 

Compensation for this negative charge is achieved by cation association with the clay 

layer surfaces.  Since these cations need not fit specific sites in the crystalline lattice of 

                                                           
114 W.E. Worrall, Clays and Ceramic Raw Materials, 2nd ed., New York: Elsevier Applied Science 
Publishers, 1986. 
115 M. Balogh, Organic Chemistry Using Clays, New York: Springer-Verlag, 1993. 
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the clay, they may be relatively large ions, such as K+, Na+, or NH4
+.  These cations can 

be replaced by other cations in the presence of water.  The amount of exchangeable 

cations, expressed as milliequivalents (millimoles of monovalent cations) per 100 grams 

of dry clay is called the cation-exchange capacity (CEC) of the clay.  The CEC provides 

an indirect measure of surface charge within the clay at a certain pH and pE (electrode 

potential).  Typical values range from 80 – 150 meq/g.112,113, 115 

2.2.3 Organic-Modified Layered Silicates     

    Montmorillonite, hectorite, and saponite are three-layer clays commonly used to 

prepare nanocomposites.  Their chemical structures and formulas are shown in Figure 2-

17 and Table 2-3.  One criterion considered for filler selection is polymer compatibility.  

The inorganic nature of these clays prevents good wetting, which in turn inhibits the 

effectiveness of the filler.  The replacement of exchangeable inorganic cations with 

cationic organic surfactants such as alkylammonium and alkylphosphonium serves to 

compatibilize the clay surface and the polymer as well as expand the clay galleries.97,110 

   

Table 2-3: Chemical structure of commonly used 2:1 phyllosilicates 
 

2:1 Phyllosilicate GENERAL FORMULA 

Montmorillonite Mx(Al4-xMgx)Si8O20(OH)4 
Hectorite Mx(Mg6-xLix)Si8O20(OH)4 
Saponite MxMg6(Si8-xAlx)O20(OH)4 

M = monovalent cation; x = degree of ion replacement (between 0.5 and 1.3) 
 

    The arrangements of the organic onium ions within the clay galleries depend on the 

charge density of the clay and the surfactant chain length.97,110  Even though the negative 

charge originates in the silicate layer, the positive charge in the organic surfactant 

remains at the layer surface while the hydrocarbon tails are free to assume various 

orientations.110  Initial studies by Lagaly116 combined infrared and X-ray diffraction 

(XRD) measurements to investigate the arrangements of onium ion chains in clay.  The 

experimental data indicated that the chains may lie either (1) parallel to the surface as a 

monolayer, bilayer, or pseudo-trilayer or (2) extend away from the surface to form a 
                                                           
116 G. Lagaly, “Interaction of alkylamines with different types of layered compounds”, Solid State 
Ionics, 22, 43-51, 1986. 
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paraffin structure (Figure 2-18).  As the surfactant chain length was increased, the authors 

postulated that the chains assumed the next higher structure.  Chains that had greater than 

15 carbons were usually required before obtaining the paraffin structure. 

 

Monolayer Bilayer

Pseudo-trilayer Parrafin Structure  
Figure 2-18: Orientations of alkylammonium ions in the galleries of layered silicates 

     

    More recent studies by Hackett et al.117 employed molecular simulations to gain further 

insight into the packing orientations of the alkyl chains in the clay galleries.  For the 

mono-, bi- and pseudo-trilayers, a disordered arrangement was preferred, where instead 

of remaining flat, chain overlap occurred. The simulations also revealed that the majority 

of surfactant chains in the clay interlayer maintained a trans conformation. This result 

agreed well with FTIR investigations. 

 

 

 

 

 

 
                                                                                                                                                                             
 
117 E. Hackett, E. Manias, E.P. Giannelis, “Molecular dynamics simulations of organically 
modified layered silicates”, Journal of Chemical Physics, 108, 7410-5, 1998. 
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2.2.4 Nanocomposite Structures and Characterization 

    Composites made from layered silicates can be considered in three categories: 

conventional, intercalated, and exfoliated (Figure 2-19).  In conventional composites, 

silicates are dispersed into the polymer matrix in their original aggregated state with no 

penetration of the polymer matrix into the galleries.  In these materials the clay acts as a 

filler.  Intercalated nanocomposites have polymer molecules (usually only a few 

molecular layers) between the galleries of the clay.  Weak van der Waals forces hold the 

stacks together, thus enabling the monomer or polymer molecules to insert themselves 

between organoclay layers.  In a delaminated or exfoliated nanocomposite, individual 

clay platelets are separated and uniformly dispersed in the polymer matrix.  This structure 

produces materials that have significant improvements in properties.97,110,111 

 

 
   Clay Platelets (~1 nm)               Intercalated           Exfoliated 
 
Figure 2-19: Nanocomposite structures 
 

    X-ray diffraction (XRD) and transmission electron microscopy (TEM) are commonly 

used to characterize nanocomposite structures.97  XRD is useful for determining the 

interlayer or basal spacing (d001).  For intercalated structures, the interlayer spacing 

should increase as the polymer inserts into the clay galleries.  This results in a shift of the 

diffraction peak towards lower angles relative to the organoclay according to Bragg’s 

equation: 

   λ  =  2d sinθ      Equation 2-8 

where  λ is the wavelength of X-ray radiation used in the diffraction experiment, d is the 

spacing between the diffractional lattice planes, and θ is the measured diffraction angle.   
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In the case of exfoliated structures, no diffraction peaks are observed in the XRD 

diffractograms.  Two scenarios could produce this type of pattern: (1) the spacing is too 

large between the layers (exceeding the limits of the diffraction experiment) or (2) no 

order is present in the nanocomposite (excellent dispersion of platelets).   

    As a complementary tool, TEM provides information about the overall morphology of 

the nanocomposite.  The clay platelets appear as darker areas in the image dispersed in 

the lighter image areas of the polymer matrix.  The TEM images of polymer layered 

silicate nanocomposites may contain stacks of layered platelets (representative of an 

intercalated structure) or disordered platelets (representative of an exfoliated 

nanocomposite).  TEM is particularly useful for establishing intermediate morphologies, 

i.e. nanocomposites possessing both intercalated and exfoliated structures.97 
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2.2.5  Preparation of Polymer-Layered Silicate Nanocomposites 

    Currently, numerous polymers have been used as matrix materials in clay 

nanocomposites.  These include linear polymers, e.g. nylon 6108 and polystyrene118,119, 

and thermosets, e.g. epoxy resins120 and unsaturated polyesters121.  Generally, one of four  

approaches has been used to prepare these nanocomposites: 

• Exfoliation-adsorption:  In this process the clay is dispersed into a solvent in 

which the polymer is soluble.  The polymer adsorbs onto the delaminated 

sheets.  Evaporation of the solvent enables the layers to reorganize themselves 

such that the polymer is sandwiched between them.   

• In-situ intercalative polymerization: This process begins with mixing the clay 

with liquid monomer to allow for intercalation of the monomer into the 

galleries.  Polymerization is started using either heat or radiation in the 

presence of an initiator or catalyst (in some cases).   

• Melt intercalation: This technique uses a high shear mixer, e.g. a twin 

extruder, to disperse the clay into the polymer matrix at temperatures above 

the polymer’s melting point.  

• Template synthesis: In this process, the layered silicates are formed in an 

aqueous solution containing polymer and silicate building blocks. 

To date, in-situ intercalative polymerization and melt intercalation are the most 

successful approaches for forming exfoliated nanocomposites.108,118-21.  From an 

industrial perspective, melt intercalation is an attractive approach for forming 

nanocomposites because it is simpler and more economical than in-situ polymerization 

processes. 

 

                                                           
118 X. Fu and S. Qutubuddin, “Polymer-clay nanocomposites: Exfoliation of organophilic 
montmorillonite nanolayers in polystyrene”, Polymer, 42(2), 807, 2000. 
119 M. Laus, M. Camerani, M. Lelli, K. Sparnacci, F. Sandrolini, and O. Francescangeli, “Hybrid 
nanocomposites based on polystyrene and a reactive organophillic clay”, 2883, 1998. 
120 T. Lan, P.D. Kaviratna, T.J. Pinnavaia, “Mechanism of clay tactoid exfoliation in epoxy-clay 
nanocomposites”, Chemistry of Materials, 7(11), 2144, 1995. 
121 X. Kornmann, L.A. Berglund, J. Sterte, and E.P. Giannelis, “Nanocomposites based on 
montmorillonite and unsaturated polyester”, Polymer Engineering and Science, 38(8), 1351, 
1998. 
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Factors that promote exfoliation include: 

 Enhanced miscibility between the clay surface and the polymer 

This is achieved by replacing the exchangeable sodium cations with organic 

surfactants. 

 Placement of longer alkyl chains or bulky groups on the organic modifier 

This promotes monomer or polymer intercalation by placing greater distances 

between the clay platelets.  

 The rate of inter-gallery polymerization is greater than the rate of extra-gallery 

polymerization 

Designing organic modifiers with functional groups that can participate (initiate) 

in the reaction can produce faster polymerization rates between the clay layers. 

 

    The next sections will highlight the synthesis and characterization of some select 

polymer-layered silicate nanocomposites using the approaches described earlier. 

 

2.3.4.1 Nylon 6 Nanocomposites 

    In 1987, Usuki et al. created the first true nanocomposite via in-situ intercalative 

polymerization.122  The Toyota research group polymerized ε-caprolactam in the galleries 

of an organoclay to produce an exfoliated nylon 6 nanocomposite with significant 

improvements in thermal and mechanical properties.  Previous attempts to carry out 

polymerizations in the inter-gallery region were unsuccessful in completely delaminating 

the clay platelets.123,124,125  This pioneering work sparked much interest as evidenced by 

the numerous publications generated each year.  

                                                           
122 A. Usuki, Y. Kojima, M. Kawasumi, A. Okada, Y. Fukushima, T. Kurauchi, and O. 
Kamigaito, “Synthesis of nylon 6-clay hybrid”, Journal of Materials Research, 8(5): 1179-84, 
1993. 
123 A. Blumstein, Journal of Polymer Science, Part A: Polymer Chemistry, 3, 2653, 1965. 
124 H.Z. Friendlander, C.R. Frick, Journal of Polymer Science, Part B: Polymer Physics, 2, 475, 
1964. 
125 D.H. Solomon and Loft, B.C. “Reactions catalyzed by minerals: III. The mechanism of 
spontaneous interlamellar polymerizations in alumniosilicates”, Journal of Applied Polymer 
Science, 12(5), 1253, 1968. 
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    The work of Usuki et al.126 began with investigating the swelling behavior of 

montmorillonite by ω-amino acids.  The sodium ions in the montmorillonite were 

exchanged with ω-amino acids (chemical formula NH2(CH2)n-1COOH, where n ranged 

from 2 to 18).  XRD measurements indicated that the basal spacings of the cation-

exchanged clay were 13 Å, 17 Å, and 28 Å when the carbon number of the amino acid 

was 8 or less, 12, and 18, respectively.  The molecular length of the ω-amino acids was 

calculated based on the completely stretched space model.  These values, along with the 

XRD data, were used to determine the arrangement of the amino acids between the layers 

of the clay according to equation 2-9:   

 

L
10  -  d     sin =θ      Equation 2-9 

where d is the basal spacing, the factor 10 is the layer thickness (in Å) of the 

montmorillonite, and L is the molecular length of the ω-amino acid.   

 

The authors concluded that the molecules were arranged parallel to the montmorillonite 

layers when n was < 8.  However, the ω-amino acids assumed a diagonal arrangement for 

n >11.   

    Caprolactam monomer was then mixed with the organoclays followed by heating at 

100 °C for 24 h.  The XRD patterns of the montmorillonite-ε-caprolactam mixture were 

measured at 100 °C and 25 °C.  The basal spacings  (at 25 °C) increased to 19-26 Å, 32 

Å, and 44 Å when n was 8 or less, 12, and 18, due to monomer insertion into the clay 

interlayers.  The geometric arrangement of the molecules in the clay galleries was also 

determined for the intercalated structure.  It was concluded that the ω-amino acids were 

arranged on the longitudinal axis (perpendicular to the clay platelets).  Considering the 

data along with factors such as water solubility and availability, the authors concluded 

that 12-aminolauric acid was a good organic modifier. 

                                                           
126 A. Usuki, M. Kawasumi, Y. Kojima, A. Okada, T. Kurauchi, and O. Kamigaito, “Swelling 
behavior of montmorillonite cation exchanged for ω-amino acids by ε-caprolactam”, Journal of 
Material Research, 8(5): 1174-8, 1993. 
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    A typical procedure for intercalative polymerization of ε-caprolactam (Figure 5) began 

with mixing the cation exchanged montmorillonite and monomer in a mortar.  A small 

amount of 6-aminocaproic acid was added to accelerate the ring opening polymerization 

when the clay contents were < 8 weight %.  The mixture was heated at 100 °C for 30 min 

and then at 250 °C for 6 h.  The solid products were crushed, washed with water at 80 °C 

for 1h, and dried at 80 °C overnight.  TEM and XRD data revealed that exfoliated 

structures were obtained at clay contents < 15 weight %.122   

    The Toyota researchers later developed a one-pot synthesis for nylon 6 

nanocomposites.  The cation exchange reaction of the montmorillonite clay was 

eliminated.  Instead, various acids that possessed better water solubility than the amino 

acid were investigated.  First, the clay was dispersed in water at room temperature.  

Caprolactam, the acid, and 6-aminocaproic acid were then added to the dispersion and 

were subsequently reacted at 260 °C for 6 h under nitrogen.  The product was washed 

with water at 80 °C and dried at 80 °C overnight.  XRD curves showed that exfoliated 

structures resulted only when phosphoric acid was employed.127,128 

    Nylon 6 nanocomposites have also been created via melt intercalation.  Cho and Paul 

studied the effect of processing conditions on nanocomposite structure.129  A commercial 

nylon 6 (Mn = 29,300 g/mol) and montmorillonite (ion exchanged bis(hydroxyethyl) 

methyl rapeseed alkyl ammonium chloride) with were mixed using either a twin screw 

extruder or single screw extruder.  For the composites prepared by single screw 

extrusion, XRD and TEM data revealed that full exfoliation was not achieved due to 

insufficient shear and short residence times.  However, the twin screw extruder produced 

fully exfoliated composites.   

                                                           
127 Y. Kojima, A. Usuki, M. Kawasumi, A. Okada, T. Kurauchi, O. Kamigaito, “One-pot 
synthesis of nylon 6-clay hybrid”, Journal of Polymer Science, Part A: Polymer Chemistry, 
31(7),  1755-8, 1993. 
128 Y. Kojima, A. Usuki, M. Kawasumi, A. Okada, T. Kurauchi, O. Kamigaito, “Synthesis of 
nylon 6-clay hybrid by montmorillonite intercalated with ε-caprolactam”, Journal of Polymer 
Science, Part A: Polymer Chemistry, 31(4),  983-6, 1993. 
129 J.W. Cho, and D.R. Paul, “Nylon 6 nanocomposites by melt compounding”, Polymer, 42(3): 
1083-94.  
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    The effect of molecular weight on the nanocomposite structure was investigated by 

Fornes et al.130  Three different molecular weights (Mn = 16,400 g/mol; 22,000 g/mol; 

and 29,300 g/mol) were studied.  The montmorillonite was dispersed into the polyamides 

with a twin screw extruder.  Based on XRD and TEM measurements, both the medium 

and high molecular weight polyamides produced exfoliated structures while the low 

molecular weight sample was partially exfoliated.  TEM was also used to determine 

particle density, which was defined as the average number of particles per µm2.  The 

particle density was an indication of the extent of exfoliation, i.e., the higher the particle 

density, the greater the exfoliation.  In this study, the particle density increased as the 

molecular weight was increased, indicating that high molecular weight polymers 

improved platelet delamination under these processing conditions.   

    The crystalline behavior and structure of nylon 6 nanocomposites were of interest 

because this could lead to an improved understanding of interactions between the silicate 

layers and polymer at a molecular level.  The crystalline component of nylon 6 was 

assumed to be either an α or a γ phase.131 The α phase is thermodynamically favored and 

consists of an all-trans chain conformation so as to maximize the number of hydrogen 

bonds between the amide groups (N-H---O) on adjacent chain segments (anti-parallel) 

(Figure 2-20).  In the γ phase, the chains are parallel, and hydrogen bonding forms 

randomly between chains in adjacent sheets (Figure 2-21).  This unstable phase can be 

transformed into the α phase by annealing or by treatment with an aqueous phenol 

solution.132   

 

 

                                                           
130 T.D. Fornes, P.J. Yoon, H. Keskkula, D.R. Paul, “Nylon 6 nanocomposites: The effect of 
matrix molecular weight”, Polymer, 42(25): 9929-40, 2001. 
131  P.C. Painter and M.M. Coleman, Fundamentals of Polymer Science: An Introductory Text, 
Lancaster: Technomic Publishing Co., Inc., 1997. 
132 Q.J. Wu, X.H. Liu, and L.A. Berglund, “FT-IR spectroscopic study of hydrogen in polyamide 
6/clay nanocomposites”, Polymer, 43(8): 2445-49, 2002. 
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Figure 2-20: Anti-parallel arrangement of nylon 6 (α phase) 
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Figure 2-21: Parallel arrangement of nylon 6 (γ phase) 
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    Mathias et al.133 used solid state 15N CP/MAS (cross polarization magic angle 

spinning) NMR spectroscopy to investigate the crystalline phases present in nylon 6 

nanocomposites.  The NMR spectrum of the nylon 6 control showed a peak at 84.9 ppm 

due to the α phase.  However, two peaks (84.9 ppm and 89.3 ppm) were present in the 

NMR spectrum for the nanocomposite.  The additional peak was assigned to the γ phase 

and was more intense, suggesting that the clay stabilized and/or induced formation of this 

phase.  The annealed nylon 6 control and nanocomposite samples revealed interesting 

results.  For the annealed control, the α phase remained while only the γ phase was 

present in the annealed nanocomposite.  This phenomenon has also been observed by 

others134,135,136,137,138 and provides further evidence that the clay surface somehow induces 

formation of the kinetically favored γ phase.  Vaia139 proposed that the γ phase was 

favored because the clay layers force the amide groups out of plane, which result in 

conformational changes of the polymer chains.  Consequently, the conformation adopted 

in the clay gallery limits formation of hydrogen bonds. 

    Wu and co-authors132 used Fourier transform infrared spectroscopy to investigate the 

crystalline structures and degree of hydrogen bonding in nylon 6 nanocomposites as a 

function of cooling rate.  The controls were transformed to the γ phase using a potassium 

iodide solution.  Both the control and the nanocomposites were slow-cooled or quenched 

                                                           
133 L.J. Mathias, R.D. Davis, and W.L. Jarrett, “Observation of alpha and gamma crystal forms 
and amorphous regions of nylon 6-clay nanocomposites using solid state N-15 nuclear magnetic 
resonance”, Macromolecules, 32(23): 7958-60, 1999. 
134 X.H. Liu, Q.J. Wu, “Phase transition in nylon 6/clay nanocomposites on annealing”, Polymer, 
43(6):1933-6, 2002. 
135 D.M. Lincoln, R.A. Vaia, Z.G. Wang, B.S. Hsiao, R. Krishnamoorti, “Temperature 
dependence of polymer crystalline morphology in nylon 6/montmorillonite nanocomposites”, 
Polymer, 42(25): 9975-85, 2001. 
136 D.L. van der Hart, A. Asano, J.W. Gilman, “Solid state NMR investigation of paramagnetic 
nylon-6 clay nanocomposites: 1. Crystallinity, morphology, and the direct influence of Fe3+ on 
nuclear spins”, Chemistry of Materials, 13(10): 37981-95, 2001. 
137 T.M. Wu, C.S. Liao, “Polymorphism in nylon 6/clay nanocomposites”, Macromolecular 
Chemistry and Physics, 201(18): 2820-5, 2000. 
138 Q.J. Wu, X.H. Liu, and L.A. Berglund, “An unusual crystallization behavior in polyamide 
6/montmorillonite nanocomposites”, Macromolecular Rapid Communications, 22(17): 1438-40, 
2001. 
139 R.A. Vaia, G. Price, P.N. Ruth, H.T. Nguyen, J. Lichtenhan, “Polymer/layered silicate 
nanocomposites as high performance ablative materials”, Applied Clay Science, 15 (1-2): 67, 
1999. 
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from 250 °C.  FTIR analysis revealed that the α phase dominated when the pristine nylon 

6 was slow-cooled while the γ phase remained if the sample was quenched.  For the 

nanocomposites, both phases were present when the sample was slow-cooled.  Quenched 

samples contained only the γ phase.  The materials had levels of crystallinity ranging 

from 31 to 49%.  The extent of hydrogen bonding was qualitatively determined by 

comparing the absorption bands at 3300 cm-1 (H-bonded N-H stretch in the crystalline 

phase), 3310 cm-1 (H-bonded N-H stretch in the amorphous phase) and 3070 cm-1 (Fermi 

resonance of N-H stretch).  The FTIR spectra were normalized using the carbonyl 

stretching vibration at 1630 cm-1.  The spectrum of the nanocomposite showed a decrease 

in peak height at 3310 cm-1.   This band was less than in the nylon 6 control despite the 

higher level of crystallinity.  Moreover, the Fermi resonance band shifted by 13 cm-1 to a 

higher wavenumber giving further indication of the lower degree of hydrogen bonding. 

 

2.3.4.2 Polycaprolactone Nanocomposites 

    The application of intercalative polymerization to other systems followed the 

pioneering work of the Toyota research group.  Early attempts to create polycaprolactone 

nanocomposites began with Messersmith and Giannelis.  Their first attempt used a Cr3+ 

exchanged montmorillonite.140  The clay and caprolactone monomer were mixed at room 

temperature for 12 h and then reacted at 100 °C for two days.  The nanocomposites 

exhibited an interlayer spacing of 13.7 Å (basal spacing of clay without/with monomer: 

12.8 Å and 14.6 Å), suggesting an intercalated structure.  Interestingly, the 

polymerization failed to proceed when less acidic mono- and di- valent cations were used 

(e.g. Cu2+, Co2+, Na+).  The authors postulated that the chromium cations may have 

catalyzed cleavage the acyl-oxygen bond via abstraction of acidic protons from water 

molecules associated in the clay interlayer.  

                                                           
140 P.B. Messersmith, and E.P Giannelis, “Polymer-layered silicate nanocomposites: in situ 
intercalative polymerization of ε-caprolactone in layered silicates”, Chemistry of  Materials, 5(8), 
1064, 1993. 
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    Giannelis and coworkers’ later work was more successful.141,142,143  12-

Aminododecanoic acid was used as an organic modifier for the montmorillonite.  The 

nanocomposites were prepared by mixing caprolactone with 0–30 weight % of organic 

modified clay at room temperature for 1 to 2 h followed by heating with stirring at 170 

°C for two days.  XRD was used to characterize the nanocomposite structure.  The 

silicate-caprolactone monomer mixture showed a d-spacing of 13.6 Å.  The diffraction 

patterns of the resultant nanocomposites showed no peaks, suggesting that complete 

delamination occurred.    

    The impact of the dispersed MMT layers in the crystallinity of the polymer matrix was 

also investigated using XRD and DSC.141  XRD scans of the nanocomposites contained 

peaks due to crystalline polycaprolactone that became broader with increasing clay 

content.  The authors initially believed that the crystallinity of the polymer matrix was 

decreasing with increasing amounts of clay.  However, heat of fusion data obtained from 

DSC experiments showed a poor correlation between polycaprolactone crystallinity and 

clay content.  DSC thermograms also showed that the onset of the melting temperature 

decreased as the weight fraction of MMT was increased.  This led the authors to conclude 

that an overall reduction in crystallite size occurred as more clay was introduced into the 

polymer matrix.  They hypothesized that the dispersed silicate layers acted as physical 

barriers limiting crystal growth.   

 

2.3.4.3 Thermoset Nanocomposites  

    Intercalative polymerization has proven to be more difficult in thermoset resins.  Most 

studies have focused on epoxy-clay resins.  In these systems, the epoxy oligomers 

swelled the clay but exfoliation has depended on the cure conditions and curing agent.  It 

is important that the intergallery polymerization occur at the same rate or slightly faster 

than the bulk polymerization because this is the driving force for exfoliation.  If the bulk 
                                                           
141 P.B. Messersmith, and E.P. Giannelis, “Synthesis and barrier properties of poly(ε-
caprolactone)-layered silicate nanocomposites”, Journal of Polymer Science, Part A:  Polymer 
Chemistry, 33(7), 1047, 1995. 
142 R.  Krishnamoorti, E.P. Giannelis, “Polymer-layered silicate nanocomposites”,    Polymer 
Materials Science Engineering, 75, 46, 1996. 
143 R.  Krishnamoorti, E.P. Giannelis, “Rheology of End-Tethered Polymer Layered Silicate 
Nanocomposites”, Macromolecules, 30(14), 4097, 1997. 

  58



 

polymer reaches the gel point prior to exfoliation, only an intercalated nanocomposite 

forms. 

Numerous studies have investigated effects of curing agent on nanocomposite 

structure.  In one example, Messersmith and Giannelis144 demonstrated that curing agents 

such as anhydrides and various amines could be used to produce exfoliated 

nanocomposites.  Kornmann and co-authors145 showed that a larger degree of silicate 

layer dispersion resulted when an aliphatic curing agent (e.g. Jeffamine) was used.   The 

morphology of epoxy nanocomposites prepared with different curing agent 

concentrations was investigated by Chin et al.146  They found that decreasing the curing 

agent concentration below the stoichiometric amount produced fully exfoliated 

nanocomposites with interlayer spacings of ~180 Å.  It was reasoned that higher 

concentrations of curing agent resulted in faster rates of extra-gallery crosslinking 

relative to diffusion of the amine curing agent into the clay galleries.  

    Other studies focused on the organic modified montmorillonite clay.147  In a study 

reported by Lan, Kaviratna, and Pinnavaia et al.148, the effects of varying alkylammonium 

exchanged montmorillonites on m-phenylenediamine (m-PDA) cured bisphenol-A 

epoxies were studied.  They reported that as the chain length of the alkylammonium ion 

was increased, m-PDA intergallery diffusion was enhanced.  If the m-PDA did not 

diffuse between the galleries prior to cure, only an intercalated nanocomposite formed.  If 

sufficient mPDA diffused prior to curing, then the intergallery polymerization rate was 

similar to the extragallery polymerization rate and exfoliation occurred. 

                                                                                                                                                                             
 
144 P.B. Messersmith, E.P. Giannelis, “Synthesis and characterization of layered silicate-epoxy 
nanocomposites”, Chemistry of Materials, 6(10), 1719, 1994. 
145 X. Kornmann, H. Lindberg, L.A. Berglund, “Synthesis of epoxy-clay nanocomposites. 
Influence of the nature of the curing agent on structure”, Polymer, 42(10), 4493, 2001. 
146 I.J. Chin, T.T. Albrecht, H.C. Kim, T.P. Russell, J. Wang, “On exfoliation in epoxy”, Polymer, 
42(), 5947, 2001. 
147 L. Jiankun, K. Yucai, Q. Zongneng, and X. Xiao-Su, “Study on Intercalation and Exfoliation 
Behavior of Organoclays in Epoxy Resin”, Journal of Polymer Science Part B: Polymer Physics, 
39(), 115-20, 2001. 
148 T. Lan, P.D. Kaviratna, T.J. Pinnavaia, “Mechanism of Clay Tactoid Exfoliation in Epoxy-
Clay Nanocomposites”, Chemistry of Materials, 7(11), 2144, 1995. 
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    Montmorillonites with different cation exchange capacities were investigated by 

Kornmann et al.149  The CEC is related to the space available for the epoxy molecules to 

diffuse into the clay layers.  The highest CEC provides the minimum space.  Kornmann’s 

study demonstrated that clay with lower CEC values (94 meq/100g) produced exfoliated 

structures when heated at 75 °C for 18 hours.  In some cases, exfoliation even occurred 

prior to adding the curing agent.  The authors believed that the epoxy polymerized during 

the swelling stage.  When the epoxy was reacted with an amine curing agent, the basal 

spacing remained constant at 90 Å.  Intercalated epoxy-clay hybrids resulted from clays 

with higher CEC values (140 meq/100 g).  Curing these hybrids significantly increased 

the interlayer spacing from 34 to ~110 Å. 

    Brown and coworkers150 investigated the impact of interactions between the organic 

modifier and the polymer matrix on exfoliation.  Organoclays containing hydrocarbons, 

benzyl, or hydroxy groups were dispersed into the EPON 828 and then cured with 

Jeffamine.  Diffraction patterns indicated that exfoliation occurred when hydroxy-

functionalized MMT was used.  The authors concluded that the hydroxyl groups 

decreased the overall organophilicity of the interlayer and catalyzed the epoxy-amine 

cure. The combination of these factors promoted platelet delamination. 

    The cure conditions also influenced nanocomposite formation.  Many studies have 

reported that higher cure temperatures resulted in earlier exfoliation and greater silicate 

layer spacings.144,145,151 Temperatures ranging from 60 to 90 °C were usually employed to 

promote diffusion of epoxy monomers into the silicate layers.  Once the curing agent was 

added, the mixture was then cured for several hours at elevated temperatures (100 to 250 

°C).  Giannelis used DSC to examine the effects of heating rate on the extent of 

exfoliation.144  Higher heating rates (10 °C/min from 20 to 250 °C) produced stronger 

exotherms for the nanocomposite compared to the control.  Based on the work of Wang 

and Pinnavaia152, Giannelis suggested that this was evidence of the clay initiating 

                                                           
149 X. Kornmann, H. Lindberg, L.A. Berglund, “Synthesis of epoxy-clay nanocomposites: 
influence of the nature of the clay on structure”, Polymer, 42(4),  1303, 2000. 
150 J.M. Brown, D. Curliss, R.A. Vaia, “Thermoset-layered silicate nanocomposites. quaternary 
ammonium montmorillonite with primary diamine cured epoxies”, Chemistry of Materials, 
12(11), 3376, 2000. 
151 T.B. Tolle, D.P. Anderson, “Morphology development in layered silicate thermoset 
nanocomposites”, Composites Science and Technology, 62(7-8), 1033, 2002. 
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homopolymerization of the epoxy.  Wang’s study suggested that organo-modified clays 

containing acidic cations such as H+ and NH4
+, as well as various onium cations 

(protonated amines, diamines, aminocarboxylic acids) were capable of catalyzing the 

homopolymerization of epoxies.152 Some research groups believe that the formation of 

the polyether oligomers increased the interlayer spacing of the clay, causing diffusion of 

new epoxy molecules into the galleries and thus accelerating the delamination 

process.148,149,153  

Although numerous studies have been conducted on epoxy nanocomposites, only a 

few have focused on vinyl ester and unsaturated polyester thermosetting systems. 

Exfoliated nanocomposites from vinyl ester resins have not been achieved154,155; 

however, researchers have had more success with unsaturated polyesters.  In one key 

paper156 the formation mechanism of unsaturated polyester–layered silicate 

nanocomposites was examined using two different fabrication methods.  The 

comonomer-clay mixtures were cured at 80 °C for 3 hours using benzoyl peroxide as an 

initiator.  The first method, simultaneous mixing, was performed by combining the 

unsaturated polyester, styrene monomer and organophilic-treated montmorillonite 

(MMT) at 60 °C and mixing for 3 hours prior to cure.  The second method involved first 

mixing the unsaturated polyester and the MMT and then styrene was added.  It was found 

that with simultaneous mixing, the styrene preferentially diffused into the intergallery 

region to the exclusion of the polyester oligomer.  When the resin was cured, 

homopolystyrene formed in the intergallery region and an intercalated nanocomposite 

was formed.  However, when the sequential mixing method was used, the premixing of 

the unsaturated polyester oligomer facilitated its diffusion into the intergallery region.  
                                                           
152 M.S. Wang, T.J. Pinnavaia, “Clay-polymer nanocomposites formed from acidic derivatives of 
montmorillonite and an epoxy resin”, Chemistry of Materials, 6(4), 468, 1994. 
153 T. Lan, P.D. Kaviratna, T.J. Pinnavaia, Journal of Physical Chemistry of Solids, 56, 1005, 
1995. 
154 C.A. Polansky, J.E. White, J.M. Garces, A. Kuperman, and D.Z. Ridley, “Polymer composite 
and a method for its preparation”, U.S. Patent WO 99/54393, 1999. 
155 J.W. Gilman, T. Kashiwagi, M. Nyden, J.E.T. Brown, C.L. Jackson, S. Lomakin, E.P. 
Giannelis, and E. Manias, “Flammability studies of polymer layered silicate nanocomposites: 
polyolefin, epoxy, and vinyl ester resins”, in Chemistry and Technology of Polymer Additives, 
Malden: Blackwell Science Inc., 1999.  
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When this was added to the styrene and then cured an exfoliated nanocomposite was 

produced.  In both methods the final MMT concentration was 5 weight %.  

Kornmann et al.157 also examined unsaturated polyesters.  They added the organo-

modified MMT to a premixed unsaturated polyester/styrene mixture.  In this case, 

sufficient time (~4 h) was allowed for both the styrene and the unsaturated polyester 

oligomer to diffuse into the galleries.  The comonomer-clay system was cured at room 

temperature for 3 hours and post-cured at 70 °C for 3 hours using cobalt octoate and a 

peroxide initiator. An exfoliated nanocomposite was produced as confirmed by XRD and 

TEM analysis.  
 
 
2.2.6 Properties 

    Dispersion of layered silicates into polymers has been reported to significantly enhance 

the thermal, mechanical, and flame properties of the resultant nanocomposites.  These 

improvements have been attributed to the clay’s nanoscale structure and large aspect ratio 

(larger surface area enables strong interaction between the polymer molecules and silicate 

surface).  Table 2-4 shows the mechanical/thermal properties of nylon 6 nanocomposites 

prepared by Okada et al.127  At 4 weight % clay, the modulus doubled, the tensile strength 

increased by more than 50 %, and the heat distortion temperatures increased 

substantially. 

 

 

 

 

 

 

 

 
                                                                                                                                                                             
156 D.J. Suh, Y.T. Lim, O.O. Park, “The property and formation mechanism of unsaturated 
polyester-layered silicate nanocomposite depending on the fabrication methods”, Polymer, 41(), 
8557, 2000. 
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Table 2-4: Mechanical Properties of Nylon-6 Nanocomposites127 

 Clay 
Content  

(weight %) 

Tensile Strength 
(MPa) 

Tensile 
Modulus 

(GPa) 

Heat 
Distortion 
Temp (°C) 

 
Commercial  
Nylon-6 
 

 
0 

 
68.6 

 
1.11 

 
65 

One pot-Nylon 6 
Nanocomposite 
 

4.1 102 2.25 165 

Nylon 6 
Nanocomposite 

4.7 97.2 1.87 152 

 

 

    The thermal stability of polymer-layered nanocomposites has also been improved.  

Thermogravimetry curves show 40 to 50 °C increases in degradation temperature as well 

as increased char formation.  Consequently, these polymer-clay hybrids become more 

flame retardant relative to the unfilled polymer.  Table 2-5 shows the increased char 

yields of epoxy nanocomposites analyzed by TGA.158 

 

Table 2-5: TGA char yields in air and nitrogen of epoxy nanocomposites 

Clay Content 
(weight %) 

Char Yield
Air 

at 700 °C 
N2 

Char Yield
Air 

at 900 °C 
N2 

0 0.0 14.2 0.0 13.7 

3 5.3 25.3 5.2 24.8 

5 9.1 28.5 9.0 27.9 

7 11.8 31.3 11.8 30.8 

9 16.2 33.7 16.2 33.2 

10 19.6 35.7 19.6 37.0 

 

                                                                                                                                                                             
157 X. Kornmann, L.A. Berglund, J. Sterte, and E.P. Giannelis, “Nanocomposites based on 
montmorillonite and unsaturated polyester”, Polymer Engineering and Science, 38(8), 1351, 
1998. 
158 G.H. Hsiue, Y.L. Liu, H.H. Liao, “Flame retardant epoxy resins: An approach from organic-
inorganic hybrid nanocomposites”, Journal of Polymer Science, Part A: Polymer Chemistry, 39, 
986, 2001. 
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The gas barrier properties can be enhanced due to the presence of impermeable clay 

layers, which provide a tortuous pathway for the gas/vapor to travel (Figure 2-22).159 

Giannelis measured the water vapor permeability of polycaprolactone nanocomposites 

(Table 2-6).  The permeability of the nanocomposite was reduced by nearly an order of 

magnitude at 14 weight % clay. 

 

 

 

 

 

 

 

 

 

Figure 2-22: Proposed Tortuous Pathway of Gas/Vapor within the Polymer 
Layered Silicate Nanocomposite 

 

Table 2-6: Water Permeability of Polycaprolactone Nanocomposite Films 

Clay Content 
(weight %) 

Permeability 
(10-3 g⋅m/h⋅m2) 

0.0 0.185  ±  0.023 

2.5 0.164  ±  0.011 

5.3 0.113  ±  0.017 

9.9 0.076  ±  0.003 

13.6 0.038  ±  0.006 
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159 K. Yano, A. Usuki, A. Okada, T. Kurauchi, O. Kamigaito, “Synthesis and properties of 



 

2.3 Flame Retardant Fillers for Polymers 
 
2.3.1 Introduction 

    Numerous codes, regulations, and standards restrict the use of flammable materials.  

Most commercial polymer exhibit poor flame retardance due to their chemical structure 

(high carbon content) and inherent characteristics (e.g. susceptibility to undergo 

degradation or depolymerization).  Table 2-7 shows the resistance to burning of some 

polymers relative to polyoxymethylene, a highly flammable polymer know to 

depolymerize at elevated temperatures. 160  

 Vale and Searle161 proposed that, when a polymer burns, a combustion region 

consisting of five zones could be generated.  The zone closest to the polymer is where 

pyrolysis occurs.  Thermal oxidation, which involves a series of free radical initiation and 

propagation reactions, is proposed to occur in the second zone.  Products of this reaction 

include epoxides, acetylene, and carbonyl containing materials.  The gaseous third zone 

contains the low molecular weight compounds produced in the previous zones.  These 

products undergo further oxidation or decomposition reactions.  In the fourth zone, the 

flame forms, releasing a considerable amount of thermal energy and light radiation.  The 

oxidation reactions terminate in the fifth zone, which was termed the “post combustion 

zone.” 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                             
polyimide-clay hybrid”, Journal of Polymer Science, Part A: Polymer Chemistry, 31, 2493, 1993. 
160 J. Stepek and H. Daoust, Additives and Plastics, New York: Springer-Verlag, Inc., 1983. 
161 C.P. Vale and N.Z. Searle,  Chemical Industry, 1961. 
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Table 2-7: Relative resistance to burning of polymers with different chemical 
structures160 

Polymer Relative Resistance 
Poly(ethylene oxide) 1.00 
Poly(methylmethacrylate) 1.13 
Polyethylene 1.13 
Poly(styrene) 1.20 
Cellulose 1.33 
Poly(ethylene terphthalate) 1.40 
Poly(carbonate) 1.93 
Polyamides 2.00 
Poly(2,6-dimethyl-1,4-phenylene oxide) 2.00 
Phenolic resins 2.40 
Polybenzimidazol 2.73 
Carbon 3.73-4.26 

 

The flame retardancy of polymer can be improved by: 

 decreasing the hydrocarbon content by adding fillers  

 decreasing the exposure of polymer to oxygen via nonflammable coatings or 

additives that consume oxygen 

 eliminating heat by using additives capable of endothermic reactions or 

increasing the heat conductivity of the polymer 

 decreasing the concentration of flammable monomers produced by 

depolymerization 

 inhibiting the propagation chain reactions that occur during thermal oxidation 

 

    The incorporation of inorganic elements such as chlorine, nitrogen, silicon, and 

phosphorous into polymer chains can improve their flame properties; however, 

undesirable changes in their physical and mechanical properties may result as well. 

Consequently, the addition of flame retardant fillers represents a simple, economical and 

in some cases less invasive (depending on filler selection) alternative.   

 

2.3.2 A Survey of Flame Retardant Fillers 

    Flame retardants are chemicals that inhibit the pyrolysis and oxidation reactions that 

occur when a material burns.  Commercial polymers often contain mixtures of these 
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fillers to combine different retardance effects.  Flame retardant fillers currently available 

on the market include aluminum, antimony, boron, halogens, and phosphorous containing 

compounds.  The next sections will detail the uses and attempt to describe the flame 

retardant mechanisms derived from these fillers. 

 

2.3.2.1 Alumina Trihydrate 

    Alumina trihydrate (gibbsonite or alumina hydrates) is a non-toxic, relatively inert, 

mineral.  This filler is not truly a hydrate but a crystalline aluminum hydroxide, where the 

bonds are primarily ionic.  On heating to temperatures above 220 °C, it decomposes 

endothermically to alumina and water (~35 weight % water from TGA analysis):162 

 

  2Al(OH)3  →  Al2O3  +  3H2O 

 

    The flame retarding mechanism of aluminum trihydrate occur in the condensed phase.   

During the burning process, polymer fragments travel to the combustion zone where they 

react exothermically with oxygen.  Aluminum trihydrate acts as a heat sink by absorbing 

the heat generated, which in turn facilitates its decomposition.  The water vapor produced 

from the decomposition reaction dilutes the gases present in the condensed phase.163 

    Alumina hydrates are added to rubber carpet backings and adhesives, glass reinforced 

unsaturated polyester molded electrical products, and acrylic vanities, countertops and 

panels.  To impart significant flame retardant properties, high loadings, ~ 40 to 60 

weight%, are required.165  

    Minimal changes in the physical properties of glass reinforced unsaturated polyesters 

have been reported to result when alumina trihydrate is added.  Because of the lower 

glass content of the filled systems, small reductions in tensile strength, impact strength 

and flexural strength were observed.  The flame properties of these systems were 

                                                           
162 E.A. Woycheshin and I. Sobolev, “Aluminum Trihydrate in Handbook of Fillers and 
Reinforcements for Plastics, H.S. Katz and J.V. Milewski, editors, New York: Van Nostrand 
Reinhold Company, 1978. 
163 P.F. Rankin, “Flame Retardants” in Plastic Additive Handbook, 7th ed. Cincinnati: Hanser 
Publications, Inc., 2001. 
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independent of filler particle sizes ranging from 6 –14 µm.  When the particle size was 

less than 6 µm, the flame retardance improved slightly.165  

  

2.3.2.2 Antimony Oxide 

     Antimony oxide (antimony trioxide) is a stable mineral powder that exists in two 

crystalline forms- the cubic form (senarmonite) and the rhombic form (valentinite).  By 

itself, this compound fails to reduce the polymer flammability.  However, the 

combination of antimony oxide with an organic chloride produces an effective flame 

retardant system.  The optimum mixing ratio for these materials is reportedly 3 moles of 

chlorine for each mole of antimony.164  

    Antimony oxide affects the combustion chemistry in the gas phase.  The organic 

chloride decomposes upon exposure to heat.  The products (either a chloro-acid or 

chlorine) react with antimony oxide to produce antimony trihalide or antimony oxy- 

halide, which are the flame retarding species.163,164,165 

 

Case I:       Case II: 

2RHCl  →  2RR  + 2HCl    2RHCl  →  2RH  +  Cl2 

6 HCl  +  Sb2O3  →  SbCl3↑  +  3H2O  Cl2  +  Sb2O3  →  SbOCl  +  SbO2Cl 

       3SbOCl  →  SbCl3↑  +  Sb2O3 

     

Case III: 

RCl  →  HCl  +  R’CH=CH2 

Sb2O3  +  6HCl  →  2SbCl3↑  +  3H2O Sb2O3  +  2HCl  →  2SbOCl  +  H2O 

     5SbOCl  →  SbCl3↑  +  Sb2O5Cl2 

 

    Currently, there are two descriptions of the flame retardant mechanism of the antimony 

trihalides.  In one theory, a reaction between the polymer and the antimony trihalide 

produces char.  This char reduces the formation of volatile gases by acting as a protective 
                                                           
164 H.H. Waddell and I. Touval, “Antimony Oxide” in Handbook of Fillers and Reinforcements 
for Plastics, H.S. Katz and J.V. Milewski, editors, New York: Van Nostrand Reinhold Company, 
1978. 
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layer, preventing further thermal degradation of the polymer.  It was also believed that 

the trihalide produced an inert atmosphere that suppressed the combustion process.  

Another theory proposed that antimony trihalide alters the flame chemistry by removing 

hydrogen radicals.  These recombination reactions ultimately inhibit combustion.163,164,165 

 

  SbCl3  +  H·  →  SbCl2  +  HCl 

  SbCl2  +  H·  →  SbCl  + HCl 

  SbCl  +  H·   →  Sb  +  HCl 

  Sb  +  O·  →  SbO· 

  SbO·  +  H·  →  SbOH 

  SbOH  +  H·  →  SbO·  +  H2 

 

    The physical properties of these filled polymers mainly depend on the characteristics 

of the halogen compound since it is usually added in excess.  Plasticizing additives, such 

as halogenated paraffins, reduce the tensile strength and increase elongation.  Non-

plasticizng fillers, e.g. high melting aromatics, act as non-reinforcing fillers.  The tensile 

strength, elongation, and impact strength decrease while the moduli increase.164  

 

2.3.2.3 Organo-halogen fillers 

    Numerous chlorinated and brominated flame retardants have been developed for use in 

a variety of thermoplastics, such as polyethylene and high-impact polystyrene.  The 

efficiency of the organo-halogen fillers depends on the halogen and the chemical 

structure (aromatic > aliphatic; tertiary > primary carbons).  Generally, brominated 

compounds are more effective flame retarders than chlorinated fillers.165,166,167  

    Halides inhibit hydrogen-oxygen reactions by acting as flame quenchers.  The halide 

reacts with free radicals to form less reactive combustion products and halide radicals, 

                                                                                                                                                                             
165 J. Stepek and H. Daoust, Additives for Plastics, New York: Springer-Verlag Inc., 1983. 
166 R.P. Levek, “Flame Retardant Additives for Plastics” in Additives for Plastics, vol 1, New 
York: Academic Press, Inc., 1978. 
167 J.V. Millewski and H.S. Katz, “Miscellaneous Flame Retardants”  in Handbook of Fillers and 
Reinforcements for Plastics, H.S. Katz and J.V. Milewski, editors, New York: Van Nostrand 
Reinhold Company, 1978. 
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which are then capable of abstracting hydrogen from polymer fragments to regenerate the 

active halide.  The last reaction is essential to the efficiency of the flame retardant.163,165 

 

Combustion reactions (without filler): 

H·  +  O2  →  HO·  +  O· 

O·  +  H2  →  HO·  +  H· 

Inhibition reaction (with filler): 

HO·  +  HX  →  H2O  +  X· 

X·  +  HX  →  H·  +  X2 

2H·  →  H2 

Regeneration: 

RH  +  X·  →  R·  +  HX 

 

2.3.2.4 Organic phosphates 

    Organic phosphates are liquid plasticizers that are used to decrease the flammability of 

polar polymers such as polyurethane foams, poly(phenylene oxide) and poly(vinyl 

chloride).  Phosphorous compounds are effective flame retardants in both the condensed 

phase and gas phase.  When the filled polymer burns, the organo-phosphates thermally 

degrade into non-volatile acids.  One significant reaction is dehydration of phosphoric 

acid to the very stable poly(meta-phosphoric acid).  These acids promote char formation 

and inhibit “afterglow” in polymers.  The char then acts as an insulator and mass 

transport barrier, slowing the escape of volatile decomposition products.165-7 

 

Dehydration of phosphoric acid 
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2.3.2.5 Nanofillers 

    Additives possessing at least one dimension in the nanometer range are classified as 

nanofillers.  Dispersing low concentrations of these fillers into a polymer can produce 

significant improvements in physical properties.  Smectite clays and heteropolyacids are 

examples of nanofillers that have been employed to improve the flame retardance of 

polymers. 

    The chemistry and characterization of smectite clays (montmorillonite, hectorite, and 

saponite) dispersed in a polymer matrix has been described earlier (section 2.2).  The 

combination of improved thermal stability and char formation makes these nanofilled 

polymers more flame retardant.  Cone calorimetry studies of various polymer-layered 

silicate nanocomposites are shown in Table 2-8.155 In addition to increased char, 

reductions in the peak heat release rate (HRR) of >40% were observed when 3 – 6 % 

montmorillonite clay was added.  

 

Table 2-8: Cone calorimetry data of various polymer layered silicate 
nanocomposites155 

Sample 
(structure) 

% Filler Peak HRRa 
(kW/m2) 

% Char Mean CO Yield 
kg/kg 

 
Nylon 6 

 
0 

 
1010 

 
1 

 
0.01 

Nylon 6 nanocomposite 5 378 6 0.02 
(exfoliated)     
 
PSb 

 
0 

 
1120 

 
0 

 
0.09 

PS nanocompositeb 

(intercalated) 
4 567 4 0.08 

 
DGEBA epoxyc 

 
0 

 
1296 

 
11 

 
0.02 

DGEBA epoxy nanocompositec 

(intercalated) 
6 773 19 0.06 

a: HRR- Heat Release Rate, Heat Flux: 35 kW/m2 
b: PS-polystyrene 
c: DGEBA-diglycidyl ether of bisphenol A epoxy, cured with methylene dianline 
 

    Heteropolyacids  (also known as polyoxometalates) are inorganic substances that are 

comprised of numerous oxygen atoms and at least two other atoms with positive 
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oxidation states.168  The physical properties of these polyacids include high ionic 

conductivity, thermal stability, inertness in water and air, and good solubility in polar and 

nonpolar solvents. Their properties continue to inspire research in areas of catalysis, 

membrane science, chemistry (analytical, dyes/pigments, food, and polymer), and 

electrophotography, etc.169   Most polymer research is focused on exploiting the ion 

conductivity and redox chemistry of heteropolyacids, where they have been added to 

conductive polymers as dopants and to polymeric membranes in fuel cells, gas sensors, 

and ion selective electrodes.168   

    Most applications employ Keggin type heteropolyacids, which have the general 

formula HnXM12O40, where X is phosphorous (n = 3) or silicon (n = 4), and M is 

molybdenum or tungsten.168  Figure 2-23 shows the crystal structure of a Keggin type 

anion.  These anions exist as small discrete complexes rather than an extended lattice.  

The diameters of these complexes range from 6 to 25 Å.168  

P

O
W  

Figure 2-23: Structure of Keggin anion (H3PW12O40) 

 

    Few investigations have focused on the use of heteropolyacids as flame retardants.  

When these polyacids are employed for other purposes, increased thermal stability is 

                                                           
168 L.C. Baker and D.C. Glick, “Present studies of understanding of heteropoly electrolytes and 
tracing of some major highlights in the history of their elucidation”, Chemical Reviews, 98(1), 3, 
1998. 
169 D.E. Katsoulis, “A Survey of Polyoxometallates”, Chemical Reviews, 98(1), 1, 1998. 
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commonly observed for the filled polymer.170,171  Jackson patented the use of H3PW12O40 

aqueous solutions for treating polyamide fibers.172  Their fire resistance was measured by 

the limiting oxygen index (LOI), which is the minimum volume of oxygen required to 

maintain combustion of the fibers.  The LOI for the treated fibers increased from 25 to 

~45 %.  As a result, the flame retardance of the polyamides were greatly improved when 

the heteropolyacid was incorporated into the materials. 

                                                           
170 F. Wang, M. Hickner, Y.S. Kim, T.A. Zawodzinski, J.E. McGrath, “ Direct polymerization of 
sulfonated poly(arylene ether sulfone) random (statistical) copolymers: candidates for new proton 
exchange membranes”, Journal of Membrane Science, 197 (1-2): 231, 2002. 
171 F. Wang, M. Hickner, Q. Ji, W. Harrison, J. Mecham, T.A. Zawodzinski, J.E. McGrath, 
“Synthesis of highly sulfonated poly(arylene ether sulfone) random (statistical) copolymers via 
direct polymerization”, Macromolecular Symposia, 175: 387, 2001. 
172 C.E. Jackson Jr., R.V. Kasowski, K.S. Lee, World Patent WO9420565 A1, 1994. 
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CHAPTER 3: MEASUREMENT OF DIMETHACRYLATE-STYRENE 
COPOLYMERIZATION REACTIVITY RATIOS: AN EXPERIMENT IN FREE 
RADICAL POLYMER CHEMISTRY 
 
3.1 Introduction 
 
  Thermoset polymeric materials can be prepared by free radical copolymerization of 

multi-functional (>2) oligomers with difunctional monomers.  Commonly used matrix 

resins for fiber-reinforced composites include the so-called unsaturated polyesters and 

vinyl esters (Figures 3-1 and 3-2).7,77,173,174,175,176  Their glass reinforced composites are 

used to form the bodies of marine craft, for “fiberglass” bathtubs and shower stalls, as 

components of automobiles and trucks, and more recently, as components of bridges and 

other load-bearing civil structures. 
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Figure 3-1: Free radical copolymerization of comonomers to yield vinyl ester 
networks 
 

                                                           
173 C.A. May, R.E. Burge, and S.H. Christie, Society of Plastic Engineers Journal, 21(9), 1106, 
1965. 
174 E. Grazul, “History and future of unsaturated polyesters” in New Developments in 
Unsaturated Polyester Technology, P. Bruins, Ed., New York: Gordon and Beach Science 
Publishers, 1976. 
175 H.V. Boeing, Unsaturated Polyester: Structure and Properties, New York: Elsevier Publishing 
Co., 1964. 
176 R. Wetherhead, FRP Technology: Fiber Reinforced Resin Systems, London: Applied Science 
Publishers LTD, 1980. 
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Figure 3-2: Free radical copolymerization of comonomers to yield unsaturated 
polyester networks 
 
     Vinyl ester resins are comprised of methacrylate terminated aromatic oligomers 

diluted with styrene.  One of the most prevalent dimethacrylates used in these resins is 

formed by the reaction of methacrylic acid with diepoxides from bisphenol-A and 

epichlorohydrin (Figure 2-2).  The oligomers generally have molecular weights between 

700 and 2000 g/mole.  The styrene acts as a monomer and diluent to lower the overall 

resin viscosity below ~2000 cps at 25 °C.  Normally, 30-50 wt. % styrene is 

copolymerized into these materials.  The low resin viscosity at 25 °C facilitates preform 

impregnation and fiber wetting during fabrication of fiber reinforced composites.  The 

dimethacrylate oligomers and styrene copolymerize to form void-free networks.7,14,77 

    The free radical copolymerization reaction to form the dimethacrylate-styrene 

networks involves the competitive reactions of methacrylate with styrene double bonds.  

The sequence lengths of monomers are dictated by the relative rates of incorporation of 

the two types of species into the network and the ratio of monomers originally charged.                                  

    The reactions can be initiated with typical peroxides such as benzoyl peroxide or t-

butylperoxybenzoate at elevated temperatures (e.g., 80-140 °C).  Another common 

method of initiation is to employ promoters such as cobalt naphthenate and/or 

dimethylaniline in conjunction with a hydroperoxide such as methyl ethyl ketone 
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hydroperoxide.177,178   The promoters cause low temperature decomposition of the 

hydroperoxide and allow the copolymerizations to be conducted at room temperature.  

Such reactions are usually followed by a “post-cure” step at an elevated temperature (e.g., 

100 °C) to complete the reaction. 

    The copolymerization to form a crosslinked copolymer network begins with a liquid 

soluble resin, proceeds in a homogeneous manner, and results in a transparent, glassy, 

amorphous, solvent-resistant network.  The onset of gelation occurs at about 12-20 % 

overall conversion of double bonds, depending on resin composition.77  During the 

reaction, the amount of gel (crosslinked material) increases while the soluble fraction 

(termed the “sol”) decreases (Figure 3-3). 

I. Initial Reaction Mixture:  4-functional 
macromers & 2-functional monomers

III. Gelation  
- Multifunctional gel with pendant methacrylates
- Multifunctional gel is swollen with 4-functional

macromer & 2-functional monomer

IV. Late Reaction Stages  
- Multifunctional gel with pendant methacrylates
- Reaction of pendant methacrylates with styrene

II. Branching in the Initial Reaction Stages
I. Initial Reaction Mixture:  4-functional 

macromers & 2-functional monomers

III. Gelation  
- Multifunctional gel with pendant methacrylates
- Multifunctional gel is swollen with 4-functional

macromer & 2-functional monomer

IV. Late Reaction Stages  
- Multifunctional gel with pendant methacrylates
- Reaction of pendant methacrylates with styrene

II. Branching in the Initial Reaction Stages

 
Figure 3-3: Network formation in a free radical copolymerization of a 
tetrafunctional macromer (M1) with a difunctional monomer (M2) 
 

   

Normally, there is a positive relationship between the distance between crosslinks and 

increasing toughness of glassy networks.  The dimethacrylate oligomer has reactive 
                                                           
177 H. Li, E. Burts, K. Bears, Q. Ji, J.J. Lesko, D.A. Dillard, and J.S. Riffle, “Network structure 
and properties of dimethacrylate matrix materials”, Journal of Composite Materials, 34(18), 
1512, 2000 
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double bonds only at its termini.  Thus, as a first approximation, the distance between 

crosslink points in the dimethacrylate fragments (in the network) is limited on the low 

end by the length of the starting oligomer.  From a statistical standpoint, as the 

concentration of styrene increases, the molecular weight between crosslinks should also 

increase.  As expected, as the molecular weight of the dimethacrylate increases, the 

resultant networks become tougher.7,77  By contrast, as the styrene composition increases, 

the networks become more brittle.  This may be attributed partially to the monomer 

sequences in the networks.178 

 

3.1.1 Copolymerization179,180,181  

    Copolymerization enables the chemist to prepare numerous polymers with different 

properties by varying the relative amounts of monomers.  Consequently, predicting the 

composition and sequence of copolymers is desirable because the chemist can tailor the 

synthesis to the ultimate application.  Copolymer composition and sequence predictions 

rely on measurements of the relative rates at which two or more monomers react with the 

growing chains. The terminal model, which considers only four reactions during the 

course of polymerization, is the simplest model for probing the copolymer microstructure 

(Figure 3-4):   
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Figure 3-4: Possible reaction pathways considered for the terminal model 
 

                                                                                                                                                                             
178 B. Starr, E. Burts, J.R. Upson, and J.S. Riffle, “Polyester dimethacrylate oligomers and 
networks”, Polymer, 42(21), 8727, 2001. 
179 A.D. Jenkins and A. Ledwith, Reactivity, Mechanism, and Structure in Polymer Chemistry, 
New York: John Wiley and Sons, 1974. 
180 G. Odian, Principles of Polymerization, 3rd ed., New York: John Wiley & Sons, Inc., 1991.  
181 M. Chanda, Advanced Polymer Chemistry: A Problem Solving Guide, New York: Marcel 
Dekker, Inc., 2000. 
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where ^^^M1• and ^^^M2• represent the active ends of the polymers and k11, k12, k22 and 

k21 are the rate constants for each addition.  In this model, it is assumed that the rate of 

addition depends only on the type of monomer unit at the terminus of the active chain.  

Manipulation of the rate equations for disappearance of monomers M1 and M2 leads to 

the differential form of the copolymer equation. 
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[ ] [ ]
[ ] [ ]221
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×=    Equation 3-1 

 

The ratio d[M1]/d[M2] (copolymer composition) is the ratio of the rates at which M1 and 

M2 enter the copolymer.  The parameters r1 and r2 are the reactivity ratios for M1 and M2 

and are defined as the ratio of the homo- to the cross-propagation rate constants: 

 

21

22
2

12

11
1 k

k    r    and    
k
k    r ==     Equation 3-2 

 

These rate constant ratios are the values needed to predict copolymer compositions and 

sequence distributions.  Thus, Equations 3-1 indicates that the copolymer composition is 

dependent on the concentrations of the monomers in the feed and the reactivity ratios. 

 

3.1.2 Mayo-Lewis Method 

    Several methods exist for determining reactivity ratios (i.e., r1 and r2) for a particular 

monomer pair.179-182,183  Many polymer chemists utilize a linear method, also known as 

the method of intersections, developed by Mayo and Lewis.184 A series of mixtures of 

monomers M1 and M2 are prepared with systematically varied compositions, and the 

                                                           
182 T. Kelen and F. Tudos, “Analysis of the linear methods for determining copolymerization 
reactivity ratios: I. A new improved linear graphic method”, Journal of Macromolecular Science-
Chemistry, 9(1), 1, 1975 
183 C. Tost, “On the determination of monomer reactivites in copolymerization”, European 
Polymer Journal, 9, 357, 1973. 
184 F.R. Mayo and F.M. Lewis, Journal of American Chemical Society, 66, 1594, 1944. 
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conversion of each monomer with time is monitored for each composition.  The reactivity 

ratios are calculated from early copolymer composition data from each reaction. 

A rearrangement of Equation 3-2 yields the Mayo-Lewis Equation: 
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If the copolymer composition and the feed composition are known, then a series of r2 

values can be calculated by assuming values for r1 to obtain a straight line.  Each co 

monomer mixture yields one straight line.  Thus, if n comonomer mixtures were 

prepared, then n lines having different slopes result.  Theoretically, the lines should 

intersect at a single point that corresponds to the true r1 and r2 values for that system.  

However, random and experimental errors usually cause the lines not to intersect at a 

single point.  In this case, the area of the region where the intersections occur provides 

the best values of r1 and r2. 

 

3.1.3 Nonlinear Analysis185 

    Non-linear analyses are the most reliable statistical treatments of copolymer 

composition data.  Linear methods, like the Mayo-Lewis method, only offer a qualitative 

estimate of precision and require subjective weighting of the data.  Mortimer and 

Tidwell186,187 developed an iterative method based on non-linear least squares theory 

using the copolymer equation of the form; 

 

 

                                                           
185 H. Britt and R.H. Luecke, “The estimation of parameters in nonlinear implicit models”, 
Technometrics, 15(2), 233, 1974. 
186 P.W. Tidwell and G.A. Mortimer, “An Improved Method of Calculating Copolymerization 
Reactivity Ratios”, Journal of Polymer Science, Part A: Polymer Chemistry, 3(?), 369,1965. 
187 P.W. Tidwell and G.A. Mortimer, “Science of Determining Copolymerization Reactivity 
Ratios”, Journal of Macromolecular Science-Reviews in Macromolecular Chemistry, C4(2), 281-
312 (1970). 
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where F1 is the mole fraction of M1 in the copolymer and f1 and f2 are the mole fractions 

of M1 and M2 in the feed. 

 

    The non-linear analysis uses initial estimates of the parameters r1 and r2 (derived from 

the Mayo-Lewis or another linear method) to yield a pair of reactivity ratios that result in 

the minimum value of the sum of the squares (ss) between the experimental and 

theoretical copolymer compositions (the compositions derived from equation 3-4 using 

initial estimates of r1 and r2).  The non-linear least squares analysis assumes that errors 

exist only in the dependent variable, F1, and that this relative error is constant.   

 

2)),f(x  -  (yw    )( ss iii
i

i λ=λ ∑    Equation 3-5 

where yi is the experimental F1, f(xi,λi) is the theoretical F1 as a function of f1- (x) and the 

parameters r1 and r2 -(λi), and wi is the weighting factor 

 

2y

1    w
i

i =       Equation 3-6 

    Most statistical software packages determine the minimum of the sum of squares by 

iterative processes.  A simpler algorithm has been developed by van Herk that involves 

calculating all the sums of squares in a specified region and then pinpointing the lowest 

sums of squares in that region.188,189,190  The computer program can be applied to a 

variety of functions to yield optimum parameters and their joint confidence intervals. 

                                                           
188 A.M. van Herk, “Least-Squares Fitting by Visualization of the Sum of Squares of Space”, 
Journal of Chemical Education, 72(1), 138, 1995. 
189 B.G. Manders, W. Smulders, A.M. Aerdits, and A.M. van Herk, “Determination of reactivity 
ratios for the system methyl methacrylate-n-butyl methacrylate”, Macromolecules, 30(#), 322, 
1997. 
190 M. van den Brink, W. Smulders, A.M. van Herk, A.L. German, “Non-linear regression by 
visualization of the sum of residual space applied to the integrated copolymerization equation 
with errors in al variables: II. Application to the system methyl methacrylate-α-methylene-γ-
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3.2 Experimental Procedure 

3.2.1 Materials 

    The copolymerization mixtures consisted of a dimethacrylate (vinyl ester) oligomer 

(Mn = 700 g/mol, Dow Chemical Co.) and styrene (Aldrich).  The styrene monomer was 

passed through a neutral alumina column to remove inhibitors and the vinyl ester 

oligomer was used as received.  Benzoyl peroxide (Aldrich) was the free radical initiator 

for the cure reaction and was used as received. 

 

3.2.2 Instrumentation 

    Fourier transform infrared spectroscopy (FTIR) was used to monitor the 

copolymerization of the vinyl ester oligomer and styrene.  FTIR spectra were collected 

using a Nicolet Impact Model 400 instrument equipped with a controlled temperature cell 

(Model HT-32 heated demountable cell used with an Omega 9000-A temperature 

controller (Figure 3-5)).  The temperature cell offered the advantage of monitoring the 

cure in-situ during the formation of an insoluble network. 

 

 
Figure 3-5: Heated FTIR cell for monitoring cure reactions 
 

                                                                                                                                                                             
butyrolactone using on-line Raman spectroscopy”, Journal of Applied Polymer Science, Part A: 
Polymer Chemistry, 37, 3804, 1999. 
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3.2.3 Procedure 

    A minimum of six copolymerization mixtures were prepared.  The vinyl ester oligomer 

was dissolved into styrene at 50 °C. (Note 1)  After the resultant mixture cooled to room 

temperature, 1.1 wt. % of benzoyl peroxide was added.  The mixture was stirred until the 

initiator dissolved. 

    One drop of the comonomer mixture was placed between two sodium chloride plates, 

which were then cured at 140 °C for 5 min. in the heated cell.  The FTIR experiment was 

programmed to collect spectra at 5 second intervals.  At the conclusion of the reaction, 

the sample was allowed to react at 140 °C for an additional 2 hours to ensure full 

conversion of the double bonds and was subsequently analyzed via FTIR.  

 

3.3 Data Analysis 

3.3.1 Treatment of IR Spectra42-3,75,77,191,192 

    The heights of the infrared absorbancies at 943 cm-1 and 910 cm-1, corresponding to 

the methacrylate and styrene double bonds respectively, were monitored quantitatively 

(Figure 3-6).  Corrections for any changes in sample thickness during polymerization 

were made by normalizing the spectra to the polyhydroxyether backbone of the vinyl 

ester at 830 cm-1 absorbance.  A small background absorbance assigned to the vinyl ester 

backbone overlapped the absorbance at 943 cm-1 (about 20% of the initial absorbance at 

943 cm-1).  Therefore all spectra were subtracted by a spectrum where the conversion of 

methacrylate and styrene double bonds was essentially complete.  

 

 

                                                           
191 L.H. Fan, C.P Hu, Z.P. Zhang, and S.K. Ying, “Polymerization kinetics of polyurethane and 
vinyl ester resin interpenetrating network by Fourier transform infrared spectroscopy”, Journal of 
Applied Polymer Science, 59(9), 1417, 1996. 
192 R.P Brill and G.R. Palmese, “An investigation of vinyl ester-styrene bulk copolymerization 
cure kinetics using Fourier transform infrared spectroscopy”, Journal of Applied Polymer 
Science, 76, 1572, 2000. 
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Figure 3-6: FTIR spectra of a 700 g/mol dimethacrylate terminated oligomer with 
28 weight % styrene cured at room temperature. 
 

3.3.1.1  Normalization 

    All spectra (collected during the polymerization and for the fully cured sample) were 

normalized before making any calculations.  The peak height at 830 cm-1 was measured 

by utilizing a baseline and wavenumber limits on the spectra that included the shoulder 

on the low frequency side of the peak (ending at ~790 cm-1).  A scaling factor for each 

spectrum was determined using the expression below: 

 

tt)830cm(A
0t)830cm(A

    C
1-

1-

=

==      Equation 3-7 

 

where C is the scaling factor and Ao and At are the absorbances before the reaction and at 

reaction time t.  Each spectrum was multiplied by its scaling factor (each of which were 

close to one). 

    Once ALL the spectra were normalized, the background absorbance at 943 cm-1 was 

removed by subtracting the fully cured spectrum from each set of the spectra collected 

during the polymerization.  The data were entered into a table such as in Table 3-1, which 

shows the data for a 70 / 30 vinyl ester-styrene mixture.  Since the experiment required a 
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minimum of six comonomer mixtures, there were at least six sets of Table 3-1.  There 

will be n sets of this table for each of the n vinyl ester-styrene mixtures. 

 

Table 3-1: Infrared data as a function of reaction conversion taken from normalized 
peak heights for a 70 / 30 vinyl ester styrene mixture 
 

Reaction 
Time 
(min) 

Absorbance at 
830 cm-1 
before 

normalization 

Scaling  
Factor 

A830(t=0)/A830(t)

Absorbance at 
943 cm-1 after 
normalization 

and background 
subtraction 

Absorbance at 
910 cm-1 after 
normalization 

and background 
subtraction 

0  1.40 1.00 1.64 1.49 
0.083 1.34 1.04 1.65 1.48 
0.18 1.30 1.08 1.63 1.50 
0.27 1.25 1.12 1.70 1.51 
0.36 1.21 1.15 1.66 1.48 
0.45 1.17 1.20 1.64 1.49 
0.55 1.17 1.20 1.63 1.46 
0.64 1.16 1.20 1.65 1.47 
0.73 1.16 1.20 1.66 1.50 
0.82 1.17 1.20 1.63 1.49 
0.92 1.16 1.20 1.63 1.48 
1.01 1.16 1.20 1.64 1.48 
1.10 1.16 1.20 1.60 1.44 
1.12 1.15 1.21 1.60 1.41 
1.29 1.15 1.21 1.53 1.36 
1.38 1.17 1.20 1.51 1.35 
1.47 1.16 1.20 1.44 1.27 
1.57 1.16 1.21 1.33 1.16 
1.66 1.15 1.21 1.32 1.16 
1.75 1.15 1.21 1.21 1.04 
1.84 1.16 1.21 1.13 0.96 
1.94 1.17 1.20 1.00 0.83 
2.03 1.16 1.20 0.92 0.73 
2.12 1.16 1.20 0.84 0.63 
2.21 1.16 1.20 0.79 0.53 
2.31 1.15 1.21 0.67 0.42 
2.40 1.15 1.21 0.62 0.34 

Background 
(fully cured 

sample) 

1.1 1.30 - - 
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3.3.1.2  Determination of Conversion 

    The reaction conversion must be known to ensure that only data during the early stages 

of polymerization (~10%) are considered.  First, the fractional conversion (a in Equation 

3-8) of vinyl ester (943 cm-1) and styrene (910 cm-1) double bonds was determined by 

oA
A

  -  1    a t=      Equation 3-8 

 

The fractional conversion of double bonds was approximated by dividing the sum of the 

individual monomer conversions by two. 

 

3.3.2 Generation of the Mayo-Lewis Plot 

    Non-linear least squares analyses require an initial estimate of the reactivity ratios.  

This was achieved by using the Mayo-Lewis method to determine the initial values.  For 

consistency, the vinyl ester was designated as M1 and styrene as M2.  Thus the value of r1 

corresponds to the vinyl ester monomer and r2 corresponds to the styrene monomer. 

    Referring to the rearranged copolymer equation (Equation 3-3), the initial double bond 

concentrations ([M1] and [M2]) and the copolymer compositions (d[M2]/d[M1]) were 

calculated for each comonomer mixture.  The initial double bond concentrations of the 

vinyl ester and styrene monomers (monomer feed concentrations) were calculated using 

the following equations: 

 

Moles of unreacted vinyl ester double bonds (Mn = 700 g/mol) 

[ ] ( ) 2    
MW
w    a  -  1    M VE

1 ×





×=    Equation 3-9 

where a is the fractional conversion for the vinyl ester double bonds, wVE is the initial 

weight of the vinyl ester, and MW is the number average molecular weight.  The results 

from Equation 3-9 were multiplied by 2 to account for the 2 methacrylate endgroups on 

the vinyl ester. 

 

Moles of unreacted styrene double bonds (MW = 104 g/mol) 
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×=

MW
w    a  -  1    M S

2     Equation 3-10 

where ws is the initial weight of styrene and MW is the molecular weight of styrene. 

 

    The initial weights  (wVE and wS) of the comonomers assumed to total 100 grams.  For 

example, consider a comonomer mixture that contains 30 weight % styrene.  Then, the 

weight of vinyl ester in the mixture was 70 grams.  If the initial weight of styrene is used, 

then it would be 30 grams. 

     The initial double bond concentrations resulted from Equations 3-9 and 3-10 when the 

conversion (a) was zero.  The conversion and monomer feed values as a function of 

reaction time were entered into a table such as Table 3-2.  The data for each vinyl ester-

styrene mixture was recorded in a separate table. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  86



 

Table 3-2: Reaction conversion data for the 70 / 30 vinyl ester-styrene mixture  

Reaction 
Time 
(min) 

Fractional 
Conversion 

of 
vinyl ester 

Moles of 
vinyl ester 

double bonds 
in feed 
[M1] 

Fractional 
Conversion 

of 
styrene 

Moles of 
styrene 
in feed 
[M2] 

Total 
conversion 

of 
Double 
Bonds 

0 0 0.208 0 0.272 0 
0.083 0 0.208 0 0.272 0 
0.18 0 0.208 0 0.272 0 
0.27 0 0.208 0 0.272 0 
0.36 0 0.208 0 0.272 0 
0.45 0 0.208 0 0.272 0 
0.55 0 0.208 0 0.272 0 
0.64 0 0.208 0 0.272 0 
0.73 0 0.208 0 0.272 0 
0.82 0 0.208 0 0.272 0 
0.92 0 0.208 0 0.272 0 
1.01 0 0.208 0 0.272 0 
1.10 0.033 0.201 0.032 0.264 0.032 
1.12 0.034 0.201 0.050 0.259 0.043 
1.29 0.098 0.187 0.062 0.256 0.078 
1.38 0.14 0.180 0.069 0.254 0.098 
1.47 0.166 0.12 0.239 0.16 
1.57 0.26 0.154 0.21 0.216 0.24 
1.66 0.39 0.148 0.27 0.214 0.32 
1.75 0.47 0.126 0.34 0.198 0.39 
1.84 0.56 0.110 0.42 0.180 0.48 
1.94 0.63 0.091 0.49 0.158 0.55 
2.03 0.70 0.077 0.56 0.139 0.62 
2.12 0.76 0.063 0.62 0.120 0.68 
2.21 0.83 0.050 0.70 0.104 0.76 
2.31 0.88 0.035 0.76 0.082 0.81 
2.40 0.88 0.024 0.86 0.064 0.87 

0.2 

 

    Knowing the monomer feed concentrations at early conversion enabled the 

determination of the copolymer compositions.  The Mayo-Lewis equation is only valid 

for feed values at early conversion (<10 % total double bond conversion), where 

copolymer composition drift is minimal.  Using the data in Table 3-2, a graph of M2 (y-

axis) versus M1 (x-axis) was created.  The slope of the line was recorded as the 

copolymer composition, d[M2]/d[M1].  Similar graphs were generated for each of the 

comonomer reaction mixtures, and the results were recorded in tables such as in Table 3. 
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Table 3-3: Early monomer and copolymer composition data 

Weight % 
Styrene 

Initial 
[M1] 
[M2] 

Slope of [M2] vs. [M1] 
d[M2] 
d[M1] 

20 0.90 0.60 
25 1.08 0.66 
30 1.31 0.75 
40 1.98 0.93 
50 3.40 1.20 
60 4.76 1.40 

    

    Completion of Table 3-3 provided all the necessary tools to create the Mayo-Lewis 

plot.  The initial feed concentrations ([M1] and [M2]) and the copolymer composition 

(d[M2]/d[M1]) were known.  By assuming a set of values for r1 ranging from –1 to 1, r2 

was calculated using the Mayo-Lewis equation (Equation 3-3).  Plotting a graph of r2 

versus r1 produces a straight line.  This calculation was repeated for all the comonomer 

mixtures, and the resulting lines were recorded on the same graph.  The intersection area 

of the lines represented the values of r1 (reactivity ratio for the methacrylate) and r2 

(reactivity ratio for the styrene monomer).    

 

3.3.3 Non-linear Analysis 

    Non-linear analysis was based on the rearranged copolymer equation (Equation 3-4).  

In addition to knowing the estimate of r1 and r2, the mole fractions of vinyl ester in the 

copolymer (experimental and theoretical) and the absolute errors were utilized.  As in the 

Mayo-Lewis method, only early reaction data  (< 10 % total double conversion) were 

used.  Using the data in Table 3, one pair of fractional conversion values (aVE, aS) were 

selected from each comonomer mixture.  The experimental mole fraction of methacrylate 

double bonds in the copolymer was then calculated using the following equations: (Note 

2) 

 

Moles of vinyl ester in the copolymer (Mn  = 700 g/mol) 

2    
MW
w

    a    n VE
VEVE ×








×=    Equation 3-11 
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Moles of styrene in the copolymer (MW = 104 g/mol) 

 
MW
w

    a    n S
SS 








×=     Equation 3-12 

where n is moles and a is the fractional conversion for the  respective monomers. 

 

The mole fraction of vinyl ester was then determined by: 

SVE

VE
1 n    n

n
    F

+
=     Equation 3-13 

 

    The rearranged copolymer equation (Equation 3-4) was employed to calculate the 

theoretical copolymer compositions based on the initial values for the reactivity ratios 

derived from the Mayo-Lewis plot.  The variables f1 and f2 were the initial mole fractions 

of the vinyl ester and styrene double bonds in the feed and were computed from the initial 

[M1] and [M2] values in Table 2.  Using the Mayo-Lewis reactivity ratios (previously 

determined according to Section 3.3.2), the theoretical mole fractions were easily 

calculated.     

    Determining the absolute error (Equation 3-14) completed the necessary calculations 

required for the non-linear analysis.    

 

A.E.  =  F1(E)  -  F1(T)      Equation 3-14 

where F1(E) and F1(T) were the experimental and theoretical mole fractions of methacrylate 

double bonds in the copolymer. 

 

   All results were recorded in a table such as Table 3-4.  These data, along with the 

Mayo-Lewis reactivity ratios, were entered directly into a statistical software program to 

yield a new set of r1 and r2 values and their standard deviations (by minimizing the errors 

in a nonlinear analysis). (Note 3) 
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Table 3-4: Monomer and copolymer composition data used in non-linear analysis 

 
Weight 

% 
Styrene 

Initial Mole 
Fraction of 

Methacrylate in 
Feed f1 

Experimental 
Mole Fraction of 
Methacrylate in 
Copolymer F1(E) 

Theoretical Mole 
Fraction of 

Methacrylate in 
Copolymer F1(T) 

 
Absolute 

Error 
F1(E)  -  F1(T) 

20 0.551 0.606 0.612 -6.94E-03 
25 0.499 0.597 0.598 -6.70E-03 
30 0.423 0.570 0.572 -2.03E-03 
40 0.320 0.517 0.540 -2.26E-02 
50 0.222 0.464 0.495 -3.12E-02 
60 0.157 0.351 0.401 -5.00E-02 

 

3.4 Results and Discussion 

    The reactivity ratios of the vinyl ester resins were determined using both the Mayo-

Lewis and non-linear method.  Eight vinyl ester-styrene mixtures (ranging from 20 to 60 

weight % styrene) were cured at 140 °C.  The progression of the reaction was monitored 

by FTIR spectroscopy, and the data was analyzed as described in Section 3.3.   

      Figure 3-7 shows the Mayo-Lewis plot for the 140 °C cure.  The values 0.77 and 0.14 

for the vinyl ester (r1) and styrene (r2) were selected from the intersection area of the 

lines.   
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Figure 3-7: Reactivity ratios for the dimethacrylate oligomer (r1) and styrene (r2) 
cured at 140 °C using the Mayo-Lewis method 
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    The Mayo-Lewis reactivity ratios were used as the initial estimates for the non-linear 

analysis.  The data were entered into Contour, a statistical software program, to yield a 

new pair of reactivity ratios (0.88 and 0.23 for the vinyl ester and styrene, respectively) 

surrounded by their 95 % joint confidence interval (Figure 3-8).  The joint confidence 

interval ranged from 0.62 to 1.2, for rm and ranged from 0.16 to 0.32, for rs. 
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Figure 3-8: Reactivity ratios for the dimethacrylate oligomer (r1) and styrene (r2) 
cured at 140 °C using the non-linear method 
 

    The 95 % joint confidence interval provided a quantitative indication of the 

experimental precision.  Ideal experimental conditions produce circular joint confidence 

intervals; however, the elliptical shape is typically observed.  The size of the confidence 

interval in Figure 3-8 was rather large, indicating that better experimental conditions 

would be desirable.  Two problem areas can be factored into the low precision: 

instrumentation and experimental design.  High temperature cure reactions of vinyl ester 

resins are rapid, and high conversion is obtained in 2 to 3 minutes.  The Mayo-Lewis 

method is only applicable to early reaction data (> 10 % total double bond conversion).  

For a 140 °C cure, 10 % conversion was reached ~30-45 seconds into the reaction.  

Consequently, the amount of usable data points obtained from a particular experimental 

run was dependent on the acquisition speed of the analytical instrument.  For this study, 

an average of six data points (for each mixture) were used for the Mayo-Lewis method.  
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A greater number of data points would produce a better estimate from the non-linear 

analysis, which would improve the final result.  Another factor is the experimental 

design.  Mortimer and Tidwell suggested an optimization method that improved precision 

and generated a smaller confidence interval.186,187,188  (For further details see Note 2). 

 

3.5 Special Notes: 

Note 1. 

The composition of the vinyl ester-styrene mixtures was verified by 1H NMR.  First, the 

normalized integrals of the peak resonances for styrene vinyl protons (5.20 and 5.82 

ppm) to methacrylate vinyl protons (5.66 and 6.22 ppm) were ratioed and multiplied by 

the molecular weight of styrene.  The weight % of styrene was determined using the 

molecular weight of the vinyl ester resin.  A sample calculation is shown below. 

 

Sample Calculation (using Figure 3-9) 

1. Normalization of peak integrals 

a.  Add integrals of styrene vinyl protons: 2.18 + 2.36 = 4.54 

The resonances at 5.20 and 5.82 ppm are due to 2 vinyl protons on the styrene monomer.  

To normalize, 

4.54 ÷ 2 = 2.27 

b. Add integrals of dimethacrylate vinyl protons: 1.39 + 1.35 = 2.74 

The resonances at 5.66 and 6.22 ppm are due to 4 vinyl protons on the dimethacrylate 

oligomer.  To normalize, 

2.74 ÷ 4 = 0.68 

2. Ratio the styrene vinyl groups to the dimethacrylate vinyl groups 

2.27 ÷ 0.68 = 3.34 

3. Multiply ratio by the molecular weight of styrene 

3.34 × 104 g/mol = 347 g/mol 

4. Use the molecular weight of the dimethacrylate oligomer (Mn = 690 g/mol) to 

determine weight % styrene 

347 g/mol ÷ (347 g/mol + 690 g/mol) = 33 weight % styrene 
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Figure 3-9: 1H NMR of a dimethacrylate oligomer diluted with 33 weight % styrene 
 
 
Note 2.186-8 

    The experimental method used to determine the reactivity ratios was slightly modified 

to fit a three-hour lab period.  In a realistic setting, the FTIR data collected for the Mayo-

Lewis method would not be reused for the non-linear analysis.  A separate set of 

experiments should be run.  Mortimer and Tidwell recommended that experiments be 

performed at two optimal feed compositions f′1 and f′′2 given by, 

2

2
2

1
1 r    2

r
    f                    

r    2
2    f

+
≈′′

+
≈′  

where r1 and r2 are the initial estimates obtained from the Mayo-Lewis method. 

 

The use of these optimal compositions should produce the smallest confidence interval 

for the estimated reactivity ratios.  A typical experiment would be to prepare six 

comonomer mixtures (three for each composition), and determine the copolymer 

composition at early conversion (< 10 % total double bond conversion) using the 

equations in section 3.3.3. 
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Note 3. 

Several statistical programs exist (Sigma Plot, Microsoft Origin) which are capable of 

performing non-linear least squares analysis.  Generally, these program require the 

following: 

 Pasting the experimental data (f1) and (F1) into the software program. 

 Typing in the rearranged copolymer equation (Equation 3-4). 

 Defining the independent and dependent variables (f1 and F1 respectively)   

 Entering the parameter estimates (Mayo-Lewis reactivity ratios) 

 Defining any constraints on the analysis.  For example, since reactivity ratios are 

never negative; therefore one constraint may be the r1 > 0 and r2 > 0. 

These statistical programs provide standard deviations as opposed to the joint confidence 

interval.   

 

3.6 Conclusions 

    An advanced laboratory experiment for making reactivity ratio measurements has been 

developed.  This lab has the advantage of teaching students how to determine the 

reactivity ratios via linear and non-linear methods and also how to quantitatively treat 

FTIR spectra.  Upon completion of this experiment, students should be able to apply the 

concepts and techniques to their research. 
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CHAPTER 4: COPOLYMERIZATION BEHAVIOR AND PROPERTIES OF 
DIMETHACRYLATE-STYRENE NETWORKS 

 
4.1  Introduction 

    Dimethacrylate oligomers diluted with styrene (commonly known as vinyl ester resins) 

are important matrix resins for fiber-reinforced composites used in construction, marine 

craft, and plumbing fixtures.  These comonomers react via free radical copolymerization 

to yield void-free thermosets (Figure 3-1).  The network formation mechanism is 

attractive for on-line processing because the chemistry allows for good resin stability at 

room temperature and rapid reaction at elevated temperatures.  The low room 

temperature viscosities with rapid cure schedules and low cost make them prime 

candidates for structural composites.  However, the mechanical properties of these 

systems are sensitive to the cure conditions.  Thus, probing the chemistry of this cure 

reaction is important for understanding the physical and mechanical properties of these 

materials.  

    Differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy 

(FTIR) are commonly used to monitor the cure of vinyl ester resins.  DSC has the 

advantage of simultaneously generating kinetic and thermal data for thermosetting 

systems.  Previous studies have utilized both isothermal and scanning modes to measure 

various kinetic parameters of vinyl ester resins at different temperatures.68,69,72,76  FTIR 

spectroscopy is a powerful technique that can monitor the concentrations of the 

dimethacrylate oligomer and styrene separately during the reaction.  Thus, the sequence 

distribution of the copolymer (at early stages of the reaction) can be determined using 

copolymerization theory.  While there has been some work in this area42,43,77,159, few43,177 

have performed a thorough investigation of the impact different cure temperatures have 

on the microstructure and physical properties of these systems. 

    This chapter focuses on determining relationships among the cure kinetics, 

thermal/mechanical properties, and cure temperature.  A dimethacrylate oligomer (Mn = 

700 g/mol) with systematically varied styrene concentrations was studied to determine 

the reactivity ratios at four different temperatures.  The kinetic data were ultimately 

employed to explain the observed properties of vinyl ester networks cured at room 

temperature and elevated temperatures. 
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4.2 Experimental 

4.2.1  Materials   

The bisphenol-A-based dimethacrylate (vinyl ester) oligomer (Mn = 690 g/mol) was 

kindly supplied by Dow Chemical Co.  Additives such as inhibitors which had been 

added to the resin were not removed.  Styrene monomer (Aldrich) was passed through a 

neutral alumina column to remove inhibitors before mixing with the vinyl ester oligomer.  

Benzoyl peroxide (BPO, Aldrich) was the free radical initiator for the elevated 

temperature cure reactions and was used as received.  For the reactions conducted at 25 

°C, the initiating system consisted of cobalt naphthenate (CoNap), methyl ethyl ketone 

peroxide (MEKP), and N, N-dimethylaniline (DMA).  CoNap (Alfa Aesar) and DMA 

(Aldrich) were used as reaction accelerators to promote the decomposition of MEKP, the 

initiator for the free radical copolymerization.  These reagents were used as received.  

Glycidyl methacrylate (Aldrich), 4-cumylphenol (Aldrich), and sodium hydroxide pellets 

(Mallinckrodt) were used as received for the synthesis of the mono-methacrylate 

compound. 

4.2.2 Preparation and cure of dimethacrylate resins  

The neat, solid, vinyl ester oligomer was diluted with systematically varied amounts 

of styrene ranging from 20 to 60 weight percent.  The oligomer was dissolved in styrene 

at 50 °C, then was allowed to cool to room temperature.  After the resin mixture reached 

room temperature, 1.1 wt. % of benzoyl peroxide was added to serve as the reaction 

initiator.  The mixture was stirred until the initiator dissolved.  After the benzoyl peroxide 

was dissolved in the resin mixture, oxygen was removed using a freeze-thaw technique, 

with the resin under vacuum.  The mixture was cured at 60 °C, 90 °C, or 140 °C. 

    For resins cured at room temperature, the following amounts of accelerators and 

initiators were added in the order listed: 0.15 wt. % of CoNap, 0.04 wt. % DMA, and 

1.13 wt. % of MEKP.  After the addition of each reagent, the mixture was stirred to 

achieve a homogeneous solution.  The reaction mixture was allowed to react for 8 h, 

followed by a 93 °C postcure for 2 h. 

4.2.3 Synthesis of the monomethacrylate model monomer  

    Cumylphenol (130 g) and glycidyl methacrylate (87 g) were added to a 1-neck 

roundbottom flask with a magnetic stir bar and co-dissolved at 40 °C using a temperature 
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controlled silicone oil bath.  Approximately 10 mole % sodium hydroxide (2.4 g) was 

dissolved in water to prepare a 10 % solution.  The temperature of the reaction was raised 

to 70 °C, and the sodium hydroxide solution was added dropwise over a period of one 

hour.  The reaction mixture was maintained at 70 °C with constant stirring for 48 hours.  

The crude product was dissolved in methylene chloride and then washed twice with H2O.  

The organic layer was separated, dried over magnesium sulfate, and filtered.  Methylene 

chloride was removed under vacuum.  Typical yields were 93-95%. 

 C H 3 

C H 3 

O H + C H 
O 

H 2C C H 2 O C 

O 

C 

C H 3 
C H 2

C H C H 2

O H 

C H 2
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C H 3 
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O 
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C H 3 
C H 2 

70 0C 
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Figure 4-1: Synthetic scheme for preparing the model monomethacrylate 

 

4.2.5 Polymerization of the mono-methacrylate monomer 

    The mono-methacrylate model compound was diluted with systematic concentrations 

of styrene at room temperature.  Then, 1.1 weight % benzoyl peroxide was added to serve 

as a reaction initiator.  Constant stirring was carried out until a homogeneous solution 

formed.  The mono-methacrylate/styrene mixture was polymerized at 140 °C for up to 12 

hours.  

 

4.2.3 Characterization 

4.2.3.1  Proton NMR Spectroscopy 
 1H NMR spectra were collected using a Varian Unity 400 instrument operating at 

400 MHz.  1H NMR confirmed that the molecular weight of the vinyl ester oligomer was 
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approximately 700 g/mole.  The integrals of the peaks corresponding to the methyl 

groups of bisphenol-A (1.65 ppm) and for the methacrylate endgroups (2.0 ppm) were 

used to calibrate these molecular weights.  1H NMR was also used to verify the 

compositions of the resin blends based on the ratio of peak integrals for styrene vinyl 

protons (5.62 and 5.10 ppm) to methacrylate vinyl protons (6.02 and 5.46 ppm). 

4.2.3.2  Fourier Transform Infrared Spectroscopy 

FTIR spectra42-3,75,77,191-2 were collected using a Nicolet Impact Model 400 instrument 

equipped with a controlled temperature cell (Model HT-32 heated demountable cell used 

with an Omega 9000-A temperature controller).  One drop of the reaction mixture was 

placed between two NaCl plates, which were then placed in a preheated controlled 

temperature cell in the FTIR.  The heights of the infrared absorbancies at 943 cm-1 and 

910 cm-1, corresponding to the methacrylate and styrene double bonds respectively, were 

monitored quantitatively and used to calculate reaction conversion.  A small background 

absorbance assigned to the vinyl ester backbone overlapped the absorbance at 943 cm-1 

(about 20 percent of the initial absorbance at 943 cm-1).  Therefore, all spectra were 

subtracted by a spectrum where the conversion of methacrylate double bonds was 

complete.   

Solid state 13C NMR studies of cured vinyl ester networks were performed by Li and 

coauthors.  A vinyl ester (690 g/mol, 28 weight % styrene) was reacted at 120 °C for 30 

min and the resonances due to the unreacted (167 ppm) and reacted (177 ppm) 

methacrylate carbonyl were used to determine to the residual unsaturation within the 

network.  No peak at 167 ppm was detected, implying that all of the methacrylates were 

converted.  Based on these results, fully cured vinyl ester networks were obtained by 

curing at 140 °C for 1 h.   

Corrections for any changes in sample thickness during polymerization were made by 

normalizing the spectra to the 830 cm-1 absorbance assigned to the poly(hydroxyether) 

backbone.  Reaction conversion (“a” in equation 1) was determined from the change of 

the normalized absorbance after subtraction of the background where Ao and At are the 

normalized absorbances before the reaction and at reaction time t. 
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o
t

A
A  -  1    a =      Equation 4-1 

4.2.3.3  Density Measurements193 

    Room temperature density measurements of the cured samples were performed using a 

Mettler-Toledo AG204 balance adapted with a Mettler-Toledo density determination kit 

for AT/AG and PG/PR balances.  The weight of each sample was measured in air (A) and 

in water (B) to the nearest ± 0.001g.  The density was calculated as: 

oB  -  A
A    ρ






=ρ     Equation 4-2 

where ρo is the density of water at the measurement temperature.  The densities of the 

uncured vinyl ester-styrene compositions were measured using a 10 mL pycnometer.  

The volume of the pycnometer was calibrated with water. 

4.2.3.4  Cure Shrinkage 

    The densities of the uncured and cured vinyl ester/styrene compositions were used to 

determine the cure shrinkage.  Volume shrinkage upon cure was calculated as follows: 

(uncured)

1
(cured)

1  -  
(uncured)

1

    100    shrinkage %

ρ

ρρ
×=   Equation 4-3 

Eight samples were measured for each resin composition. 

 

4.2.3.5  Dynamic Mechanical Analysis 

    Glass transition temperatures (Tg) of the mono-methacrylate-styrene copolymers were 

measured using a Perkin Elmer DMA 7e Dynamic Mechanical Analyzer.  Due to the 

rubbery nature of the samples, a penetration probe was used.  Each thermogram was 

obtained using a 5 °C/min. heating rate and 1 Hz frequency under amplitude control.  The 

temperature at the maximum in the tan δ peak was taken as the glass transition 

temperature.   

 

                                                           
193 Y.J. Huang and C.M. Liang.  Polymer, 37, 401, 1996. 
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4.3 Results and Discussion 

    Dimethacrylate-styrene networks are one of the major classes of polymer matrices 

under consideration for structural composites because they are lightweight, durable, and 

strong.  This study focuses on inter-relationships between cure procedures and network 

properties for a 700 g/mol dimethacrylate oligomer with systematically varied 

concentrations of styrene.  Two different cure conditions were investigated: (1) 8 hours at 

25 °C followed by a 2 hour, 93 °C postcure (utilizing MEKP, cobalt naphthenate and 

DMA as the cure initiator and accelerators) and (2) 30 minutes at 140 °C (utilizing 

benzoyl peroxide as the cure initiator).  Copolymerization kinetics were investigated to 

provide insight into the observed physical and mechanical properties of these materials. 

 

4.3.1 Dimethacrylate -styrene network formation 

    The formation of dimethacrylate-styrene networks was studied with FTIR 42-3,75,77,191-2  

(Figure 3-6).  The disappearance of the adsorption bands at 943 cm-1 corresponding to the 

out-of-plane stretching of the -CH group in the dimethacrylate oligomer, and 910 cm-1 

from the wagging of the -CH2 group in the styrene monomer, were monitored 

independently to assess the extent of cure.  The conversion profiles following the low 

temperature and elevated temperature reactions for the dimethacrylate oligomer 

containing 30 wt. % styrene were significantly different (Figure 4-2). The initial 

conversion rate of the dimethacrylate oligomer was higher than for styrene in the 25 °C 

cure reaction.  Vitrification occurred 90 minutes into the cure, where conversions of 68% 

and 55% were reached for the dimethacrylate and styrene monomers, respectively.  

During the postcure step at 93 °C, more styrene was converted relative to the 

dimethacrylate monomer reaching ultimate conversions of 92% (for styrene) and 87% 

(for dimethacrylate). Moreover, the conversion of styrene monomer continued while the 

conversion of the dimethacrylate essentially ceased, implying that sequences which were 

predominantly polystyrene formed at later stages of the cure.  In the cure reaction 

conducted at 140 °C, high conversions (~97%) were reached in ~2-3 minutes for both 

monomers.  The high temperature cure produced higher conversions compared to the 

room temperature cure plus 93 °C postcure. 
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Figure 4-2: Fractional double bond conversion of a 700 g/mol dimethacrylate 
terminated oligomer with 28 wt% styrene cured at (a) room temperature followed 
by a 93 °C postcure and (b) 140 °C. 
 

 For both curing conditions, the methacrylate conversion increased with increasing 

styrene content while the ultimate conversion of styrene remained unaffected (Figures 4-

3 and 4-4).  The lower methacrylate conversions for the 20 and 25 wt % styrene mixtures 

could be due to lack of mobility of this bulkier component, particularly as most of the 

methacrylate reactive bonds become pendent to the branched chains.  The gel points of 

the networks occurred at earlier conversions as the concentration of the dimethacrylate 

oligomer was increased.  Gel formation for the 70 / 30 vinyl ester-styrene mixture was 

first detected at ~2.75 min when cured at 140 °C and ~25 min when cured at room 

temperature.  Consequently, mobility may be an issue, even during the initial stages of 

cure for these systems as the vinyl ester is incorporated into the network.  Since styrene is 

a smaller monomer, it may be more mobile and thus able to reach high conversions for all 

the dimethacrylate-styrene mixtures.  The glass transition temperatures (Tgs) of the vinyl 

ester-styrene networks may also be a factor.  At the higher styrene contents, the resultant 

networks had lower Tgs.  Thus, these systems vitrify at later conversions (for a particular 

cure temperature). 
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Figure 4-3: Fractional double bond conversions of a 700 g/mol dimethacrylate 
oligomer as a function of styrene content cured at 25 °C. 
 

 

1086420 1086420
0.00

0.20

0.40

0.60

0.80

1.00

20 wt% styrene
25 wt% styrene
35 wt% styrene
40 wt% styrene

60 wt% styrene
50 wt% styrene

 Reaction Time (min.)

C
on

ve
rs

io
n 

of
 M

et
ha

cr
yl

at
e 

 
0.00

0.20

0.40

0.60

0.80

1.00

20wt% styrene
25wt% styrene
35wt% styrene
40wt% styrene
50wt% styrene
60wt% styrene

  Reaction Time (min.)

C
on

ve
rs

io
n 

of
 S

ty
re

ne

Figure 4-4: Fractional double bond conversion of a 700 g/mol dimethacrylate 
oligomer as a function of styrene content cured at 140 °C. 
 

4.3.2 Copolymerization kinetics 

    Monomer reactivity ratios were calculated from FTIR data obtained at early 

conversions to predict the azeotropic feed composition (the monomer feed ratio where the 

copolymer composition should remain constant throughout the polymerization) and 

copolymer composition during cure.  The two double bonds in the dimethacrylate 

oligomer were assumed to have the same reactivity.  Thus, any terpolymerization effects 

due to pendent double bonds were neglected.  Copoylmerization was assumed to obey a 

terminal model, meaning that only the monomer unit at the end of the propagating chain 

affected the kinetics.  These assumptions allowed the simplest copolymerization 

equation(12) to be employed (Equation 4-4). 
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where [M1] and [M2] are the initial concentrations of the comonomers, d[M1]/d[M2] 

(copolymer composition) is the ratio of the rates at which M1 and M2 enter the copolymer 

at early conversions, and r1 and r2 are the reactivity ratios for M1 and M2.  Note that [M] 

in Equation 4-4 refers to the equivalent concentration of double bonds rather than the 

molar concentration of monomers. 

    The compositions of crosslinked copolymers (d[M2]/d[M1]) at early reaction stages 

were determined from early conversion slopes of styrene consumption as a function of 

methacrylate consumption.  The reactivity ratios were estimated by using the 

copolymerization equation (Equation 4-4) and plotting r2 versus r1.  The point of 

intersection for the dimethacrylate-styrene compositions represents the estimated 

reactivity ratio pair for the dimethacrylate oligomer and styrene (Figure 4-5, for the 25 °C 

cure and Figure 3-7, for the 140 °C temperature cure).  
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Figure 4-5: Reactivity ratios for the dimethacrylate oligomer (rm) and styrene (rs) 
cured at 25 °C using the Mayo-Lewis method of intersections. 
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Figure 3-7: Reactivity ratios for the dimethacrylate oligomer (r1) and styrene (r2) 
cured at 140 °C using the Mayo-Lewis method 
 
    Non-linear analyses provide the most reliable statistical treatments of copolymer 

composition data.  Linear methods, e.g. the Mayo-Lewis method, only offer a qualitative 

estimate of precision and require subjective weighting of the data.  Mortimer and Tidwell 
(13, 14) developed an iterative method based on non-linear least squares theory using the 

copolymer equation of the form; 

 

2
2221

2
11

21
2

11
1 fr    f2f    fr

ff    fr    F
++

+
=     Equation 4-5   

where F1 is the mole fraction of M1 in the copolymer and f1 and f2 are the mole fractions 

of M1 and M2 in the feed. 

 

    The non-linear analysis utilizes initial estimates of the parameters r1 and r2 (derived 

from the Mayo-Lewis linear method in this study).   This yields a pair of reactivity ratios 

that result in the minimum value of the sum of the squares (ss, Equation 4-6 and 4-7) 

between the experimental and theoretical copolymer compositions (the composition 

derived from equation 4-5 using initial estimates of r1 and r2).  The non-linear least 

squares analysis assumes that errors exist only in the dependent variable, F1, and that this 

relative error is constant.   
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2)),f(x  -  (yw    )( ss iii
i

i λ=λ ∑    Equation 4-6   

where yi is the experimental F1, f(xi,λi) is the theoretical F1 as a function of f1- (x) and the 

parameters r1 and r2 -(λi), and wi is the weighting factor:    

 

2y

1    w
i

i =       Equation 4-7  

 

    Most statistical software packages determine the minimum of the sum of squares by 

iterative processes.  A simpler algorithm has been developed by van Herk (15) that 

involves calculating all the sums of squares in a specified region and then pinpointing the 

lowest sums of squares in that region.  The computer program can be applied to a variety 

of functions to yield optimum parameters and their joint confidence intervals (Figure 4-

6).    

0.1
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0.3

0.1 0.6 1.1
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r s

25°C
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90°C
140°C

 
Figure 4-6: Reactivity ratios for the dimethacrylate oligomer (rm) and styrene (rs) 
cured at 25 °C, 60 °C, 90 °C, and 140 °C and their 95% joint confidence intervals 
via non-linear analysis.   
 

 The observed reactivity ratios and differences between the low temperature cures (25 

°C and 60 °C) and the high temperature cures (90°C and 140°C) were significant since 
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the 95% joint confidence intervals did not intersect (Table 4-1 and Figure 4-6).  As the 

cure temperature was increased, rm increased while rs remained relatively constant.  In 

every case rm was greater than rs, indicating that the dimethacrylate monomer 

preferentially entered the copolymer at early reaction stages.  The ratios of rm to rs 

provide additional insight into the network structures at early stages of conversion.  

Lower rm/rs ratios imply that more styrene should be incorporated into the networks at 

lower temperatures.  As more styrene becomes incorporated, the molecular weight 

between crosslinks increases.  Therefore, the network crosslink density was increased as 

the cure temperature was increased. 

 

Table 4-1:  Reactivity ratios of the dimethacrylate oligomer (rm) and styrene (rs) 
at different cure temperatures 

Temp (°C) rm rs rm/rs 

25 0.35 0.19 1.84 

60 0.50 0.19 2.63 

90 0.82 0.22 3.73 

140 0.88 0.23 3.83 

 

The mole fractions of styrene in the feed versus at low conversions in the copolymers 

were compared with the azeotropic 45° line (Figure 4-7).  The azeotropic point (where 

the experimental data cross the azeotropic line) were determined for all four cure 

temperatures (Table 4-2).  In at least linear polymers, these “azeotropic” vinyl ester-

styrene compositions should yield networks containing the feed compositions throughout 

the polymerizations.  All azeotropic compositions were lower than the vinyl ester-styrene 

mixtures typically produced commercially.  As temperature increased, the typical 

copolymer compositions were further from the azeotropic points.  A direct consequence 

is that feed and copolymer composition drift is greater when these materials are cured at 

higher temperatures.    
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Figure 4-7: Comparison of copolymer compositions with feed compositions for the 
dimethacrylate-styrene thermosets cured at room temperature showing the 
crossover point with the 45° line (azeotropic point)  
 

Table 4-2: Azeotropic compositions at different cure temperatures 

Temp 
(°C) 

faz 
(mole fraction 

styrene) 

Azeotropic 
 wt% 

Styrene 
25 0.45 19 
60 0.38 16 
90 0.19 6.50 
140 0.14 4.50 

 

    Using the Mortimer-Tidwell reactivity ratios, the experimental copolymer 

compositions were compared to those predicted by the Meyer-Lowry integrated 

copolymer composition equation (Equation 4.8) for the 25 °C and high temperature 

curing conditions.180-1  X corresponds to total monomer conversion, f1o is the initial mole 

fraction of monomer 1 (styrene) in the feed, and f1 is the mole fraction of monomer 1 in 

the feed at a given conversion X.  
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   Computer programs based on the Meyer-Lowry equation were developed by van 

Herk.188-90  These programs were applied to the dimethacrylate-styrene system to predict 

copolymer compositions throughout the reaction, including the latter stages where 

significant gelation occurred. The 8 h room temperature cure and 2 h postcure were 

considered as separate reactions (Figure 4-8). For the 8 h room temperature cure, the 

initial feed composition was defined as the composition at the beginning of the reaction 

(i.e., t = 0). There was good agreement between the experimental and theoretical data for 

the 30 and 40 weight % styrene mixtures at early and intermediate conversion. Slight 

deviations occurred during the vitrification stage, where the predicted compositions were 

less than the experimentally measured composition values. This became more 

pronounced as the weight percent of styrene was increased.  For the 60 weight % styrene 

mixture, significant deviations began at 15% conversion.  The fact that more styrene was 

incorporated into the copolymer than predicted may indicate that the styrene monomer is 

more reactive relative to the methacrylate monomer at early stages of conversion.  This 

implies that there may be another pair of reactivity ratios which would better describe 

comonomer mixtures containing high amounts of styrene.  For the postcure, unreacted 

double bonds at the vitrification step were taken as the initial feed compositions.  The 

reactivity ratios fail to predict the composition of the network for all comonomer 

mixtures.  The predicted mole fractions of styrene in the copolymer were higher than the 

experimental mole fraction, suggesting that the reactivity ratios may have changed during 

the course of the polymerization.            
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∆  30 wt% styrene (f  =  0.58) 
× 40 wt% styrene (f  =  0.68) 
 60 wt% styrene (f   =  0.84) 

 

Figure 4-8: Copolymer composition (Fs) as a function of overall double bond 
conversion for systematically varied mole fractions of styrene in the feed (fs) cured 
at (left) 25 °C followed by (right) a 93 °C postcure.  The lines represent the 
copolymer composition predicted from reactivity ratios (non-linear analyses).  
 

    Similar trends were observed in the elevated temperature cure reactions (Figure 4-9).  

The experimental dimethacrylate-styrene network compositions agreed well with the 

theoretical curves at early stages of conversion for all three compositions.  However, 

differences began at intermediate stages of conversion, particularly with the 30 and 60 

weight % compositions.  In later stages, less styrene was incorporated into the networks 

than was predicted for all three compositions.  This was attributed to increases in the 

relative reactivity of the dimethacrylate oligomer to styrene monomer as reaction 

progressed. 
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Figure 4-9: Copolymer composition (Fs) as a function of overall double bond 
conversion for systematically varied mole fractions of styrene in the feed (fs) cured 
at 140 °C 
 

    Deviations from the predicted copolymer composition curves can be understood by 

considering the network formation reactions to occur in four stages (Figure 3-3). The first 

stage depicts the initial reaction mixture, which consists of the difunctional styrene 

monomer and the tetrafunctional dimethacrylate oligomer.  At this point no reaction has 

occurred.  The second stage describes early reaction times, where during the propagation 

step, a mixture consisting of unreacted monomers, linear polymers, and branched 

polymers are formed.  In the next stage gelation occurs.  The gel comprises a highly 

branched polymer containing pendent methacrylate groups swollen with unreacted 

monomers.  It is during this stage that molecular mobility probably becomes an issue.  

This is important because a more mobile monomer may have a greater probability of 

adding to a growing polymer chain under conditions of less mobility.  The pendent 

methacrylate groups within the network are less mobile than the styrene monomer, 

resulting in a decreased reactivity of these groups during this stage.  Since the relative 

reactivity of the comonomers is different, it is reasonable to expect the reactivity ratios to 

change.  With styrene being the more mobile and reactive monomer, the magnitude of its 

reactivity ratio could increase during the polymerization.  Similarly, the reactivity ratio 
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for the dimethacrylate oligomer could decrease due to its lower reactivity during this 

stage.  The fourth stage describes later reaction times where a polymer network with 

pendent methacrylates is formed.  Again, these pendent methacrylates have low mobility; 

so, if any further reaction were to occur it would most likely be with the more mobile 

styrene monomer.   Additionally, the decreased reactivity of the pendent methacrylates 

provides an environment for increased occurrences of styrene homo-additions.  

Consequently, long sequences of styrene monomer may add to the existing network 

structure (most likely as dangling ends). 

 

I. Initial Reaction Mixture:  4-functional 
macromers & 2-functional monomers

III. Gelation  
- Multifunctional gel with pendant methacrylates
- Multifunctional gel is swollen with 4-functional

macromer & 2-functional monomer

IV. Late Reaction Stages  
- Multifunctional gel with pendant methacrylates
- Reaction of pendant methacrylates with styrene

II. Branching in the Initial Reaction Stages
I. Initial Reaction Mixture:  4-functional 

macromers & 2-functional monomers

III. Gelation  
- Multifunctional gel with pendant methacrylates
- Multifunctional gel is swollen with 4-functional

macromer & 2-functional monomer

IV. Late Reaction Stages  
- Multifunctional gel with pendant methacrylates
- Reaction of pendant methacrylates with styrene

II. Branching in the Initial Reaction Stages

 
Figure 3-3: Network formation in a free radical copolymerization of a 
tetrafunctional macromer (M1) with a difunctional monomer (M2) 
 
 4.3.4 Properties of dimethacrylate-styrene networks194 

    This section highlights the previous work of Dr. Ellen Burts.  The primary purpose of 

this section is to relate the observed thermal and mechanical properties to the 

copolymerization kinetics.   

    A series of dimethacrylate-styrene networks containing systematically varied 

percentages of styrene ranging from 20 to 35 wt.% were studied to assess the effects of 

                                                           
194 Ellen Burts, Structure and Properties of Dimethacrylate Resins and Networks, Ph.D. 
Dissertation, Virginia Tech, 2000. 
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crosslinking on glass transition temperature, rubbery modulus, fracture toughness, and 

tensile strength.  Two different cure procedures were of interest: (1) an 8 h, 25 °C cure 

followed by a 2 hour, 93 °C postcure and (2) 30 min at 140 °C. Glass transition 

temperatures and mechanical properties were expected to be functions of the average 

molecular weights between crosslinks (Mc) and the concentration of dimethacrylate 

oligomer relative to styrene in the chemical structure.  The copolymerization kinetics 

indicated that more styrene was incorporated into the networks at early conversion when 

these materials were cured at lower temperatures, resulting in a more open network 

structure.  Thus, it was anticipated that dimethacrylate-styrene networks cured at room 

temperature would possess better physical properties than those cured at 140 °C. 

    According to rubbery elasticity theory, the rubbery moduli of polymer networks should 

be proportional to the crosslink densities.195 The experimental trends in Mc followed the 

expected trends for both the room temperature and high temperature curing conditions 

(Figure 4-10).  As the styrene concentration was increased, the rubbery moduli decreased 

and Mc increased.  Room temperature cures produced networks with lower rubbery 

moduli and higher Mc values than high temperature cures.  Consequently, more open 

networks (higher Mc) resulted when these materials were cured at lower temperatures.  
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Figure 4-10:  Effects of styrene concentration and cure procedure on rubbery 
moduli and molecular weights between crosslinks (Mc)194  
 

                                                           
195 I.M. Ward and D.W. Hadley, An Introduction to the Mechanical Properties of Solid Polymers, 
New York: Wiley, 1963. 
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    The glass transition temperatures of dimethacrylate-styrene networks also depend on 

the cure procedure (Table 4-3).  The network Tgs were significantly lower when the 

materials were cured at 25 °C followed by the postcure step, as compared to the materials 

cured in one step at a high temperature.  This was attributed to the larger Mc of these 

materials describing the more open networks.  Changes in the styrene concentrations had 

little effect on the network Tgs irrespective of the curing conditions.  Since the glass 

transition temperatures of high molecular weight polystyrene and also the analogous high 

molecular weight poly(hydroxyether)s are both near 100 °C, the Tgs of the networks were 

expected to be relatively insensitive to changes in chemical composition, but would 

deviate according to Mc. 

 
Table 4-3: Glass transition temperatures (°C) of dimethacrylate/styrene networks 
cured at 25 °C, then 93 °C and 140 °C194 

Weight % Styrene Tg 
 25 °C, then 93 °C cure 

Tg 

140 °C cure 

20 113 155 

28 119 147 

35 119 144 

 

    Increases in Mc normally result in improved toughness and/or ductility in 

networks.196,197,198 Surprisingly, the fracture toughness (K1c) consistently decreased as the 

styrene content was increased for networks cured at both low and high temperatures 

(Table 4-4).  If all the diluent was incorporated homogeneously into the network, then 

Mc, and thus the toughness, should have increased with styrene concentration.  One 

reason for the observed decrease in toughness is the brittleness of the polystyrene chains.  

The dimethacrylate oligomer possesses main chain aromatic units connected to rotatable 

bonds.  This provides low temperature energy absorbing motions.  Additionally, the fact 

that toughness decreased as the styrene concentration increased may be attributable to the 

                                                           
196 S. Pham and P.J. Burchill, Polymer, 36(17), 3279, 1995. 
197 J. Pearce, A.R. Siebert, D.R. Egan, C.D. Guiley, and R.S. Drake, Journal of Adhesion Science, 
49, 245, 1995. 
198 E. Sacher in Toughness and Brittleness of Plastics, R.D. Deanin and A.M. Crugnola, Eds., 
Advances in Chemistry Series, vol 154, Washington DC:ACS, 1976. 
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copolymerization kinetics.  The reactivity ratios for the comonomers predicted azeotropic 

compositions lower than the comonomer mixtures used in this study.  Moreover, these 

mixtures had compositions further from the azeotropic points at higher temperatures 

which resulted in greater drifts in the feed and copolymer composition.  The 

heterogeneous incorporation of comonomers adversely affects the mechanical properties 

of the networks (Table 4-5).  Generally, the networks cured at room temperature were 

stronger, tougher, and had higher elongations than those cured at 140 °C. 

 
Table 4-4: Effect of styrene content and cure procedures on fracture toughness (K1c) 
of dimethacrylate-styrene networks194 

weight  % 

styrene 

K1c (MPa⋅m0.5) 
25 °C, then 93 °C cure 

K1c (Mpa⋅m0.5) 
140 °C cure 

20 1.03 ± 0.04 0.87 ± 0.12 

28 0.94 ± 0.09 0.72 ± 0.11 

35 0.77 ± 0.05 0.63 ± 0.11 

 

 

Table 4-5: Summary of thermal and mechanical properties of dimethacrylate-
styrene networks (30 wt% styrene) as a function of cure procedure194 

 25 °C Cure, Postcure at 93 °C 140 °C Cure 
 
Tg (°C) 
 

 
119 

 
147 

Tensile Strength (ksi)* 
 

13.29 5.50 

% elongation* 
 

5.23 1.31 

Fracture Toughness (MPa⋅m0.5) 
 

0.94 ± 0.09 0.73 ± 0.11 

*Average Percent Error < 2% 
 
 
4.3.4 Shrinkage Studies 

    The shrinkage for five vinyl ester-styrene mixtures cured at 25 °C were measured and 

compared to Burts’s shrinkage data on networks cured at 140 °C.194  For a given cure 

procedure, as expected, the shrinkage increased as the small monomer styrene was 

increased from 20 to 60 weight % (Figure 4-11).  It is noteworthy that styrene 
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homopolymerizations are accompanied by densification in going from monomeric 

styrene with a density 0.9 g/cm3 to polystyrene with a density of 1.09 g/cm3, 

corresponding to approximately 17% volume shrinkage.199 There was a general decrease 

in cure shrinkage when the copolymer mixtures were cured at room temperature followed 

by a 93 °C postcure as compared to the materials cured at high temperatures in one step.  

Interestingly, differences in shrinkage between the two cure procedures became less 

pronounced at styrene contents greater than 40 weight %.   Since cure shrinkage depends 

on vinyl group conversion, it was anticipated that monomer conversion and volume 

shrinkage should parallel one another.  The FTIR data indicated lower conversions for the 

dimethacrylate groups when the materials were cured at 25 °C, then 93 °C (Figures 4-3 

and 4-4).  Therefore, less shrinkage was expected due to the incomplete conversion of 

these double bonds.  
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Figure 4-11: Effects of styrene concentration and cure procedure on the volume % 
of cure shrinkage 
 

    A closer examination of the shrinkage profiles for networks cured at 25 °C followed by 

a 93 °C postcure is provided in Table 4-6.  During the 8 h step conducted at 25 °C, a 

considerable amount of shrinkage occurred.  However, the shrinkage was minimal during 
                                                           
199 ASM International, Engineering Plastics, Engineered Materials Handbook, Vol. 2 
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the 2 h postcure.  This suggested that the overall network structure formed during the 

room temperature cure was maintained during the postcure. 

 

Table 4-6: Cure shrinkage of dimethacrylate-styrene networks cured at 25 °C, then 
postcured at 93 °C as a function of double bond conversion.  
 
(a) Cured for 8 hours at 25 °C 

Weight % 
Styrene 

% Shrinkage Moles vinyl groups 
converted 

20 3.7 0.25 
30 5.3 0.33 
40 7.5 0.39 
50 8.3 0.43 
60 9 0.46 

 
(b) Then postcured for 2 hours at 93 °C 

 
 

Weight % 
Styrene 

 
% Shrinkage 
attributed to 

postcure reaction 

Total moles vinyl 
group converted 

during room 
temperature and 
postcure reaction 

20 0.5 0.35 
30 0.7 0.47 
40 0.8 0.52 
50 1.3 0.58 
60 1.4 0.65 

  

    In an attempt to better understand how the copolymer compositions of these networks 

changed during the postcure step at 93 °C following a 25 °C initial cure, theoretical 

curves based on Mortimer-Tidwell reactivity ratios at measured 60 °C and 140 °C were 

generated for the 30 wt % styrene-vinyl ester mixture (Figure 4-12).  If the reactivity 

ratios at these two curing temperatures were representative of the 93 °C postcure step, the 

copolymer composition after the postcure step should lie between the two curves.  

However, as figure 4-12 indicates, this was not the case.  The applicability of the 

theoretical curves was further investigated by designating the initial composition of the 

feed as the composition at vitrification after the room temperature curing step, by 

generating the theoretical curves based on reactivity ratios bracketing 93 °C (60 °C and 

140 °C), then comparing these to the experimental composition after postcure (Figure 4-
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13).  The disparity between the theoretical curves and experimental data was even more 

significant utilizing this approach.  Figure 4-13 clearly shows that during the 93 °C 

postcure, the resultant copolymer mainly consists of styrene (i.e., low conversion of 

methacrylate endgroups).  Thus it is hypothesized that the minimal shrinkage which does 

occur during postcure can be mostly attributed to additional conversion of styrene.  It is 

believed that long sequence units of styrene form during the postcure, many of which 

exist as dangling ends.  Thus, it was reasoned that shrinkage was minimal because the 

overall network structure remained unaffected. 
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Figure 4-12:  Predicted copolymer compositions (Fs) as a function of overall double 
bond conversion during the 93 °C postcure.  The curves were generated from 
reactivity ratios measured at 60 °C and 140 °C and using time = 0 as the initial mole 
fraction of styrene in the feed. 
 
 
 

  117



 

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0 0.5
Conversion in postcure

F1
 (M

ol
e 

Fr
ac

tio
n 

St
yr

en
e 

in
 C

op
ol

ym
er

)

1

Theoretical (60C)
Theoretical (140C)
Experimental F1 during 93 C postcure

 
Figure 4-13: Predicted copolymer compositions (Fs) as a function of overall double 
bond conversion bracketing the composition region which should correspond to the 
93 °C postcure step.  The curves were generated from reactivity ratios measured at 
60 °C and 140 °C.  In this case, the initial mole fraction of styrene in the feed was 
taken as the composition at vitrification (f1 = 0.644) after the material was cured for 
8 h at 25 °C.  
 
 

4.3.5 Monomethacrylate Model Studies 

The synthesis of a monomethacrylate analogue of the dimethacrylate terminated 

poly(hydroxyether) oligomer was designed and characterized by Burts.194  Because of its 

difunctionality, it was thought that this monomer would yield a linear polymer, and thus 

copolymerization with styrene should produce a linear polymer (Figure 4-14). It was 

reasoned that this monomethacrylate would provide a better model for studying the 

reactivity of the dimethacrylate oligomer systems as opposed to methyl methacrylate.  

Moreover, it was hoped that linear products comprised of this difunctional monomer 

would be soluble, and, hence, many techniques could be used for analyses.  
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Figure 4-14.  Comparison of a dimethacrylate/styrene network and a 
monomethacrylate/styrene copolymer.   
 
 
4.3.5.1 Synthesis  

    The monomethacrylate model monomer was synthesized by the reaction of 4- 

cumylphenol and glycidyl methacrylate in a 1:1 mole ratio.  To facilitate the dissolution 

of 4-cumylphenol into glycidyl methacrylate, they were co-dissolved at 40 °C.  

Approximately 10 mole percent sodium hydroxide in water was used to catalyze the 

reaction by abstracting a proton from the 4-cumylphenol.  The reaction was carried out at 

70 °C and the sodium hydroxide solution was added dropwise over a period of one hour.  

The 4-cumylphenol anion opened the epoxide ring at the least hindered position, 

producing an alkoxide group.  This alkoxide anion was then protonated by another 

cumylphenol, which thus regenerated the cumyl phenolate.  The reaction mixture was 

allowed to react for 2 days at 70 °C.  The recovered yields for this reaction were high, 

approximately 93-95%.  Burts determined by HPLC that the yield of recovered monomer 

was 76 - 90 %  (Figure 4-15).194  

    The structure and purity of the monomethacrylate monomer were confirmed by 1H 

NMR (Figure 4-15).  Due to the structural similarities of the two isomeric forms, many of 

the peaks overlapped and could not be distinguished.  However, the chemical shifts from 
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3.6 ppm to 4.6 ppm were slightly different since this region corresponds to the structural 

differences between the two isomeric forms.  
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Figure 4-15: 1H NMR of the monomethacrylate model monomer. 

 
    The FTIR spectrum of the monomethacrylate was similar to the dimethacrylate 

oligomer (Figure 4-16). The main absorption bands of interest were 943 cm-1 for the 

methacrylate vinyl groups, 910 cm-1 for the styryl vinyl groups, and 830 cm-1 for the 

aromatic groups on both the monomethacrylate monomer and dimethacrylate oligomer.  

The spectrum of the difunctional monomer also had an additional peak at 700 cm-1 that 

interfered with the phenyl absorbance from styrene.  However, since the 830 cm-1 band 

remained unaffected, a similar quantitative treatment of the data (described earlier in 

4.2.5.2) was used to determine double bond conversion. 
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monomethacrylate 
700 g/mol dimethacrylate oligomer 
75 % monomethacrylate / 25 % styrene 

Figure 4-16.  FTIR spectra of the monomethacrylate monomer, the 700 g/mol 
dimethacrylate oligomer, and the monomethacrylate/styrene mixture 
 

4.3.5.2 Copolymerization Kinetics of a Monomethacrylate Model Compound 

 The monomethacrylate monomer was copolymerized with styrene at 25 °C and at 140 

°C.  These copolymerizations were significantly slower compared to similar reactions 

conducted with the dimethacrylate networks.  Benzoyl peroxide (1.1 wt. %) and 

dimethylaniline (0.0038 wt %) were mixed into the a 70:30 wt:wt mixture of the 

monomethacrylate and styrene to cure the materials at 25 °C.  Several days were required 

before high monomer conversion of 92 % was achieved.  By contrast, vinyl conversions 

of 80 % resulted in ~15 min when the reaction temperature was 140 °C (1.1 weight % 

BPO was used to initiate the copolymerization) (Figure 4-17).  Higher conversions (92 

%) were achieved when the reaction time was increased to 12 hours. 
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Figure 4-17.  Fractional conversion of the model monomethacrylate monomer 
diluted with 30 weight % styrene copolymerized at 140 °C 
 

    Kinetic profiles of these copolymerizations also demonstrated that the 

monomethacrylate reached high conversions faster than styrene.  The kinetics at early 

reaction stages were investigated utilizing reactivity ratios.  The initial estimates, 

obtained from the Mayo-Lewis method, were 0.37 and 0.23 for rm and rs respectively 

(Figure 4-18).  The reactivity ratios resulting from the non-linear statistical treatments of 

the data were 0.36 and 0.23 for rm and rs.  These values were very similar to the initial 

estimates and were surrounded by a small 95 % joint confidence interval (Figure 4-19).  

Moreover, these reactivity ratios were nearly equal to those measured when the vinyl 

ester resin was cured at 25 °C (rm = 0.35 and rs = 0.19).  This suggests that the 140 °C 

cure of the linear analog may be a useful model for gaining additional insight into the 

microstructure of dimethacrylate-styrene networks formed at low temperatures. 
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Figure 4-18.  Reactivity ratios for monomethacrylate (rm) and styrene (rs) at 140 °C 
using the Mayo-Lewis method 
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Figure 4-19.  Reactivity ratios of the monomethacrylate (rm) copolymerized with  
styrene (rs) at 140 °C using the non-linear method of analysis. 
 
    The copolymer compositions of the monomethacrylate/styrene copolymers were 

plotted as a function of total double bond conversion (Figure 4-20).  Similar trends were 

observed compared to the dimethacrylate/styrene system.  The experimental copolymer 

compositions agreed well with the predicted values at both early and intermediate 

conversions.  Deviations from the theoretical curves occurred earlier as the weight % of 

styrene was increased. 

  123



 

0.4
0.45

0.5
0.55

0.6
0.65

0.7
0.75

0.8
0.85

0.9

0 0.2 0.4 0.6 0.8 1

Total Double Bond Conversion

M
ol

e 
Fr

ac
tio

n 
of

 S
ty

re
ne

 in
 C

op
ol

ym
er

30 wt% St 
40 wt% St
60 wt% St

 
Figure 4-20.  Copolymer compositions (Fs) for the monomethacrylate-styrene 
copolymers as a function of overall double bond conversions for systematically 
varied concentrations of styrene in the feeds (fs). 
 
     The deviations in the copolymer composition curves would be surprising if one 

assumed that a linear product was formed from the copolymerization of the mono-

methacrylate and styrene.  However, the product was insoluble in common solvents 

(dichloromethane, 1-methyl-2-pyrrolidinone, chloroform, tetrahydrofuran).  Although 

both monomers in this copolymerization were difunctional, it was reasoned that gelation 

must have occurred due to chain transfer, the most likely site being the methine group 

adjacent to the hydroxyl group (Figure 4-21).  These chain transfer to polymer reactions 

have been observed in polymethacrylate, poly(vinyl acetate), poly(vinyl chloride), and 

poly(vinylidene fluoride). 
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Figure 4-21.  Proposed chain transfer to polymer site during the polymerization of 
the mono-methacrylate monomer   
 
    Glass transition temperatures of the copolymers were measured by dynamic 

mechanical analysis (Figure 4-22).  Table 4-7 shows the final conversions and Tgs of 

networks formed from  the monomethacrylate diluted with 25 weight % styrene.   Both 

room temperature and high temperature cures produced low Tg materials, suggesting that 

the networks were lightly crosslinked.  As expected, the glass transition temperature was 

higher when the comonomers were cured at higher temperatures.  This may be a result of 

a combination of three factors: (1) changes in the relative reactivity of the monomers 

which may result in formation of a different microstructure and (2) increased chain 

transfer to polymer to produce more crosslinks in the copolymer.   

    While the insoluble products were unexpected from the monomethacrylate 

copolymerizations, additional insight into the dimethacrylate-styrene chemistry was 

gained.  It is suspected that under the elevated temperature reaction conditions, these 

chain transfer reactions could be partially responsible for the relatively brittle mechanical 

properties observed for these networks.  
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20.326 

Figure 4-22.  DMA of a 75/25 monomethacrylate/styrene network formed at 140 °C. 

 

Table 4-7.  Summary of thermal and conversion data for monomethacrylates diluted 
with 25 weight % styrene at different cure temperatures.  

Cure 
Temperature (°C) 

Glass Transition 
Temperature (°C) 

Conversion 
(%) 

 
RT + 93 °C postcure 

 
7 

85 % methacrylate 
90 % styrene 

 
140 

 
20 

90 % methacrylate 
91 % styrene 

 

4.4 CONCLUSIONS 

The impact of cure procedure on the copolymerization kinetics and physical 

properties of dimethacylate-styrene networks was investigated.  The reactivity ratios were 

determined via a non-linear method at four different cure temperatures. The reactivity 

ratios indicated increased styrene incorporation at lower cure temperatures, resulting in a 

more open network structure.  Copolymer compositions were further from the azeotropic 

point as the cure temperature was increased.  Consequently, composition drift was greater 

at the higher cure temperatures.  Experimental network compositions deviated 

significantly from those predicted by the Meyer-Lowery integrated copolymer equation at 

later conversions.   This was attributed to changes in the comonomer reactivities 

throughout the thermosetting polymerization. 

The physical properties of the networks provided further insight into their structures.  

Low temperature cures produced networks that were stronger and tougher, as expected 
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for more open networks.  Surprisingly, the fracture toughness decreased as styrene 

concentration increased for all cure conditions studied.  This was attributed to both the 

inherent brittleness of polystyrene and the heterogeneous network structure produced at 

higher styrene concentrations, where composition drift was greater. 

A mono-methacrylate was synthesized to gain additional insight into the network 

formation reaction.  It was anticipated that polymerization of the difunctional material 

would yield a linear product, which would be an excellent candidate for future model 

studies.  Instead, chain transfer to polymer occurred and lightly crosslinked networks 

resulted, suggesting that these reactions are likely to occur in the vinyl ester as well.  The 

reactivity ratios at 140 °C indicated that the polymerization mirrored the room 

temperature cure of the dimethacrylate-styrene system. 
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CHAPTER 5: EXFOLIATED, PROCESSIBLE, HALOGEN FREE FLAME 
RETARDANT VINYL ESTER-POLYCAPROLACTONE NANOCOMPOSITES 
 
5.1  Introduction 
 

Vinyl ester oligomers diluted with styrene are important matrix resins for thermoset 

polymer matrix composites.  They react via free radical copolymerizations to form 

crosslinked composite matrices, similar to the curing reactions of unsaturated polyester – 

styrene resins.  The low room temperature viscosities of the vinyl ester – styrene mixtures 

coupled with tailorable cure schedules, low cost and excellent mechanical properties 

make them prime candidates for composites in transportation, infrastructure and marine 

applications.  Flame retardant vinyl ester composites are currently utilized by the Navy as 

well as in many private sector industry products.  In fact, of the 60 million lbs. of vinyl 

ester sold into the North American market in 2000, 10% (6 million lbs) were flame 

retardant with an annual growth rate of 4%.200  The current flame retardant technology 

depends on brominated resins.  The bromine content provides for a lower heat release 

rate; however, the smoke and carbon monoxide generation during burning is higher than 

in non-halogenated resins.5  Another disadvantage of the brominated systems is that the 

smoke generated during combustion could be both toxic and corrosive.201  To make vinyl 

ester resins more fire-retardant, synergists such as antimony trioxide can be added in 

combination with the halogens.  This can further reduce the peak heat release rate; 

however, it does not significantly decrease smoke generation.  For these reasons, 

imrovements over the brominated vinyl ester resins are desirable.     

    Layered silicate nanocomposites have been the subject of intense research ever since 

Toyota researchers reported a nylon-smectite clay nanocomposite in 1987.  Smectite 

clays, such as montmorillonite, have platelet morphology and a high aspect ratio (10-

2000).  They occur in nature and can be obtained at a relatively low cost.  In the Toyota 

report, Okada et al. showed that by replacing the hydrophilic Na+ and Ca2+ cations of the 

native clay with a more organophilic onium ion, they were able to polymerize ε-

caprolactam in the intergallery region of the clay.  At only 4.2 wt% clay, the modulus 
                                                           
200 R. Martens, Market Manager for CR/FR Composites, Reichold Inc, Research Triangle Park, 
N.C. Personal Communications, March 2001. 
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doubled, the tensile strength increased by 50+%, and the heat distortion temperature 

increased by 80 °C. 

    It was noted in several studies that these clays imparted flame retardant properties to 

the resins and their networks.  Gilman et al.202 reported a reduction in the peak heat 

release rate when 5 wt % clay was exfoliated in nylon 6.  Moreover, the system did not 

result in increased carbon monoxide or soot generation as is common with brominated 

flame retardants.  It was proposed that the mechanism for flame retardance involved the 

reinforced char layer acting as an insulator and a mass transport barrier, thereby slowing 

the escape of volatile decomposition products.  In another study an intercalated vinyl 

ester nanocomposite was formed and a 40 % reduction in peak heat release rate was 

obtained (using a heat flux of 35 kW/m2).  In this case the silicate was intercalated but not 

exfoliated (where an even larger reduction would be expected).  This compared to a 50% 

reduction in the peak heat release rate in a brominated versus non-brominated vinyl ester 

composite.139  This suggested that if the clay were exfoliated, the flame retardance of the 

nanoclay-vinyl ester might approach the efficiency of the brominated system.  

    The objective in this research was to develop and demonstrate the feasibility of a 

halogen-free, nanocomposite vinyl ester system that provided low flammability 

composites.  More specifically, the goal was to produce a vinyl ester nanocomposite that 

had similar or superior viscosity, cure, and mechanical properties to the Navy standard 

brominated vinyl ester, Derakane 510 A (a partially brominated vinyl ester resin 

produced by the Dow Chemical Corp.).  One challenge was to develop a process for 

composite fabrication suitable for incorporating these nanocomposite matrices.  Dramatic 

increases in resin viscosity were observed when the clays were added to the polymer 

matrix.  The viscosity increase prohibited resin infusion processes when the clays were 

added directly to the resins and fiber wet-out was impractical.  To avoid this problem, 

this chapter describes the synthesis and characterization of a novel fiber binder that 

contained an exfoliated organomodified montmorillonite.  The exfoliated clay binder was 

created using intercalative polymerization to form an end-tethered polymer layered 
                                                                                                                                                                             
201 F. LeLay and J. Gutierrez, “Improvement of the Fire Behavior of Composite Materials for 
Naval Application”, Polymer Degradation and Stability, 64, 397, 1999. 
202 J. Gilman, T. Kashiwagi, J. Lichtenhan, “Nanocomposites: A Revolutionary New Flame 
Retardant Approach”, International SAMPE Symposium Exhibition, 42(2) 1078, 1997. 
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silicate nanocomposite.  Ultimately, the novel nanocomposite binder will be added to the 

glass reinforcements during the fiber sizing and/or preform production process, and the 

typical non-modified vinyl ester resin will be resin infused in the preform. 

  
5.2  Experimental 

5.2.1. Materials 

    Derakane 441-400 and Derakane 510A (vinyl ester) resins were kindly supplied by 

Dow Chemical Co.  Derakane 441-400 consisted of 28 wt. % styrene and 72 wt. % of a 

700 g/mol dimethacrylate oligomer.  Additives such as inhibitors in the resin were not 

removed.  ε-Caprolactone (TONE) monomer and polycaprolactone (Mn = 4000, 36000, 

and 82000) were donated by Dow Chemical Company.  Benzoyl peroxide (BPO, 

Aldrich) was the free radical initiator for the elevated temperature cure reactions and was 

used as received.  For the materials cured at 25 °C, the initiating system consisted of 

cobalt naphthenate (CoNap), methyl ethyl ketone peroxide (MEKP), and N,N-

dimethylaniline (DMA).  CoNap (Alfa Aesar) and DMA (Aldrich) were used as reaction 

accelerators to promote the decomposition of MEKP, which was the initiator for the free 

radical copolymerization.  These reagents were used as received.  Cloisite 25 and Cloisite 

30B (Southern Clay) were the montmorillonite clays used in the nanocomposite 

synthesis. 

  

5.2.2 Cationic exchange of Cloisite 25 (Na+-Montmorillonite) 

    A 3 wt.% aqueous solution (in deionized water) of Cloisite Na+ was placed in a high-

speed blender and mixed at a high shear rate for 15 minutes.  The temperature was 

warmed to 50 °C by shear heating and the combination of heat and shear exfoliated the 

clay in water.  The solution was allowed to stand overnight and no settling occurred.  In a 

separate flask, an aqueous solution of 12-aminododecanoic acid was prepared.  The 

amount of 12-aminododecanoic acid required was calculated from the ion exchange 

capacity of Cloisite Na+ (95 meq/100 g clay).  The amino acid (3.23 g, 5 % excess) was 

used to treat 15 g of exfoliated Cloisite-Na+.  The amino acid was dissolved in 50 mL of 

deionized water and 3.8 g of concentrated HCl.  The solution was heated to 85 °C.  The 
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exfoliated clay solution was placed in a 1-L, 4-neck flask equipped with an overhead 

stirrer and a drop funnel.  The clay solution was warmed to 60 °C.  The 12-

aminododecanoic acid solution was dripped into the dilute clay solution via the drop 

funnel while under constant agitation.  Immediately upon addition of the 12-

aminododecanoic acid/ HCl solution the clay solution precipitated, indicating that the ion 

exchange was successful.  The mixture was stirred overnight, filtered, and washed three 

times with deionized water.  The treated clay was then dried at 80 °C for 15 h and 

pulverized.  Yield:  14.4 g of dried, organic treated clay, 80 % yield. 

 

5.2.2 Nanocomposite Preparation 

    Two different organically modified montmorillonite clays were investigated in 

reactions to form polycaprolactone nanocomposites.  One was the organic functionalized 

clay (Figure 5-1) that was synthesized by ion exchange of Cloisite Na+ with 12-

aminododecanoic acid (described in Section 5.2.2).  The second montmorillonite utilized  
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Figure 5-1: Surface treatment of montmorillonite with 12-aminododecanoic acid 

 

was Cloisite 30B.  This clay was surface treated with a quaternary ammonium 

compound providing two primary hydroxy groups (Figure 5-2). The organically modified 
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Figure 5-2: Surface treatment of Cloisite 30 B (Southern Clay Products) 
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was premixed into the caprolactone monomer and 2000 ppm dibutyltin oxide was added 

as a catalyst.  Due to the very high viscosities obtained, a high speed blender was utilized 

to mix the clay.  The clay/caprolactone mixture was allowed to sit for 3 – 5 days to allow 

enough time for the monomer to completely wet out the clay and diffuse into the 

intergallery regions prior to polymerization.  The mixture was then transferred to a glass 

reaction vessel and placed in a constant temperature oven.  The oven ensured even 

heating even without agitation and the reaction was carried out under essentially solid 

state conditions.  The temperature was gradually ramped from 60 °C to 140 °C and then 

held for 15 hours.  

 

5.2.3 Preparation and cure of Derakane-Polycaprolactone Mixtures  

        The Derakane-PCL blends (with and without clay) were prepared by dissolving 20 

weight % polycaprolactone (or 25 weight % exfoliated PCL containing 20 weight % 

clay) into the vinyl ester at 65 °C for 3 h.  Constant stirring was carried out until a 

homogeneous mixture was formed.  The blends were cured at room temperature using the 

following amounts of initiators and accelerators: 0.15 weight % Co Nap, 0.038 weight % 

DMA, and 1.1 weight % MEKP (based on weight of the vinyl ester resin).  After the 

addition of each reagent, the mixture was stirred by hand.  Upon addition of the final 

reagent, the mixture was poured into a silicone rubber mold and reacted for 

approximately 10 h at room temperature.  The resultant network was then postcured at 93 

°C for 2 h.  For postcuring, the networks were placed in a preheated oven. 

 

5.2.4 Preparation of Carbon Fiber Reinforced Panels 

    Composite panels were produced with 0-90-0, 3-ply, AS-4 carbon fiber sized with 0.67 

weight % phenoxy resin.  The PCL binder and resin were premixed (as described in 

section 5.2.3).  Benzoyl peroxide (1.1 weight % based on weight of the vinyl ester resin) 

was dissolved into the mixture to serve as a reaction initiator.  The resin mixture was 

degassed to remove air bubbles prior to adding it to the mold containing the fiber plies.  

Panels were prepared via resin infusion molding.  The press was initially heated to 60 °C 

to decrease the viscosity of the resin mixture and ensure complete wetting of the fibers, 

  132



 

and this temperature was maintained held for 30 minutes.  Then, the panels were cured at 

140 °C for one hour. 

 

5.2.5 Characterization 

5.2.5.1 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 

    1H NMR was conducted on a Varian Unity 400 NMR spectrometer and was used to 

monitor the ring-opening polymerization of the caprolactone.  Samples were taken at 

different reaction times and dissolved in deuterated chloroform for analysis. 

5.2.5.2 Fourier Transform Infrared Spectroscopy (FTIR) 

    The reaction kinetics of the Derakane/PCL blends were determined using the method 

described in section 4.2.3.2. 

5.2.5.3 Small Angle X-ray Diffraction (SAXS) 

    Time-resolved simultaneous synchrotron small-angle X-ray scattering and wide-angle 

X-ray diffraction measurements, SAXS/WAXD, were performed at the Advanced 

Polymers Beamline, X27C, using the National Synchrotron Light Source (NSLS), 

Brookhaven National Laboratory (BNL).  The wavelength of the X-ray beam was 1.366 

Å.  The beam size was about 0.4 mm in diameter at the sample position.  Synchrotron X-

rays were collimated using a 2o tapered tantalum pinhole collimator.  SAXS/WAXD 

profiles were recorded by two linear position sensitive detectors (European Molecular 

Biological Laboratory, EMBL), with sample-to-detector distances of 1788 mm for SAXS 

and 220 mm for WAXD, respectively.  The SAXS scattering angle was calibrated with 

silver behenate and the intensity was normalized for incident beam fluctuations.  The 

WAXD pixel resolution and the diffraction intensity were calibrated by comparing the 

synchrotron data with Siemens Hi-Star X-ray diffractometer data (CuKα) in θ-θ 

reflection, and were corrected for detector non-linearity and the empty beam scattering.  

The angular scale of the synchrotron WAXD data (λ = 1.366 Å) was also converted to a 

scale corresponding to λ = 1.542 Å.  

5.2.5.4 Transmission Electron Microscopy (TEM) 

    A Philips model 420 T transmission electron microscope was employed at 100 kV for 

probing the nanocomposite structure at high magnification.  Samples were cryo-
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microtoned.  Aqueous dispersions of the sample slices were placed on carbon-coated 

copper grids and allowed to air dry. 

5.2.5.5 Dynamic Mechanical Analysis (DMA) 

    A TA Dynamic Mechanical Analyzer (Q800) was used to determine glass transition 

temperatures of the vinyl ester blends.  The temperature of the maximum in the loss 

tangent peak was taken as the glass transition temperature.  The heating rate was 5 

°C/min and the frequency was 1 Hz under amplitude control.  The amplitude was set at 

~20 µm.  The samples had a thickness of 2 mm, width of 6.2 mm, and length of 20 mm. 

5.2.5.6 Thermogravimetric Analysis (TGA) 

    A TA Thermogravimetric Analyzer (Q50) was used for the following: (1) to confirm 

clay content in the PCL nanocomposites and (2) to investigate the thermal stability of the 

nanocomposites.  Approximately 5–10 g of sample were placed in a platinum pan and 

heated from 50 to 1000 °C at 10 °C/min. 

5.2.5.7 Cone Calorimetry 

    Flame retardance of the composite panels was investigated at the Carderock Naval 

Surface Warfare Lab in Bethesda, MD using cone calorimetry.  The samples were 4 cm 

in length by 4 cm wide and 6.3 mm thick.  The samples were heated in a horizontal 

orientation in a cone calorimeter at 50 kW/m2 incident heat flux.  Char yields, smoke 

toxicity, peak heat release rates, total heat released, and times to ignition were measured. 

5.2.5.8 Mechanical Testing 

    Tensile tests were performed in accordance with ASTM D3039-95a for the cross-ply 

composites.  These tests were performed using an Instron screw driven load frame 

operated in displacement control at a rate of 1.25 mm/min.  The final test specimen 

dimensions of were 17.8 cm x 2.54 cm x 0.4 cm.  The edges of the specimens were 

polished using 100, then 400, followed with 600 grit wet sandpaper.  (Gripping length 

was 2 inches.)  One extensometer and two to four strain gages were used to measure 

strain. Two layers of double-sided tape, as opposed to the conventional aluminum tabs 

were used for gripping of the extensometer blades.  A minimum of 10 specimens for the 

axial direction and 3 specimens for the transverse direction were tested. 
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5.3 Results and Discussion 

    One objective of this research was to develop and characterize an exfoliated, end-

tethered nanocomposite binder with controlled solubility in vinyl ester resins.  The novel 

binder was investigated as a means to prepare halogen-free, vinyl ester composites in 

currently practiced production techniques, specifically vacuum assisted resin transfer 

molding (VARTM).  A second objective was to investigate the flame properties of these 

nanocomposite materials. For commercial application, the following criteria must be 

fulfilled:   

(1) The binder must be miscible with the vinyl ester resin. 

(2) The binder should not interfere / inhibit the room temperature cure of the 

vinyl ester network. 

(3) The presence of binder cannot affect the mechanical properties of the vinyl 

ester network. 

(4) The presence of the binder in the vinyl ester network must result in flame 

properties similar to the commercial brominated vinyl ester network. 

 

5.3.1 Miscibility Study of Derakane-PCL Blends 

    Currently available fiber binders include amorphous polyesters based on ethoxylated or 

propoxylated bisphenol-A. Polycaprolactone is soluble in styrene, thermodynamically 

miscible with vinyl ester oligomers, and has a melting point of ≈60 °C (depending on 

molecular weight).  A series of vinyl ester resin/polycaprolactone blends were prepared.  

The molecular weight and concentration of PCL was varied to gain additional insight into 

any crystallization behavior and miscibility with the resin.  Crystallization of 

polycaprolactone was a particular concern because it could result in phase separation of 

the blend.    The DMA curve of polycaprolactone (Figure 5-3) shows a drop in storage 

modulus (E’) between –60 and –30 °C due to the glass transition temperature (≈-40 °C).    
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Figure 5-3: DMA curve of 36, 000 g/mol Polycaprolactone 

    Below the Tg, small peaks were evident in the tan delta curve at –80 and –130 °C.  

These are the beta and gamma transitions caused by the local motion of the polymer 

chains as opposed to large scale co-operative motion that accompanies the Tg.  The DMA 

curve of a cured 80/20 wt/wt vinyl ester resin/36k PCL blend indicated that the 

polycaprolactone was miscible in the commercial Derakane 441-400 resin (Figure 5-4).  

The Tg of the blend decreased from 127 °C (Tg of vinyl ester control) to 97 °C.   In the 

low temperature regime, only the beta transition of the PCL was present, giving further 

evidence of miscibility.  All the blends prepared in this study produced similar DMA 

curves.  Table 5-1 shows a summary of the glass transition temperatures of the entire 

series.  Depressed Tg values were observed at all PCL concentrations and molecular 

weight.  As the amount of PCL increased, the glass transition temperature decreased.  

Table 5-1 also provides a qualitative description of the cured blends.  Evidence of 

crystallization occurred at PCL contents > 20 weight %.  The blends that contained low 

molecular weight PCL were hazy while the blends that contained higher molecular 

weight PCL were opaque.  The opacity of the cured vinyl ester-36k PCL blends 

suggested that the synthesis of low molecular weight PCL chains may be desirable in 

order to limit its crystallization.       
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Figure 5-4: DMA curve of Neat Vinyl Ester Resin and 80/20 wt/wt Derakane-PCL 
blend 
 

Table 5-1: Glass Transition Temperatures of Derakane-PCL Blends as a Function 
of Molecular Weight and Concentration 

weight % PCL Mn (kg) Tg (°C) Observations 

0 - 127 Clear, stiff 

5 4 122 Clear, stiff 

10 4 113 Clear, stiff 

20 4 103 Hazy, semi-flexible 

30 4 75 Hazy, flexible 

5 36 119 Clear, stiff 

10 36 111 Clear, stiff 

20 36 105 Opaque, flexible 

30 36 105 Opaque, very flexible 
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5.3.2 Characterization of Polycaprolactone Layered Silicate Nanocomposites 
 
5.3.2.1 Monitoring Insitu Intercalative Polymerization via 1HNMR 
 
   The PCL nanocomposites were prepared via intercalative polymerization.  A typical 

procedure involved dispersing the organoclay into the monomer, followed by ring 

opening polymerization of the caprolactone monomer (Figure 5-5).  1H NMR and thermo 

gravimetric analysis was used to verify the formation and compositions of the PCL-clay 

nanocomposites (Figures 5-6 and 5-7).  It is proposed that the hydroxyl pendent groups 

on the Cloisite act as initiators for the polymerization of caprolactone.  Initiation involves 

the nucleophilic attack on the lactone carbonyl group, resulting in ring-opening and 

formation of a new hydroxyl group.203,204,205 Propagation occurs as a result of similar 

nucleophilic attack on unreacted lactone monomer by the terminal hydroxyl groups. The 

mechanism of initiation in the presence of the 12-aminododecanoic acid modified clay 

remains in question.  It may be that the carboxylic acid can slowly initiate caprolactone to 

produce an anhydride linking group.  It is deemed more likely, however, that adventitious 

water functions as the initiator in this case.  Opening the seven membered ring results in a 

upfield shift of the peaks in the NMR spectra.  The spectra clearly show that caprolactone 

reacts in the presence of both nanofillers.  Complete conversion to polymer was assumed 

when residual monomer was not detected in the NMR spectrum (~15 h).  The peak 

broadening in the spectra may be partially attributed to terminal attachment of the 

polycaprolactone to the silicate layers, which would restrict chain mobility. 

 

 

    

                                                           
203 D. Knani, A.L. Gutman, and D. H. Kohn,  Journal of Polymer Science, Part A: Polymer 
Chemistry, 31, 1221, 1993. 
204 A.S. Sawhney, P.P. Chandrashekhar, and J.A. Hubbell, Macromolecules, 26, 581, 1993.  
205  P. Cerrai, Polymer, 30, 338, 1989. 
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 Figure 5-5: Synthesis of an end-tethered polycaprolactone layered silicate 
nanocomposite via insitu intercalative polymerization 
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Figure 5-6: 1H NMR used to monitor polymerization of PCL in the presence of 20 
weight % 12-aminododecanoic acid modified MMT 
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Figure 5-7: 1H NMR used to monitor the polymerization of PCL in the presence of 
20 weight % Cloisite® 30B 
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5.3.2.2 Morphological Characterization of Polycaprolactone Nanocomposites 

    Transmission electron microscopy and X-ray diffraction are common analytical tools 

used to establish the nanocomposite structure.  TEM is useful for determining the overall 

morphology of the nanocomposite while XRD provides information about interlayer 

spacing.  Figure 5-8 shows TEM images for both the 12-aminododecanoic acid modified 

MMT and Cloisite 30B dispersed at 20 weight % in the polycaprolactone matrix.  The 

TEM images indicated that the montmorillonite was dispersed throughout the polymer 

but contained a combination of intercalated and exfoliated regions.  

         
Figure 5-8: TEM of 20 weight % (a) Cloisite 30B and (b) 12-aminododecanoic acid 
dispersed in polycaprolactone 
 

Better exfoliation was achieved when less clay was loaded into the polymer (Figure 5-9).  

At the lowest clay composition (5 weight %), essentially complete exfoliation was 

achieved.  The amount of intercalated regions became greater as the weight % of clay 

was increased.  This trend was also observed in other nanocomposite systems.126,142,148  

However, the clay was relatively well dispersed in the polymer matrix at all clay 

compositions. 
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a. 5 weight %      b. 10 weight % 

        

       c. 20 weight % 

 

Figure 5-9: TEM Images of PCL/ Cloisite Nanocomposites as a Function of clay 
loading 
 
    Small and wide angle X-ray scattering was used to determine the interlayer spacings of 

the PCl nanocomposites (Figures 5-10 - 5-12).  Measurements were taken at room 

temperature and 70 °C (above the melting point of polycaprolactone).  The data were 

normalized to film thickness to enable semi-quantitative comparisons.  (Since the clay 
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scatters X-ray radiation strongly, the magnitude of the intensity was also related to the 

amount of clay present in the sample).  The crystalline structure of the semicrystalline 

polymer did not interfere with the silicate diffraction patterns (Figure 5-12).  The 

organoclays showed a silicate (001) reflection at 2θ = 4.8 ° (Cloisite 30B) and 6.4 ° (12-

aminoacid-MMT) corresponding to a layer d-spacing of 18 Å and 14 Å respectively.  

Intense reflections between 3 and 9° (6 – 29 Å) indicated an intercalated structure where 

the polymer was confined in the clay galleries.  The SAXS data for both organoclays 

showed weak peaks due to the intercalated regions in the PCl nanocomposite (Table 5-4).  

The intercalated regions of the 12-aminododecanoic acid modified clay exhibited an 

interlayer spacing of 16 Å, which was close to the orginal interlayer spacings of the clay.  

Nanocomposites prepared from Cloisite 30B showed similar trends.  At 5 weight % clay 

concentration, the nanocomposite had an interlayer spacing of 16 Å.  Interestingly, two 

diffraction peaks were observed for the 20 weight % clay sample.  The interlayer 

spacings of the nanocomposites were 17 and 40 Å.  Based on the TEM and SAXS data, it 

was concluded that the intercalative polymerization method successfully delaminated 

some clay platelets while having little or no impact on others. 

  

0

0.02

0.04

0.06

0.08

0.1

0.12

2 4 6 8
Diffraction Angle  (2 Theta)

In
te

ns
it

y

10

AA-modified clay

PCl / 5 wt% AA-clay

 
Figure 5-10: SAXS showing the diffraction peaks of 12-aminododecanoic-acid 
modified MMT and 95/5 (by weight) polycaprolactone layered silicate 
nanocomposite derived from 12-aminododecanoic acid modified MMT 
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Figure 5-11: SAXS showing the diffraction peaks of Cloisite 30B, 95/5 (by weight) 
polycaprolactone layered silicate nanocomposite and 80/20 (by weight) Cloisite 
30B 
 

 
 
Table 5-2:  Summary of SAXS data 

SAMPLE Diffraction Angle 
2θ (°) 

Interlayer Spacing 
(Å) 

 
12-aminoacid-MMT 

 
6.4 

 

 
14 

PCL / 5 wt% 12-AA MMT nanocomposite 5.3 17 
 
Cloisite 30B 
 

 
4.8 

 
18 

PCL / 5 wt% Cloisite 30B nanocomposite 
 

5.4 16 

PCL / 20 wt% Cloisite 30 B nanocomposite 2.2, 5.2 40, 17 
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Figure 5-12: WAXS showing the diffraction peaks of Cloisite 30 B, 36k PCL, and 
80/20 (by weight) polycaprolactone layered silicate nanocomposite derived from 
Cloisite 30 B 
 

5.3.4 Characterization of Vinyl Ester-PCL Nanocomposites 

5.3.4.1 Introduction 

    The previous sections focused on the synthesis and characterization of a novel 

polycaprolactone layered silicate nanocomposite, which was prepared to be a binder for 

fiber reinforced composites.  Previous work by others suggested that significant 

improvement in mechanical and flame retardant properties occurred at low clay 

concentrations (3 – 5 weight %).97,155  One objective of the present work was to 

understand the impact on these physical properties when the PCL nanocomposite was 

introduced into the vinyl ester network.  Our approach an investigation of the cure 

behavior and morphology of the vinyl ester-PCL nanocomposites. 

    The vinyl ester-PCL nanocomposites contained 5 weight % clay.  Since both 

organoclays (12-aminododecanoic acid modified MMT and Cloisite 30B) possessed 

similar morphologies and nanocomposite structures, Cloisite 30B was employed as the 

nanofiller for this study.  All vinyl ester-PCL nanocomposites were prepared from a PCL 

nanocomposite comprised of 20 weight % clay. 

 

5.3.4.2 Cure Kinetics of Vinyl Ester-PCL Nanocomposites 

   The cure kinetics of the vinyl ester nanocomposites was investigated via FT-IR 

spectroscopy.  The adsorption bands of polycaprolactone did not interfere with the peaks 
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of interest, specifically the methacrylate and styrene double bonds 943 cm-1 and 910 cm-1 

respectively (Figure 5-13).  Therefore, the data were treated using the procedure 

described in Section 4.2.5.2.  Fractional conversion vs. time was plotted for the neat vinyl 

ester resin and compared to a 20 weight % polycaprolactone nanocomposite binder/vinyl 

ester resin (Figures 5-14 and 5-15).  Complete cure of the sample was obtained in 4 

minutes for both systems.  This confirmed that addition of the polycaprolactone 

nanocomposite binder did not inhibit the curing reaction of the vinyl ester composite. 

 

 
Figure 5-13: FT-IR Spectra of 36k PCL, Neat Derakane 441-400 (vinyl ester resin), 
and 75/25/5 by weight vinyl ester-PCL layered silicate nanocomposite derived from 
Cloisite 30 B 
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Figure 5-14: Fractional conversion profile of neat Derakane 441-400 resin at 140 °C 
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Figure 5-15: Fractional conversion profile for 80/20 wt/wt Derakane 441-400-PCL 
blend at 140 °C 
 
 
 5.3.4.3 Morphological Characterization 

    The cured vinyl ester-PCL nanocomposites were analyzed by TEM to determine the 

overall morphology of the blend (Figure 5-16).  The polycaprolactone nanocomposite 

was added at 25 weight % to give a final montmorillonite content of 5 weight %.  The 

TEM analysis showed that the clay was well dispersed in the polymer matrix and 

remained exfoliated.   
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Figure 5-16: TEM of a cured 75 weight % Vinyl ester / 20 weight % 
Polycaprolactone Nanocomposite filled with 5 weight % Cloisite 30 B 
 

5.3.4.4 Thermal and Mechanical Properties 

    The thermal and mechanical properties of fiber reinforced thermoset networks make 

them ideal for many structural applications as alternatives to metal or ceramic materials.  

Compared to ceramics, thermosets offer lightweight and improved better toughness.  The 

physical properties of the vinyl ester-PCL-clay nanocomposite networks were 

investigated and compared to a commercial vinyl ester (Derakane 441-400) network. 

    The glass transition temperature of a room temperature cured 75 / 20 / 5 (by weight) 

vinyl ester-PCL layered silicate nanocomposite was measured by DMA (Figure 5-17).  

The nanocomposite exhibited a Tg of 94 °C, which was very close to the Tg of the room 

temperature cured 80 / 20 (by weight) vinyl ester-PCL blends.  When the nanocomposite 

was fully cured, it had a hazy appearance. The appearance of the cured vinyl ester –PCL 

nanocomposites resembled the vinyl ester networks blended with low molecular weight 

PCL (Table 5-1).  This implied that either of low molecular weight polycaprolactone was 

formed during the intercalative polymerization of caprolactone monomer or the clay 

limiting the size of the crystals formed.   

  149



 

 

Figure 5-17: DMA of 75/20/5 (by weight) vinyl ester-polycaprolactone layered 
silicate nanocomposite compared to neat Derakane 441-400 (vinyl ester resin) 
  
       The mechanical properties of a series of 3 ply AS4 carbon fiber reinforced 

composites were evaluated.  All composite were prepared such that the composition 

matrix component was 75/25/5 (by weight) vinyl ester-polycaprolactone layered silicate 

nanocomposite. The specimens were compared to 3 ply AS4 carbon reinforced 

composites based on the neat Derakane 441-400, which served as the control.   Fiber 

volume fractions were 0.76 and 0.73 for the control and the vinyl ester-PCL layered 

silicate composites, respectively.   

    The mechanical property data for the 3-ply carbon fiber reinforced composite series, 

are shown in Figure 5-18 and Table 5-3. The 75/25/5 vinyl ester-PCL-clay system had a 

slightly lower modulus and strength than the control.  Although it was expected that the 

reinforcing clay would increase the modulus, the polycaprolactone decreased it and the 

net effect resulted in almost no change.  Moreover, the behavior of the clay-filled resin 

interacting with the carbon AS4 resulted in earlier failure as seen in the broader deviation 

from linear stress/strain curves.  
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    The Derakane 441-400 control and 75/25/5 vinyl ester-PCL-clay crossplies failed very 

differently.  The failure in nanocomposite vinyl ester sample was gradual, becoming 

faster during the analysis.    As a result, the stress-strain curve was continuously changing 

above 1.2% strain.  In contrast, the fiber-reinforced networks without clay failed with 

little warning.   
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Figure 5-18: Tensile Stress-Strain curve for carbon reinforced cross ply composites 
comparing the Derakane 441-400 control to 75 / 20 / 5 (by weight) vinyl ester-PCL 
layered silicate nanocomposites  
 
 
Table 5-3: Tensile data comparing the carbon fiber reinforced 75/ 20/5 (by weight) 
vinyl ester-PCL layered silicate nanocomposite to the neat vinyl ester resin 

Property 

Vinyl Ester-PCL 
Layered Silicate 
Nanocomposite 

Neat Vinyl Ester 
Resin 

Tensile Strength (Ksi) 139.8 ± 2.4 180.5 ± 6.8 
Tensile Strain (%) 1.35 ± .08 1.50 ± .22 

Tensile Modulus (Msi) 11.4 ± 1.4 12.2 ± 1.2 
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5.3.4.6 Flame Properties 

    Seven samples were analyzed by cone calorimetry (Table 5-4).  Samples 1-3 were 

carbon fiber-reinforced vinyl ester nanocomposites prepared with the polycaprolactone 

binder.  Samples 4 and 5 were prepared utilizing Derakane 510A-40 (the flame retarded 

brominated vinyl ester control).  Samples 6 and 7 were the control samples prepared with 

Derakane 441-400 without clay or bromine.   

 

Table 5-4: Cone Calorimetric Data for Carbon Fiber Reinforced Composites 

 
 

Sample 

 
 

Fiber 

 
 

Binder 
 

 
Wt. % Resin 
in Composite

 
Peak 
HRR 

 

 
% wt. loss 
after cone 

calorimetry 

 
Ave. 
CO 

(kg/kg) 
1 54.3 

wt.% 
AS-4 

11.43 wt.% binder 
(9.14 wt. % PCL 

& 2.29 wt.% clay) 

34.28 wt% 
Derakane 
441-400 

 
584 

 
43.2 

 
0.0746 

2 67 
wt.% 
AS-4 

8.29 wt.% binder  
(6.63 wt.% PCL & 

1.66 wt.% clay) 

24.87 wt.% 
Derakane 
441-400 

 
550 

 
38.8 

 
0.1357 

3 72.8 
wt.% 
AS-4 

6.79 wt.% binder  
(5.43 wt.% PCL & 

1.34 wt.% clay) 

20.38 wt.% 
Derakane 
441-400 

 
433 

 
33.8 

 
0.1802 

4 74.6 
wt.% 
AS-4 

 
0% 

25.4 wt.% 
brominated 
Derakane 

510A 

 
152 

 
33.4 

 
0.4231 

5 75.5 
wt.% 
AS-4 

 
0% 

24.5 wt.% 
brominated 
Derakane 

510A 

 
160 

 
32.2 

 
0.3678 

6 76.9 
wt.% 
AS-4 

 
0% 

23.1 wt.% 
Derakane 
441-400 

 
347 

 
34.3 

 
0.2657 

7 73.21 
wt.% 
AS-4 

 
0% 

26.79 wt.% 
Derakane 
441-400 

 
352 

 
34.8 

 
0.2231 

 
 

    Even though samples 1-3 contained 5 weight % exfoliated montmorillonite, they 

exhibited peak heat release rates significantly higher than both control materials.  It 

appeared that the polycaprolactone contributed to the higher peak heat release rate 
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counteracting any benefit which was obtained from the exfoliated clay.  Figure 5-19 

shows the Heat Release rate vs. time for the 7 samples (see Table 4 for data).  The weight 

losses were greater than the sum of the weights of the resin and binder which was 

expected for carbon fiber-reinforced composites. Carbon fiber, unlike glass fiber, will 

suffer weight loss upon burning and contribute to the overall weight loss.   
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Figure 5-19: Heat release rate as a function of time for carbon cross ply composite 
samples. The matrix components used in this study were 70/20/5 vinyl ester-PCL 
layered silicate nanocomposite (Samples 1-3), the brominated vinyl ester resin 
(Samples 4-5) and the neat vinyl ester resin control (Sample 6-7) in accordance with 
the materials in Table 5-4.  
 
    The cone calorimetry data indicated that the addition of the polycaprolactone to the 

vinyl ester composite negated most of the positive effect from the exfoliated clay as a 

flame retardant.  Table 5-5 shows the normalized Peak Heat Release Rate for samples 1 – 

7.  The vinyl ester PCL nanocomposite (samples 1-3) exhibited similar normalized Peak 

Heat Release Rate to the non-brominated control (samples 6-7).  However, these values 
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were significantly larger than the brominated control (samples 4-5).  The vinyl ester PCL 

nanocomposite (sample 1) for example had a normalized Peak Heat Release Rate of 

1278.  This is a 15% reduction as compared to the non-brominated control (sample 6), 

but it was much larger than the brominated control’s (sample 4) normalized PHRR of 

598.  

  

Table 5-5: Normalized Peak HRR (Composite Peak HRR / % Resin).  The material 
descriptions are in accordance with those in Table 5-4. 

Sample % Resin Normalized Peak 
HRR 

1 45.7 1277.9 
2 33.0 1666.7 
3 27.2 1591.9 
4 25.4 598.4 
5 24.5 653.0 
6 23.1 1502.2 
7 26.8 1313.0 

    

    Although this shows that the exfoliated clay did provide a reduction in the peak HRR, 

it showed that the binder-resin composition may also need to be flame retardant.  This 

sparked additional investigations into the proper choice of a carrier resin for the 

exfoliated binder.  Thermogravimetric analysis was utilized to further characterize the 

polycaprolactone nanocomposite’s effectiveness as a flame retardant binder (figures 5-20 

and 5-21).  The TGA data showed a 30% weight loss due to degradation of the organic 

portion of the clay.  Based on this, the nanocomposites containing 20 % clay should have 

a char yield of 14 % from the inorganic layer alone.  The TGA of the polycaprolactone 

nanocomposite exhibited exactly 14 % char yield, suggesting that the polycaprolactone 

completely incinerated and did not contribute to the char yield.   

    As reported in the literature, the mechanism for flame retardance is the formation of a 

char layer restricting volatilization of hazardous smoke and gases.155,206  The presence of 

the clay should reinforce the char layer, thereby enhancing the flame retardant properties.   

 

                                                           
206 J. Gilman, T. Kashiwagi, and J. Lichtenhan, “Nanocomposites: A Revolutionary New Flame 
Retardant Approach”, International SAMPE Symposium Exhibition, 42(2), 1078, 1997. 
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The total lack of char formation from the polycaprolactone can be explained by the 

ineffectiveness of the exfoliated clay, since there was no char to reinforce.  The lack of 

char combined with the inherent flammability of polycaprolactone can explain why the 

exfoliated nanocomposite vinyl ester composites did not have a reduced peak heat release 

rate as compared to the controls. 

 

  

 

70.5 wt % 

14.2 wt % 

Figure 5-20: TGA of Cloisite 30B and 80/20 (by weight) polycaprolactone layered 
silicate nanocomposite derived from Cloisite 30B in air 
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70.2 wt % 

14.5 wt % 

Figure 5-21: TGA of Cloisite 30B and 80 / 20 (by weight) polycaprolactone layered 
silicate nanocomposite derived from Cloisite 30B in N2 
 
 
    The TGA data of the cured vinyl ester resin samples is shown in Figures 5-22 and 5-

23.  Compared to the brominated control and the neat Derakane 441-400, the vinyl ester-

PCL exfoliated clay nanocomposite produced slightly higher char yields. A summary of 

the char yields are provided in Table 5-6. 
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Figure 5-22: TGA comparison of room temperature cured Derakane 441-400, DOW 
brominated vinyl ester, and 75/25/5 (by weight) vinyl ester-PCL layered silicate 
nanocomposite in air 
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Figure 5-23: TGA comparison of room temperature cured Derakane 441-400, DOW 
brominated vinyl ester, and 75/25/5 (by weight) vinyl ester-PCL layered silicate 
nanocomposite in N2 
 
 
Table 5-6: Summary of Char Yields Obtained from Thermogravimetric Analysis at 
800 °C 

 
Sample 

Char Yield 
(weight %) 

(In Air) 

Char Yield 
(weight %) 

(In N2) 
Derakane 441-400 Control 0 7 
Brominated Derakane (510A) Control 0 9 
20 weight% Exfoliated Clay in Polycaprolactone 14 14 
80 % Vinyl Ester / 20 % PCL 1 7 
Vinyl Ester-PCL Nanocomposite (5% Clay 20% PCL) 4 12 

 

5.4 Conclusions 

  The development of a novel binder proved to be a necessary tool for preparing 

processible fiber reinforced composites.  The surface of montmorillonite was successfully 

modified with an organic moiety to initiate the polymerization of polyesters.  A 

polycaprolactone binder with 20 weight % MMT was synthesized via in-situ intercalative 
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polymerization to produce a partially exfoliated nanocomposite.  The use of this novel 

binder did not interfere with the cure of the vinyl ester resin nor did it significantly 

decrease the mechanical properties.  Cone calorimetry showed that the partially 

exfoliated clay / polycaprolactone nanocomposite did not reduce the peak heat release 

rate of the vinyl ester composite because of the inherent flammabity of polycaprolactone.  

Future work will focus on the utilization of other flame retardant materials such as 

Novolac, organophosphates and heteropolyacids. 
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CHAPTER 6: DEVELOPMENT OF A FLAME RETARDANT BINDER SYSTEM 
FOR GLASS REINFORCED VINYL ESTER COMPOSITES 
 
6.1 Introduction 

    Fiber reinforced composites are finding widespread use in marine, building, and 

transport applications.  Dimethacrylate oligomers diluted with styrene, commonly 

referred to as vinyl ester resins, are important resins for thermoset matrix composites.  

They react via free radical copolymerization to form a void free network with excellent 

mechanical properties and high corrosion resistance.  While vinyl ester resins offer the 

numerous advantages from a processing and commercial standpoint, caution is still 

exercised when these thermosetting materials are used in enclosed places (ships, vehicles, 

etc).  Applications in this category often require materials with good thermal resistance 

and flame retardance.  Vinyl ester resins, like most commercial polymers, are flammable 

due to their high carbon/hydrogen content.  As safety regulations become increasingly 

severe, there exists a great interest to develop cost effective methods that improve the 

flame properties of commercial plastics.  

    Currently, the addition of fillers is the cheapest and simplest approach to enhancing the 

flame retardance (or any physical property) of a polymer.  In the previous chapter, the 

synthesis and characterization of an exfoliated polycaprolactone-layered silicate was 

described.  This nanocomposite was designed to act as a flame retardant binder for glass 

reinforced vinyl ester composites.  However, cone calorimetry data showed that the 

exfoliated polycaprolactone-layered silicate nanocomposites did not reduce the peak heat 

release rate of the vinyl ester composite due to the inherent flammabity of 

polycaprolactone.  While the overall goals of the study remain the same (section 5.1), the 

objective for this chapter is to investigate a series of flame retardant compounds as 

possible candidates for binder selection.  

     

6.2  Experimental 

6.2.1 Materials 

    Derakane 441-400 and Derakane 510A (vinyl ester) resin were kindly supplied by the 

Dow Chemical Co.  Derakane 441-400 consisted of 28 weight % styrene and 72 weight 

% of a 700 g/mol dimethacrylate oligomer.  The Derakane 510A was a brominated vinyl 
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ester resin.  Additives such as inhibitors which had been added to the resins were not 

removed.  Benzoyl peroxide (BPO, Aldrich) was the free radical initiator for the elevated 

temperature cure reactions.  For the curing reactions conducted at 25 °C, the initiating 

system consisted of cobalt naphthenate (CoNap), methyl ethyl ketone peroxide (MEKP), 

and N,N-dimethylaniline (DMA).  CoNap (Alfa Aesar) and DMA (Aldrich) were used as 

reaction accelerators to promote the decomposition of MEKP, the initiator for the free 

radical copolymerization.  All reagents were used as received. 

     Various flame retardant materials were blended into the commercial vinyl ester resins.  

The commercial phenol-formaldehyde novolac resin with an average phenol functionality 

of 7.1 (GP-2073) was kindly provided by Georgia-Pacific. Residual phenol and low 

molecular weight oligomers were removed under vacuum at 200 °C prior to use.  The 

bisphenol A based diphosphate (BPADP) was donated by the Great Lakes Chemical 

Corporation.  An organo-modified clay, Cloisite® 30B (Southern Clay), and 

phosphotungstic acid (Fluka) were used as fillers.  These reagents were used as received. 

 

6.2.2 Binder Preparation 

6.2.2.1  Preparation of a Bisphenol A Diphosphate / Novolac Blend 

    The bisphenol A diphosphate (50 phr) was preheated to 100 °C to lower the viscosity.  

Novolac (50 phr) was mixed into the diphosphate, and the temperature was raised to 150 

°C for 8 h.  When the mixture cooled to room temperature, it was ground in a milling 

machine and sieved through a 100 micron screen. 

6.2.2.2  Preparation of the Intercalated Novolac-Clay Nanocomposite 

    The novolac (80 phr) was mixed with Cloisite® 30B (20 phr) in a blender.  The 

mixture was heated at 150 °C for 6 – 8 hours to allow for intercalation.  The mixture was 

cooled to room temperature, then ground in a milling machine and sieved through a 100 

micron screen. 

6.2.2.3  Preparation of an Intercalated Bisphenol A Diphosphate-Clay 

Nanocomposite 

    The bisphenol A diphosphate was preheated to 100 °C to reduce the viscosity before 

Cloisite® 30B  was added.  The mixture was stirred mechanically and then heated in the 

oven at 150 °C for 6 - 8 hours.  The mixture was cooled to room temperature, then 
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ground in a milling machine and sieved through a 100 micron screen.   Diphosphate/clay 

nanocomposites containing 20, 30, and 40 weight % clay were prepared in this manner. 

6.2.2.4 Preparation of Intercalated Novolac-Bisphenol A Diphosphate 
Nanocomposite  
 
    An intercalated novolac-clay nanocomposite was prepared by first employing the 

method described in 6.2.1.2.  Bisphenol A diphosphate was subsequently added to the 

oligomer/clay hybrid and the mixture was heated at 150 °C for 6-8 hours.  The 

composition of the nanocomposite was 40 % bisphenol A diphosphate / 40 % novolac / 

20 % Cloisite®30B by weight.  The mixture was cooled to room temperature, then 

ground in a milling machine and sieved through a 100 micron screen. 

6.2.3 Preparation of Vinyl ester / Binder Mixtures for Cone Calorimetry Analysis 

6.2.3.1 Intercalated Vinyl-Ester-Clay Nanocomposite 

    Cloisite®30B (20 phr) was mixed mechanically into Derakane 441-400 at room 

temperature.  

6.2.3.2 Vinyl Ester / Phosphotungstic Acid 

    Phosphotungstic acid (20 phr) was added to the Derakane 441-400.  The mixture was 

stirred using a magnetic stir bar while being heated for 10 min at 65 °C. 

6.2.3.3 Vinyl Ester / Novolac 

    Two methods were used to prepare the vinyl ester resin / novolac mixtures.  One was 

to add the novolac (20 phr) to the Derakane 441-400 (80 phr).  The mixture was heated at 

65 °C with stirring until the novolac completely dissolved.  In the second method, the 

fine novolac powder was dispersed into the Derakane 441-400 at room temperature.  

6.2.3.4 Vinyl Ester-Bisphenol A Diphosphate 

    Bisphenol A diphosphate (20 phr) was dissolved into the Derakane 441-400 (80 phr) at 

room temperature. 

6.2.3.5 Vinyl Ester / Novolac-Clay Nanocomposite 

    The vinyl ester / novolac-clay mixture was prepared using the same two methods 

described in section 6.2.2.3. 

6.2.3.6 Vinyl Ester / Bisphenol A Diphosphate-Clay Nanocomposite 

    The intercalated bisphenol A diphosphate nanocomposite (25 phr) was mixed 

mechanically into the Derakane 441-400 (75 phr) for 3 days at room temperature. 
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6.2.3.7 Vinyl Ester / Bisphenol A Diphosphate-Novolac-Clay Nanocomposite 

    Initially, the intercalated 40 / 40 / 2 intercalated bisphenol A diphosphate / novolac 

layered silicate nanocomposite was added to the vinyl ester resin.  However, the organic 

hybrid agglomerated in the vinyl ester as it was mechanically stirred.  Consequently, the 

novolac-clay mixture was first dispersed into the Derakane 441-400.  Then an appropriate 

amount of diphosphate was added such that the composition of the mixture was 75 % 

vinyl ester / 10 % diphosphate / 10 % novolac / 5 % clay by weight.  An alternative 

method was to dissolve the diphosphate-clay mixture into the vinyl ester followed by 

novolac dispersion.   

6.2.4 Cure of Vinyl Ester Resins and Vinyl Ester / Binder Mixtures 

    All vinyl ester resins and blends were cured at room temperature in a 4 × 4 cm silicone 

mold.   The following amounts of accelerators and initiators were added in the order 

listed: 0.15 weight % of CoNap, 0.04 weight % DMA, and 1.13 weight % of MEKP.  

After addition of each reagent, the mixture was stirred to make a homogeneous solution.  

The reaction mixture was allowed to react for 8 h, followed by a 93 °C postcure for 4 h. 

 

6.2.5 Characterization 

6.2.5.1  Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR) 

    1H NMR was used to characterize the bisphenol A diphosphate / novolac mixtures.  

The aromatic proton resonances at 7.2 ppm were ratioed to the bisphenol A methyl 

proton resonances at 1.6 ppm to determine the number average molecular weight of the 

diphosphate oligomer.  The NMR spectra of the diphosphate / novolac mixtures were 

used to confirm that the compositions of the two components were maintained. 

6.2.5.2  Fourier Transform Infrared Spectroscopy (FTIR) 

    The reaction kinetics of the vinyl ester / novolac blends were determined using the 

method described in section 4.2.3.2.  However, a different absorption band was employed 

for the vinyl ester / bisphenol A diphosphate mixtures due the strong stretching vibrations 

of the phosphate overlapping the methacrylate peak at 943 cm-1.  Instead, an absorption 

band at 1638 cm-1, the unconjugated C=C stretching vibration of the methacrylate group, 

was monitored to note the progressive disappearance of the methacrylate groups. 
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6.2.5.3  Transmission Electron Microscopy (TEM) 

    A Philips model 420 T transmission electron microscope was employed at 100 kV for 

probing the nanocomposite structures at high magnification.  Samples were microtoned at 

room temperature.  Aqueous dispersions of the sample slices were placed on carbon-

coated copper grids and allowed to air dry. 

6.2.5.4  Dynamic Mechanical Analysis (DMA) 

    A TA Dynamic Mechanical Analyzer (Q800) was used to determine glass transition 

temperatures of the vinyl ester blends.  The temperature of the maximum in the loss 

tangent peak was taken as the glass transition temperature.  The heating rate was 5 

°C/min and the frequency was 1 Hz under amplitude control.  The amplitude was set at 

~20 µm.  The samples had a thickness of 2 mm, width of 6.2 mm, and length of 20 mm.  

6.2.5.5  Thermogravimetric Analysis (TGA) 

    A TA Thermogravimetric Analyzer was used to investigate the thermal stabilities of 

the binders and vinyl ester blends.  Approximately 5 – 10 mg samples were placed in a 

platinum pan and heated from 50 to 800 °C at 10 °C/min. 

6.2.5.6  Cone Calorimetry 

    Flame retardance of the composite panels was investigated at the Carderock Naval 

Surface Warfare Research Lab in Bethesda, MD using cone calorimetry.  The samples 

were 4 cm long, 4 cm wide, and 6.3 mm thick.  The samples were heated in a horizontal 

orientation in a cone calorimeter at 50 kW/m2 incident heat flux.  Char yields, smoke 

toxicity, peak heat release rates, total heat released, and times to ignition were measured. 

 

6.3 Results and Discussion 

    In the previous chapter, polycaprolactone-layered silicate nanocomposite was 

developed to act as a flame retardant binder for glass reinforced vinyl ester composites.  

Results showed that the novel binder failed to significantly affect the flammability of the 

vinyl ester.  This study focuses on the utilization of alternate systems- bisphenol A 

diphosphate, novolac, and phosphotungstic acid. The inorganic content of the 

diphosphate and the heteropolyacid should promote greater char formation.  The novolac 

offers the advantage of providing higher char yields as well as acting as a radical 

inhibitor in the gas phase during the burning process. 
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6.3.1 1H NMR Characterization of the Binders 

    Figure 6-1 and 6-2 show the NMR spectra of the bisphenol A diphosphate and the 

novolac. The NMR spectrum of the diphosphate was used to determine the predominant 

oligomer structure.  The bisphenol A based diphosphate was the reaction product of 

phosphoric trichloride, bisphenol A, and phenol. Depending on the reactant molar ratios, 

several oligomer structures may result.  The aromatic protons were ratioed to the 

bisphenol A protons and compared to the proposed structure.  The value (5.5) was close 

to the ratio (4.7) of the proposed structure; thus it was concluded that the predominate 

structure was 1 bisphenol A unit to every 4 phenyl phosphate groups. 

 

 

8 7 6 5 4 3 2 1 PPM

PO

O

O C

CH3

CH3
O O

O

O

OP

633

ab

b a

 
Figure 6-1: 1H NMR of Bisphenol A diphosphate in chloroform 

 

  The molecular weight of the novolac (760 g/mol) was determined by using an 

expression that related the aromatic protons (~6.6 ppm) to the aliphatic protons (~3.6 

ppm) (Figure 6-2).  This molecular weight was similar to that of the dimethacrylate 

oligomer (Mn = 700 g/mol) used in this study. 
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Figure 6-2: 1H NMR of phenolic novolac and 50/50 wt/wt phenolic novolac / 
diphosphate blend in DMSO 
 

    The 50/50 novolac-diphosphate blend was also characterized by 1H NMR (Figure 6-2).  

The liquid diphosphate and the novolac solid were mixed at 150 °C for ~8 hours and a 

yellow solid was produced. It was believed that diphosphate may react with the novolac 

and eliminate phenol.  The extent of this reaction could not conclusively be determined 

by NMR because the phenol byproduct was not removed; however, the spectrum 

confirmed the presence of the diphosphate in the solid product (Figure 6-1 and 6-2).   

 

6.3.2 Morphological Analysis of Filled Systems 

    Transmission electron microscopy was used to characterize the morphology of the 

fillers dispersed in the vinyl ester matrix. Two nanofillers were studied: Cloisite®30B, a 

montmorillonite clay surface treated with a quaternary ammonium compound providing 

two hydroxyl groups, and phosphotungstic acid (H3PW12O40), a heteropolyacid.  The 

Cloisite®30B was first mixed into a novolac matrix, and this mixture was subsequently 
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blended into the vinyl ester.  The TEM micrographs of the novolac-clay system dispersed 

in the vinyl ester matrix showed that minimal intercalation occurred. This suggested that 

the conditions for preparation of novolac layered silicate nanocomposites needed to be 

modified to promote clay delamination.  Higher intercalation and exfoliation may be 

possible if higher temperatures, longer mixing times, and/or a higher shear mixer were 

used. 

 

 
1 µm

 
6-3:  TEM of 80 / 20 (by weight) Novolac Layered Silicate Nanocomposite Dispersed 
in Vinyl Ester Network to yield an intercalated 75 / 20 / 5 (by weight) vinyl ester-
novolac layered silicate nanocomposite 
     

    The TEM micrograph (Figure 6-4) of the vinyl ester resin filled with 20 weight % 

phosphotungstic acid showed a two phase system.  The heteropolyacid, appearing as light 

regions in TEM images, was homogeneously dispersed in the vinyl ester matrix.  The 

phosphotungstic acid domains were no greater than 100 nm in size. 
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Figure 6-4: TEM of Vinyl Ester Network filled with 20 weight % Phosphotungstic 
Acid 
 
6.3.3 Thermal Characterization of Binders and Fillers 

    Thermogravimetric analysis was used to preliminarily screen the alternative binders 

and fillers.  Table 6-1 shows the TGA results for of unfilled binders mixed with the 

commercial vinyl ester resin.  The high aromatic content of novolac increased the char 

yield of the vinyl ester resin.  Further increases in char were obtained when the 

montmorillonite clay was added.  It also shows that the montmorillonite clay increases 

the char yield of the Novolac and the incorporation of the combination of 

montmorillonite clay and the Novolac binder in the vinyl ester resin provided a char yield 

of 13% in air and 41% in a nitrogen environment.  It is important to note that the 

novolac-clay mixture was not exfoliated.  An exfoliated system should produce greater 

char yields. It was also determined that the Novolac had good solubility in the vinyl ester 

resin and should be an excellent binder. 
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Table 6-1: Char Yields of Novolac Binder System Obtained from TGA 

 
Sample1 

Char Yield 
(weight %) 

(In Air) 

Char Yield 
(weight %) 

(In N2) 
Derakane 441-400 Control 0 7 
Brominated Derakane (510A) Control 0 5 
Novolac Resin 5 34 
Novolac Resin with 20% Clay 48 52 
Vinyl Ester Resin with 20% Neat Novolac  8 23 
Vinyl Ester Resin with 20% Novolac 5% Clay2 13 41 

1. Samples were heated 10 °C/min up to 800 °C 
2. Intercalated Structure 
 

    Another alternate binder that could provide added flame retardance and char yield is 

the diphosphate based on Bisphenol A.  When analyzed by TGA it showed an increase in 

the char yield from 0 to 7 % in air and from 7 to 12 % in nitrogen (Table 6-2).  When the 

clay was added to the diphosphate, the char yield was greater; however, the observed 

increase was not as dramatic as the increases for the novolac-clay system.    

 

Table 6-2: TGA Char Yields for Bisphenol A based Diphosphate System 

 
Sample1 

Char Yield 
(weight %) 

(In Air) 

Char Yield 
(weight %) 

(In N2) 
Derakane 441-400 Control 0 7 
Brominated Derakane (510A) Control 0 5 
Vinyl Ester Resin with 20% Neat Diphosphate 7 12 
Vinyl Ester Resin with 20% Diphosphate 5% Clay2 10 17 

1. Samples were heated 10 °C/min up to 800 °C 
2. Intercalated Structure 

 

    The phosphotungstic acid (HPA) was selected as an alternate nanofiller.  TGA data 

showed significant improvement in char yields when 20 weight % of the filler was 

dispersed into the vinyl ester resin.  The char yields for this system were higher than 

those of the vinyl ester resin intercalated with 20 weight % clay.  The utility of the HPA 

filler was further explored by adding diphosphate. Compared to the neat diphosphate 

(Table 6-3), the presence of HPA filler resulted in more char.  However, the char values 

for this system were comparable to those of the clay filled system. 
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Table 6-3: TGA Char Yields for Phosphotungstic Acid System 

 
Sample1 

Char Yield 
(weight %) 

(In Air) 

Char Yield 
(weight %) 

(In N2) 
Derakane 441-400 Control 0 7 
Brominated Derakane (510A) Control 0 5 
Vinyl Ester Resin with 20 % Clay2 14 21 
Vinyl Ester Resin with 20 % HPA 23 34 
Vinyl Ester Resin with 20% DP 5 % Clay2 10 17 
Vinyl Ester Resin with 20% DP 5 % HPA 13 19 

1. Samples were heated 10 °C/min up to 800 °C 
2. Intercalated structure 
 

   The thermal stability of the various vinyl ester systems is shown in Figure 6-5.  Early 

mass loss was observed for all the vinyl ester-HPA systems.  The evolution of water (~15 

weight%) may partially contribute to this early weight loss.  Additionally, the acidity of 

HPA may affect the thermal stability of the vinyl ester.  Acid catalyzed side reactions 

with the ester groups on the vinyl ester may produce low molecular weight materials that 

volatilize at lower temperatures.   

    Early weight loss was also observed for the novolac system.  This suggested that full 

monomer conversion was not achieved.  The effect of the binder on the vinyl ester cure 

kinetics will be addressed in the next section.  The diphosphate system had the highest 

decomposition temperature; significant weight loss began at~325 °C. 
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Figure 6-5: TGA Comparison of Alternative Vinyl Ester-Binder Systems in air and 
N2 
 
    Considering both the decomposition temperature and the char production, the novolac 

and the diphosphate were selected as viable binder candidates. It is also likely that the 

combination of the Bisphenol A Diphosphate (BADP) with the Novolac resin will be an 

excellent binder system. The phosphate and Novolac may be synergistic upon burning 

and thus provide an increased char yield. Even though the HPA filler produced more 

char, it performed similarly to the clay when mixed with the binders.  Moreover, the clay 

filled systems did not exhibit early weight loss.  Thus, the clay was employed as the 

nanofiller for the flame retardant binder.     

    The miscibility of the selected binders was confirmed by dynamic mechanical analysis 

(Figure 6-6).  For the novolac binder, a broad tan δ peak was observed.  After first 

heating to 200 °C, the glass transition temperature had increased to 127 °C.  This result 

further validated the conclusion that unreacted double bonds remained in the system.  The 

glass transition temperature was lower than that of the neat resin (144 °C) cured under 

similar conditions.  Moreover the transition due to the novolac (~80 °C) was not 

observed. 
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 conclusions can be made for the diphosphate system (Figure 6-7).  The tan δ 

 broader due to plasticization, and the glass transition was depressed by 28 °C.  

 results demonstrated that both binders exhibited good solubility in the vinyl 
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Figure 6-7:  DMA Comparison of Neat Derakane 441-400 (Vinyl Ester) Resin 80 / 20 
(by weight) Derakane 441-400 (Vinyl Ester)-Bisphenol A Diphosphate Blend Cured 
at Room Temperature for 10 h and Postcured at 93 for 2 h (first heating scans) 
 
    Based on the results obtained with both the Novolac and the Bisphenol A Diphosphate, 

several binder compositions were generated.  They were prepared by mixing the resin and 

the montmorillonite together in a dry mixer and then heating to 150C to allow for the 

intercalation of the resin into the MMT.  Several compositions were prepared (Table 6-4).  

After the intercalation process, the binders were ground in a milling machine and sieved 

through a 100 micron screen. 

 
Table 6-4:  Binder Compositions prepared for Cone Calorimetric Analysis 
Sample # Binder Composition 
1 Bisphenol A Diphosphate (BADP) 
2 BADP, 20% Cloisite 30B 
3 BADP, 30% Cloisite 30B 
4 50% BADP, 50% Novolac 
5 40% BADP, 40% Novolac, 20% Cloisite 30B 
6 Novolac 
7 Novolac, 20% Cloisite 30B 
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6.3.4 Copolymerization Kinetic Investigation on the Binder Effects 

    The binders’ effect on the copolymerization kinetics of vinyl ester resins was 

determined via Fourier transform infrared spectroscopy.  The FTIR spectra for the vinyl 

ester-novolac series are shown in Figure 6-8.  The novolac exhibited a weak absorption at 

910 cm  and a strong absorption at 810 cm . These bands coincided with the bands due 

to the vinyl groups in the styrene monomer and the aromatic C-H bonds in the vinyl ester 

backbone.  Since the absorption at 910 cm  was weak, this band was still used to monitor 

the conversion of styrene monomer.  However, the absorption band at 700 cm  (due to 

the aromatic C-H in the styrene) was employed as the internal standard in lieu of the 830 

cm  peak.  
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sphate systems, a different approach was developed due the strong peak 

P-O-C (aromatic) bands in the 943 cm  region (Figure 6-9). Thus, 

1636 cm  and 1630 cm  were used to compute conversion of 

d styrene double bonds for the vinyl ester resin-diphosphate systems 

The peak at 1636 cm  resulted from the stretching vibration of the 

inyl double bonds in the dimethacrylate oligomer.  It is immediately 

stretching vibration of the conjugated vinyl group with an aromatic ring 

er) at 1630 cm .  The heights of both peaks decrease as a function of the 
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cure, indicating that these bands can be used to monitor the copolymerization (Figure 6-

11, postcured 80 % vinyl ester resin / 20 % diphosphate). The band at 830 cm  was used 

to normalize the spectra. 

-1

 

 

80 % Derakane 441-400 / 20 % diphosphate 
Derakane 441-400 

Figure 6-9: Comparison of FTIR Spectra in the 1000 – 650 cm-1 region for 80/20 
wt/wt Vinyl Ester-Bisphenol Diphosphate Blend and the Neat Resin 
 
 
 
 

80 % Derakane 441-400 / 20 % diphosphate 
Postcured 80 % Derakane 441-400 / 20 % diphosphate 
Derakane 441-400 

 
Figure 6-10: Comparison of FTIR Spectra in the 1680 – 1540 cm  region for 80/20 
wt/wt Vinyl Ester-Bisphenol Diphosphate Blend and the Neat Resin 

-1

 
    The conversion profiles of both binder systems are shown in Figures 6-11 thru 6-14.  

The cure of the BADP containing systems (Figure 6-11) behaved similarly to that of the 

neat vinyl ester (Figure 6-12). However, the presence of novolac significantly affects the 
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vinyl ester resin cure kinetics due to the phenolic backbone acting as an inhibitor.  When 

the novolac was completely dissolved in the vinyl ester resin, the system did not cure at 

room temperature.  At elevated temperatures (>120 °C), the cure was very slow, 

requiring seven days to reach high conversion (Figure 6-13).  Moreover, a considerable 

percentage of styrene (14%) remained unreacted.  To circumvent the cure problems, a 

fine novolac powder was dispersed (not dissolved) in the vinyl ester.  The room 

temperature initiator was immediately added and the mixture allowed to cure for 10 hours 

followed by a 4 hour 93 °C postcure.  The cure profile was quite different from that of the 

vinyl ester control (Figure 6-14).  The conversion rate was slower, and lower ultimate 

conversions were reached at vitrification and 93 °C.  The conversions, particularly for the 

styrene monomer, may increase if longer postcure times and higher postcure temperature 

were employed.  The contrasting cure profile of this system suggested that partial 

dissolution of low molecular weight components in the novolac occurred.  However, the 

fact that the vinyl ester-novolac mixture was able to cure using initiators and reaction 

conditions similar to those of the neat resin is quite significant.  Moreover, thermal 

gravimetric analysis of the mixed and dispersed novolac systems demonstrated that the 

thermal stability was independent of the preparation method (Figure 6-15).  This may 

result from the dissolution of the novolac particles in the vinyl ester matrix as the 

temperature increased.  
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Figure 6-11: Conversion Profile of 80 % Derak
based diphosphate cured at room temperature 
 

Figure 6-12: Conversion Profile of Derakane 44
for 10 hours followed by a 4 hr 93 °C postcure 
DMA, and 1.13 wt% MEKP 
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Figure 6-13: Conversion Profile of 80 % Derakane 441-400 / 20 % dissolved Novolac 
cured at 120 °C for 5 days and 140 °C for 2 days using 1.1 weight % BPO 
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6.3.5 Cone Calorimetry of Vinyl Ester-Binder Mixtures 
  

 

 

 

 

 

 

 

Figure 6-16: TGA Comparison of 80/20 wt/wt Vinyl Ester-Novolac Blends prepared 
by dissolving or dispersing the Novolac 

 

    The selected binders and fillers were cured with vinyl ester resin in a 4 inch x 4 inch 

silicon mold and then sent to the Naval Surface Warfare Center for cone calorimetric 

analysis (Table 6-5 and 6-6). 
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Table 6-5: Cone Calorimetric Data of Various Vinyl Ester Binder Systems 

Sample 

  
Binder 

  Ave CO % 
Char Resin PHRR Yield 

(kW/m )2 (kg/kg) 
1 Derakane 441-400 ----- 928 0.055 1% 
2 50:50 wt:wt Derakane 441-

400:510A 
----- 499 0.101 4.6% 

3 Derakane 510-A ----- 290 0.118 8.9% 
4 75 wt% Derakane 441-400 20% BADP 

5% MMT 
454 0.102 9.2% 

5 80 wt% Derakane 441-400 20% BADP 460 0.121 8.2% 
6 75 wt% Derakane 441-400 17.5% BADP 

7.5% MMT 
389 0.093 16.9% 

7 80 wt% Derakane 441-400 20% Novolac 531 0.054 10.6% 
8 80 wt% Derakane 441-400 10% Novolac 

10% BADP 
334 0.084 8% 

9 75 wt% Derakane 441-400 10% Novolac  
372 

 
0.069 

 
9% 10% BADP 

5% MMT 
10 75 wt% Derakane 441-400 20% Novolac 

5% MMT 
402 0.05 ---- 

11 75 wt% Derakane 441-400 10% Novolac   
0.08 

 
---- 10% BADP 

5% MMT 
403 
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Table 6-6:  % Reduction in PHHR and Average CO Yield 

  
Resin 

 
Binder 

 
% Reduction 

in PHRR  Sample 1

 
% Reduction in 
<CO Yield>  2

1 Derakane 441-400 ----- 0 
2 50:50 wt:wt Derakane 

441-400:510A 
----- 46 14 

3 Derakane 510-A ----- 0 
4 75 wt% Derakane 

441-400 
20% BADP 51 14 

5 80 wt% Derakane 
441-400 

50 -.02 

6 75 wt% Derakane 
441-400 

17.5% 
BADP 

7.5% MMT 

58 21 

7 20% 
Novolac 

42 54 

8 80 wt% Derakane 
441-400 

10% 
Novolac 

64 29 

9  3 75 wt% Derakane 
441-400 

10% 
Novolac 

10% BADP 
5% MMT 

 
60 42 

10  4 75 wt% Derakane 
441-400 

20% 
Novolac 

5% MMT 

54 

69 

 5% MMT 
20% BADP 

80 wt% Derakane 
441-400 

10% BADP 
 

57 58 

11  5 75 wt% Derakane 
441-400 

10% 
Novolac 

10% BADP 
5% MMT 

 
57 

 
32 

1. Sample 1 is used as baseline 
2. Sample 3 is used as baseline 
3. The 80 % diphosphate / 20 % clay was first mixed into the resin followed by dispersion 

of the novolac powder 
4. The 80 % novolac / 20 % clay powder was dispersed in the vinyl ester resin. 
5. The diphosphate was added to the resin followed by dispersion of the novolac-clay 

powder. 
 

    The cone calorimetric data showed that significant progress was made relative to the 

initial polycaprolactone binder system (Tables 6-5 and 6-6).  The % reduction in PHRR 

of the brominated vinyl ester (Derakane 510A) compared to the non-brominated control 

(Derakane 441-400) is 69%.  Thus, 69% reduction in PHRR was the target for this 
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research.  Several samples were close to this value.  For example, the BADP 

nanocomposite binder (sample 6) provided a 58% reduction in the PHRR and a 21% 

reduction in the average carbon monoxide yield.  The combination of BADP and Novolac 

(sample 8) decreased the PHRR by 64%. The carbon monoxide yield was reduced by 

29%.  The addition of clay to the BADP / Novolac blend (Sample 9) provided a 60 % 

reduction in the PHRR and a 42% reduction in the average CO yield.  The comparison of 

samples 4 and 6 showed the effect of increasing the level of MMT.  Sample 4 contained 

20 % BADP and 5% of the Cloisite 30B.  The PHRR decreased by 51%.  Increasing the 

clay loading to 7.5% Cloisite 30B resulted in a 58 % reduction in PHRR.  Moreover, the 

higher level of MMT reduced the average CO yield from a 14 to a 21% reduction 

compared to the control.  The data indicated that the Novolac binder provided a larger 

decrease in carbon monoxide yield and that there does appear to be a synergistic effect 

from the combination of Novolac and BADP.  Other observations include: 

 The first six samples flashed prior to sustained ignition.  Thus, all control 

materials and all materials having binders without the Novolac flash prior to 

sustained ignition.  The Novolac apparently prevented this. 

 Although the reason is not clear, the BADP appears to cause some expansion 

of the sample upon burning. Addition of clay seemed to prevent this. 

 The binders that contain Novolac without both phosphate and clay tend to 

pop and eject particles.  MMT / BADP seemed to prevent this. 

    Based on the cone calorimetric data, the best binder system would consist of novolac, 

bisphenol A diphosphate, and clay.   

 

6.5 Conclusions 

A flame retardant, processible binder system was developed for fiber reinforced 

vinyl ester composites.  Two candidates were chosen based on TGA data, a Novolac resin 

and a Bisphenol A Diphosphate (BADP).  The neat Novolac resin increased the char 

yield of the vinyl ester resin and when combined with the montmorillonite clay a 

synergistic increase in char yield resulted.  The BADP increased the char yield as well.  

Both the Novolac and the BADP resins have sufficient solubility in the vinyl ester resin 
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as indicated by dynamic mechanical analysis. FTIR studies initially indicated that neither 

binder affected the room temperature cure of the vinyl ester resin.   

    Various binder combinations were prepared and cured with non-halogenated vinyl 

ester resin for cone calorimetric testing.  The brominated control provided a 69% 

reduction in the peak heat release rate compared to the non-halogenated control.  Several 

of the binders exhibited similar reductions.  The best system contained both the novolac 

and the diphosphate.  It proved to be essentially equal to the brominated control in the 

reduction of peak heat release rate (a 64% reduction) and had the added benefit of a 29% 

reduction in the average carbon monoxide yield. Addition of the clay to this system 

prevented the ejection of particles without significantly affecting the reductions in peak 

heat release rate (60 %) and carbon monoxide yield (41 %). 
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CHAPTER 7: SUMMARY AND CONCLUSIONS 
 

    Dimethacrylate-styrene resins (vinyl ester resins) are important materials for fiber 

reinforced composites.  Because of their excellent physical properties and processibility, 

these resins continue to be attractive for applications that require strength, durability, and 

corrosion resistance.  This research has focused on a myriad of topics involving these 

resins.   

    A laboratory exercise was developed for a polymer course, emphasizing quantitative 

and statistical treatment of data and determination of reactivity ratios.  The lab provides 

an extensive description of relevant background, data analysis, and calculation 

procedures.  Special notes were included at the end of the lab to further enhance the 

experiment. 

    The copolymerization of dimethacrylate-styrene resins were determined at various cure 

temperatures.  It is well established that the cure conditions affect the ultimate properties; 

thus, the goal of this study was to gain additional insight into the observed properties of 

these materials by investigating the network microstructure.  Reactivity ratios were 

determined via a non-linear method at four different cure temperatures (room 

temperature, 60 °C, 90 °C , and 140 °C). The reactivity ratios indicated that a more open 

network structure formed at lower cure temperatures due to increased styrene 

incorporation.  Copolymer compositions were further from the azeotropic point at higher 

cure temperature.  Consequently, composition drift was greater at the higher cure 

temperatures.  Previous characterization studies of vinyl ester networks demonstrated that 

low cure temperatures produced networks that were stronger and tougher, which was 

expected for more open networks.  The decreased fracture toughness at higher styrene 

concentrations was attributed to the heterogeneous network structure produced at higher 

styrene concentrations, where composition drift was greater. The monomethacrylate 

model study revealed the occurrence of chain transfer to polymer reactions, which 

produced a lightly crosslinked network.  It is believed that these reactions occur during 

the formation of the vinyl ester network and may be partially responsible for the decline 

in mechanical properties at elevated temperatures. 
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     The development of halogen-free, flame retardant vinyl ester composites was achieved 

by synthesizing a flame retardant binder system.  This approach allowed the vinyl ester to 

maintain its viscosity, and thus, its applicability to on-line processing techniques, e.g. 

vacuum assisted resin transfer molding. A polycaprolactone binder with 20 weight % 

montmorillonite clay was synthesized via in-situ intercalative polymerization to produce 

a partially exfoliated nanocomposite.  The use of this novel binder did not interfere with 

the cure of the vinyl ester resin nor did it significantly decrease the mechanical 

properties.  Cone calorimetry showed that the exfoliated polycaprolactone did not reduce 

the peak heat release rate of the vinyl ester composite due to the inherent flammabity of 

polycaprolactone.  When the clay was coupled with other flame retadant materials, 

reductions in the flammability (similar to that of the brominated system) were observed. 

The combination of novolac, a bisphenol A based diphosphate, and clay reduced the peak 

heat release rate by 61 % (compared to 68 % in the brominated vinyl ester) .  A 

significant decrease in the carbon monoxide yield (41%) was also observed.  Moreover, 

the binder system did not affect the room temperature cure of the vinyl ester resin.  Based 

on these preliminary results, the preparation of processible, flame retadant vinyl ester 

composites is feasible.  
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CHAPTER 8: FUTURE WORK 
 
8.1 Dimethacrylate-Styrene Network Chemistry 

    While the copolymerization kinetics studies provided further insight into the network 

formation of dimethacrylate-styrene systems, there remains a considerable amount of 

unanswered questions.  Gel solubility experiments as a function of styrene content and 

cure temperature should be performed.  Preliminary studies indicated that the 

concentration of pendent double bonds can be determined using attenuated total 

reflectance (ATR) infrared spectroscopy.   The results from this study may explain the 

early deviations in the copolymer composition curves as the styrene content is increased. 

Analysis of fully cured samples via electron spin resonance would enable the 

measurement of trapped radical concentrations.  The relationship between pendant double 

bonds in the gel and trapped radicals would provide a more accurate portrait of the 

amount of double bonds that actually are incorporated into the network.   

    The monomethacrylate model compound polymerized with styrene produced a lightly 

crosslinked network when cured at room temperature or 140 °C. Studies that verify the 

occurrence of the chain transfer reaction should be developed.  Chemical modification 

reactions at the methine site (such as oxidation) or synthesis of a monomethacrylate 

monomer without the labile methine hydrogen is one possible approach.  If a linear 

material results from the polymerization, then this material could be used for model 

mobility studies in lieu of the monomethacrylate synthesized in this research. 

 

8.2 Development of Flame Retardant Vinyl Ester Composites via Vacuum 
Assisted Resin Transfer Molding 

 
    Preliminary results indicated that a binder based on inherently flame retardant novolac 

and bisphenol A diphosphate resin showed equivalent flame properties to the brominated 

system and reduced carbon monoxide generation.  The relative concentrations of novolac, 

diphosphate, and clay that produce optimal flame retardance and mechanical properties in 

the vinyl ester matrix should be determined.  Additionally, modifications in the synthesis 

should be made to improve delamination of the clay platelets.  Combining heat and high 

shear mixing may produce exfoliated structures.   
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    Preparation and characterization of glass fiber vinyl ester panels is the next step.  The 

binder system will first be applied to the glass fabric and composite panels will be created 

via VARTM.  The mechanical and flammability properties of these panels will be 

evaluated and compared to those of brominated resin.   

    An interesting study would be to further investigate the cure kinetics of the vinyl ester-

novolac mixtures.  FTIR data clearly indicated a different conversion profile from that of 

the neat resin.  The determination of reactivity ratios and the conversion dependence on 

temperature, styrene content, and the type and concentration of initiator may provide 

additional insights into the thermal and mechanical behavior of the glass fiber panels.  

Additionally, optimal cure conditions should be determined such that higher monomer 

conversions are obtained.   
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