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The motivation for this project was to develop a suitable replacement 

crosslinker for technical divinylbenzene (DVB) for use in a styrene-based 

Reaction Injection Molding (RIM) system. This thesis describes the synthesis of 

α,ω-bis(4-vinylphenyl)alkane (BVPA) compounds, the determination of their 

anionic homopolymerization and copolymerization kinetic parameters, and the 

evaluation of the physical and thermal properties of crosslinked polymers made 

with these compounds.   

A general lithium coupling synthesis was developed to produce BVPA 

monomers with alkyl linkages of six or more carbons.  1,8-bis(4-

Vinylphenyl)octane (BVPO) was synthesized in a 30% yield for use in physical 

testing. 1,2-bis(4-Vinylphenyl)ethane (BVPE) was produced in sufficient 
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quantities for both kinetic and physical testing using a Grignard coupling 

synthesis.   

The kinetics of the sec-butyllithium initiated homopolymerization of 

styrene, p-methylstyrene, p-t-butylstyrene (TBS), and BVPE were determined in 

aromatic solvents.  The kinetics of the anionic copolymerization of styrene with 

TBS, and BVPE with TBS were also investigated.  A new anionic 

copolymerization rate model was derived that gives an excellent fit to 

experimental data.  The reactivity ratios of the two copolymerizations were found 

to be nearly ideal with rStyrene-TBS = 1.78 and rBVPE-TBS = 1.67.  A simulation using 

experimental data predicts BVPE crosslinked TBS to have a significantly more 

homogenous network structure than TBS crosslinked with DVB.  

The use of BVPA compounds was shown to impart improved physical and 

thermal properties to crosslinked TBS polymers relative to divinylbenzene by 

virtue of their lower reactivity and flexible alkyl linkage.  In particular, BVPO 

produced a thermoset that satisfies the material property objectives for Tg and 

flexural strength while favorably affecting cure shrinkage. 
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Chapter 1:  Introduction 

The purpose of this research was to develop crosslinking materials for a 

styrene-based, anionically polymerized Reaction Injection Molding (RIM) system 

for microchip encapsulation.  This introduction details the material property 

requirements for microchip encapsulants followed by a summary and comparison 

of the current and proposed encapsulation systems. Crosslinker related challenges 

in the development of the RIM compound are discussed.  Finally, the previous 

work of other researchers on the RIM project is summarized and an overview of 

the topics to be treated in later chapters is presented. 

MICROCHIP ENCAPSULATION 

Silicon microchips are the heart of today’s modern electronics.  The 

packaging of these devices in encapsulants is integral to their manufacture and 

reliable operation [1, 2]. First and foremost, the package provides an interface 

between the microchip and the external electronic circuitry. Packaging also acts as 

a physical barrier that protects the microchip from moisture, contaminants, and 

other hazards. The encapsulant guards the chip against mechanical shock and 

provides structure and support during various assembly steps and during use.  

Packaging insulates the chip from other nearby devices and shields it from 

electronic interference.  The packaging must also allow for the efficient 

dissipation of thermal energy from the microchip. 

There is a wide array of form factors available for microchip packages, 

dictated primarily by the number and nature of interconnects needed to attach the 
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device to the circuit board or other devices.  Silica-filled novolac epoxy 

encapsulants account for over 97% of all packaged electronics [1].  Epoxies are 

preferred because they are significantly lighter, easier to use, and cheaper than the 

older ceramic technology.  

Material Property Specifications 

Although there are several packaging form factors, they generally make 

similar demands on encapsulants.  A partial listing of typical packaging material 

property specifications are listed in Table 1.1 [1-3]. 

 

Material Property Specification 

Coefficient of Thermal Expansion (CTE) < 20 ppm/°C 

Glass Transition Temperature (Tg) > 160 °C 

Linear Cure Shrinkage (LCS) < 0.5% 

Moisture Absorption (24 hr immersion at 25 °C) < 0.5% 

Cure Temperature < 175 °C 

Flexural Strength > 14 kpsi 

Copper Peel Adhesion > 6 lbs/in 

Mold Cycle Times < 1 minute 

Material Cost < $7.00 /lb 

 Table 1.1: Material property specifications for microchip encapsulants. 

The first three of these specifications are intended to limit the internal 

stress on a package.  The linear coefficient of thermal expansion (CTE) describes 

the change in length a part experiences upon heating.  A low CTE is necessary to 

minimize thermal stresses arising from any mismatch between the low CTE of the 
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silicon chip and the metal lead frame substrates and the high CTE of the 

encapsulant.  The CTE of the base encapsulant polymer is 60-120 ppm (as much 

as 100 times greater than that of metals or silicon).  Stresses arising from a large 

CTE mismatch can cause the packaging to fail at the high processing temperatures 

(>160 °C) that microchips are exposed to during assembly steps [1].  

Consequently, most packaging materials use silica and other fillers to reduce the 

overall CTE. 

The glass transition temperature (Tg) of a polymer marks a second order 

transition where, upon heating, the polymer changes from a rigid glassy solid to a 

rubbery solid [4].  As a polymer passes through its Tg, the CTE of a polymer 

increases as much as five fold. It is therefore important to have a high Tg in order 

to minimize thermal stress during processing.  

Linear cure shrinkage (LCS) is a measurement of the percent reduction in 

length of one side of an isotropic packaging upon curing. Excessive LCS can 

break wire connections during molding.  Like the CTE, the LCS of plastic 

packaging is mitigated by the use of fillers. 

Moisture absorption by the encapsulant can lead to problems such as 

substrate corrosion and leeching of impurities out of the package to the chip 

surface.  High concentrations of moisture can lead to steam formation when the 

package is heated above 100 °C during processing, which can cause explosive 

delamination of the molding compound from the substrate [1].   

A cure temperature of less than 175 °C is desirable to minimize heat stress 

on the microchip.  This specification is complimentary to the one for high Tg 
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because most polymerization reactions stop once the polymer matrix has reached 

its Tg [5].  In order for a molded part to have a Tg greater than 160 °C, the cure 

temperature must also be higher than 160 °C. 

High flexural strength and copper peel adhesion are necessary to maintain 

structural integrity of the molded part.  Flexural strength is particularly important 

during demolding of finished parts where large flexural forces may be generated 

[6].  The copper peel adhesion test is used as a metric for the adhesion of 

encapsulant to metal substrates. 

The specifications for mold cycle times and material cost are necessary in 

order to make the RIM process economically feasible.  A short cure time allows a 

greater number of parts to be packaged in a given time with fewer pieces of 

packaging equipment.  This is critical in high volume applications.  Earlier 

researchers determined that a compound price of less than $7.00/lb would allow 

the RIM system to be competitive with epoxy molding systems [3]. 

State of the Art: Epoxy Molding 

The state of the art in microchip encapsulation is epoxy-based resin 

transfer molding.  Central to this system is a molding compound that consists of 

epoxy resin, hardeners, accelerants, inorganic fillers, viscosity modifiers, 

colorants, and flame retardants that have been mixed and shaped into a solid slug 

called a preform.  It is necessary to refrigerate the preform to prevent premature 

polymerization because the epoxy is in intimate contact with the hardener.  The 

preform is loaded into a preheated transfer pot and heated to its working 

temperature.  A plunger then forces the softened compound through the die 



 5 

opening and through runners and gates and into the mold chamber where it flows 

around the microchip and lead frame as shown in Figure 1.1.   After 1-3 minutes 

the parts are strong enough to be ejected from the mold but usually require a 1-6 

hour post-cure in a separate oven [1].  

 

Figure 1.1: Overview of the epoxy-based resin transfer molding system. 

An advantage of this system is that the compound has high flexural 

strength (20-30 kpsi) and good adhesion to substrates.  It is also a well established 

technology, having been used for over 30 years for microchip encapsulation.   

There are some significant drawbacks to this system as well.  The 

oligomeric epoxy formulation gives the compound a high viscosity which can 

cause wire sweep and lead frame shifting during molding.  The polar backbone of 

the epoxy polymer allows for significant water absorption in humid environments.    

Moisture absorption in the preform is also a problem as it can lead to longer cure 

times and a lower Tg.  The typically long cure time and the need for a post 

molding cure step increases the time between molding and assembly of 

microchips devices [1].  Also, the molding compounds themselves are expensive 

and require refrigerated storage [7]. 

 

 
 
 

Mold 
 

Preform 

Transfer Pot 
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Alternative System:  Reaction Injection Molding 

The RIM system uses a two component molding compound.  The resin 

portion consists of monomer, crosslinker, filler, accelerants, gelling agents, flame 

retardants, and colorants [8].  The monomer of choice for this system is p-t-

butylstyrene (TBS) because it has a higher Tg, lower reaction exotherm by 

volume, and a lower cure shrinkage than styrene [7]. The second component is an 

anionic polymerization initiator made of low molecular weight, initiated 

monomer.  Anionic polymerization is used to cure the compound because it has a 

fast propagation which yields a short cure time.  The two components are metered 

into a high shear annular mixer before flowing into the mold as shown in Figure 

1.2.  Cure time is expected to be on the order of 10-30 seconds with no post cure 

required [3, 6]. 

 

 

Figure 1.2: Overview of styrene-based reaction injection molding system. 

There are several advantages of this system over the existing epoxy-based 

system.  The use of lower molecular weight monomers should result in a lower 

viscosity than in the epoxy system.  Room temperature storage is possible because 

the initiator and monomer components are kept separate until use.  Throughput 

for the RIM system can be higher due to its short cure time and lack of a post 
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molding cure step.  The hydrophobic polymer backbone of the RIM matrix should 

decrease water absorption.  Finally, a significant cost saving in terms of molding 

compound and equipment is anticipated with RIM [7]. 

However, there are significant challenges in the commercialization of this 

system.  Current molding compound formulations do not satisfy the material 

property specifications due to an inadequate commercially available 

crosslinker [7, 8].  Also, the anionic polymerization method used in the RIM 

system is sensitive to air, water, and impurities.  This sensitivity can be mitigated 

by adequate quality control in compound formulation and by purging the mold 

with inert gas before use.   

ROLE OF CROSSLINKER IN MOLDING COMPOUNDS 

Crosslinking is used in both molding systems to make the resulting 

polymer a thermoset, which results in a higher glass transition temperature, 

greater solvent resistance, and possibly higher strength than the corresponding 

thermoplastic polymer.  In crosslinking, polymer chains are linked by covalent 

bonds to form a network structure.  Crosslinks raise Tg by immobilizing polymer 

chains in a glassy state [5].    Chemical resistance is greatly improved because 

dissolution of the polymer chains of a thermoset requires the breaking of chemical 

bonds instead of simply overcoming physical interactions. Strength is thought to 

be improved by increasing the number of anchored covalent bonds that cross the 

potential fracture plane [9, 10]. 
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Current Crosslinker: Divinylbenzene 

The current crosslinker used in anionic RIM polymerization is technical 

divinylbenzene (DVB), which is a mixture of the para- and meta- forms of DVB.  

The structure of the crosslinking components of technical DVB are shown in 

Figure 1.3.  Technical DVB is inexpensive and readily available.  The problem 

with using DVB in the RIM system is that the mechanical properties of the 

polymerized compound, particularly strength and LCS, are poor when using the 

high concentrations (~20-30 mole %) of DVB necessary to achieve the desired Tg 

[7, 8].    

p-DVB m-DVB  

Figure 1.3: Para and meta isomers of divinylbenzene. 

The poor mechanical properties seen at high DVB loadings are attributed 

to inhomogeneous and inefficient crosslinking in the DVB copolymer caused by 

the high relative reactivity of p-DVB and, to a lesser extent, m-DVB in 

copolymerizations with TBS monomer.  The elevated reactivity is a result of the 

conjugation of the vinyl groups over the aromatic ring of p-DVB.  This creates an 

additional favorable resonance state during polymerization, as shown in Figure 

1.4.  The additional resonance state stabilizes the negative charge of polymerizing 

p-DVB which lowers the activation energy for polymerization and results in an 
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increase in relative reactivity of 6-12 times that of unconjugated styrenic 

monomer [11-13]. 

 

Figure 1.4: Resonance states of polymerizing p-DVB showing additional 
resonance state unavailable to unconjugated styrenes. 

The high relative reactivity of the p-DVB leads to its rapid depletion in the 

polymerizing mixture and produces extensive intramolecular crosslinking and 

cyclization.  The extent of crosslinking in the initial polymer can be so great that 

insoluble microgels form and precipitate out of reaction mixture.  The resulting 

inhomogeneous network structure consists of tightly crosslinked regions within a 

lightly crosslinked matrix which leads to poor mechanical properties compared to 

a homogenous network [13].   The situation is compounded by an increase in cure 

shrinkage due to the high ratio of vinyl functionality to monomer volume in both 

forms of DVB [7, 8]. 

Extra resonance
structure  
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Alternative Crosslinkers:  α,ω-bis(4-Vinylphenyl)alkanes 

α,ω-bis(4-Vinylphenyl)alkanes (BVPA) have long been  proposed as 

suitable replacements for DVB [14].  As shown in Figure 1.5, BVPA is essentially 

two styrene molecules linked by a hydrocarbon chain in the para position.  The 

two vinyl groups are insulated from each other by the alkyl chain which results in 

reduced reactivity in both free radical and anionic polymerizations relative to 

DVB [8, 13, 15].  The lower reactivity of the BVPA crosslinker allows for a more 

homogenous network structure and attendant improvements in polymer physical 

properties at high crosslinker concentrations.  The larger BVPA molecule also 

decreases cure shrinkage.  Furthermore, there is an opportunity to tune the 

properties of thermosets made with BVPA by changing the structure and length of 

the alkyl linkage.  Despite the advantages of this type of crosslinkers over DVB, it 

has not seen commercial use due to the lack of an efficient and economical 

synthetic route. 

(CH2)n

 

Figure 1.5: Structure of α,ω-bis(Vinylphenyl) alkane. 

PREVIOUS WORK 

Previous researchers investigated the kinetics and mechanisms of 

accelerated anionic polymerization of styrenes and DVB [6, 12].  These data were 

used to study viscosity, gelation, and in-mold cure behavior in RIM compounds 
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[6, 7].  Commercial RIM hardware was modified incorporate a mixhead capable 

of rapidly combining dissimilar volumes of reactants [16].  Various primer 

formulations were developed to promote the adhesion of encapsulant to metal 

substrates and epoxy circuitboard [17, 18]. The effects of ion and mineral filler 

content on the electrical properties of molding compound were also investigated 

[19].  Several researchers participated in the evolution of RIM molding 

compounds [7, 19] including initial development of a BVPA-type monomer [8]. 

Most recently, work was completed on the development of non-polar, 

thermoreversible gelling agents to prevent settling of silica-filled RIM compound 

during storage [20]. 

SCOPE OF RESEARCH 

The purpose of this research is to develop and test new divinyl monomers 

for use in RIM encapsulant that will overcome the limitations of DVB 

crosslinkers.  Chapter 2 details the routes pursued for the synthesis of BVPA 

crosslinkers and the development of a general lithium coupling synthesis for 

BVPA molecules with an alkyl linkage of six or more carbons.  This is followed 

by the analysis of homopolymerization and copolymerization kinetics of RIM 

monomers in Chapters 3 and 4 and efforts to predict the network structure of 

thermoset polymers.  In the course of the kinetic analysis, a new model for 

anionic copolymerization rates was derived that provides a better fit to 

experimental results than existing models. Chapter 5 presents the results of 

physical testing of TBS crosslinked with DVB and two BVPA monomers and 

demonstrates a significant improvement in properties with BVPA use.  
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Chapter 2:  Crosslinker Synthesis 

α,ω-bis(4-Vinylphenyl)alkane (BVPA) molecules have been synthesized 

in the past through a number of routes [1-5].  Generally, these syntheses involved 

a large number of steps or required expensive precursors.  In this work, synthetic 

routes to BVPA molecules were investigated utilizing one and two step coupling 

reactions of organohalides with organolithium or Grignard reagents. 

PREVIOUS SYNTHESIS 

Dehydration of Dicarbinols 

The earliest routes to producing BVPA were through the dehydration of 

dicarbinols [6-9].  This often required the synthesis of the appropriate dicarbinols 

and their precursors.  Assuming there is a source of suitable diphenyl alkanes, the 

synthesis is then the Friedel-Crafts diacetylation of the diphenyl, followed by 

reduction to dicarbinol and then dehydration to BVPA as shown in Figure 2.1 . 
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Figure 2.1: Extended reaction scheme to produce BVPA by dehydration of a 
dicarbinol. 

In the Friedel-Crafts acetylation of the diphenyl compound, the weakly 

activating alkyl groups attached to the phenyl ring favor ortho- and para-

acetylation.  The yield of the para-para addition product was found to range from 

44-76% for alkyl substituents of four carbons or less [10].  The acetylation 

product was then hydrogenated over a metal catalyst or with a metal hydride (e.g. 

NaBH4 or LiAlH4) to yield a dicarbinol in high yield.  Finally, the dicarbinol was 

dehydrated by various methods (acid, metal, zinc chloride catalysts) to yield the 

desired BVPA [10-12].  This process has not seen commercial use because of low 

overall yield and relative complexity [4].  The reported yields for several diphenyl 

compounds are given in Table 2.1. 

   

O O

OH OH

Diphenyl Synthesis

Diphenyl Compound

Friedel-Crafts 
Acetylation

Diacetyl Compound
Reduction

 Dicarbinol Compound Bis(vinylphenyl) alkane

Dehydration

(CH2)n
(CH2)n

(CH2)n
(CH2)n
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Alkyl group Overall Yield Wiley [10] a Overall Yield Nishimura [12] b 

Methyl 14.8% 20.4% 

Ethyl 20.0% 44.8% 

Propyl 13.0% - 

Butyl 18.5% 59.6% 

a. Overall yield is the product of yield for acetylation, reduction, and dehydration 
steps. 

b. Overall yield is estimated using the data for acetylation and reduction steps of 
Wiley and Mayberry and the dehydration step of Nishimura. 

Table 2.1: Overall yield of dicarbinol BVPA synthesis starting from diphenyl 
compounds. 

A search of chemical vendors yielded suppliers of diphenyl molecules 

with alkyl chains of one to four carbons.  However, only diphenyl methane was 

available in large, inexpensive quantities.  This synthetic route was not attempted 

in the current research. 

ORGANOLITHIUM BVPA SYNTHESIS 

Background 

A new synthetic possibility presented itself as an extension of recent work 

reported by Nagasaki and Tsuruta wherein they generated a styryllithium 

nucleophile containing an intact styryl group and used it to make polystyrene 

macromonomer [7].  This suggested the possibility that p-methylstyryl lithium 

(LMS) could be used as a nucleophile in a SN2 coupling reaction to produce 

BVPA molecules.  Figure 2.2 shows the equilibrium reaction for producing LMS 

from p-methyl styrene (PMS) and lithium diisopropylamide (LDA). 
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NLi

CH3 CH2Li

+ +

LDA PMS DA LMS

NH

 

Figure 2.2: Equilibrium formation of LMS from LDA and PMS 

LDA is a strong base (pKa conjugate acid = 36-40) but a poor nucleophile 

due to steric hindrance by the bulky isopropyl groups [13].  The methyl hydrogens 

of PMS are weakly acidic by virtue of numerous stabilizing resonance states 

available to the resulting conjugate base as shown in Figure 2.3.  The acidity of 

the PMS methyl proton should be greater than that of toluene (pKa = 39.6) [14] 

because it has an  additional resonance state involving the vinyl group. The 

equilibrium constant for the LMS formation reaction was found to be 0.54 At 

20 °C in THF solution [7].   
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Figure 2.3: Resonance states of p-methylstyrene (LMS) anion. 

The LMS nucleophile is able to undergo SN2 reactions with suitable 

organohalides to produce carbon-carbon single bonds.  If the reactant is a 

dihaloalkane, the resulting molecule, after two substitutions, will be BVPA as 

shown in Figure 2.4 

Figure 2.4: SN2 coupling of LMS with dihaloalkane to form BVPA. 

There are two main side reactions given the nature of the reacting system.  

The first is that LDA or LMS will act as a base and cause E2 elimination from the 

organohalide as shown in Figure 2.5. The second is that LMS will initiate 

CH2

H

:Base

...

 

CH2Li

+
X

2

+
2LiX

X
(CH2)n

LMS Dihaloalkane BVPA

(CH2)n+2
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polymerization of styryl groups as shown in Figure 2.6.  In the figures, R 

represents an alkyl chain that may end in a halogen, alkene, or styryl group. 

Figure 2.5: E2 Elimination of halogen to form alkenes. 

Figure 2.6: Nucleophilic addition to styryl group which initiates polymerization. 

These side reactions render certain applications of the LMS nucleophile 

impractical.  An early synthesis attempt was to produce 1,2-bis(4-

vinylphenyl)ethane (BVPE) by coupling LMS with 4-vinylbenzylchloride (VBC) 

as shown in Figure 2.7.  Small amounts of BVPE were produced, but the 

overwhelming product was polymer.  A follow up test showed that LDA easily 

initiates VBC polymerization to form a crosslinked gel.   

The proposed mechanism of VBC polymerization is that LDA removes a 

methyl proton from VBC to form a nucleophile similar to LMS (Figure 2.3 with 

chlorine substituted for one methyl hydrogen) which can initiate polymerization 

as in Figure 2.6.   

Base: +

R

H
X Base-H

R

X:++

Organohalide Elimination product   

Nuc:

R R

Nuc

Styrenic species Addition product  
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Figure 2.7: LMS-VBC coupling to form BVPE 

VBC itself is more susceptible to anionic polymerization because the 

chloro-methyl group helps to stabilize one of the resonance states of a VBC 

molecule that is undergoing polymerization as shown in Figure 2.8. 

 

CH2Cl:
δ-

 

Figure 2.8: Resonance structure of polymerizing VBC showing anion 
stabilization by electron-withdrawing chloromethyl group. 

The use of the di-chloro forms of methane, ethane, and propane for BVPA 

synthesis was also ruled out in preliminary tests.  These alkyl halides showed a 

strong tendency to eliminate one or both of their halogens as evidenced by a large 

exotherm and production of gas.   

Different reactant and reaction conditions were examined to minimize 

these side reactions and boost BVPA yield.  Variables examined included choice 

CH2Cl

+ LiCl

CH2Li

+

LMS VBC BVPE

SN2
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of halogen leaving group, reactant concentrations, temperature, and the use of 

catalyst. 

Experimental:  Lithium BVPA Synthesis 

Para-methylstyrene (PMS) was obtained from Aldrich in 96% purity.  t-

Butylcatechol polymerization inhibitor was removed from PMS by passing it 

through a column of activated alumina.  Lithium diisopropylamide (LDA) from 

Aldrich Chemical (2 M solution in THF) was used as received.  1,6-

Dichlorhexane (DCH) (97%), 1,6-dibromohexane (DBH) (96%), 1,4-

dibromobutane (DBB) (99%), N,N,N',N'-tetramethylethylenediamine (TMEDA) 

(99.5%) (TMEDA), and ACS grade hexanes were all used as received from 

Aldrich Chemical.  ACS grade THF was distilled from calcium hydride before 

use.  All reactants and solvents were degassed by bubbling with dry argon for 45 

minutes before use. 

Air-sensitive reagent handling techniques must be used with 

organometallic reactions to prevent destruction of the active compounds [15, 16].  

Anything that contacts the reaction mixture must be clean, dry, and argon purged.  

Vessels containing reactive agents were septum-sealed under a positive pressure 

of inert gas.  Argon was used instead of nitrogen as it typically has fewer 

impurities than similarly priced nitrogen and it is a more effective inert blanket 

because it is denser than air.  Positive pressure was maintained with a gas 

regulator and an oil bubbler was used to prevent over-pressuring the glassware.  

Liquid transfers were via syringe or canula using positive argon pressure on the 



 22 

reservoir side with slight vacuum or a vent needle on the receiver side.  These 

operations were greatly facilitated by the use of an argon/vacuum manifold. 

The reaction apparatus was a 500 mL three-neck round bottom flask 

equipped a stirbar and a graduated 100 mL addition funnel with a pressure 

equalizing side arm.  Clean glassware was dried overnight in a convection oven at 

110 °C and assembled hot.  A magnetic stirbar was placed in the flask and rubber 

stoppers were fitted to all open necks on the flask and addition funnel and secured 

with nylon cable ties.  The entire apparatus was evacuated and filled with dry 

argon three times and placed in a -2 °C ethanol cooling bath as shown in Figure 

2.9.  The bath temperature was controlled by a copper cooling coil connected to a 

HAAKE A80 recirculating bath.  The bath was supported on a magnetic stir plate. 

A stir bar in the cooling bath was used to ensure efficient circulation of the bath 

liquid over the cooling coils.  The side necks of the reaction flask were used for 

connecting the system to an argon/vacuum manifold and as a thermocouple 

insertion point. 
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Figure 2.9: Lithium BVPA synthesis apparatus 

Reactants and solvents were introduced to the apparatus through a canula 

into the addition funnel or by syringe injection into the reaction vessel.  The 

general procedure was to measure the desired amount of THF in the addition 

funnel before adding to the reactor.  PMS and dihaloalkane were then added to the 

reactor by syringe.  LDA was measured in the addition funnel and added to the 
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reaction mixture to begin the reaction.  At the end of the synthetic run, the 

reaction was quenched by the addition of 2 mL of methanol. 

BVPA Purification  

 The BVPA in the final reaction mixture required rigorous cleaning for use 

in anionic polymerization studies. In the first purification step, quenched reactor 

product was poured into a separation funnel and neutralized with dilute HCl. The 

organic phase was extracted three times with deionized water to remove 

diisopropylamine.  The organic fraction was then concentrated in a rotary 

evaporator to yield a viscous yellow liquid.  The concentrated product was then 

placed on a 6-inch flash liquid chromatography column packed with 230-400 

mesh silica gel and eluted with hexanes to decolorize and remove polymer, 

oligomers, and polar compounds.   

This purified product was concentrated again in the rotary evaporator.  

The resulting light yellow oil was dissolved in methanol and passed through a 

20µm syringe filter to remove residual particulates.  The filtrate was collected and 

excess solvent removed by rotary evaporation before recrystallization.  The 

desired α,ω-bis(4-vinylphenyl)alkane (BVPA) was recrystallized two to three 

times from methanol and then a final time from hexanes.  The BVPA crystals 

were stored under vacuum at room temperature overnight to remove all traces of 

volatile solvents.  Finally, the storage flask was sealed with a rubber stopper, 

purged with argon, and stored at -10 °C.   
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Analysis of BVPA Synthesis Products 

In the course of developing a general purification method it was necessary 

to identify the major components of the reaction mixture.  The identity and semi-

quantitative amounts of these products can provide insight into the reaction 

mechanism and suggest ways to optimize the yield.  This section refers to 1,8-

bis(4-vinylphenyl)octane (BVPO) synthesis products as that was the primary 

synthesis studied. 

Normal phase thin layer chromatography (TLC) was used to model and 

monitor the progress of the packed column liquid chromatography step. Glass 

TLC plates were obtained from EM Scientific.  The plates were pre-coated with 

silica gel containing F254 fluorescent indicator.  All products of interest contain 

one or more aromatic rings which strongly absorb light in the 250-260 nm range.  

Under a short wave UV lamp, the various fractions appear as dark spots on a 

glowing TLC plate.  Hexane gave the greatest resolution for early TLC fractions.  

It was necessary to add THF to the hexane to elute the latter fractions from the 

plates and column.  

The reactor product separated into five fractions on the TLC plates.  These 

fractions were isolated with normal phase packed column liquid chromatography 

and analyzed on a Varian 3400 gas chromatograph (GC) equipped with a 

Finnegan MAT ion trap low resolution mass spectrographic detector (GC-MS).  

The column used was a 30 meter J&W Scientific DB-5 MS grade glass capillary.  

The first fraction consisted of unreacted PMS and the coupling/elimination 

product, 7-(4-vinylphenyl)heptene (PHS).  Fraction 2 was composed of BVPO 
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and the single coupling product, 1-bromo-7-(4-vinylphenyl)heptane (PBHS).  

These components were identified by their m/z ratios being within ±1g/mol of 

their expected molecular weight along with a mass spectrum signature of a p-

methylstyryl group.  

Fractions 3-5 were yellow and viscous after being concentrated in a rotary 

evaporator.  They were not amenable to GC-MS but gel permeation 

chromatography (GPC) measurements indicated that they had molecular weights 

in the range of 400-2000 g/mol.  When these fractions were eluted together on a 

very long TLC plate in hexane, they appeared as a line of strongly retained 

individual spots that trailed into a streak ending at zero elution distance.  A 

probable explanation of this behavior is that these fractions consist of mixed 

oligomers formed by the addition of PMS across the double bond of another 

styrenic molecule (Figure 2.6).   

This observation led to the idea that the diisopropylamine (DA) generated 

by the reaction of LDA and PMS was acting as a chain transfer agent.  The high 

relative concentration of DA in the reaction mixture would result in addition 

polymerization proceeding in an essentially stepwise manner; addition 

immediately followed by chain transfer to DA.  This is beneficial to the desired 

reaction because it slows the overall rate of polymerization while regenerating 

LDA.  A literature search revealed that this type of chain transfer reaction has 

previously been used to produce linear polymers of divinylbenzene [17, 18]. 

A listing of the expected elimination and substitution reactions and 

products are presented in Figures 2.10 and 2.11, respectively.  LDA is not known 
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to participate in SN2 reactions and so it is absent from the coupling products. 

Oligomerization products, which are not shown, can be made from any of the 

styrenic products listed in Figures 2.10 and 2.11 or reactants. 

Figure 2.10: Lithium BVPA synthesis E2 elimination products. 

Figure 2.11: Lithium BVPA synthesis SN2 coupling products 

Many of the early reactions were monitored by GC analysis to gain insight 

into the kinetics of the synthesis reaction. The GC used was a HP 5890 equipped 
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with a split/splitless, septum-purged capillary inlet and a flame ionization detector 

(FID).  The column was a 30 m J&W Scientific DB-5-MS capillary with 0.530 

mm ID and a 0.5 µm film thickness.  The carrier gas was helium at 18 mL/minute 

and 10:1 split ratio.  1 µL injections were performed by a HP 7873A liquid 

autosampler.  GC control and data acquisition and processing were handled by 

Varian Galaxie GC software. 

GC samples were taken by syringe at fixed intervals and quenched into 

tared sample jars containing a THF/methanol mixture.  The GC was externally 

calibrated using three serial dilutions of PMS, BVPA, and dihaloalkane [19].  The 

BVPA yield was calculated as twice the peak concentration of BVPA divided by 

the initial concentration of PMS because two PMS molecules are reacted to form 

one BVPA molecule.  Yield based on initial dihaloalkane concentration was 

nearly identical.  Some side products, previously identified by GC-MS, were 

qualitatively tracked with GC-FID.  Additionally, the concentration of active 

centers (LDA + LMS) was measured using a titration method that is detailed in 

Appendix A.  Total oligomeric products and the BVPA yield were also calculated 

gravimetrically from purified products. 

Figure 2.12 shows how molar concentrations of reactants and product 

varied over time in a typical BVPA synthesis reaction.  Common features 

observed in the BVPO synthesis reaction were the rapid depletion of 

dibromohexane and an initial rise then fall of PBHS as it was consumed by 

coupling and elimination.  Once all organohalides are consumed, there was a slow 

consumption of all styrenic species due to polymerization which shifted the 
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BVPA maximum away from the final time.  In all cases, there was a final excess 

of PMS due to consumption of organohalides by elimination. 

Figure 2.12: Typical concentration profile of reactants and products in BVPO 
synthesis. 

Results of BVPA Synthesis 

Experiments were run to determine the effect of leaving groups, catalysts, 

and reactant concentration on BVPA formation.  Table 2.2 summarizes the 

reactants, temperature, concentration, and yield for representative experiments. In 

all experiments there was a 10 to 20 % excess of LDA to offset loss of active sites 
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to impurities.  The ratio of PMS to dihaloalkane (DHA) was approximately 2:1 

(or 1:1 on an active site basis).  

 

Run [PMS]o 
mol/L  

DHAa  PMS:LDA:DHAb LDA add 
time 

Rxn time Temp 
°C 

%Yield 

A 0.27 DCH 1.0:1.2:1.1 10 sec 4 hrs 5 7.8 

B 0.27 DBH 1.0:1.2:1.1 10 sec 4hrs 5 27.6 

C 0.27 DBH 1.0:1.1:1.0 10 sec 3.25 hrs 0 28.8 

Dc 0.27 DBH 1.0:1.1:1.0 10 sec 3 hrs 0 31.1 

E 0.63 DBH 1.0:1.1:1.1 10 sec 3.8 hrs 0 18.8 

F 0.63 DBH 1.0:1.1:1.1 2hrs overnight -10 30.1 

Gd 0.63 DBB 1.0:1.1:1.1 1.3hrs overnight -10 10.1 

a: DHA = dihaloalkanes; DCH = 1,6-dicholorhexane, DBH = 1,6-dibromohexane, 
    DBB = 1,4-dibromobutane 

b:  Active site basis. One site per PMS or LDA molecule, two sites per DHA  
     molecule. 

c:  Reaction catalyzed with 0.2M TMEDA. 

d:  BVPH synthesis 
 

Table 2.2: BVPA via lithium coupling synthesis experimental summary. 

There are several conclusions that can be reached from analysis of the data 

presented in Table 2.2.  The bulk of the runs were devoted to BVPO production, 

except Run G in which BVPH was made.  LDA was added all at once in the 

majority of runs to allow for GC monitoring of all species from their initial 

conditions to the end of the reaction. 

Experiments A and B differed only in the identity of the dihalohexane 

used.  The yield for run B was considerably higher (27.6% vs. 7.8%) because 
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bromine is a better leaving group than chlorine.  While this would not explicitly 

favor substitution over elimination, it would increase the rate of both reactions 

relative to polymerization.  

Runs C and E show the effect of using TMEDA catalyst in BVPO 

synthesis.  The control run, C, gave a yield close to the earlier run B.  TMEDA 

improved the yield of BVPO by about 2% over the uncatalyzed case.  TMEDA is 

believed to enhance the nucleophilicity of anionic species by solvating the 

metallic counterion and freeing the anions to act as nucleophiles [20].   

The concentrations of reactants in the synthesis mixture were tripled in 

order to make larger quantities of BVPO per reaction.  Run E shows that this 

resulted in a decreased yield of BVPO (18%).  The large thermal spike that 

occurred with the addition of the LDA could account for some of the decrease in 

yield.  The synthesis was repeated in run F at -10 °C and a much slower addition 

rate of LDA.  These changes increased the yield to 30% overall.  Tests were not 

run to separate the effects of lowering temperature and slower LDA addition 

though both should have beneficial effects.  Lower temperature should favor SN2 

coupling over E2 [20] and the lower addition rate would ensure a high relative 

concentration of PMS to LDA which would favor the formation of LMS.  

Finally, experiment G was an attempt to extend the BVPA synthesis to 

BVPH.  Reaction conditions are identical to run F but the yield was only 10% 

overall.  Examination of the reactor product showed an excessive double 

elimination of DBB to form conjugated 1,4-butadiene.  Dibromoalkanes with a 

bromine separation of five carbons or greater should avoid the problem of 
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preferred formation of conjugated elimination products and have BVPA yields 

similar to BVPO. 

Verification of BVPA Identity and Structure 

High resolution CI+ mass spectra for BVPO and BVPA were obtained on 

a Fisons Instruments ZAB2-E mass spectrometer.  The chemical ionization 

method used in generating this spectrum provides a large M+1 peak, meaning that 

the largest peak should correspond to the parent molecule plus one proton.  The 

H-NMR spectrum for BVPO was obtained on a 500 MHz Varian Inova NMR 

Spectrometer using deuterated chloroform as both the solvent and reference peak.  

Melting point was measured on a Perkin Elmer DSC-7 differential scanning 

calorimeter (DSC). 

The structure of BVPO is shown in Figure 2.13 along the average 

molecular weight and the estimated H-NMR shifts [21] for each unique hydrogen 

on the molecule.  Figure 2.14 gives the same data for BVPH.   
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Figure 2.13: BVPO structure with molecular weight and estimated 1H-NMR 
shifts. 
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Figure 2.14: BVPH structure with molecular weight and estimated 1H-NMR 
shifts. 

The results of these analyses are summarized in Table 2.3. 
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BVPA 
Name 

Mass Spec 

(M+1-1) m/z  

(Calc g/mol) 

1H NMR shift δ 

(H count, multiplicity, J in Hz, location) 

Mp °C 

1,8-bis(4-
vinylphenyl) 
octane 

318.243  

(318.23) 

7.310 (4H, d, HAr, J = 8.08), 7.118 (4H, d, 
HAr, J = 8.09), 6.682 (2H, dd, Jtrans = 17.61, 
Jcis = 10.88, CH2=CH-Ar), 5.687 (2H, dd, 
Jtrans = 17.60, Jgem = 0.98, CH2=CH-Ar), 
5.172 (2H, dd, Jcis = 10.88, Jgem = 0.96, 
CH2=CH-Ar), 2.570 (4H, t, J = 7.73, Ar-CH2-
CH2), 1.579 (4H, m, J = 7.44, Ar-CH2-CH2-
CH2), 1.295 (8H, m, , -CH2-). 

47-48 

1,6-bis(4-
vinylphenyl) 
hexane 

290.210 

(290.20) 

7.307 (4H, d, HAr, J =8.08), 7.109 (4H, d, 
HAr, J =8.06), 6.680 (2H, dd, Jtrans = 17.61, 
Jcis = 10.88, CH2=CH-Ar), 5.686 (2H, dd, 
Jtrans = 17.59, Jgem = 0.97, CH2=CH-Ar), 
5.171 (2H, dd, Jcis = 10.87, Jgem = 0.93, 
CH2=CH-Ar), 2.569 (4H, t, J = 7.71, Ar-CH2-
CH2), 1.590 (4H, m, , Ar-CH2-CH2-CH2), 
1.344 (4H, m, ,-CH2-). 

56.7 

Table 2.3: Mass Spectra, H-NMR, and melting points of purified BVPO and 
BVPH. 

Lithium Synthesis Conclusion 

This new synthetic method is a general route to BVPA molecules where 

the alkyl linkage is six or more carbons long.  The synthesis is not fully optimized 

and could potentially be increased by the use of lower reaction temperatures, 

lower reactant concentrations, and slower addition of LDA.  It may be possible to 

boost yield by shifting the LDA/LMS equilibrium toward LMS by use of excess 

PMS or by reactive distillation to remove DA.   Copper catalysts may be able to 
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decrease side reactions by converting the LMS nucleophile to a less reactive 

Gilman nucleophile [13]. 

This synthesis also produces potentially useful single coupling and single 

coupling/single elimination products (in the case of BVPO synthesis, these are 

PBHS and PHS, respectively).  These products are relatively easy to isolate as 

they elute in the first two liquid chromatography fractions of the BVPA reactor 

product.  Functionalized styrenic monomers where the second functionality is at 

the end of a long alkyl chain are of interest because, when polymerized, the 

spacing from the polymer backbone increases the reactivity of the pendant 

functionality.  Applications include polymer bound catalysts [22], ion exchange 

resins, and graft polymers [23, 24].   

GRIGNARD BVPA SYNTHESIS  

Grignard synthesis of BVPA compounds have been investigated in the 

past as a route to BVPA synthesis.  An overview of the chemistry is presented 

followed by Grignard homo- and hetero-coupling BVPA synthesis experiments. 

Grignard Chemistry Overview 

Grignard reagents are organomagnesium halide compounds described by 

the formula R-Mg-X.  Grignard reagents exist in several forms in solution 

according to the so called Schlenk equilibrium [20].  A simplified representation 

of this equilibrium is given in Equation 2.1. 

2RMgX    R2Mg  +  MgX2   R2Mg*MgX2     (2.1) 

Grignard reagents are powerful bases and nucleophiles, though they are 

less reactive than their corresponding organolithium compounds.  They are air and 
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water sensitive but can be easily handled with standard techniques for such 

materials [15, 16].   

Grignard reagents are easy to make and are often produced in situ.  They 

are made by reacting organohalides with magnesium metal in dry THF or ethyl 

ether.  A crystal of iodine is often used to catalyze Grignard formation.  The ease 

of forming Grignard reagents is a function of the R group of the organohalide 

(allyl, benzyl > primary alkyl > secondary alkyl > cycloalkyl = tertiary alkyl, 

aromatic > vinyl).  This order is explained in terms of the stability of resulting 

carbanion-like structures.  The ease of Grignard formation is also a strong 

function of the leaving ability of the  halide (I > Br > Cl >> F) [20].   

Grignard reagents are widely used in a number of reactions to form 

carbon-carbon bonds. One such reaction is SN2 coupling with organohalides as 

shown in Equation 2.2.   

 RMgX + R’X’  RR’ + MgXX’    (2.2) 

A common side reaction in the formation of Grignard reagents is 

homocoupling, as shown in equation 2.3.  In this reaction, a newly formed 

Grignard compound attacks one of its halide precursors instead of the desired 

organohalide.  This reaction can be minimized through the use of lower 

temperatures, concentrations, and addition rates [20].   

 RMgX + RX  RR + MgX2    (2.3) 

The ease of the coupling reaction is strongly influenced by steric effects 

(1° > 2° > 3°) and  leaving group ability (I > Br > Cl >> F ).  There are a number 

of catalysts utilized to improve the yield of coupling reactions.  In particular, 
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silver is found to promote homocoupling reactions [25] while copper(I), usually in 

the form of Li2CuCl4 [26, 27] or CuBr [28], is used for heterocoupling. 

Another possible side reaction is metal X-X’ exchange wherein a Grignard 

and an organohalide exchange active groups as described in Equation 2.4.  This 

equilibrium reaction is sometimes used to initiate the formation of slow to form 

Grignard reagents [20, 29].  The equilibrium position of metal X-X’ exchange 

reaction depends on relative stabilities of the two possible Grignard reagents. 

 RMgX + R’X’  R X’ + R’MgX (2.4) 

Given that the desired product is styrenic in nature, there is also the  

possibility of polymerization initiated by nucleophilic addition to the styryl 

group [30] as in 

 RMgX + R’CH2=CH2  R’CH2(R)CH2MgX. (2.5) 

BVPE Synthesis by Grignard Homocoupling 

Grignard homocoupling of p-vinylbenzyl chloride (VBC) was first  

investigated in 1974 as an alternative to the dehydration synthesis of 1,2-

bis(vinylphenyl) ethane (BVPE) [31].  The first study gave an 18 % yield.  Later 

researchers were able to boost the yield to 60, 80, and 91% [1, 2, 4].   

The most efficient BVPE synthesis in the literature is a one-vessel reaction 

in which VBC is slowly added to a 0 °C mixture of magnesium turnings in THF 

at a 2:1 VBC:Mg molar ratio.  A small amount of VBC is converted to the 

Grignard nucleophile, p-vinylbenzyl magnesium chloride (VBMC).  This 

nucleophile quickly undergoes an SN2 reaction with a second VBC molecule to 

form BVPE.  Figure 2.15 gives the mechanism of the homocoupling step.  The 
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reaction product is purified by aqueous extraction, flash liquid chromatography 

and recrystallization from methanol [4].  The main side product is polymer via 

addition to the double bond of VBC as shown in Equation 2.5. 

Figure 2.15: BVPE synthesis by Grignard homocoupling 

An advantage this synthesis has over the dehydration of dicarbinols that it 

utilizes readily available starting materials.  The yield for this synthesis is much 

higher than both the dicarbinol and lithium coupling synthesis. Product 

purification is simplified by virtue of its single reaction step. A drawback to this 

synthesis is that VBC is too expensive of a starting material to achieve the desired 

$7.00/lb price point for the final RIM compound [32].  Another limitation that 

will be discussed in Chapter 5 is that the solubility of BVPE in TBS is such that 

only 5 mole % BVPE can be used at room temperature, which is insufficient to 

achieve the desired mechanical properties.  This synthesis was repeated in this 

work to produce BVPE for use as a model BVPA compound in kinetic and 

physical studies.  

Cl

+ + MgCl2

MgCl

VBMC VBC BVPE  
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Experimental: Grignard Homocoupling 

p-Vinybenzylchloride (VBC) was obtained from Aldrich Chemicals. 

Nominal purity was 90% VBC with the remainder being alpha-

chloromethylstyrene, (2%), dichloromethylstyrene (3%), and 3-vinylbenzyl 

chloride (5%).  Inhibitor was removed by passing VBC through a column of 

activated alumina.  Fisher brand HPLC-grade dry THF, magnesium turnings, and 

iodine crystals were used as received.  

The reactor setup and temperature control used were essentially identical 

to the lithium coupling apparatus shown in Figure 2.9.  A crystal of iodine and 5.6 

g (0.23 mol) of magnesium turnings were added to the flask before fixing stoppers 

with nylon cable ties.  The entire apparatus was evacuated and filled with dry 

argon three times.  

The reactor was installed in the 0 °C cooling bath and 380 mL of THF was 

measured in the addition funnel and added to the reactor.  The iodine crystal 

dissolved in the THF and imparted an orange color to the reaction mixture. The 

addition funnel was then charged with 66.8g (0.52 mol) of VBC and 70 mL of 

THF.  The VBC and THF were mixed by briefly bubbling argon through the 

funnel.  After the reactor temperature stabilized at 0 °C, 5 mL of the VBC 

solution was added slowly to the reaction mixture.  Care was taken to introduce 

only small amounts of VBC into the reactor at any given time so as to prevent an 

uncontrolled temperature rise and boiling as the reaction began.  The onset of 

Grignard formation was indicated by the disappearance of the iodine color.   
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There was an induction period observed between the addition of VBC and 

the formation of the Grignard reagent.  Usually there was no sign of Grignard 

formation after 20 minutes at 0 °C.  The reactor was removed from the cold bath 

and allowed to warm up in order to speed up the initiation process.  At 6-10 °C, 

the mixture cleared, indicating that the reaction had begun.  The reactor was 

returned to the cooling bath and the VBC solution was added dropwise to 

maintain the reaction temperature at 0-5 °C.  As the reaction progressed, the 

steady development of a dark blue-green color was observed in the solution.  

Addition of VBC was completed in two hours hour and the mixture was allowed 

to react overnight at 0 °C.  The mixture was then allowed to come to room 

temperature and quenched by addition of methanol. 

BVPE Purification 

The contents of the reactor were decanted into a two liter separation funnel 

and extracted three times with deionized water, adding makeup THF as needed.   

The organic layer was added to a one-liter round bottom flask and concentrated in 

a rotary evaporator.  The result was a chunky yellow solid consisting primarily of 

BVPE and polymer.  The bulk of the polymer was removed by dissolving the 

solid in a minimum amount of THF and precipitating the polymer in excess 

hexane.  The solution was then filtered through coarse filter paper.  This 

procedure was repeated twice to remove the majority of the polymer from the 

BVPE.  The filtrate was then concentrated in a round bottom flask to produce a 

yellow crystalline solid.   
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The crystalline product was dissolved in a minimum amount of hexane 

and purified by passing through a 4-inch silica gel column.  The earlier 

precipitation/filtration step was necessary to remove hexane-insoluble polymer 

that tended to seal the top of the liquid chromatography column.  The product was 

again concentrated in a rotary evaporator to yield light yellow crystals.   

BVPE was obtained as white, sheet-like crystals after three 

recrystallizations from methanol and a final recrystallization from hexane.  The 

product was verified to be over 99.8% pure by GC-FID analysis.  Overall yield 

was 41.6 g or 83% based on VBC.   

Verification of BVPE Identity and Structure 

The structure of synthesized BVPE was verified by mass spectroscopy, 

1H-NMR and melting point.  The structure of BVPE is shown in Figure 2.16 

along the average molecular weight and the estimated proton NMR shifts for each 

unique hydrogen [21].  
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Figure 2.16: BVPE structure with molecular weight and estimated 1H-NMR 
shifts 

The M+1-1 peak was found to be 234.15 m/z which agrees well with the 

234.34 g/mol calculated molecular weight of BVPE.  The 1H-NMR spectra of 

BVPE was also in agreement with the predicted spectra with: δ = 7.316 (4H, d, 

HAr, J =8.10), 7.122 (4H, d, HAr, J =8.15), 6.686 (2H, dd, Jtrans = 17.60, Jcis = 

10.89, CH2=CH-Ar), 5.699 (2H, dd, Jtrans = 17.60, Jgem = 0.934, CH2=CH-Ar), 

5.189 (2H, dd, Jcis = 10.87, Jgem = 0.91, CH2=CH-Ar), 2.893 (4H, s, Ar-CH2-

CH2-Ar).  Melting point was determined by DSC measurement to be 96-99 °C 

which is close to the literature range of 95.5-97.5 °C [10]. 

Grignard Heterocoupling 

The efficient synthesis of BVPE via Grignard homocoupling led naturally 

to the idea of extending the synthesis to make other BVPA molecules.  The 

proposed reaction is a hetero coupling between a “di-Grignard” nucleophile and 

two molecules of VBC as shown in Figure 2.17.  Another possible route, similar 
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to the lithium coupling synthesis of BVPA, is to couple two VBMC molecules 

with a di-halo alkane as shown in Figure 2.18.  

Figure 2.17: Heterocoupling of alkyl di-Grignard nucleophile with two 
equivalents of VBC 

Figure 2.18: Heterocoupling of two equivalents VBMC with one equivalent of 
dibromoalkane.  

The existing body of research indicates that allyl and benzyl-halides 

reactants undergo Grignard coupling without the use of catalysts [20, 33].  This is 

readily apparent from the high BVPE yields of the previous Grignard 

homocoupling section. However, alkyl halides are much less susceptible to 

nucleophilic substitution and often require catalysts to achieve useful yields [22, 

25, 27, 28, 34, 35].   

BrMg(CH2)nMgBr

Cl

+ 2 2x SN2

(CH2)n+2

Alkyl digrignard VBC BVPA  

Br(CH2)nBr

MgCl

+2 2x SN2

(CH2)n+2

DibromoalkaneVBMC BVPA  



 44 

Three main experiments were performed to examine the feasibility of 

using Grignard reactions to synthesize BVPA molecules with alkyl linkages of 

more than two carbons.  The first was the uncatalyzed heterocoupling of 

dibromohexane-derived Grignard reagent with two equivalents of VBC.  The 

second and third experiments were attempts, with and without copper catalyst, to 

couple two equivalents of VBMC Grignard reagent with one equivalent of 

dibromohexane.  These three syntheses were unsuccessful but shed light on 

interesting behavior of Grignard reagents. 

Coupling Di-Grignard Reagent with VBC 

The first BVPA synthesis was the uncatalyzed hetero-coupling of 1,6-

di(bromomagnesio)hexane (DMBH) with two equivalents of VBC.  This reaction 

is depicted in Figure 2.17 where n = 6.  Reactants used in this reaction are 

identical to those used in the lithium BVPA and Grignard BVPE syntheses.  

Anhydrous ethyl ether was used as received from Fisher Scientific. 

The first stage of reaction was the formation of DMBH [20, 36].  The 

reactor setup was a 250 mL three-necked round bottom flask outfitted with a 

jacketed condenser and an addition funnel with pressure-equalizing side arm.  The 

apparatus is shown in Figure 2.19.  An iodine crystal, 6.1 g of magnesium 

turnings (0.25 mol), and a stir bar were placed into the reactor and all openings 

were sealed with rubber septa.  The reactor was evacuated and backfilled with 

argon three times and the entire apparatus was then placed in a magnetically 

stirred water bath.  
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Figure 2.19: Stage 1 Di-Grignard BVPA synthesis apparatus. 

Using air sensitive reagent handling techniques [15], 100 mL of ethyl 

ether was added to the reactor.  The addition funnel was charged with 20 mL 

(0.13 mol) of 1,6-dibromohexane (DBH) and 80 mL ethyl ether.  A small amount 

(~5 mL) of the DBH mixture was added with stirring.  The solution immediately 

decolorized indicating Grignard formation.  The remainder of the DBH mixture 
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was added at a rate to sustain reflux.  After DBH addition was complete, the 

reaction mixture was stirred for 1 hour to allow for complete formation of 

Grignard reagent.  The solution was then transferred by canula into a septum-

sealed fritted funnel to remove residual magnesium turnings.  The filtrate was 

collected in a septum-sealed round bottom flask as shown in Figure 2.20 

 

Figure 2.20: Filtration system for Grignard reagents. 

The Stage 2 reaction apparatus was identical to the Stage 1 apparatus 

except that the bath was outfitted with cooling coils connected to a recirculating 

chiller.  The filtrate containing DMBH was transferred to the Stage 2 reactor and 

maintained at 0 °C.  Upon cooling, the filtrate formed a white precipitate, possibly 

due to a shift in the Schlenk equilibrium toward dialkylmagnesium at low 

temperatures [20].  The addition funnel was charged with 42.4 mL (0.27 mol) 

VBC which was slowly added to the reactor.  The addition of VBC was 
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accompanied by evolution of heat but no visible change in the reaction pot.  The 

mixture was allowed to self heat to reflux whereupon the precipitate dissolved.  

The reactants were allowed to cool to ambient temperature (~1 hour) and the 

reaction was stopped with 5 mL of methanol.   

The product was placed in a separation funnel and extracted three times 

with water.  The resulting viscous material appeared to be largely polymeric.  A 

sample of the product, dissolved in THF, was run on a GC-FID machine and 

compared with purified BVPO and BVPE from previous syntheses.  The sample 

contained reactants, a small amount of BVPE, and no BVPO.   

Two reactions took place instead of the desired heterocoupling.  The first 

and most significant was the addition of the di-grignard across the double bond of 

VBC, initiating polymerization [30] and consuming the bulk of VBC.  The second 

was a metal X-X1 exchange (shown in Equation 2.4) to form vinylbenzyl 

magnesium bromide which then coupled with a VBC molecule to form BVPE. 

Recently, Ruckenstein and Zhang have reported success in a similar 

Grignard heterocoupling using VBC added to allyl magnesium chloride in THF at 

0 °C [23, 24].  In our case, the observed precipitate formation would prevent 

running this reaction at sub-ambient temperatures but perhaps lower temperatures 

would reduce polymerization and allow other products to form.  The alternate 

addition scheme, adding DBMH dropwise to a solution of VBC, could be run at 

lower temperatures.  This would certainly minimize polymerization but there may 

be a larger BVPE product by metal X-X1 exchange. 
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Coupling VBMC with Dihaloalkane 

An alternate approach the Grignard heterocoupling synthesis of BVPA is 

by reacting two equivalents of p-vinylbenzyl magnesium chloride (VBMC) with 

one equivalent of a α,ω-dihaloalkane as shown in Figure 2.18.  In this case 

VBMC was added to 1,6-dibromohexane (DBH), both with and without Li2CuCl4 

coupling catalyst, in an attempt to form 1,8-bis(4-vinylphenyl)octane (BVPO).  

There are several instances in the literature where similar syntheses were 

accomplished.  These methods are summarized in Table 2.4. 
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Grignard 
nucleophile 

Alkylhalide Catalyst Yield Ref 

MgBr

O

O  

Br
R

Br
 

R = (CH2)3,6 , various 
benzylalkyl linkages 

Cu(I)Br/ 
HMPAa 

37-66% 

dicouplingb 
[28] 

O MgBr
 

Br
R

Br
 

R = (CH2)3, 4, 5, 6, 10 
Li2CuCl4 

58-68% 

dicoupling 
[35] 

MgCl
 

Br (CH2)nCH=CH2 
n>2 

Li2CuCl4 
50-79% 

monocoupling 
[34] 

MgCl

c
 

Br
R

Br
  

R = (CH2)3,6 
Li2CuCl4 

44-58% 

monocouplingb 
[22] 

All reactions in THF at 0-25 °C 

a: Hexamethylphosphoramide 

b: Both meta- and para-forms of the Grignard reagent were used. 

c: Started with a 60:40 meta:para mixture of VBC. 

Table 2.4: Grignard heterocoupling reactions with phenyl and benzyl 
nucleophiles. 

It is interesting to note that the first reaction listed in Table 2.4 was used to 

successfully synthesize a large number of different types of bis(vinylphenyl) 

compounds [28].  That particular synthesis has not achieved commercial use, 

perhaps because the complete workup requires five reaction steps and there is a 

lack of commercially available bromoacetophenone ethylene acetal for making 

the nucleophile.   
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The attempted synthesis was quite similar to the fourth reaction listed in 

Table 2.4 except that the dicoupling product was desired, only the para form of 

the Grignard reagent was used, and DBH was used instead of 1,3-

dibromopropane.   

The reactants were all purified as noted in the di-Grignard synthesis 

except that dry Li2CuCl4 (0.1 M) was used as received from Aldrich. The 

reactions, both with and without catalyst, were run in the same way.  The reactor 

setup for the Grignard formation step was the same as that for the lithium BVPO 

and Grignard BVPE syntheses, Figure 2.9.  A 20 percent molar excess of 

magnesium was used to ensure complete conversion of VBC into VBMC and 

minimize the formation of BVPE.  Before sealing, the reactor was charged with 

3.82 g (0.157 mol) magnesium and an iodine crystal. After three vacuum/argon 

purge cycles, the reactor contents were covered with 60 mL of dry THF.  The 

addition funnel was filled with a mixture of 20.5 mL (0.13 mol) of VBC and 

20 mL dry THF.  The VBC was added slowly and the reactor was held for 2.5 

hours at 1 °C.  The resulting dark green solution was allowed to warm to room 

temperature.   

The Stage 2 apparatus was very similar to that used for BVPO synthesis 

except that the addition funnel has a fritted glass filtration funnel attached to its 

inlet as shown in Figure 2.21.  The VBMC solution was transferred to the Stage 2 

apparatus by way a canula and filtered into the addition funnel. The reactor was 

then charged with 100 mL THF, 14.76g DBH (0.059 mol), and 13 mL (0.04 mol) 

Li2CuCl4 when used.  The VBMC solution was slowly added to the DBH solution 
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over 30 minutes at 0 °C.  After 20 hours the reactor was quenched with 2 mL of 

methanol and extracted three times with water.  

 

Figure 2.21: Stage 2 reaction vessel for Grignard BVPA synthesis 

The crude reactor product was analyzed by GC-FID.  In both the catalyzed 

and uncatalyzed case, the sole BVPA product was BVPE (~60% yield each).  
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There are two possible explanations for this result.  The first is that the majority of 

VBMC was consumed by homocoupling in the first stage.  The second is that a 

metal X-X1 exchange occurred between VBMC and DBH to produce vinylbenzyl 

bromide which then underwent homocoupling to form BVPE.  I believe that the 

first explanation is more likely because both catalyzed and uncatalyzed reactions 

gave the same result.   

The absence of BVPO was surprising in light of the respectable 44-58% 

mono-coupling yield that Tomoi et al. [22]  were able to achieve.  An unspecified 

amount of BVPE was the major side product.  It may be significant that they used 

a 60:40 meta:para mixture of VBC in their synthesis whereas the current 

experiments used a 2:98 meta:para VBC feed.  The meta:para ratio of the ω-

bromoalkylstyrene or BVPE products could give insight into the effect of the two 

isomers.  Further investigations into BVPA synthesis by this route should include 

duplication the monocoupling results with a similar meta:para VBC mixture and a 

parallel experiment with para-VBC only.  

Better results for this synthesis could by obtained by trying to enhance the 

rate of VBMC formation over homocoupling by running the VBMC synthesis at 

lower concentrations with higher surface area Mg and a slower VBC addition 

rate. Analysis of Stage 1 VBMC solution samples would reveal if BVPE 

formation occurred in the first reaction stage.   

The presence of BVPE side product may present a problem in using the 

normal BVPA purification method.  This is because BVPE would crystallize out 
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of solution along with the BVPA.  While having BVPE mixed in with BVPA 

would not impair crosslinking ability, it would complicate kinetic analysis. 

CONCLUSION 

Several types of coupling syntheses were investigated for α,ω-bis(4-

vinylphenyl)alkane (BVPA) production.  A novel lithium nucleophile was used to 

make 1,8-bis(4-vinylphenyl)octane (BVPO) and 1,6-bis(4-vinylphenyl)hexane 

(BVPH) in modest yields.  1,2-bis(4-vinylphenyl)ethane (BVPE) was made using 

a known Grignard homocoupling reaction [4].  Attempts to extend the Grignard 

synthesis to produce longer chain BVPA molecules were unsuccessful.  Sufficient 

quantities of purified BVPE and BVPO were made to proceed with kinetic and 

physical property studies. 
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Chapter 3: Anionic Polymerization 

The polymerization method used in our version of Reaction Injection 

Molding (RIM) is the butyllithium initiated anionic polyaddition of styrenes. It is 

important to understand anionic polymerization behavior in order to properly 

design the molding compound and machinery. This chapter reviews the theory of 

anionic polymerization as it applies to the RIM system.  It will also cover the 

procedures and results of several experiments designed to determine the 

polymerization kinetics of styrene, p-methylstyrene (PMS), p-t-butylstyrene 

(TBS), and 1,2-bis(4-vinylphenyl)ethane (BVPE) in aromatic solvent.  The 

homopolymerization kinetics will be used in modeling copolymerization rate 

behavior in Chapter 4.   

THEORY 

Anionic polymerization has some unique features that make it desirable 

for use in the RIM system.  It has a fast initiation and rapid propagation compared 

to free radical and condensation polymerization systems.  Termination can be 

avoided by careful control of reaction condition which allows for the production 

of near mono-disperse, high molecular weight polymer chains [1].  Anionic 

polymerization can be run as a “living” polymerization, meaning that after the 

reaction proceeds to the exhaustion of monomer, growth of the original polymer 

chains can be continued by the further addition of monomer.  This method is often 

used in the production of block copolymers [2]. 
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There are some restrictions with anionic polymerization compared to free 

radical polymerization.  Anionic polymerization requires more rigorously 

controlled reaction conditions and higher purity reactants because the active 

species can be terminated by impurities such as oxygen, carbon dioxide, and 

moisture.  The kinetics of anionic polymerization are also very sensitive to the 

solvent used. 

This section deals with the key features of anionic polymerization with 

organolithium initiators.  Specific topics will include the nature of organolithium 

species in solution, polymerization reaction steps mechanisms and modeling, and 

the effect of impurities on reaction kinetics.  

Organolithium Anions in Solution 

The active species in this type of polymerization is a carbanion that is 

paired with a lithium counterion.  The counterion stabilizes the carbanion’s 

negative charge while still allowing it to form covalent bonds with suitable 

electrophiles.  The carbanion acts as a powerful nucleophile that is able to 

polymerize a variety of unsaturated and heterocyclic monomers [1, 3].   

The carbon-lithium bond is often described as polar-covalent as it has 

characteristics of both types of bonds [4].  The bond character is strongly 

influenced by ion separation which is largely a matter of cation solvation although 

temperature, carbanion structure, and concentration are also involved [3].  The 

lithium cation is poorly solvated by nonpolar solvents and tight or contact ion 

pairs dominate in aliphatic and aromatic solution. In this case almost all the 

electron density of the lone pair of electrons lies between the ion pair and the 
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bonding is at its most covalent [5].  As solvent polarity increases the ions become 

separated by one or more layers of solvent to give loose ion pairs. Small amounts 

of free ions are formed in strong polar aprotic solvents in which the interaction 

between anion and cation is almost entirely ionic [6].  Complexing agents like 

cryptands and crown ethers are particularly effective at solvating the cation [7-9].  

These ion pairs exist in a continuum delimited by Equation 3.1. Reactivity of the 

carbanion greatly increases with ion separation [6]. 

(A-,C+)  (A-…C+)   (A-) + (C+)   (3.1)               

Tight ion pair       Loose ion pair           Free ions 

  The behavior of the anionic species is further complicated by the 

observation that ion pairs form stabilizing aggregates in equilibrium with lone  

contact ion pairs [1, 3, 5, 10, 11].  The degree of aggregation depends on the 

structure that bears the anion and solvent type.  Bulky anions tend to have lower 

degrees of aggregation.  In hydrocarbon and aromatic solvent, the equilibrium 

strongly favors aggregates while polar aprotic solvents disrupt aggregate 

formation [3, 12].  Table 3.1 gives the aggregation state, n, for commonly used 

butyllithium (BuLi) initiators in various solvents. 
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Initiator Solvent n Method Ref 

n-Buli Benzene 6.3 I [13] 

 Benzene 6.0 F [14] 

 Cyclohexane 6.2 F [13] 

 Et2O 4.0 V [15] 

 THF 2.4-2.8 F [16] 

sec-BuLi Benzene 4 F [17] 

 Cyclohexane 4 F [17] 

 THF 1.1 F [18] 

t-BuLi Benzene 4 B [19] 

 Hexane 4 B [19] 

 THF 1.1 F [18] 

Methods for determination of degree of aggregation: I, isopiestic distillation;  
F, freezing point depression; V, vapor pressure depression; B, boiling point elevation. 

Table 3.1: Degree of butyllithium aggregation in polar and non-polar solvents. 

These aggregates exert a strong influence on the reactivity of the ion pairs.  

There is evidence that aggregated ion pairs are inactive toward monomer 

initiation and propagation [3, 6, 20]. 

The RIM system is essentially a bulk polymerization.  However, it is not 

possible to determine bulk homopolymerization kinetics for BVPE because it is a 

crystalline solid with a melting point of 96-99 °C.  Previous work in this group 

has shown that kinetics of anionic polymerization in aromatic solvents are 

comparable to bulk polymerization [7, 21, 22]. Furthermore, the gas 

chromatographic (GC) analysis method requires dilute samples which makes it 
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easier to work with reaction mixtures that are already in solvent.  In this work, all 

experiments were performed in aromatic solvent under similar conditions.   

Initiation 

The first step of anionic polymerization is the conversion of initiator 

molecules into propagating polymers by reaction with monomer.  Various isomers 

of butyllithium are frequently used as initiators because they are soluble in 

hydrocarbons, relatively stable under refrigeration, and readily available from 

chemical suppliers [23].   

In the initiation step, the vinyl group of a styrene monomer is inserted into 

the carbon-lithium bond of the initiator ion pair.  The butyllithium initiator forms 

a bond by donating its lone pair of electrons to the β-carbon of a styryl group.  

The pi-bond electrons shift to the α-carbon to form a new anionic site.  The 

lithium counter-ion moves to the new anionic center as shown in Figure 3.1. The 

counter-ion may contribute to the reaction by polarizing the vinyl group and 

developing a partial positive charge on the α-carbon [3, 6].  The reaction is 

energetically driven by its large exotherm.  

Li +

Li

n-BuLi Styrene PLi  

Figure 3.1: Initiation of styrene by n-butyllithium. 
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The new 2° anion is stabilized by delocalization of the charge throughout 

the aromatic ring.  In general, vinyl groups must have anion stabilizing groups in 

order to undergo anionic polymerization [3]. 

Organometallic species in nonpolar solvents have been found by 

colligative properties to exist as aggregates of two or more ion pairs in 

equilibrium with lone ion pairs [3].  It has been observed that, for the initiation of 

styrene and various dienes in aromatic solvent, the reaction is first order in 

monomer and the initiator order is the inverse of the degree of aggregation (n) 

[20, 24, 25].  This can be explained in terms of a two step mechanism where the 

aggregates disassociate into lone pairs which then react with monomer [20].   

The equilibrium expression for the association of initiator ion pairs, I, into 

aggregates, (I)n, is              

n(I)             (I)n     (3.2) 

where Ke is the equilibrium association constant. 

The reaction of an initiator ion pair with a monomer, M, to form an active 

polymer, PLi, is given by 

PLiMI ik→+ .     (3.3) 

The rate of consumption of initiator by bimolecular initiation is then 

[M][I]k
dt

]d[I
in−=t .     (3.4) 

where kin is the rate constant for initiation, [It] is the overall concentration of 

initiator in the system, and [I] is the concentration of unaggregated initiator. 

Ke 
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The concentration of active ion pairs is not experimentally accessible.  It is 

possible to express the concentration of these lone pairs as a function of the 

concentration of aggregates using the equilibrium expression of Equation 3.2 and 

solving for [I]: 

( )n
1

en ]/K[(I)[I] = .     (3.5) 

Ke has been estimated to be on the order of 107 [6] and so the 

concentration of unassociated ion pairs is very small and the initiator mass 

balance becomes 

 [It] = [I] + n[(I)n] = n[(I)n]    (3.6) 

where  [(I)n] is the concentration of aggregates. 

  Combining Equations 3.4, 3.5, and 3.6 gives the rate of initiation as a 

function of measurable concentrations  

n
n

t
t

n 1/
e

in
obsin,

1/
obsin, )K(

k
k,][M][I-k

dt
]d[I

== .  (3.7) 

Table 3.2 summarizes experimental results for order of initiator and 

degree of aggregation for initiation reactions of various butyllithium initiators and 

monomers. 
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Initiator Monomer n Initiator ordera Reference 

n-BuLi Styrene 6 0.16 [20] 

 1,1-Diphenylethylene 6 0.18 [26] 

sec-BuLi Styrene 4 0.25 [17] 

 Isoprene 4 0.25 [17] 

t-BuLi 1,1-Diphenylethylene 4 0.28 [27] 

a: Initiator order determined by UV spectroscopy of reactions in benzene solvent. 

Table 3.2: Degree of aggregation and initiator order for monomer initiation 
reactions with butyllithium in benzene solvent. 

There have been challenges to the equilibrium picture as described by 

Equation 3.2 [3]. The argument is that the observed activation energy for 

initiation (18 kcal/mol for styrene with n-BuLi [20]) is much lower than the 

enthalpy change estimate for complete disassociation of the aggregate (~100 

kcal/mol) [28].  Furthermore, the probability of a six or even four body collision 

that would be necessary for the aggregation step given in Equation 3.2 is very 

low.  Alternative aggregation mechanisms  have been suggested where aggregates 

progressively disassociate into lower order aggregates, ultimately yielding lone 

pairs [28].   

The trend in styrene initiation is that reactivity increases as degree of 

initiator aggregation decreases.  The reactivity order, with degree of aggregation 

in parentheses, is:  methyllithium (2) > sec-BuLi (4) > n-BuLi (6) > t-BuLi 

(4) [3]. The obvious exception to this pattern is t-BuLi.  Various explanations for 

this behavior include an alternate unimolecular initiation mechanism [29], 
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dormant cross association with polymer [30], and unidentified impurities in 

commercial t-BuLi [31]. 

Propagation 

In chain propagation, monomer is added to the end of a growing polymer.  

As shown in Figure 3.2, this is similar to the initiation step except that the active 

species is the growing polymer. Here the subscript indicates how many monomers 

have been incorporated into the growing chain.   

+

Li Li

n n+1

kp

PLi Styrene PLi  

Figure 3.2: Anionic propagation of styrene 

Like anionic initiators, polymeric ion pairs are aggregated in solution to 

help stabilize their charges.  Evidence for this comes from low-shear viscosity 

measurements [32].  The viscosity of polymer solutions is proportional to Mw3.4 

when Mw is larger than the critical value for entanglement [2].  Applying this 

proportionality, the viscosity of a polymer solution should decrease by a factor of 

10.6 when Mw decreases by half.  The viscosity of living styrene polymer 

solutions quenched with a small amount of methanol have been observed to 

decrease by a factor of 10, indicating the disassociation of dimeric polymer 

aggregates upon termination [11, 33].   
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As in the case of initiation, the active species in propagation is thought to 

be small quantities of individual tight ion pairs in equilibrium with inactive 

aggregates.  This proposal is supported by the observation that, in the case of 

styrene polymerization initiated with butyllithium, the propagation reaction is first 

order in monomer but one-half order in total concentration of propagating anions, 

[PLit],  as described by Equation 3.8  [20, 34].   

2/1
e

p
obsp,

1/2
tobsp, )(2K

k
k,][M][PLik

dt
d[M]

==−  (3.8) 

  The development of Equation 3.8 identical to that of the initiation 

reaction (Equations 3.4-3.7 with n = 2). In the absence of initiation and 

termination, [PLit] is equal to the initial concentration of initiator, [I]o. 

One of the features of the styrenic structure that allows anionic 

polymerization is the resonance delocalization of negative charge over the 

aromatic ring of styryl anions (as shown in Figure 3.3).  The rate of 

polymerization of styrenic monomers is affected by the degree of resonance 

stabilization. Electron-donating substituents in the ortho- and para- positions and 

on the α-carbon of the vinyl group have a destabilizing effect on the anionic 

resonance states and tend to decrease reaction rates [8, 35, 36]. Electron-

withdrawing substituents in those same positions help stabilize propagating 

anions and increase polymerization rate [3].  As discussed in Chapter 1, the 

second vinyl of p-divinylbenzene contributes an additional resonance state to the 

anion that boosts reactivity to about 6 times greater than styrene monomer [7, 35].  

These effects are well summed up by the observation that, for anionically 
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polymerizable monomers, the reactivity of the monomer increases as the pKa of 

the conjugate acid of the propagating anionic species decreases [3]. 

  

Figure 3.3: Resonance stabilization of styryl anion. 

 Steric effects also play a part in reactivity.  Bulky groups on the α, and β 

carbons of the vinyl group can slow or even prevent polymerization by blocking 

access to the addition site [3]. 

Termination and Chain Transfer   

Styrenic anionic polymerizations are called “living” because, under the 

right conditions, the active species remains stable and reactive toward monomer 

addition for long periods of time (days to months).  Termination and chain 

transfer will occur under certain conditions and in the presence of impurities.   

Termination reactions have the largest effect on kinetics and molecular 

weight.  In free-radical polymerization there is frequent bimolecular termination 

of active species by combination or disproportionation.  There is no analogous 

termination in anionic polymerization due to the repulsion of like charges of 

active species.  There is, however, a unimolecular thermal decomposition at 

elevated temperatures that leads to the termination of two polymer chains [37, 

38].  The proposed mechanism, as shown in Figure 3.4 for styrene 
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polymerization, begins with the elimination of lithium hydride from the growing 

chain end to yield a β-substituted styrene end unit.  This end unit is then 

deprotonated by another propagating chain end to yield a stable 1,3-

diphenylallylithium anion that is unable to continue polymerization.  This reaction 

is accompanied by a color change from red (UV absorption at 334 nm) to a dark 

purple (UV absorption at 540 nm).  This termination can be avoided by keeping 

reactor temperatures below 65 °C [37]. 

Figure 3.4: Decomposition-termination reaction of poly(styryl)lithium. 

Propagating anions are rapidly terminated by impurities in the reaction 

system.  Proton donors and ambient compounds such as water, oxygen, and 

carbon dioxide must be rigorously excluded from the reaction vessel. Small 

amounts of these substances are almost unavoidable at the outset of 

polymerization.  Common termination products are lithium alkoxides and 

Heat + LiH

CHPSCH2 CH2 CH

CHPSCH2 CH2 CH

+ PSLi CHPSCH2 CH2 CH
Li

+ PSH

Poly(styryl)lithium (PSLi)

1,3-diphenylallylithium compound

CHPSCH2 CH2 CHLi
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hydroxides [39].   Reaction solvents and promoters like THF [40, 41] or crown-

ethers [7] are also able to terminate polymerization. 

Once the initial quantities of impurities are consumed, it is possible to 

exclude further contamination by using standard air-sensitive reagent handling 

methods such as the use of syringe transfers, sealing reactors with rubber septa, 

and maintaining a positive pressure of inert gas in the reaction vessel [23, 42].   

Chain transfer is a reaction with solvent, monomer, or polymer that 

terminates a growing chain while simultaneously generating a new active site [43, 

44].  Chain transfer is usually caused by abstraction of slightly acidic protons, like 

the methyl hydrogens of toluene, by propagating anions (Figure 3.5).  The anion 

formed is able to reinitiate polymerization, though its reactivity may be different 

than the normal propagating anion depending on its resonance stabilization.  

Chain transfer decreases average molecular weight and may slow the rate of 

polymerization.   

R

H

R H

 

Figure 3.5: Anionic chain transfer to toluene. R is polymer or initiator. 

One of the monomers used in this research, para-methylstyrene, is 

susceptible to this chain transfer reaction during polymerization.  However, chain 

transfer to this monomer can be minimized by running polymerizations at or 

below room temperature and at low (< 60%) conversion [45].  It is interesting to 



 71 

note that the deprotonation reaction is desired and obtained at temperatures below 

0°C in the crosslinker synthesis detailed in Chapter 2.  The deprotonation is 

favored in the synthesis by using THF solvent to stabilize the lithium counterion 

and by using high concentrations of the lithium diisopropylamide base. 

Initiation vs. propagation 

Ideally, initiation of anionic styrene polymerization would be 

instantaneous and quantitative.  Unfortunately, there is a finite time required for 

initiation to go to completion.  With slow initiators like n-BuLi, it is possible for 

all monomer to be consumed before initiation is complete [25].  This greatly 

complicates kinetic studies as the rate of monomer consumption becomes a 

composite of initiation and polymerization.  Researchers have found that sec-

butyllithium is able to initiate polymerization in aliphatic [25] and aromatic [7] 

solvent before significant (~ 2%) polymerization takes place.   

Pre-initiated or “seeded” poly(styryl)lithium has been used to study 

kinetics of polymerization in the absence of initiation.  In this technique, 

poly(styryl)lithium oligomers are made by combining butyllithium with a 2-3 

times molar excess of styrene.  The poly(styryl)lithium is then added to the 

reaction pot of monomer to start the desired polymerization.  This method is only 

valid with fast initiators as slow initiators will still have unreacted initiator when 

all of the initial monomer is consumed [6, 46].  An additional benefit of the 

seeding technique is that it eliminates the initiation exotherm that makes 

isothermal reactions difficult [7].  
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Typically, initiation studies are only possible at the very beginning of the 

reaction, when the concentration of propagating polymer species is low.  

Propagation kinetic studies are only practical after initiation is complete.  In the 

case of a fast initiator like sec-butyllithium, the observed rate coefficient for 

monomer consumption is highest at the beginning of the reaction and falls to a 

constant value after all of the initiator is reacted.  As propagation kinetics are of 

primary interest in this research, the approach used is to measure the 

concentration of monomer as a function of time and only use the data 

corresponding to a constant rate coefficient as described by Equation 3.8. 

Effect of Impurities 

The kinetics of initiation and polymerization are influenced by the 

presence of impurities in the reacting mixture.  These effects can be broken down 

into two categories; solvation effects and aggregation effects.   

In solvation effects, polar impurities solvate the lithium counterion and 

increase the nucleophilicity of the anion, increasing the rate of polymerization.  

These impurities also speed up the reaction by disrupting the aggregation of ion 

pairs and increasing the concentration of active species.  For example, reactions in 

aromatic solvent where the concentration of THF is on the order of the initiator 

have polymerization rates close to that of reactions run entirely in THF [12, 47, 

48].   

Aggregation effects, on the other hand, tend to decrease the rate of 

polymerization in aromatic solvents [49, 50].  An example of this effect is caused 

by lithium alkoxides that are generated in situ by termination reactions with 
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impurities like oxygen and carbon dioxide.  Lithium alkoxides are able to form 

cross-aggregates with propagating carbanions.  It is believed that cross-

aggregation decreases the concentration of active species by forming more stable 

aggregates and shifting the disassociation equilibrium towards aggregation by 

acting as unaggregated ion pairs.   

The effect of impurities is a function of the ratio of lithium alkoxides to 

active anions.  Roovers and Bywater found a 60% decrease in polymerization rate 

at when a 1:1 lithium t-butoxide to carbanion concentration ratio was used in 

benzene [49].  Hsieh found a 75% decrease at the same ratio in toluene [50].  Both 

effects were approximately linear up to 1:1 butoxide:carbanion ratios.   

The presence of impurities accounts for much of the difference in the 

literature values for styrene polymerization rate constants [51]. It is difficult to 

completely remove all traces of impurities that will affect polymerization rates.  

This will be even more the case in experiments with the full RIM molding 

compound.  In this work, reactant standardization was used to ensure that reaction 

mixtures were consistent throughout a given study.   

HOMOPOLYMERIZATION OF SUBSTITUTED STYRENES 

Model 
The integrated form of the homopolymerization rate equation (Equation 3.8) is  

)t(t[I]k
[M]

 [M]
ln o

1/
oobsp,

o

−−= n .   (3.9) 

Again, the total concentration of propagating anions is equal to the initial 

concentration of initiator in the absence of initiation or termination. The 
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concentration of monomer and active species are measured throughout the 

reaction.  A plot of ln[M]/[M]o versus time for a single reaction gives a slope of –

kp,obs[I]o
1/n.  Plotting  ln(kp,obs[I]o

1/n) against ln[I]o for multiple experiments at 

constant temperature yields a slope equal to the reaction order in active species, 

1/n [8].   If kp and Ke both obey the Arrhenius rate law (Equation 3.10), the 

resulting kp,obs will as well.  In this case, a plot of ln(kp,obs) against -1/RT gives a 

slope equal to Ea,obs and an intercept of ln(Aobs).   







−

=
RTE

eAk obs,a
obsobs,p      (3.10) 

Here, R is the universal gas constant and T is temperature in Kelvin. 

 Knowing Aobs, Ea,obs, and 1/n allows one to predict the rate of 

polymerization at any temperature within and near the temperature range studied.  

The homopolymerization rates are used in Chapter 4 for modeling 

copolymerization rates.  Ultimately, knowledge of copolymerization rates will 

allow for better prediction of RIM behavior and aid in the design of the Rim 

process. 

Experimental 

The polymerization experiments involve measuring the consumption of 

monomer as a function of time at various temperatures and initiator 

concentrations.  Monomer concentration is measured by a gas chromatograph 

equipped with a flame ionization detector (GC-FID) using a non-polar additive 

for internal standard calibration.  Initiator concentration is measured by titration 

of reactor samples using the method presented in Appendix A.  All care is 
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exercised throughout the reaction to exclude air and other reaction-terminating 

impurities from the reaction mixture. 

Materials 

Reactants, solvents, and internal standards were carefully cleaned and 

handled with air-sensitive reagent techniques [42].  Styrene (99+%, Aldrich), p-

methylstyrene (PMS) (96%, remainder meta, Aldrich), and p-t-butylstyrene (TBS) 

(95%, remainder meta, Deltech Corporation) were distilled under vacuum from 

CaH2 to remove inhibitor, polymer, water, air, and CO2.  These monomers were 

transferred to dry, septum-sealed flasks and stored under argon at -10 °C.  

Aromatic solvents (ACS grade benzene and toluene from Fisher Scientific) and 

internal standards (decane 99%, dodecane 99%, hexylbenzene 98%, and 

dodecylbenzene 99% from Aldrich) were distilled from CaH2 and stored in 

septum-sealed flasks at room temperature.  Additionally, all liquid monomers, 

solvents, and internal standards were sparged with dry argon for 1 hour after 

distillation.  Methanol (ACS grade from Fisher Scientific) and sec-butyllithium (2 

M in cyclohexane, Aldrich Chemical) were used as received.  BVPE monomer 

was synthesized and purified as described in Chapter 2.  

Reactor Setup 

Reactors were 50 mL round bottom flasks outfitted with a magnetic stirbar 

and sealed with a rubber septum.  Reaction vessels were washed and dried 

overnight in a 110 °C convection oven and assembled hot. Each reactor 

underwent three vacuum / argon backfill cycles and its septum was secured with a 

nylon cable tie.  A fresh reactor was prepared for each run in a given experiment. 
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Stock solutions of monomer, solvent, and internal standard were prepared 

gravimetrically in dry, septum-sealed round bottom flasks.  This was done to 

minimize variation in reactant concentrations and impurities between reactors for 

the same polymerization experiment.  

Tared reactors were filled with 30-35 mL of stock solution and weighed to 

find mass of reactants.  A Paar DMA 35 vibrating U-tube densitometer was used 

to measure the room temperature density of stock solutions to the nearest 0.001 

g/mL. The density of the reactor contents were estimated at reaction temperature 

by assuming a linear change in density with temperature of -0.0012 g/mL°C as 

determined in Chapter 5.   

Individual reactors were placed in an ethanol/water bath equipped with 

heating/cooling coils and a magnetic stir bar.  The coils were temperature 

controlled by a HAAKE 80 recirculating bath with a digital thermostat.  The stir 

bars in the bath and reactors were actuated by a magnetic stir plate beneath the 

bath.  An argon source and thermocouple were installed in the reactor through the 

septum.  Sampling was performed with argon-purged polyethylene/polypropylene 

syringes.  The reaction apparatus is shown in Figure 3.6. 
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Figure 3.6: Homopolymerization reaction apparatus. 

The reactor was allowed to reach the desired reaction temperature and 

polymerization was initiated with an injection of sec-butyllithium.  A small 

temperature spike (~2 °C) was observed upon initiation.  Rapid stirring of the 

reactor and bath allowed for quick temperature stabilization (± 0.2 °C).  The 

reactor was sampled at various times during the reaction for GC analysis and 

titration of active centers (see Appendix A for titration method).  At the end of the 
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polymerization, the reactor was disassembled and rinsed with toluene and 

acetone.   

The syringe sampling method used varied with reactor temperature.  Each 

use of a syringe would leave a residual amount of reaction mixture inside the 

syringe tip.  For a 1 mL sample, accounted for 3-5% of the sample mass.  In the 

worst case scenario, a low temperature reaction with a large initiator 

concentration, this could cause a significant error in the sample composition 

because the monomer in the syringe would react much faster than the monomer in 

the reactor.  A new argon-purged syringe was attached to the sampling needle 

after every sample to eliminate this possible source of error.  This way, there was 

no sample cross contamination and the reacting mixture only contacted one 

needle.  The positive argon pressure in the reactor prevented air from entering 

during syringe switches.  A single syringe may be used if the reaction is to be run 

at room temperature because in that case the reaction rate of the residual 

monomer in the syringe should be close to that of the reaction vessel. 

GC Analysis 

GC analysis has been used with good results for polymerization kinetic by 

other researchers [7, 52-54].  It is important to minimize changes in sample 

composition due to evaporation or thermal polymerization so that the 

concentration of monomers measured in the sample depends only on the 

polymerization reaction being studied.  During the reaction, 1 mL GC samples 

were taken at a predetermined time (± 2 seconds) and quenched into glass screw-

top vials containing 10 mL of solvent with a small amount of methanol.  These 
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vials were then sealed with foil lined caps and shaken vigorously to ensure 

complete termination.  Sample vials were stored at -10 °C until they were to be 

analyzed by GC-FID.     

The GC setup is identical to the one used in Chapter 2 except that the 

capillary column was shortened to 10 m.  Quantification was by a simplified 

internal standard method.  In this method an extra analyte was added to the 

reaction mixture before polymerization.  Desirable properties of an internal 

standard are stability under reaction and storage conditions, similarity to the 

primary analyte, and a GC elution time close to but not overlapping the elution 

time of the primary analyte.  The internal standards used were non-polar and 

should not significantly alter reaction kinetics.   

The detector measures the response area of each component, which is 

directly proportional to the mass of that component in the injected sample [55].  If 

the detector response is linear in both monomer and internal standard, the area 

ratio is directly proportional to the ratio of masses in the sample.  The 

concentration of the internal standard is constant throughout the reaction which 

makes the area ratios proportional to the mass of the monomer.  Assuming 

constant density in the reaction vessel, the desired quantity for use in Equation 3.9 

is given by 

o

o

i

i

o

i

)M(Area
)IS(Area

)IS(Area
)M(Area

]M[
]M[

=    (3.11) 

where Area()i is the detector response area for the monomer (M) or internal 

standard (IS) at time i. The internal standard method is insensitive to variations in 

injection volume or sample dilution [55].  The linearity of detector response was 
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checked by making two auxiliary standards containing the analytes of interest and 

designed to bracket the initial and final concentrations of monomer.   

The percent standard deviation of the GC-FID measurement for a 

particular monomer-standard pair was estimated by repeated injections of a test 

mixture. This value was used to predict the number of injections of each sample 

needed to reduce the standard deviation of [M]/[M]o to an acceptable level (<1%).  

Typically, this was 2-4 injections per sample depending on the monomer/internal 

standard pair.  Table 3.3 shows the measured standard deviations for a test 

mixture of TBS, its internal standard hexylbenzene, BVPE, and its internal 

standards dodecylbenzene.  The percent standard deviations are from a set of six 

dilutions in benzene where each dilution was run four times.  The remaining 

major source of variation can be attributed to small irreproducibilities in peak 

integration due to detector noise. 

 

Analyte 
% Standard 
Deviation without IS 

% Standard 
Deviation with 
IS 

% Decrease in 
Standard Deviation by 
using IS 

TBS 1.56% 0.07% 95.4% 

BVPE 0.91% 0.45% 50.7% 

TBS mass % range = 0.015-0.652% 

BVPE mass % range = 0.024-0.952% 

Table 3.3: Effect of using internal standard (IS) on measured percent standard 
deviation. 
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Results 

Four different styrenic monomers were selected for analysis of anionic 

polymerization kinetics.  Styrene was examined first to validate the experimental 

method with a monomer that has been well examined in the literature.  PMS was 

chosen because it is a homolog of bis(4-vinylphenyl)alkane (BVPA) and should 

have similar kinetics.  TBS was analyzed because it is the base monomer of the 

RIM system.  Finally, BVPE was used as a model BVPA compound because it 

was easy to synthesize in large quantities.   The reactions were performed in 

dilute aromatic solvent to facilitate GC analysis and because BVPE requires 

solvent to be in the liquid phase below 90 °C.  

Styrene Homopolymerization 

Styrene polymerization experiments were run first in toluene because it 

has a lower freezing point than benzene (-93 °C vs. 5 °C for benzene) and allows 

for a wider range of reaction temperatures.  In the course of the experiments it 

was discovered that benzene was more suitable than toluene for copolymerization 

studies because it has fewer impurities and provides better GC peak resolution. 

Styrene homopolymerization experiments were then repeated in benzene.    

The toluene stock solution for styrene was composed of 4.95% styrene 

monomer and 2.43% dodecane internal standard by mass.  This gave an initial 

monomer concentration of 0.413 M at room temperature.  Ten reactors were 

prepared and run at various temperatures and initiator concentrations as 

summarized in Table 3.4. 
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Run T °C [I]o mol/L 

S1T 7.6 0.012 

S2T 14.4 0.012 

S3T 19.3 0.011 

S4T -10.0 0.013 

S5T -0.7 0.012 

S6T -0.7 0.022 

S7T 8.7 0.013 

S8T 8.8 0.022 

S9T 18.3 0.013 

S10T 30.5 0.013 

Table 3.4: Reaction conditions for styrene homopolymerization in toluene. 

A plot of ln[M]o/[M] vs time for each experimental run had good linearity, 

indicating that a kinetic order of one was appropriate for this reaction.  In some 

cases, an initial data point was discarded that appeared to correspond to a higher 

rate of reaction than the following points.  These points are attributable to the 

temperature spike experienced upon initiation and indicate that initiation and 

polymerization were occurring simultaneously at that time.  The plots of 

ln([M]/[M]o) vs time are shown in Figure 3.7.  In this figure, zero time and [M]o 

correspond to the first data point and not the initial reactor conditions. 
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Figure 3.7: First order reaction plots for styrene in toluene. 

The slope of ln([M]/[M]o) vs. time is equal to -(kp,obs)[I]o
1/n.  The initiator 

order was assumed to be 0.5 so that kp,obs can be calculated for each run.  An 

Arrhenius plot of ln(kp,obs) against -1/RT gives a slope of Ea.obs and an intercept of 

ln(Aobs) as shown in Figure 3.8.  The experimental Ea,obs is found to be 14.5 ± 0.3 

kcal/mol and ln(Aobs) was found to be 19.6 ± 0.5.  The Arrhenius pre-exponential 

factor is expressed in its natural log form because the confidence interval 

determined for the intercept of the Arrhenius plot is unsymmetrical when the 

exponential is taken.  The best estimate of Aobs is 3.21E8  (L/mol).5/s. 
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Figure 3.8: Arrhenius plot of styrene polymerization in toluene 

A plot of ln(kp,obs [I]o
1/n) vs ln[I]o gives the order of the reaction in active 

species, 1/n.  This requires the data to be all at the same temperature because the 

observed reaction rate, kp,obs, is proportional to exp(-Ea,obs/RT).  The initiator order 

was determined from two pairs of data points. Points S5T and S6T gave an 

initiator order of 0.46 and points S7T and S8T gave an order of 0.63.  The average 

initiator order for these two sets of points is 0.54.   

It is possible to use data from different reaction temperatures by shifting 

the measured values of (kp,obs)[I]o
1/n to a common temperature using Ea,obs and the 

temperature difference.  However, the initiator order calculated from this method 

is sensitive to the selection of Ea,obs.  The initiator order was again found to be 

0.54 using the average literature value of Ea,obs = 14.4 kcal/mol [7, 8, 20-22].  The 

calculation was repeated with the experimental value of Ea,obs and initiator order 

Ea,obs = 14.5 ± 0.3 kcal/mol  
ln(Aobs) = 19.6 ± 0.5  
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was found to be 0.54 ± 0.07.  This result is close to the literature value of 0.5.  

Figure 3.9 shows the initiator order plot for all data shifted to 10 °C with Ea,obs 

equal to 14.5 kcal/mol.   
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Figure 3.9: Temperature corrected initiator order plot for styrene in toluene 

The kinetics of styrene polymerization in benzene was examined for a 

number of reasons.  Since it would be necessary to run the copolymerization 

experiments in benzene, it was desirable to find out if there was a difference in 

kinetics between reactions run in benzene or toluene.  This was also an 

opportunity to test the reproducibility of the experiment for a given [I]o and 

temperature and to see whether using single or multiple syringes for reactor 

sampling had any effect on the experiment.  The benzene reaction mixture was 

composed of 4.71% styrene and 2.32% decane by mass or 0.396 M styrene at 

ambient temperature.  Decane was found to be a better internal standard for 

1/n = 0.54 ± 0.07 
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styrene than dodecane because it elutes closer to styrene on a GC column.  Seven 

reactions were run at various temperatures and a nearly identical initiator level. 

Table 3.5 presents the reaction conditions used in this experiment.  Because 

initiator concentration was not varied, the initiator order was not analyzed for 

these experiments. 

 

Run T °C [I]o mol/L 

S1B 6.3 0.018 

S2B 14.1 0.018 

S3B 34.3 0.018 

S4B 22.5 0.018 

S5Ba 22.5 0.018 

S6B 22.6 0.017 

S7Ba 22.6 0.018 

a: Same syringe used for each sample.  All others use a new 
syringe for each sample. 

Table 3.5: Reaction conditions for styrene homopolymerization in benzene 

Linearity is excellent for plots of ln([M]/[M]o) as a function of time, as 

shown in Figure 3.10.   
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Figure 3.10: First order reaction plots for styrene in benzene 

Figure 3.11 shows the Arrhenius plot of this reaction along with the results 

of the styrene homopolymerization in toluene.  The kinetic parameters calculated 

for styrene homopolymerization in benzene are Ea,obs = 14.8 ± 0.4 kcal/mol and 

ln(Aobs) = 20.3 ± 0.7 (Aobs = 6.31E8 (L/mol).5/s). The bracketing lines were 

generated with the point estimate for Ea,obs and the 95% confidence interval values 

of Aobs for styrene homopolymerization in benzene.  The figure shows that the 

results for styrene and toluene solution polymerization are the same within 

experimental error.   
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Figure 3.11: Arrhenius plots of styrene polymerization in aromatic solvent. 

The effect of using the same or multiple syringes on the measurement of 

kp,obs was examined in runs S4B-S7B.  It was not possible to keep the same 

temperature for each reaction, so the measured kp,obs were shifted to a common 

temperature of 22.5 °C using the experimental Ea,obs.  The difference between the 

average kp,obs for a single syringe sampling versus sampling with multiple 

syringes was only 0.06 %.  The difference between kp,obs determined using a 

single sample syringe was 0.004% while the difference using multiple syringes 

was 2.02%.  Given the small number of data points used in this test, it is only 

possible to say that single syringe sampling seems to be at least as repeatable as 

multiple syringe sampling.  It would be preferable to use single syringe sampling 

for all experiments, but carryover errors would appear in reactions run at 

temperatures lower or higher than room temperature.  It was possible to use the 

Styrene in Benzene 
Ea,obs = 14.8 ± 0.4 kcal/mol  
ln(Aobs) = 20.3 ± 0.7 
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single syringe sampling technique for the copolymerization studies of Chapter 4 

which were run at room temperature.  

Table 3.6 gives the experimental and literature values for styrene 

polymerization.  The literature styrene kinetic values are within the 95% 

confidence region of the experimental values.  However, the most probable rate at 

25 °C is 16-31% lower than the other researchers.  One explanation is that 

reaction rate is decreased by impurities in the system.  The calculated 

impurity/actives ratio for the styrene in benzene experiment is 0.38.  If the 

impurities produced mainly alkoxides, this should result in a 11-15% decrease in 

rate according to earlier studies [49, 50]. 

 

Table 3.6: Reaction kinetics summary for styrene polymerization. 

Researcher 1/n 
Ea,obs 
kcal/mol 

Aobs  E-8 
(L/mol).5/s ln(Aobs) Solvent 

kp,obs @ 
25 °C 

Sanchez  
0.54  
± 0.07 

14.5 
± 0.3 3.21 

19.6  
± 0.5 Toluene 0.0081 

Sanchez    
14.8  
± 0.5 6.31 

20.3  
± 0.7 Benzene 0.0092 

Worsfold & 
 Bywater [20] 0.5 14.3 3.16 19.6 Benzene 0.0103 

Karles  [7]  0.5  14.5 5.03 20.0 Bulk 0.0111 

Your   [8]  
0.50  
± 0.05 

14.4  
± 0.6 4.53  

19.9  
± 1.0 Bulk 0.0124 

Literature 
Average 0.5 14.4 4.24 19.9 N.A. 0.0114 
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Para-methylstyrene Homopolymerization 

The kinetics of PMS homopolymerization were examined in toluene 

solution.  The reaction mixture contained 4.95% PMS monomer and 2.43% 

dodecane internal standard by mass in toluene.  This is equivalent to 0.413 M 

PMS at room temperature. Table 3.7 gives the reaction conditions used in this 

experiment. 

 

Run T °C [I]o mol/L 

P1 -1.0 0.014 

P2 18.9 0.010 

P3 19.0 0.021 

P4 30.2 0.011 

P5 30.1 0.021 

Table 3.7: Reaction conditions for PMS homopolymerization in toluene 

There is good linearity in the first order monomer plot as shown in 

Figure 3.12.  Assuming an initiator order of 0.5, the calculated Ea,obs is 14.9 ± 0.7 

kcal/mol and ln(Aobs) is 19.2 ± 0.7 (Aobs = 2.36E8 (L/mol).5/s). The Arrhenius plot 

for PMS polymerization in toluene is shown in Figure 3.13.   
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Figure 3.12: First order reaction plots for PMS in toluene. 
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Figure 3.13: Arrhenius plot of PMS polymerization in toluene.  

Ea,obs = 14.9 ± 0.7 kcal/mol  
ln(Aobs) 19.2 ± 0.7 
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The calculated initiator order of PMS is 0.58 ±0.08.  The experimental 

Ea,obs was used to shift the points of the initiator order plot to 20 °C as shown in 

Figure 3.14.   
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Figure 3.14: Temperature corrected initiator order plot for PMS in toluene. 

The reaction rate of PMS is 3.3 times lower than styrene under the same 

reaction conditions.  This fits with the observation of Pakuro et al. [56] that PMS 

was 2 to 3 times less reactive than styrene in polymerization initiated by sec-

butyllithium.  It also agrees with the argument that the electron-donating methyl 

group of PMS should decrease the resonance stabilization of the resulting styryl 

anions and so decrease the rate of PMS polymerization.   

There is a possibility that chain transfer to monomer may have decreased 

the observed rate kinetics of PMS homopolymerization.  Mays and Hadjichristidis 

found that high molecular weight polyPMS could be made with a nearly 

1/n = 0.58 ± 0.08 
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monodisperse molecular weight distribution when run at 0°C in benzene solution 

and to conversions below 60% [45].  Repeat studies should include molecular 

weight distribution analysis via gel permeation chromatography (GPC) to rule out 

the possibility of chain transfer affecting the kinetics. 

Para-tert-butylstyrene Homopolymerization 

The anionic polymerization kinetics of TBS were investigated in toluene.  

The reaction mixture was 7.44% TBS monomer and 7.18% decane internal 

standard by mass in toluene or 0.40 M TBS at room temperature.  The reaction 

conditions are summarized in Table 3.8. 

 

Run T °C [I]o mol/L 

1 4.3 0.011 

2 14.7 0.013 

3 24.6 0.013 

4 36.3 0.013 

5 4.4 0.023 

6 14.9 0.022 

7 24.5 0.022 

8 38.4 0.022 

Table 3.8: Reaction conditions for TBS homopolymerization in toluene. 

The first order monomer plots, Figure 3.15, are exceptionally linear for 

TBS.  
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Figure 3.15: First order reaction plots for TBS in toluene. 

The activation energy for TBS polymerization was calculated to be 15.93 

± 0.04 kcal/mol when an initiator order of 0.5 was used.  Similarly, ln(Aobs) was 

found to be 22.7 ± 0.3 (Aobs = 7.55E9 (L/mol).5/s).  The Arrhenius plot for TBS 

polymerization is shown in Figure 3.16.   
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Figure 3.16: Arrhenius plot of TBS polymerization in toluene.  

TBS polymerization was found to have an initiator order of 0.51 ±.04 after 

the data points were shifted to 22 °C using the experimental Ea,obs (Figure 3.17). 
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Figure 3.17: Temperature corrected initiator order plot for TBS in toluene. 

Ea,obs = 15.93 ± 0.4 kcal/mol  
ln(Aobs) = 22.7 ± 0.3 

1/n = 0.51 ± 0.04 
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The calculated kinetic parameters of TBS are in fair agreement with 

literature values in that the predicted kp,obs at 25 °C is only 30% less than 

predicted by Your (Ea = 17.8 ± 0.9 kcal/mol, ln(Aobs) = 26.2 ± 1.5) [8].  However, 

the calculated Ea,obs and Aobs do not have overlapping 95% confidence intervals.      

There is a possibility that a polar contaminant may be present in TBS that 

could be acting as a homopolymerization accelerant.  GC tests indicated that the 

most likely contaminant, THF, was not present in the TBS reaction mixture of the 

current work.  Furthermore, the presence of ethers or other accelerants should 

result in initiator and monomer reaction orders different from 0.5 and 1.0, 

respectively [57].    This could explain the results of Your in which the initiator 

order was found to be 0.6 while the monomer order was found to be 1.2 [8].  

The resonance argument for decreased PMS reactivity seems to be 

contradicted by TBS having higher kp,obs than styrene.  It is possible that steric 

interference of the bulky t-butyl group on dimer formation would shift the 

aggregation equilibrium toward the reactive poly(t-butylstyryl)lithium lone pairs.  

Thus, kp,obs for TBS could be higher than styrene  while the actual kp for TBS 

polymerization is lower than that of styrene.  Copolymerization experiments in 

Chapter 4 support this proposal. 

1,2-bis(4-Vinylbenzyl)ethane Homopolymerization 

The last monomer investigated was BVPE.  The reactor solution was 

11.31% BVPE monomer and 5.46% dodecylbenzene internal standard by mass in 

benzene.  This was a 0.43 M solution of BVPE at room temperature.  Table 3.9 

gives the reaction conditions used in this experiment. 
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Run T °C [I]o mol/L 

1 11.4 0.017 

2 11.3 0.017 

3 23.9 0.017 

4 23.6 0.011 

5 17.7 0.009 

Table 3.9: Reaction conditions for BVPE homopolymerization in benzene. 

The first order monomer plots in Figure 3.18 show good linearity.  Kinetic 

parameters were calculated using an initiator order of 0.5.  The activation energy 

was found to be 12.5 ± 0.7 kcal/mol and  ln(Aobs) was 16.4 ± 1.3 (Aobs = 1.32E7 

(L/mol).5/s).  The Arrhenius plot for TBS polymerization is shown in Figure 3.19. 
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Figure 3.18: First order reaction plots for BVPE in benzene 
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Figure 3.19: Arrhenius plot of BVPE polymerization in benzene. 

As shown in Figure 3.20, the initiator order was found to be 0.49 ±.09 

after shifting reaction temperatures to 22 °C by using the experimental Ea,obs. 
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Figure 3.20: Temperature corrected initiator order plot for BVPE in benzene 

1/n = 0.49 ± 0.09 

Ea,obs = 12.5 ± 0.7 kcal/mol  
ln(Aobs) = 16.4 ± 1.3 
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The observed rate constant of BVPE homopolymerization is close to that 

of styrene.  This is higher than the simple estimate that BVPE should be twice as 

reactive as PMS because it has twice the functionality per molecule.  The GC 

method can only measure the reactivity of the first vinyl to react, but each vinyl 

on an unreacted BVPE should have the same reactivity as they are symmetrical.  

The additional increase in reaction rate could be due to a steric effect similar to 

the one seen in TBS polymerization.   

Chain transfer to monomer may also account for the relative increase in 

BVPE reactivity over PMS.  If chain transfer caused depressed PMS 

homopolymerization rates, the effect on BVPE should be much less given that the 

2° anion produced in chain transfer to BVPE would be less favorable than the 1° 

anion that is generated in PMS chain transfer.   Unlike PMS, GPC measurements 

could not be used to estimate chain transfer because polydispersity would greatly 

increased by even small amounts of crosslinking in BVPE homopolymerization.  

Conclusion 

 Homopolymerization kinetic parameters were determined for four 

monomers in aromatic solvents.  Table 3.10 summarizes the results of these 

experiments.  Linearity in the ln[M]/[M]o versus time plots indicates that reactions 

were first order in monomer.  Experimentally determined initiator reaction orders 

were not significantly different from the expected value of 0.5 for these 

polymerizations.  Except in the case of TBS, calculated kinetic parameters agree 

with available literature values to within experimental error [7, 8, 20, 21]. 
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Table 3.10: Reaction kinetics summary for anionic polymerization of styrenic 
monomers. 

The results of these experiments give insight as to two competing effects 

of non-polar para substituents on the reactivity of styrene monomers.  Electron-

donating alkyl substituents decrease kp and so kp,obs by destabilizing a favorable 

anionic resonance state.  Bulky substituents can increase kp,obs by sterically 

disrupting ion pair aggregates, which increases the concentration of reactive ion 

pairs, and decreases the value of Ke.  The kinetic constants obtained in this study 

will be used in Chapter 4 for predicting copolymerization behavior. 
 

Monomer 1/n 
Ea,obs  
kcal/mol 

Aobs x E-8 
(L/mol).5/s 

 

ln(Aobs) Solvent 
kp,obs @ 
25 °C 

Styrene 0.54 ± 0.07 14.5 ± 0.3 3.21 19.6 ± 0.5 Toluene 0.0081 

Styrene   14.8 ± 0. 5 6.31 20.3 ± 0.7 Benzene 0.0092 

PMS  0.58 ± 0.08 14.9 ± 0 .7 2.36 19.2 ± 0.7 Toluene 0.0026 

TBS 0.51 ± 0.04 15.9 ± 0.2 75.5 22.7 ± 0.3 Toluene 0.0157 

BVPE  0.49 ± 0.09 12.5 ± 0.7 0.132 16.4 ± 1.3 Benzene 0.0084 
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Chapter 4:  Anionic Copolymerization and Crosslinking 

Copolymerization is the simultaneous polymerization of two or more 

monomers to produce a composite polymer with new properties.  A monomer 

with multiple polymerizable functionalities will react to produce crosslinks which 

bind polymer chains together.  When all of the polymer chains in a system are 

connected by crosslinks, the resulting polymer is a single networked molecule of 

essentially infinite molecular weight called a thermoset.  Thermosets can also be 

made by other processes, such as vulcanization, but copolymerization is the 

method of choice for the current Reaction Injection Molding (RIM) system [1].   

Thermoset polymers differ from their uncrosslinked counterparts in that 

they do not melt at high temperature or dissolve in solvent.  Other properties 

conferred by polymer crosslinking are a higher glass transition temperature, 

greater creep resistance, and increased mechanical strength [2]. These properties 

are strongly influenced by crosslinker structure and distribution in the polymer 

network. 

The primary goal of this section was to find the kinetic parameters that 

describe the copolymerization and crosslinking behavior of RIM monomers in 

order to correlate crosslinker structure with monomer reactivity and the physical 

properties of resulting thermosets.  This chapter details the kinetic theories of 

copolymerization and crosslinking along with experimental procedures and results 

for the systems of interest.  A new copolymerization model was developed to 

explain observed copolymerization rate behavior.  The resulting kinetic 
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parameters were also used to make predictions about the network structure of the 

RIM compound.  

The monomer pairs used in this work were styrene/p-t-butylstyrene (TBS) 

and 1,2-bis(4-vinylphenyl)ethane (BVPE)/TBS.  TBS was used in both pairs 

because it has been found to be a suitable base monomer for our RIM system [3-

5].  Styrene and TBS were examined to validate the copolymerization results with 

values from the literature.  BVPE was used in crosslinking studies because it is a 

readily available homolog of the α,ω-bis(4-vinylphenyl)alkane (BVPA) 

crosslinker that may ultimately be used in RIM polymerization. 

As RIM polymerization proceeds, the molecular weight and viscosity of 

the molding compound increases. Once the polymer chains are sufficiently 

crosslinked, the compound forms an immobile gel.  The ability to predict 

viscosity and gelation behavior is necessary in order to design the RIM system to 

minimize cure time while preventing underfilled molds or damage to the chip 

from excessively high viscosity. Previous researchers investigated the effect of 

conversion on viscosity and gel time of an earlier RIM compound formulation 

consisting of   styrene crosslinked with divinylbenzene [3, 4].  While the viscosity 

and gelation behavior of the current RIM compound are outside the scope of the 

present research, the kinetic data for copolymerization rates found in this research 

will assist later researchers in the design of the RIM system. 
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COPOLYMERIZATION THEORY 

Binary Copolymerization  

Anionic binary copolymerization is well described by the copolymer 

composition equation, commonly known as the Mayo-Lewis equation, which is 

derived from the terminal kinetic model for monomer reactivity  [6, 7].  The 

derivation is from free radical polymerization, but the results are general for all 

addition polymerizations [8, 9].  

The four polymerization reactions in binary copolymerization are 

1
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MP →+      (4.1) 
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MP →+      (4.2) 
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MP →+      (4.4) 

where Mi is unreacted monomer i and Pi is an active polymer chain that has Mi as 

its last added monomer [6].  The kij are the rate constants for the reaction of Pi and 

Mj.   

The rate of disappearance of each monomer is given by  

]M][P[k]M][P[k
dt

]M[d
12211111

1 +=−   (4.5) 

and 
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]M][P[k]M][P[k
dt

]M[d
21122222

2 +=− .  (4.6) 

Dividing Equations 4.5 by 4.6 we find 

]M][P[k]M][P[k
]M][P[k]M][P[k

]M[d
]M[d

21122222

12211111

2

1

+
+

= .  (4.7) 

Applying the steady state approximation from free radical polymerization, 

]M][P[k]M][P[k 12212112 =    (4.8) 

we recast Equation 4.7 into a function of monomer concentrations and two 

constants so that 
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The reactivity ratios r1 and r2 are defined as 
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r =  .    (4.10) 

The binary copolymer composition equation or Mayo-Lewis equation 

(Equation 4.9) states that the ratio of monomers consumed  is equal to the 

instantaneous ratio of monomers incorporated into the polymer, m1/m2, for a 

given pair of monomer concentrations [10].   In most copolymerizations, the 

compositions of the reaction mixture and copolymer change with conversion 

because the ratio of monomer incorporated into the polymer is not equal to the 

ratio of monomers in the reaction mixture.  Equation 4.9 can be numerically 

integrated to predict the copolymer composition as a function of initial monomer 

composition and conversion [10]. 
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Anionic copolymerization systems frequently have reactivity ratios that 

correspond to the case of an “ideal” copolymerization or r1r2 = 1 [8, 9, 11, 12].  

An ideal copolymerization, in an analogy to an ideal distillation, does not have an 

azeotropic point where the instantaneous composition of the copolymer is the 

same as the monomer at which point the composition becomes invariant. The 

ideal condition arises when the relative reactivity of a pair of monomers is 

insensitive to the nature of the last monomer added to the living polymer or 

2
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r === .      (4.11) 

When this relationship is substituted into the copolymer composition 

equation, the result is  
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and is commonly referred to as the Wall equation [7]. 

There is a question as to whether it is appropriate to treat anionic 

copolymerizations with a model developed for free-radical polymerizations.  This 

is an issue because the steady-state approximation that is used to simplify the 

copolymerization equations may not be valid for anionic systems.  Several 

investigators have derived the binary copolymerization equation through a 

statistical method that does not require the steady-state assumption as long as high 

polymer is formed [9, 13, 14].   Szwarc claims that the binary copolymerization 

equations are valid for anionic polymerizations as long as Mn is high, monomers 

are similar, and initiation effects are separated from propagation [11].    The 

requirement for large Mn is necessary to allow for complete initiation and to 
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permit the ratio of propagating anions to achieve equilibrium with the ratio of 

monomers in the reactor. 

An additional stipulation for the use the copolymerization composition 

equation is that there can only be one propagating structure for each polymerizing 

monomer [11]. This situation is satisfied in aromatic solvent where the active 

species is non-aggregated tight ion pairs, but not in polar solvents such as 

tetrahydrofuran (THF).  As discussed in Chapter 3, the reactive species in THF 

also include loose ion pairs and free ions [8, 11].   

Table 4.1 gives experimental reactivity ratios for the anionic 

polymerization of styrene and styrenic monomers in aromatic solvent.  This table 

also shows that anionic polymerization is approximately ideal in many cases. 

 

M1 M2 r1 r2 r1r2 Reference 

Styrene pMS 5.3 0.18 0.95  [15] 

Styrene pMS 0.72 1.09 0.78  [16] 

Styrene pMS 2.5 0.4 1.00  [17] 

Styrene tBS 1.3 0.835 1.09  [16] 

Table 4.1: Selected anionic reactivity ratios for styrene copolymerization in    
aromatic solvent. 

Copolymerization Rates 

The rate expressions for monomer consumption in binary 

copolymerization were given previously as Equations 4.5 and 4.6.  Following the 

derivation of Yamagishi and Szwarc (YS) [11, 18, 19], these equations can be 

recast into the following form 
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where λ1 and λ2 are reported to be constant in the absence of termination [18, 19]. 

The propagating anionic species, P1 and P2, are contact ion pairs in a 

stabilizing equilibrium with inactive dimers as described in Chapter 3. The 

equilibrium aggregation expressions are  

1
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where Ki is the equilibrium association constants for dimerization of Pi and K12 is 

the cross-association equilibrium constant.  Similarly, Di refers to inactive ion pair 

homodimers and D12 is the cross-associated aggregate of P1 and P2.  Note that in 

the original YS model derivation, the equilibrium constant for the reaction 

described by Equation 4.17 was defined as K12/2.  The notation in Equation 4.17 

is consistent with standard equilibrium expressions and is used throughout the 

current derivation to obtain expressions equivalent to the original derivation.  

Given that the Ki are large (~107), the concentration of active species  is 

much less than that of the associated species [11] and the mole balance on anionic 

species is given by 
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2/]I[]P[K]P][P[K]P[K o
2

222112
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11 =++   (4.18)  

where [I]o is the initial concentration of initiator. 

If P1 and P2 are independent variables, they can be related by only one 

equation [19].  This means that Equations 4.13 and 4.14 are identical and can be 

reduced to the ideal copolymerization condition 
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In order to satisfy the restriction that only one equation relates P1 and P2, 

Equation 4.18 must reduce to a form of Equation 4.13 with a single root.  This is 

accomplished by setting 2112 KK2K =  so that  

2/]I[PKPK o2211 =+ ,    (4.20) 

A comparison of this equation and Equations 4.13 and 4.14 predicts that 

λ1 and λ2 are proportional to [I]o
½ and are insensitive to monomer composition.  

In analogy to the homopolymerization case, we can define an effective 

copolymerization rate constant, k1,obs, for each monomer 

( )
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1 2
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]ln[Md
λ==− .    (4.22) 

Equations 4.21 and 4.22 indicate that the ki,obs are constant with respect to 

monomer composition but are inversely proportional to [I]o
1/2. 



 114 

The ki,obs can be found from copolymerization data by dividing the slope 

of  the ln([M]/[M]o) vs. time plot by [I]o
½.  This also provides an estimate of r1 

based on Equation 4.19 as 

obs,2

obs,1
obs,1 k

k
r = .      (4.23) 

As an extension of the YS ionic copolymerization model [19], it is 

possible to combine Equations 4.21 and 4.22 to calculate an overall 

copolymerization reaction rate constant, kall,obs, equal to a mole-weighted average 

of the individual monomer copolymerization rate constants or 

obs,22obs,11obs,all kXkXk += .    (4.24) 

Here Xi is the mole fraction of Mi in the unpolymerized monomer. 

Given that ki,obs are constant with respect to composition, the overall 

observed rate coefficient will be a linear function of monomer mole fraction 

obs,2obs,2obs,11obs,all k)kk(Xk +−= .   (4.25) 

By setting X1 to zero or one, Equation 4.25 implies that the observed rate 

constant for each comonomer is equal to its corresponding homopolymerization 

rate constant.  This also indicates that the reactivity ratio should be equal to the 

ratio of homopolymerization rate constants. 

Crosslinking Theory 

Crosslinking polymerization can be thought of as a ternary 

copolymerization because it involves three monomer types; monovinyl monomer, 

unreacted divinyl crosslinker, and a pendant double bond (PDB) produced by 
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reacting only one of the functionalities of the crosslinker.  These species are 

shown in Figure 4.1 for crosslinking TBS with BVPA. 

(CH2)n (CH2)n

Monomer Crosslinker Pendant Double
 Bond  

Figure 4.1: Participating species in crosslinking polymerization with BVPA. 

The crosslinking system is not a typical ternary copolymerization in that 

the third component is not present in the initial reaction mixture.  Instead, it is 

produced as divinyl crosslinker molecules are consumed.  The normal ternary 

copolymerization equations [20] must be modified to incorporate a generation 

term for PDBs because the vinyls of a symmetric crosslinker are indistinguishable 

before reaction. 

With most symmetric divinyl monomers, the reactivity of the pendant 

group is less than the reactivity of a vinyl on an unreacted crosslinker molecule.  

This is attributed to decreased mobility of the pendant group compared to the 

unreacted crosslinker and shielding of the pendant functionality by the polymer 

backbone [21].  In the case of p-divinylbenzene (p-DVB), the difference in 
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reactivity between unreacted crosslinker and a PDB is even greater because the 

PDB lacks the additional anion stabilizing resonance state that contributes to 

unreacted p-DVB’s high reactivity [4, 22].  

Other complications arise because the local concentration of PDBs can 

differ greatly from the bulk concentration.  High relative concentrations of PDB 

along the polymer backbone result from having a very reactive crosslinker 

molecule.  This situation leads to rapid intermolecular cyclizations where a 

propagating species polymerizes several PDBs attached to the same polymer.  A 

simplified illustration of this type of cyclization is given in Figure 4.2.  Excessive 

cyclization leads to the formation of microgels which precipitate out of the 

polymerizing solution.  Pendant functionality can become trapped within 

microgels and so become unavailable for reaction [1, 23].    

Figure 4.2: Cyclization due to high PDB concentration on polymer backbone. 

The inconstant local concentrations result in variations in observed PDB 

polymerization rate constants with conversion and initial concentration of 

 

- : 

- : 

Cyclization 

PDB 



 117 

crosslinker.  In the free radical polymerization of methyl methacrylate and 

ethylene glycol dimethacrylate, it was found that the average reactivity of the 

PDB was approximately one half of the monomeric vinyl groups [24]. 

Dušek derived a useful set of equations describing crosslinking with 

symmetric divinyl monomer with dependent reactivity of pendant vinyls [25].  

This model neglects cyclization and trapped pendant double bonds.  Experiments 

by Dušek and Spevácek [26] show that the copolymerization reactivity ratios are 

not strongly affected by cyclization.  Also, in the case of reactions with large 

crosslinkers where crosslinker reactivity is close to that of the monomer, the 

incidence and influence of cyclization, microgel formation, and trapped pendant 

double bonds are decreased [27]. 

Figure 4.3 shows the nine possible propagation steps in crosslinking 

copolymerization. 
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Figure 4.3: Crosslinking propagation steps. 

The notation used in Figure 4.3 is that M’2 is a vinyl group on an 

unreacted crosslinker and M3 is a pendant double bond.  The reaction of one vinyl 

of a crosslinker molecule consumes two M’2 vinyls and generates one M3 vinyl 

group.  This reflected in the initial conditions  
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[M3]o= 0 and [M’2]o= 2[M2]o    (4.26) 

where M2 is a molecule of the divinyl crosslinker. 

The set of rate coefficients, ki2, for the M2 reactions refer to the 

crosslinker’s reactivity on a per vinyl basis.  Following a procedure similar to the 

Mayo-Lewis derivation and applying the steady-state approximation the following 

crosslinking copolymerization equations can be derived [25] 
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where the reactivity ratios are defined as 

ij

ii
ij k

k
r = ; i,j = 1-3.     (4.29) 

The copolymerization composition equations can be numerically integrated to 

determine monomer and copolymer composition as a function of conversion.   

The gas chromatographic (GC) analysis method used in this study only 

tracks the consumption of free monomers.  Without knowing how the 

concentration of pendant double bonds changes with time, it is impossible to 

determine all six reactivity ratios.   However, useful information about the 

crosslinking reaction can be learned with a reduced set of reactivity ratios, r21 and 

r12.   
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A frequent approximation made in copolymerization kinetic studied is to 

neglect the effect of pendant double bonds on the copolymerization reaction [4, 

22, 26, 28-35].  This is equivalent to setting the M3 terms in Equation 4.27 equal 

to zero and so this approximation is best when [M3] is as small as possible.  This 

can be accomplished experimentally by either running the reaction at low [M’2]o 

or keeping the conversion low.  The ternary copolymerization then becomes 

]'M[r]M[
]'M[]M[r

]'M[2
]M[

]'M[d
]M[d

2211

2112

2

1

2

1

+
+

= .   (4.30) 

In the case of an ideal copolymerization, rij=1/rji, it is possible to reduce 

the ternary crosslinking equation for M1 and M’2 (Equation 4.27) to a form of the 

ideal binary copolymerization equation: 

]'M[
]M[

2
r

]'M[d
]M[d

2

112

2

1 = .     (4.31) 

This equation makes intuitive sense because the relative incorporation 

rates of monomers in an ideal reaction are insensitive to the nature of the 

propagating species and the relative rates of M1 and M’2 consumption should not 

depend on the concentration of M3 or P3.  However, the overall rate of 

consumption of free monomers may be influenced by the presence of PDBs 

competing for active sites.   

Both reduced crosslinking copolymerization equations are similar to their 

corresponding binary copolymerizations (Equations 4.9 and 4.12) except that the 

ri’s are on a per molecule basis and rij’s are on a per vinyl basis and so 
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r1 = 0.5r12 ,  r2 = 2r21.     (4.32) 

The end result is that the binary treatment of a crosslinking reaction will 

provide reactivity ratios that are close, if not identical to two of the ternary 

reactivity ratios.  This approximation improves at the reactivity ratios are nearly 

ideal, as in the case of anionic copolymerization. All crosslinking reactivity ratio 

calculations were performed using the binary approximation and results are 

presented on a per molecule basis. 

Table 4.2 gives published reactivity ratios for anionic crosslinking 

reactions of styrene in aromatic solvents.  These results show that anionic 

crosslinking reactions fit the ideal copolymerization model.  Table 4.2 also shows 

that BVPE has a much closer reactivity to styrene than either of the DVB isomers. 

M1 M2 r1 r2 r1r2 Reference 

Styrene BVPE 1.00 1.09        1.09  [29] 

Styrene m-DVB 0.50 2.0        1.00  [4] 

Styrene p-DVB 0.152 6.6        1.00  [4] 

Table 4.2: Selected anionic reactivity ratios for styrene crosslinking in aromatic 
solvent. 

Estimation of Reactivity Ratios 

Almost all reactivity ratio estimation methods are based on the Mayo-

Lewis equation (Equation 4.7) due to its simplicity and ease of use.  The 

estimation methods can be divided into those based on the differential binary 

copolymerization equation and those based on an integrated form.  Each of these 

can be further subdivided into linear and non-linear sum-of-squares optimization 
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methods.  An excellent review and comparison of the major methods has been 

presented by Hagiopol [10].  The most simple and frequently used estimation 

method is a differential linear sum-of-squares optimization developed by Fineman 

and Ross (FR) [36]. 

The FR method uses a linearized form of the Mayo-Lewis equation 

212
o21

2
o12

1

2

o2

o1 rr
Xx
Xx

x
x

1
X
X

−=







−     (4.33) 

where Xio and xi are the initial monomer i mole fraction and instantaneous 

copolymer mole fraction respectively.  By plotting (X1o/X2o)(1-x2/x1) against 

(x2/x1)(X1o/X2o)2 a linear fit is obtained with slope r1 and intercept r2. 

Despite its ease of use, the FR method suffers from major flaws [10].  The 

switching of monomer indices in Equation 4.33 results in a second set of 

reactivity ratios and there are no clear criteria for selecting the best pair.   As with 

all differential methods, FR is only strictly applicable to extremely low 

conversions.  Differential methods ignore conversion and so can give significant 

errors if the composition of the monomer changes greatly in the course of the 

reaction.   

With the access to computing power available today, it is not necessary to 

rely on differential or graphical methods to estimate reactivity ratios.  There are a 

number of free and commercial computer programs that estimate reactivity ratios 

by non-linear sum-of-squares type optimization between experimental data and 

results of a numerical integration of the Mayo-Lewis equation.  Two such 

programs, ProCop [10] and RRFeed [28], were used in this research.  Both use a 
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Simplex-type algorithm [37, 38]  to vary reactivity ratios and find the best fit to a 

given set of experimental initial compositions, final compositions, and 

conversions.   

RRFeed minimizes the sum of squared differences (SS) for n experimental 

data points as shown in the following equation: 

2cal
i,1

n

1

exp
i,11 )XX()X(SS ∑ −=     (4.34) 

where exp
i,1X refers to the experimental monomer mole fraction for data point i and 

cal
i,1X is the monomer mole fraction calculated from r1, r2, and the initial mole 

fraction and conversion of data point i [28].     

In a similar fashion, ProCop minimizes the value of the standard deviation 

(F) between the experimental and calculated data given by 

pn
)x(SS

)x(F 1
1 −

=      (4.35) 

where the sum of square differences are based on cumulative copolymer mole 

fraction, xic, and p, the number of reactivity ratios to be found, is 2 [10]. 

Both programs determine the 95% joint confidence limit (JCL) that 

corresponds to the set of reactivity ratios that satisfy  

tab
)2n,2(F

2n
)PTOSS(2

)PTOSS(SS(JCL) −−
+=   (4.36) 

where SS(JCL) and SS(OPT) are the sum of squared differences for a reactivity 

ratio pair on the JCL and the optimized  reactivity ratios respectively [10, 28].   

           in Equation 4.36 is the value of the 0.95 quantile of the F distribution tab
)2n,2(F −
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having 2 degrees of freedom in the numerator and n-2 degrees of freedom in the 

denominator. 

The main difference between these programs is that RRFeed optimizes 

reactivity ratios on final monomer mole fractions while ProCop uses cumulative 

copolymer mole fraction.  In order to compare the results of these two programs, 

an interactive spreadsheet has been developed to estimate F values for estimated 

reactivity ratios of each program as a function of experimental X1 and x1.  Given 

that their minimizing algorithm is similar, ProCop and RRFeed should give nearly 

identical results if given the same quality of data.   

EXPERIMENTAL 

The polymerization experiments involved measuring the consumption of 

monomers as a function of time for binary copolymerization mixtures of styrene 

or BVPE with TBS.  Temperature, initiator concentration, and overall monomer 

concentration were held constant while the mol percent of each monomer (relative 

to total monomer concentration) was varied from 2 to 98%.  A broad range of 

concentrations was used in order to get an accurate estimate of r1 and r2  [6, 10, 

39].  BVPE is a solid at the desired reaction temperature, so dilution in benzene 

was necessary in order to be able to examine high relative concentrations of 

BVPE to TBS.  The level of dilution was chosen for compatibility with GC 

analysis, which requires low (<1 weight percent) concentrations of analytes to 

operate within its linear range.   It has been shown in earlier research that the 

kinetics of free radical copolymerization and crosslinking are not affected by 

dilution [26].  Anionic homopolymerization was shown to behave similar to bulk 
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polymerizations in Chapter 3 and the copolymerization case should be 

comparable. 

Materials 

Identity and purification of reactants, solvents, and internal standards were 

identical to those used in Chapter 3. The monomers used were styrene, 

p-t-butylstyrene (TBS), and 1,2-bis(4-vinylphenyl)ethane (BVPE) and their 

internal standards were decane, hexylbenzene, and dodecylbenzene respectively.  

Purified reagents were manipulated in inert atmosphere using air-sensitive reagent 

handling techniques [40, 41].  

Stock solutions of monomer and internal standard in benzene were 

prepared for ease of formulation and to ensure consistent purity and initial 

concentration ratios of monomers to internal standards. The stock solutions were 

measured gravimetrically and combined in the polymerization reactors to give the 

desired ratio of monomers.  To eliminate variations in mass due to changes in 

internal pressure, septum-sealed vessels were allowed to equilibrate to a low 

pressure argon source before each weighing. 

  Reactor mixtures were held to approximately 0.48 M in total monomer. 

An aliquot of each reaction mixture was removed prior to initiation for use in 

establishing GC linearity and response factors.  To ensure accuracy, a second set 

of stock solutions were prepared and used to generate secondary GC standards. 

Reactor Setup and Procedure 

The experimental apparatus and sampling procedure were essentially 

identical to that of Chapter 3.  The GC-FID used was the same as in Chapter 2 
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except that the capillary column was shortened to 10 m.  The reactor setup is 

shown in Figure 4.4. Reactor temperature was held constant at 23 °C. Sec-

butylithium initiator level was approximately 10 mmol.  Syringe sampling for 

both GC and initiator concentration was performed with a 3 mL, argon-purged 

polyethylene syringe. 

 

Figure 4.4: Copolymerization apparatus.  

One-mL reactor samples were quenched into vials of benzene with a small 

amount of methanol for GC analysis.  Efforts were made to minimize changes in 
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sample monomer concentrations due to evaporation or thermal polymerization.  

Samples were kept refrigerated in sealed vials until samples were made up for GC 

analysis.  Samples waiting to be injected by the GC autosampler were kept in 

septum-sealed vials with Teflon liners.  Samples were grouped by experimental 

run and the GC column and oven conditions were optimized to minimize analysis 

time. 

Measurement  

Active anion concentration was determined by the titration method 

detailed in Appendix A. 

GC analysis is similar to that of Chapter 3 in that the quantity Mt/Mo was 

calculated directly from the peak area ratios of each monomer (Mi) and its internal 

standard (ISi) as in 
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where t corresponds to reaction time. 

Total mass % of each monomer was also calculated.  The response areas 

and mass % in solution of the analytes are related by: 

)IS%(mass
)M%(mass
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)M(Area

i

i
i

i

i =     (4.38) 

where RF is the response factor for the FID detector towards a specific pair of 

monomer (Mi) and internal standard (ISi) [42]. The RF is constant as long as the 

detector has a linear response over the mass range of interest.  The RF for each 

concentration level is obtained by running standards on the GC concurrently with 
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reactor samples.  The RF, along with the known constant mass%(ISi) for each 

reactor allows for the calculation of total mass%(Mi) as a function of time using 

Equation 4.36.   

The total mass conversion at time t is then given by  
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Monomer mole fraction at time t is calculated as 
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where Mwi is the molecular weight of monomer i. 

Finally, cumulative copolymer mole fraction at time t, xi,t, is given by 
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=  

                  ...(4.41)  

RESULTS AND DISCUSSION 

There were great similarities in the copolymerization behavior of styrene-

TBS and BVPE-TBS.  The copolymerization rates of these monomer pairs both 

deviated from the Yamagishi-Szwarc model described in the theory section [19].  

The results of the rate experiments are given along with a modified model that fits 

well with the experimental data.  The reactivity ratio analyses of the two 

monomer pairs are then presented with comments on the suitability of the various 

copolymerization analysis packages for monomer consumption copolymerization 
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studies.  Finally, qualitative predictions and comparisons are made for the 

network structure of TBS crosslinked with BVPE or DVB.   

Copolymerization Rate Results 

The copolymerization of styrene or BVPE with TBS was performed at 

various initial compositions in benzene at room temperature and approximately 

10 mmol sec-butyllithium.  Table 4.3 gives the initial conditions for the 

copolymerization runs. 

Reactor ID Monomer 1 X1o [M1+M2]o T °C [I]o mmol/L 

1ST Styrene 2.3 0.399 22.9 8.9 

2ST Styrene 9.6 0.398 22.8 8.7 

3ST Styrene 29.0 0.399 22.9 10.9 

4ST Styrene 69.2 0.400 22.8 8.1 

5ST Styrene 89.1 0.399 23.0 8.8 

6ST Styrene 97.1 0.399 22.8 7.9 

1BT BVPE 2.2 0.400 23.1 8.2 

2BT BVPE 9.3 0.400 23.2 9.3 

3BT BVPE 28.6 0.399 23.0 10.6 

4BT BVPE 68.9 0.399 23.2 9.7 

5BT BVPE 89.2 0.399 23.3 11.0 

6BT BVPE 97.6 0.398 23.4 9.3 

Table 4.3: Initial copolymerization reaction conditions 

The first order monomer consumption plots (ln([M]/[M]o) vs. time) for 

each set of experiments are linear over the conversion range studied.  The styrene-

TBS copolymerization plots are shown in Figures 4.5 and 4.6 for styrene and TBS 

consumption respectively.  
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Figure 4.5: First order monomer consumption plot of styrene in styrene-TBS 
copolymerization. 
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Figure 4.6: First order monomer consumption plot of TBS in styrene-TBS 
copolymerization 
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The first order monomer consumption plots for the BVPE-TBS 

copolymerization also show good linearity and are shown in Figures 4.7 and 4.8 

for BVPE and TBS respectively.  The effect of chain transfer to BVPE monomer 

on copolymerization was not considered in this study. 
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Figure 4.7: First order monomer consumption plot of BVPE in BVPE-TBS 
copolymerization. 
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Figure 4.8: First order monomer consumption plot of TBS in BVPE-TBS 
copolymerization. 

Following the Yamagishi-Szwarc (YS) model, the slopes of the 

ln([M]/[M]o) plots for each monomer are divided by the square root of the 

measured initiator concentration to find observed copolymerization rate constants, 

ki,obs according to Equations 4.21 and 4.22 [19].  Equations 4.23 and 4.24 are used 

to calculate ki,all and r1.  The results of the calculations are listed in Table 4.4 for 

both copolymerization systems.  Note that the monomer mole fraction, X1, is an 

average value over the experimental run. 
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Reactor Monomer 1 X1,ave 

k1,obs  

(L/mol).5/s 

kTBS,obs 

(L/mol).5/s 

kall,obs 

(L/mol).5/s r1,obs 

1ST Styrene 2.2 0.01764 0.01059 0.01074 1.67 

2ST Styrene 9.2 0.01149 0.00663 0.00708 1.73 

3ST Styrene 28.3 0.00838 0.00467 0.00572 1.80 

4ST Styrene 68.7 0.00656 0.00361 0.00564 1.82 

5ST Styrene 88.8 0.00669 0.00353 0.00634 1.89 

6ST Styrene 97.0 0.00710 0.00342 0.00699 2.07 

1BT BVPE 2.1 0.01806 0.01149 0.01163 1.57 

2BT BVPE 8.9 0.01420 0.00865 0.00914 1.64 

3BT BVPE 27.7 0.01017 0.00618 0.00729 1.65 

4BT BVPE 68.1 0.00917 0.00547 0.00799 1.68 

5BT BVPE 88.9 0.00901 0.00533 0.00860 1.69 

6BT BVPE 97.5 0.00867 0.00510 0.00858 1.70 

Table 4.4: Observed rate coefficients for styrene-TBS and BVPE-TBS 
copolymerization experiments/ 

The calculated rate constants are presented graphically for Styrene-TBS in 

Figure 4.9 and for BVPE-TBS in Figure 4.10.  If these copolymerizations obeyed 

the YS anionic copolymerization model, ki,obs and r1,obs would be insensitive to 

composition and kall,obs would be linear in mole fraction.  It is clear from Figures 

4.9 and 4.10 that this is not the case.   
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Figure 4.9: Observed rate coefficients for styrene-TBS copolymerization.   
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Figure 4.10: Observed rate coefficients for BVPE-TBS copolymerization.   
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A key assumption of the YS model [19] comes from the work of 

O’Driscoll and Patsiga [18] in which they claim that ki,obs for the anionic 

copolymerization of styrene and p-methylstyrene (PMS) are independent of 

monomer concentration.  This claim is based on experiments with two initial 

monomer compositions (22 and 78% styrene) that were monitored to high 

conversions.  The concentration in these polymerizing mixtures varied over a 

wide range (approximately 3 to 78% styrene) because styrene is about 2.5 times 

more reactive than PMS.  Figures 4. 9 and 4.10 show that both styrene/TBS and 

BVPE/TBS copolymerizations exhibit broad regions where ki,obs is only a weak 

function of monomer composition.  A likely explanation for the data of 

O’Driscoll and Patsiga is that their experimental compositions fell in a range 

where ki,obs was effectively constant.   

A New Anionic Copolymerization Rate Model 

Re-examination of the copolymerization reaction steps allows for the 

formulation of a new model that more accurately predicts the observed rate 

constants and reactivity ratios in anionic copolymerization. The polymerization 

behavior of anionic copolymerization is described by four propagation reactions 

(Equation 4.1-4.4) and three aggregation equilibrium reactions (Equations 4.15-

4.17).  In the propagation reactions, the concentrations of monomer and dimeric 

anion aggregates, [Mi] and [Di], are much greater than the concentration of active 

ion pairs, [Pi], and so can be considered constant over short time periods. The 

steady state approximation can be applied under these conditions because the bulk 

of the anionic species are tied up in the unreactive, constant dimers.  This gives us    
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where [Pi,tot] includes the concentration of the anionic species i in both dimers and 

unimers. 

Equation 4.42 can be rearranged to give the equilibrium [P1] as a function 

of unassociated [P2] and the ratio of monomer concentrations 
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This allows for the expression of the concentrations of aggregates D1, D2, 

and D12 as a function of the concentration of P2 

[D1] = K1[P2]2α2     (4.44) 

[D2] = K2[P2]2      (4.45) 

[D12] = K12[P2]2α.     (4.46) 

In the absence of termination, a balance on the total amount of anionic 

species in the reaction mixture is given by 

]P[]P[]D[2]D[2]D[2]I[ 211221o ++++=    (4.47) 

where [I]o is the initial concentration of initiator. 

Substituting the expressions for dimeric aggregates given in Equations 

4.44 – 4.46 into Equation 4.47 and solving for [P2] yields 

2
1

,KKK,
2

]I[2
]P[ 212

2
1

o
2

2
+α

=χ+α+α=β
β

β+χ+χ−
=  . (4.48) 

Estimates of Ki are on the order of 107 [11].  This results in β being much 

larger than χ and the Equation 4.48 is well approximated by  
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β= 2/]I[]P[ o2 .      (4.49) 

By combining the expressions for the concentrations of P1 and P2 with 

Equations 4.13, 4.14, 4.21, and 4.22, we can calculate the observed 

copolymerization rate coefficients as 

β+α≈+α= 2/)kk(]I[/P)kk(k 2111o22111obs,1  (4.50) 

β+α≈+α= 2/)kk(]I[/P)kk(k 2212o22212obs,2
. (4.51)  

  

Recalling that α and β are both functions of [M1]/[M2], we see that the 

observed rate coefficients are functions of composition even in the case of ideal 

copolymerizations.  The overall observed rate constant is a mole-weighted 

average of the individual observed rate constants as described in Equation 4.24. 

We can also calculate observed r1,obs as 

221

211

2212

2111

obs,2

obs,1
obs,1 r]M[]M[

1]M[]M[r
)kk(
)kk(

k

k
r

+
+

=
+α
+α

== . (4.52) 

Only in the case of ideal copolymerization, r1=1/r2, will r1,obs be insensitive 

to composition and be  equal to r1. 

These relationships were verified using a kinetic simulation program 

starting with the elementary polymerization and aggregation reactions and typical 

values for the various kinetic constants [43].  The steady state assumption was not 

used in building the simulation.  There was good agreement between the 

simulation and values predicted using Equations 4.43 and 4.49-4.52. 

An attempt was made to replicate the observed copolymerization behavior 

with the expanded model.  There are several unknown quantities in the Equations 
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4.43 and 4.49-4.52 that must be estimated.  In discussing specific constants in the 

styrene-TBS and BVPE-TBS copolymerization, the i,j subscripts are replaced 

with S for styrene, B for BVPE, and T for TBS.    

KS was initially estimated to be 107
 [11] and the relationship for 

homopolymerization rate constants 

kiobs = kii/(2Ki)½     (4.53) 

was used to calculate kSS.   

There is no clear way to estimate kTT or kBB from the experimental data.  

An approximate value of kTT can be obtained by assuming that monomer 

reactivity is independent of the propagating chain end or 

1

11
22 r

k
k ≈ .      (4.54) 

 This approximation is a special case of ideal copolymerization (Equation 

4.11), where the absolute (as opposed to only the relative) reactivity of monomers 

does not depend on the identity of the propagating chain end.  The p-t-butyl group 

of TBS would produce two competing effects on kTT.   The destabilizing effect of 

the p-t-butyl group would raise reactivity of the anion and increase kTT, while the 

bulkiness of the group would sterically hinder propagation and decrease kTT.  

Without knowing the relative magnitude of these effects, the kTT estimate given 

by equation 4.54 is used without modification.  The value of rS used is the average 

of the rS,obs given in Table 4.4 for the styrene-TBS copolymerization.   Similarly, 

Equation 4.54 was used to find the value of kBB from the estimate of kTT and the 

average rB,obs for BVPE-TBS copolymerization given in Table 4.4. 
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The remaining kij were determined from the kii estimates and the ri’s 

derived from the integrated copolymerization analysis that will be discussed in the 

next section.  The remaining Ki’s and can then be estimated from Equation 4.53 

using kii and the room temperature homopolymerization ki,obs from Chapter 3 

using.  An initial estimate for K12 is made using the relationship put forth by 

Yamagishi and Szwarc  ( 2112 KK2K = ) [19].  K1 and K12 were treated as 

adjustable parameters and the sum of the squared differences between predicted 

and experimental kall,obs was minimized. 

The best fit parameters for the styrene-TBS and BVPE-TBS 

copolymerizations are given in Table 4.5.  Figure 4.10 shows the experimental 

and predicted values of ki,obs and r1,obs for styrene-TBS.  Figure 4.11 shows the 

corresponding plots for the BVPE-TBS copolymerization. 

 

M1-M2 r1 r2 r1r2 K1 K2 K12 k11 k12 k21 k22 

Styrene-TBS 1.86 0.59 1.09 1.4E7 1.1E6 2.1E7 34.6 18.6 32.3 18.9 

BVPE-TBS 1.69 0.60 1.02 6.2E6 1.1E6 1.2E7 31.3 18.5 31.3 18.9 

kij have units of L/mol/sec 

Table 4.5: Best fit parameters for styrene-TBS and BVPE-TBS 
copolymerizations. 



 139 

ksty kTBS kall

r1

-

0.005

0.010

0.015

0.020

- 0.2 0.4 0.6 0.8 1.0
Average Mole Fraction Styrene

k o
bs

 (L
/m

ol
).5

/s
ec

-

0.50

1.00

1.50

2.00

2.50

r 1
,o

bs

 

Figure 4.11: Observed rate coefficients for styrene-TBS with predictions from 
new anionic copolymerization rate model. 
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Figure 4.12: Observed rate coefficients for BVPE-TBS with predictions from 
new anionic copolymerization rate model. 
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The agreement between the fit values and experimental ki,obs are quite 

good.  The predicted ri,obs for each comonomer pair has the correct slope and fits 

well in the middle composition region.  Both sets of data diverge from the 

predicted ri,obs line at one or both concentration extremes, but the overall 

concentration dependency of ri,obs is not large. 

However, in both cases K12 ˜  1.8K1 which indicates that the cross-

aggregation is more favorable than homo-aggregation.  This is unlikely, at least in 

the case of Styrene-TBS copolymerization, because styrene-ended homo-dimers 

should be more favorable than cross-aggregates which include the sterically 

unfavorable t-butyl group. Given the large number of approximations used to 

estimate the parameters that went into this model, it is to be expected that some 

resultant parameters should be unrealistic.  For example, the optimum ratio of K12 

to K1 is strongly affected by the estimate of k22.  Photometric methods have been 

used in other studies to directly measure k12 and k21 [44, 45].  This type of data 

could be used to calculate accurate values of homo-propagation kii’s which would 

likely result in the best fit K1 and K12 values being realistic estimates. 

The agreement with experiment indicates that the new model derived in 

this section is a better representation of the anionic copolymerization process than 

the YS model.  While the Ki’s used to fit the model are at best order estimates of 

the actual values, this model allows for the prediction of room temperature 

copolymerization reaction rates for the monomers studied.  Further experiments at 

varying temperatures and concentration levels should provide the data necessary 

RIM system design.   
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Reactivity Ratio Results 

The values of r1 and r2 were estimated with ProCop [10] and RRFeed [28].  

The results of these determinations are summarized in Table 4.6 along with 

Fineman-Ross (FR) reactivity ratio estimates provided by ProCop [36].  Also 

included in Table 4.6 are the pairs of ideal reactivity ratios that best fit the 

experimental data.    

Styrene-TBS Copolymerization 

Method r1 r2 r1r2 
F(X1) 
1E-3 

F(x1) 
1E-3 

RRFeed 1.86 0.59 1.09 0.137 3.82 

ProCop 1.81 0.59 1.07 0.243 3.73 

Optimized r1r2=1 1.78 0.56 1.00 0.237 4.03 

FR-1 2.04 0.79 1.61 1.59 18.7 

FR-2 1.98 0.63 1.24 0.354 5.88 

BVPE-TBS Copolymerization 

Method r1 r2 r1r2 
F(X1) 
1E-3 

F(x1) 
1E-3 

RRFeed 1.69 0.60 1.02 0.248 4.52 

ProCop 1.69 0.59 1.00 0.326 3.95 

Optimized r1r2=1 1.67 0.60 1.00 0.256 4.39 

FR-1 1.61 0.60 0.97 0.392 5.97 

FR-2 1.83 0.67 1.21 0.655 8.33 

Table 4.6: Reactivity ratio estimates for styrene-TBS and BVPE-TBS 
copolymerization. 

The F-values in Table 4.6 provide an impartial basis of comparison the 

reactivity ratios in terms of how well they fit experimental data.  In all cases, the 
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Finemann-Ross F-values are sufficiently high relative to the other values to 

conclude that they are at best rough estimates.  The optimized reactivity ratios 

estimates are all approximately equal (within 4% of each other) with the lowest F-

values based on monomer composition coming from RRFeed while the lowest F-

values based on copolymer composition come from ProCop.  Both 

copolymerization systems exhibit nearly ideal behavior (r1r2 ˜  1).  The reactivity 

ratios for styrene-TBS are in general agreement with literature values (rS = 1.3, 

rT = 0.84) in that styrene is more reactive than TBS [16].  The difference in 

magnitude of rS could be due to the smaller X1 range used in the earlier paper (31-

89%) or that the FR method was used to estimate reactivity ratios. 

RRFeed was designed for use in copolymerization experiments that track 

the mole fraction of unreacted monomer, X1.  The program’s author found that the 

error involved in calculating copolymer composition data from monomer 

consumption data resulted in unreliable cumulative polymer mole fractions, x1 

 [28]. A propagation of error analysis [46] of the data fed to the two programs was 

performed based on Equations 4.37-4.41 and the results are shown in Figures 4.13 

for styrene-TBS.   
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Figure 4.13: Estimated percent standard deviation for styrene-TBS 
copolymerization data.   

The average percent standard deviation for cumulative copolymer mole 

fraction, x1 was 14-18 times greater than that of monomer mole fraction, X1.  The 

error in x1 was most significant at low conversions where reactant composition 

had not changed significantly.  In this case, the error in measurement is large 

relative to the difference in composition that x1 is calculated from (Equation 4.41) 

and so the percent error in x1 is large.  For this work, RRFeed should give the best 

reactivity ratio estimates because the program utilizes the data with the lowest 

associated error. 

Graphical representations of the calculated reactivity ratios are given in 

Figure 4.14 for Styrene-TBS and Figure 4.15 for BVPE-TBS along with 95% 

joint confidence limits for the Procop and RRfeed values.  The r1,obs determined in 
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the copolymerization rate section (Table 4.4) are also shown along with the ideal 

reactivity ratios that best fits the experimental data.   
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Figure 4.14: Styrene-TBS copolymerization reactivity ratios including 

experimental r1,obs and estimates from Table 4.6.   

Optimized r1r2 = 1 
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Figure 4.15: BVPE-TBS copolymerization reactivity ratios including 

experimental r1,obs and estimates from Table 4.6. 

  The overlap in the JCL’s of the ProCop and RRFeed imply that the 

calculated reactivity ratios are not significantly different.  The distribution of ri,obs 

relative to the optimized ri indicate that a fair single-point estimate of r1 can be 

made in the case of nearly ideal polymerizations by running a copolymerization 

reaction at 50 mole % initial monomer. 

Predicted Network Structure 

Network structure has a tremendous effect on the mechanical properties of 

thermosets.  Generally, the more uniform the crosslinking, the better the 

mechanical properties [22, 47].  It is possible to use reactivity ratios found in this 

research and in the literature to make predictions about the network structure of 

TBS thermosets made with either DVB or BVPE.   

Optimized r1r2 = 1 
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Reactivity ratios for DVB-TBS copolymerization were be estimated by 

assuming ideal copolymerization behavior and combining literature values for 

DVB-Styrene copolymerization [4] with the Styrene-TBS copolymerization 

results given in the previous section.  Since the DVB used is actually a 2.3:1 

mixture of the meta and para isomers of DVB, a mole-weighted average reactivity 

ratio was used to approximate its copolymerization behavior.  Table 4.7 

summarizes the reactivity ratios used in this section.  The relationship between the 

ternary reactivity ratio, r21 and its binary equivalent, r2, is given in Equation 4.32. 

 BVPE Tech DVB p-DVB m-DVB 

r21 0.83 3.1 6.1 1.9 

r2 1.7  6.3 12.2  3.8  

Table 4.7: Reactivity ratios for BVPE-TBS and DVB-TBS crosslinking. 

An important quantity in the physical property of polymer networks is the 

average number of monomer units between crosslinks, nc.  In a perfectly 

homogenous thermoset, nc would remain constant with respect to conversion and 

would be given by 

co

co
c 2X

)X-(1
n =       (4.55) 

where Xco is the mole fraction of crosslinker molecules in the initial monomer 

mixture.   

In the case of an inhomogeneously crosslinked polymer, nc would vary 

greatly with conversion.  By numerically integrating the crosslinking composition 
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formulas of Dušek (Equations 4.27 and 4.28), is possible to estimate an 

instantaneous nc at conversion i as 

i3i2

i1
ci mm

m
n

+
=      (4.56) 

where i denotes a particular extent of conversion and m1i, m2i, m3i are the moles of 

monomer, singly reacted crosslinker, and doubly reacted crosslinker  incorporated 

into the polymer between conversions i-1 and i, respectively.   

The estimated nc with respect to conversion are presented graphically in 

Figure 4.16 for TBS crosslinked with 20 mol% BVPE, m-DVB, technical DVB, 

and p-DVB.  The average reactivity of a pendant double bond has been taken to 

be half that of TBS based on an earlier study of addition crosslinking [24].  The 

model used to generate this figure does not take into account cyclization or 

trapped pendant double bonds [25].   
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Figure 4.16: Predicted instantaneous average numbers of monomers between 
crosslinks nc as a function of conversion for 20% initial mole percent 
crosslinker in TBS. 

The limits of the Dušek  model [25] are visible in Figure 4.16 in that all 

predicted nc fall to zero over the final 20% of the conversion.  A look at the 

predicted monomer compositions in this range indicates that polymerization is 

almost exclusively between pendant double bonds (PDBs).  This is unlikely given 

that pendant double bonds and living chains that have last added a PDB are the 

least mobile species in the polymerizing mixture and so would be expected to 

react very slowly, especially with each other.  A more likely picture of the 

polymerization at high conversions is that a significant amount of PDB will 

remain unreacted after the free monomer has been consumed and the overall 
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polymerization rate approaches zero.  Still, the Dušek model should be 

qualitatively correct for the first 80% of the reaction. 

It is readily apparent from Figure 4.16 that the nc of all DVB copolymers 

have a much broader distribution than BVPE.  The anticipated effect is that BVPE 

and by extension all BVPA copolymers should have better material properties 

than DVB copolymers at high concentrations of crosslinker.  Figure 4.17 is a 

semi-log plot which shows the variation in nc as a function of conversion for a 

range of initial tech DVB concentrations. 

Figure 4.17: Semilog plot of predicted instantaneous average numbers of 
monomers between crosslinks, nc, as a function of conversion for a 
range of initial starting mole percent technical DVB. 

Fractional Conversion

0.0 0.2 0.4 0.6 0.8 1.0

n c

0.1

1

10

100

3% Tech DVB
5% Tech DVB
10% Tech DVB
20% Tech DVB
30% Tech DVB

 



 150 

As shown in Figure 4.17, the distribution function of nc is insensitive to 

initial concentrations of crosslinker while the range of nc is strongly affected.    

This seems counterintuitive because the mechanical properties of thermosets 

made with lower concentrations of DVB crosslinker (i.e. 5 mol%) are good and so 

the expectation is that the nc distribution should be more homogeneous.  If the 

model used in generating nc is correct, there must be another factor that is more 

significant than the nc distribution.  This is no doubt the effect of cyclization and 

microgel formation.   It may be significant that the initial nc for the 20% technical 

DVB plot is ~0.7 which indicates that the initial polymer is predominantly made 

up of crosslinker which would certainly favor cyclization and microgel formation.  

The corresponding initial nc for 5% technical DVB is greater than 3 and so would 

have a much lower incidence of cyclization.   The effect of cyclization and other 

structural effects will be discussed along with experimental results in Chapter 5. 

CONCLUSION 

The kinetic models of copolymerization and crosslinking were discussed 

along with methods for determining reactivity ratios.  The experimental and 

instrumental procedures were reviewed.  Copolymerization rate studies showed 

that the existing anionic copolymerization model of Yamigishi and Szwarc [19] 

did not adequately describe the experimental results.  A new model was derived 

from the elementary copolymerization reaction steps that correctly accounts for 

observed variation in ki,obs and ri,obs with monomer composition.   

Reactivity ratio analysis indicated nearly ideal copolymerization behavior.  

Two related non-linear sum of squares optimization programs for reactivity ratio 
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estimation were compared and gave nearly identical results [10, 28].  A 

propagation of error analysis indicated that the estimate based on monomer 

consumption data is most appropriate for this study.  Table 4.8 summarizes the 

results of the reactivity ratio analysis. 

Monomer Pair r1 r2 r1r2 

Styrene(1)-TBS(2) 1.86 0.59 1.09 

BVPE(1)-TBS(2) 1.69 0.60 1.02 

Table 4.8: Reactivity ratios for styrene-TBS and BVPE-TBS copolymerization. 

The copolymerization rate constants and reactivity ratios found have been 

used to predict copolymerization behavior for these two systems. The qualitative 

results indicated that TBS-BVPE copolymers should have a significantly more 

homogeneous network structure than DVB copolymers.  The results also 

indicated that cyclization and microgel formation contribute more to polymer 

property degradation than does inhomogeneous crosslinking.   

Further experiments at elevated temperature and higher overall 

concentrations are necessary for precise modeling of RIM behavior.  Chain 

transfer effects to BVPE monomer may come into effect at these higher 

temperatures and should also be considered. 
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Chapter 5:  Effect of Crosslinking on Physical Properties 

As discussed in the Chapter 1, there are several material property 

specifications that a molding compound must satisfy in order to support 

microchip function [1-3].  The specifications that are most strongly affected by 

crosslinking are glass transition temperature (Tg), flexural strength, and linear 

cure shrinkage (LCS).  The motivation for this research is that the commercially 

available crosslinker, technical grade divinylbenzene (DVB), gives poor 

mechanical performance at the high crosslinker concentrations needed to achieve 

the desired Tg [4, 5].  The α,ω-bis(4-vinylphenyl)alkane (BVPA) crosslinkers 

produced in the course of this research are designed to give better material 

properties by virtue of having a relative reactivity closer to that of the base 

monomer and by increasing the crosslinkers molar volume. 

This chapter will detail methods for measuring the effect of crosslinking 

on Tg, flexural properties, and cure shrinkage. The properties of TBS crosslinked 

with DVB, BVPE, and BVPO as a function concentration will be presented and 

discussed. 

EXPERIMENTAL 

Materials 

Styrene (99+%, Aldrich), p-t-butylstyrene (TBS) (95%, remainder meta, 

Deltech Corporation), and technical DVB (meta:para 2.3:1, 56% DVB, remainder 

ethylvinylbenzenes, Aldrich Chemical) were cleaned of inhibitor by passing 

through a column of activated alumina.  Monomers were degassed by bubbling 
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with argon for 45 minutes followed by application of high vacuum until 

quiescent. The monomers were transferred to dry, septum-sealed flasks and stored 

under argon at -10 °C until use.  Sec-butyllithium (2 M in cyclohexane, Aldrich 

Chemical) was used as received.  BVPE and BVPO monomers were synthesized 

and purified as described in Chapter 2. 

Molding 

It was necessary to develop a molding system that could produce 

consistent polymer bars suitable for flexural testing.  The molds needed to be 

reusable, airtight, and be able to withstand temperatures as high as 160°C.  The 

test specimens were required to be rectangular bars with smooth surfaces and 

uniform cross sections.  The bars were made with unfilled monomer because a 

reaction injection molding (RIM) machine was unavailable for producing test 

bars. Glass transition temperature and cure shrinkage tests were also run using 

pieces of these sample bars.   

The final mold design consists of one or more Teflon gaskets sandwiched 

between plate glass molding surfaces and held together with an aluminum mold 

casing.  All mold materials were purchased from McMaster-Carr. 

A mold gasket is shown in Figure 5.1. The gaskets were made of 3/32 

inch-thick glass-filled Teflon sheeting that was cut into 1.5 x 8 inch strips.  The 

mold cavities were cut to 0.6 x 6.3 inches to produce three 2-inch test bars per 

mold cavity.  Syringe needle ports were drilled at a 45° angle through edge of the 

gasket and into two corners of the same long side of the rectangular mold cavity.  
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Syringe needles fit tightly into these ports and allowed for an argon purge, 

monomer introduction, and application of backpressure.  

 

Figure 5.1: Teflon mold gasket with syringe ports. 

The mold surfaces were 1/8 or 1/4 inch thick plate glass cut to the same 

outer dimensions as the mold gaskets.  The thicker glass was used in between 

mold gaskets to minimize heat transfer between mold halves.  The thinner glass 

was used as the outer mold surface to minimize the height of the Teflon/glass 

stack.  Each mold surface was inspected for chips or scratches before use to 

ensure a visibly smooth test bar surface.   

The aluminum casing was made of two 8 x 2 x 0.5 inch pieces of precision 

ground aluminum plate that had a thickness tolerance of less than 0.002 inches.  

Use of conventional aluminum plate caused cracked mold surfaces due to the 

plates being insufficiently flat.  Eight 1/4-inch holes were drilled through each 

plate to allow for steel bolts to secure the plates together.  A piece of 2 inch heat 

resistant Kapton tape was applied to the aluminum face that contacts the glass 

mold surface to help disperse any stress points that could lead to cracks in the 

plate glass.  

Mold Cavity 

Syringe Ports 

Teflon Gasket 
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Up to three mold cavities could be interleaved with mold surfaces within a 

single mold casing as shown in Figure 5.2.  Syringe needles are not shown for 

clarity.  The mold is assembled as shown and the nuts are tightened a full turn 

past “hand tight”.   

Figure 5.2: Side view of assembled three-cavity mold.  Mold cavities are 
perpendicular to the plane of the page within each Teflon gasket. 

A simple test was used to determine whether or not the assembled mold 

was airtight.  First, an empty 10 mL disposable syringe was attached to one needle 

port of a given mold cavity.  A second syringe containing 10 mL of air was 

attached to the remaining port.  The full syringe was rapidly depressed and the 

plunger of the empty syringe was displaced by air pressure in the mold.  A 

displacement of 7 mL or more indicated a sufficiently airtight mold cavity as 

verified by repeating the test on a septum-sealed vial of approximately the same 

volume as the mold cavity.  The bolts of the mold casing were tightened until all 

mold cavities passed this test. 
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The test bars were made with varying concentrations of crosslinker in 

TBS.  Except for BVPE, which had poor room temperature solubility above 5 

mole %, the monomer concentrations were varied from 1 to 20 mole %. Mixtures 

of monomer and crosslinker were prepared gravimetrically in a septum-sealed 

flask to a volume of about 20 mL. A syringe equipped with a 20 µm Whatman 

PTFE syringe filter was used to measure 6 mL of monomer mixture into each of 

three argon purged septum sealed reaction vials equipped with stirbar.  

Approximately 1.5 mL of monomer mixture was sampled for density 

determination via a Parr DMA 35 vibrating U-tube densitometer for use in the 

cure shrinkage study. 

Assembled molds were purged with argon for 15 minutes before use.  The 

purge was left connected until just before sample injection.  The molds were 

tipped back at a 45° angle to allow for removal of air bubbles from the mold 

cavity as initiated monomer was injected through the bottom port.  In the typical 

three cavity mold assembly, the middle mold was filled first followed by the left 

and then right cavities.  Each mold assembly was used for only one monomer 

composition at a time.  There was no trend in polymer strength with respect to 

mold position for a given composition.  

The reaction vials were stirred at room temperature and residual reaction-

killing impurities were scavenged by adding 2M sec-buthylithium initiator 

dropwise until the monomer turned the characteristic orange color of anionically 

polymerizing styrene.  Then 20 µL of initiator was added to a vial and the mixture 

was rapidly drawn into a 10 mL disposable syringe.  The syringe was quickly 
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connected to the bottom port of the desired mold cavity and depressed to just fill 

the mold cavity.   

A syringe locking method was used to allow for application of back 

pressure on the polymerizing monomer mixture which greatly decreased the 

incidence of void formation in the molded parts.  A 3 mL disposable luer-lock 

syringe was connected to the top port and the remaining monomer in the bottom 

syringe was injected into the mold cavity.  The bottom syringe was then locked by 

forcing a needle through its sidewall, through the plunger body, and out the 

opposite wall. The top syringe, containing about 1 mL of monomer overflow, was 

depressed until the bottom syringe pin bowed out slightly and was locked in place 

using a second syringe needle.   

The filled molds were allowed to react at room temperature for 

15 minutes, after which they were moved to a convection oven to cure at 160 °C 

for 12 hours.  The molds were then removed from the oven and allowed to cool to 

room temperature.  The syringe needles were removed and aluminum casings 

were opened so that the glass and Teflon mold bodies could be slid out.  A 

creaking and popping noise was heard from the molds as the cooling polymer bars 

contracted and pulled away from the glass.  The glass mold surfaces could then be 

slid away and the polymer bars pushed out of the mold cavities. 

For the most part, polymer bars appeared to have smooth surfaces and 

uniform clarity.  The bars were initially dark orange from residual living anions, 

but they became clear in a matter of hours as air diffused into the polymer and 

terminated the chain ends.   Cure shrinkage was evident along the edge of the bars 
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where the polymer pulled away from the Teflon gasket.  The bars were labeled 

and cut into 2 inch long coupons.  A belt sander with a right angle guide was used 

to give the bars a uniform edge and produce test coupons that were ready for use. 

 The initiator level used gave a nominal degree of polymerization (DP), 

neglecting crosslinker effects, of 726.  This is approximately twice the DP for 

entanglement in polystyrene.  For glassy thermosets it is found that fracture stress 

is not a strong function of DP above the entanglement length [6].  The initiator 

level was chosen to balance the desire for high molecular weight with the need to 

ensure complete polymerization after taking into account unavoidable termination 

in the mold.  Another consideration was that an excessively high amount of 

initiator would lead to gelation before the mold was filled. 

Flexural Testing 

The flexural strength and modulus of the polymer coupons was measured 

at room temperature using the method of ASTM D7 90-00 [7].  The test utilizes a 

compressive three point bending jig on an Instron-type testing frame.  Figure 5.3 

shows a test coupon placed within the testing jig.  The center nose is moved 

downward at a fixed rate and the force exerted on the nose is measured as a 

function of displacement.  The test machine was a MTS Sintech 2/G electro-

mechanical testing frame equipped with a 50 lbf load cell which was calibrated 

with an electric shunt. 
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Figure 5.3: Three-point bend testing jig. 

An experimentally derived stress-strain curve from a flexural test is shown 

in Figure 5.4.  This is a typical response for glassy polymers in that the stress 

strain response is nearly linear and the part fails without yielding.  
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L/2 L/2 

0.5” 
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Figure 5.4: Load-deflection curve for brittle three point bend testing. 

When a test coupon is flexed in a three point bending test, the maximum 

stress occurs at the midpoint of the outer surface of the test coupon.  The flexural 

stress, σf, at the midpoint can be calculated from the data in Figure 5.4 using  

2
f bd2/PL3=σ      (5.1) 

where P is the load at a given point on the load-deflection curve, L is the support 

span, and b and d are the width and thickness of the test specimen, respectively.   

When deflections greater than 10% of the span length occur, Equation 5.1 

is no longer valid.  In this case the stress at the midpoint can be approximated by 

)]L/D)(L/d(4)L/D(61)[bd2/PL3( 22
f −+=σ  (5.2) 

where D is the deflection of the beam at the centerpoint. 

The maximum flexural strain, εf, also occurs at the outer surface of the test 

piece at the midpoint.  This quantity can be calculated using 
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2
f L/Dd6=ε       (5.3) 

Equations 5.1, 5.2, and 5.3 were used when appropriate for determining 

the stress and strain at fracture using the type of data presented in Figure 5.4. 

The crosshead rate, R, is determined by  

d6ZLR 2=       (5.4) 

where Z is the strain rate.  The strain rate for these tests was held constant at 0.01 

min-1.  Assuming a nominal specimen thickness of 2.2 mm (3/32 of an inch), the 

crosshead rate was 1.1 mm/min. 

 The flexural modulus, Ef, was calculated from the load-deflection 

curve using  

33
f bd4/LE m= .     (5.5) 

In Equation 5.5, m represents the slope of the tangent line to the initial 

linear portion of the load-deflection curve. 

In practice, an aluminum guide was used set the span and alignment of the 

loading noses shown in Figure 5.4.  The span length was held constant at 1.5 

inches and the nose width was 0.5 inches.  The thickness of each part was 

measured at the break to the nearest 0.0001 inch using a Mitutoyo outside 

micrometer with a ratchet stop thimble.  The width of the part was measured at 

the break to the nearest .001 using a Craftsman slide vernier caliper.  Parts that 

failed at noticeable imperfections or more than .25 inches off of the center line 

were discarded.  An initial test with injection molded Dow Styron 678C-W 

styrene bars yielded an average flexural strength and modulus that were within 

5% of literature values [8]. 
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Glass Transition Temperature 

The onset and midpoint glass transition temperatures (Tg) were measured 

on a Perkin Elmer System 7 differential scanning calorimeter (DSC) according to 

ASTM 1356-98 [9].  The DSC had been recently calibrated using are indium and 

zinc for melting points, and indium for the area of the melting peak.  The DSC 

heats or cools a sample at a set rate and measures the heat capacity as a function 

of temperature.  The heat capacity of a glassy polymer undergoes a step change at 

the Tg  as shown in Figure 5.5. 

 

Figure 5.5: Determination of glass transition temperatures by DSC. 

The onset Tg is determined from the intersection of the tangent lines to the 

heating curve taken before and during the glass transition.  Similarly, the endpoint 

Tg corresponds to the intersection of the line tangent to the transition with the line 

tangent to the rubbery portion of the heating curve.  The midpoint Tg is the 
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temperature on the tangent line to the transition region that is midway between the 

onset and endpoint Tg. 

Samples were taken from the ends of test coupons used in the flexural 

testing experiment.  Heating and cooling rates were set at 20°C/min.  The steps of 

the general temperature profile used were: 

1. Hold sample at 60 °C for one minute 

2. Heat sample to 20 °C or more above the end of the glass transition 

3. Hold for one minute 

4. Cool to  50 °C below the onset of the glass transition 

5. Hold for one minute  

6. Heat again to 20 °C above the endpoint of the glass transition.   

The glass transition temperatures of the two heats (steps 2 and 6) generally 

differed by less than 2°C.  The average of the two heats is reported in the results 

section.  Two samples of each unique composition/crosslinker pair were used for 

Tg determination.   

Cure Shrinkage 

The cure shrinkage experienced by the monomer mixtures upon 

polymerization was determined from pre- and post-cure density measurements.  

The percent linear cure shrinkage, LCS, is given by  






















ρ
ρ
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S

L1100LCS     (5.6)   

where ρL and ρS are the liquid and solid densities respectively.   
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The densities of monomer mixtures were measured to 0.001 grams/mL 

using a Parr DMA 35 densitometer.  The densitometer uses a vibrating glass u-

tube of a known volume.  The period of the oscillation and the volume of the tube 

are sufficient to calculate the density of the liquid.  The unit is equipped with a 

thermometer to measure the temperature of the sample to 0.1 °C.  The 

densitometer was calibrated with deionized water before use. 

The densities of solid parts were measured with a density gradient column.  

The column was suspended in a thermostat controlled water bath at 30 °C and 

was filled from the bottom with an isopropyl alcohol / water solution of gradually 

increasing density.  Glass floats of know densities and polymer samples were 

placed in the column where they sank to the level in which they were neutrally 

buoyant.    The linearity of density with depth was verified by the position of the 

floats once the column has come to equilibrium.  The densities of plastic parts 

were determined to within 0.001 g/mL from their equilibrium position in the 

column.  Two samples were used from each polymer composition for determine 

solid density. 

The cure shrinkage equation requires that the densities of the liquid and 

solid be at the same temperature.  The liquid density of TBS was found to 

change -.0012 g/mL per degree Celsius by monitoring the change in density of a 

sample of hot or cold TBS placed in the densitometer and allowed to come to 

room temperature. Preliminary experiments showed that the change in density 

with temperature was insensitive to monomer concentration.  Liquid monomer 

densities were extrapolated to 30°C for cure shrinkage calculations.  
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RESULTS AND DISCUSSION 

The process of crosslinking a polymer introduces chemical bonds between 

polymer chains that would otherwise only interact through physical forces or 

entanglements.  There is currently no general predictive theory for the effects of 

crosslinking on the mechanical properties of glassy thermosets due in large part to 

the intractable nature of the resulting polymer and the large number of variables 

that can contribute to the resulting network structure [10-12].  Qualitatively, the 

effects can be explained in terms of a combination of network structure and 

copolymer behavior [13].   

Flexural Strength 

The flexural strength effects of crosslinking glassy polymers is not well 

understood, but at low crosslinker levels it seems to correlate with the number of 

anchored covalent bonds that cross the fracture plane [10, 13]. Several researchers 

have found that the strength of styrenes crosslinked with DVB are initially 

improved by the addition of crosslinker up to about 5-10 mole % DVB [4, 5, 14, 

15].  Thereafter, the polymer strength decreases dramatically to the point that the 

polymer is unusable.   

As described in Chapter 4, the high relative reactivity of DVB leads to an 

inhomogeneous structure consisting of densely crosslinked initial polymer in a 

matrix of lightly crosslinked latter polymer. At sufficiently high loadings of DVB, 

these regions of dense crosslinking have been found to precipitate out of solution 

as microgels.  The microgels act in an extremely brittle fashion because the 

polymer that comprises them lacks the degrees of freedom necessary to dissipate 
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strain energy by local or long range (i.e. crazing) deformations [11, 13]. 

Furthermore, these microgels can trap pendant double bonds in their interiors, 

effectively removing them from the reaction mixture and wasting their beneficial 

crosslinking potential.  

The short, stiff crosslinks formed by DVB also have a negative effect on 

flexural properties.  When two polymer chains are linked by a DVB molecule, 

there are a limited number of positions either chain may take without placing 

bending stresses on the crosslink.   This means that DVB crosslinks are pre-

stressed before any external forces are applied.   

BVPA crosslinkers are designed to maximize the concentration range over 

which crosslinkers have a beneficial effect on mechanical properties.  As 

established in Chapter 4, BVPE has an anionic copolymerization reactivity of 1.7 

times that of TBS while m-DVB and p-DVB are approximately 4 and 12 times as 

reactive as TBS, respectively, on a per molecule basis [16].  The decreased 

reactivity of BVPE is predicted to produce a more homogenous crosslink 

distribution with a lower incidence of cyclization which should result in an 

increase in physical strength.  A homogenous crosslink distribution should 

increase physical strength by more efficiently distributing the stress bearing 

anchor points throughout the polymer.  The flexible ethane linkage should also 

help maintain the strength of the resulting polymer by decreasing the internal 

strain on crosslinks.  The reactivity of the BVPE pendant double bond (PDB) 

should be higher than that of DVB because the longer BVPE structure would 

remove the PDB from the shielding effects of the polymer chain it is attached to.    
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The effect on the mechanical properties of chain transfer to BVPA monomer is 

unknown, but any effect is probably overwhelmed by crosslinking. 

Improved mechanical properties have been seen in the case of free radical 

crosslinking styrene [15] or TBS [4] with BVPE isomers.  In these studies, the 

BVPE was a blend of the 4,4-, 3,3-, and 3,4-BVPE isomers as shown in Figure 

5.6.   Earlier studies have also shown that the concentration of trapped PDBs in 

BVPE crosslinking of styrene is about 25-50% that of DVB [15, 17]. The results 

for the anionic case using pure 4,4-BVPE should be similar because the free 

radical and anionic copolymerizations both happen to be nearly ideal with 

r1=1.7 [4]. 

1,2-bis(4-vinylphenyl) ethane (4,4-BVPE) 1,2-bis(3-vinylphenyl) ethane (3,3-BVPE)

1-(3-vinylphenyl)-2-(4-vinylphenyl) ethane (3,4-BVPE)  

Figure 5.6: 4,4-BVPE, 3,3-BVPE, and 3,4-BVPE isomers. 

The expectation is that BVPO crosslinked TBS should have properties 

similar to BVPE crosslinked TBS because the expected reactivity of BVPO 
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should be slightly less than that of BVPE due to the relative decrease in active 

area with the larger molecule.  The reactivity of the pendant double bond should 

increase as well due to an even larger offset from the polymer chain.   

The results of the flexural strength tests of poly(tBS) as a function of 

mole % for  each type of crosslinker are presented in Figure 5.7.  Each data point 

represents 4-13 experiments with the average being 8. BVPE was only examined 

up to the 5 mole % level due to solubility limitations at room temperature.  The 

limited supply of BVPO resulted in a maximum concentration of 19 mole % in 

these experiments.  Attempts to mold test coupons with higher concentrations of 

technical DVB were unsuccessful due to poor resulting mechanical properties. 
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Figure 5.7: Flexural strength of TBS crosslinked with DVB, BVPE, and BVPO. 

At the 5 mole % level, all three crosslinkers almost double the flexural 

strength over that of linear TBS polymer.  As expected, the strength of the DVB 

copolymers begins to drop at higher crosslinker loadings while BVPO is still 

gradually increasing.   

In the free radical crosslinking of styrene with BVPE isomers, it was 

observed that flexural strength experienced a maximum at 10 mole % crosslinker 

followed by a gradual decrease.  At thirty mole % BVPE the flexural strength was 

still greater than linear polymer [15].  This indicates that embrittlement by 
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cyclization and dense crosslinking is still occurring in BVPE, but that the effect is 

less intense and is shifted to higher crosslinker loadings than in the DVB case.  

The high crosslinker loadings of these experiments were possible because the 

solubility of the blends of BVPE isomers used was greater than pure 4,4-BVPE 

and because styrene is a better solvent than TBS for BVPE. 

The embrittlement effect should be even more delayed in the case of 

BVPO because the longer alkyl linkage makes even the smallest cyclization more 

flexible.  The probability of cyclization falls off with increasing distance from the 

propagating end, which means that longer alkyl chains in the crosslinker will 

favor intermolecular crosslinking [11].  

The flexural strength for reaction cast TBS was about 4 kpsi less than was 

found in the case of injection molded test bars [4].  This effect has been attributed 

to surfaces stresses that are generated by cure shrinkage and higher mold surface 

temperatures. 

Flexural Modulus 

The flexural modulus of glassy thermosets is controlled by short range 

physical interactions and so is not expected to be strongly affected by crosslinking 

 [10, 13].  Figure 5.8 shows the effect of crosslinker type and concentration on 

flexural modulus.   
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Figure 5.8: Flexural modulus of TBS crosslinked with DVB, BVPE, and BVPO. 

There is a small jump in modulus in going from linear to networked 

polymer.  Modulus seems to be insensitive to crosslinker concentration for the 

case of BVPE and DVB.  The slight decrease in modulus with increasing BVPO 

concentration is attributable to a copolymerization effect.  Here the flexible alkane 

linkages of BVPO act like short sections of polyethylene, which has a much lower 

flexural modulus compared to polystyrene.  

Glass Transition Temperature  

The glass transition temperature (Tg) is a range of temperatures over 

which, upon heating, a glassy solid polymer undergoes a second order change to 
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become a rubbery solid.  The glass transition is characterized by a change in 

molecular motion from thermal vibrations in the glass state to long range 

segmental motions in the rubbery state.    

Anything that restricts chain motion will increase the glass transition 

temperature because the polymer requires higher kinetic energy or free volume 

(from thermal expansion) to be able to undergo segmental motion [18].  This is 

usually accomplished by increasing the size or number of side groups, increasing 

the stiffness of the polymer backbone, or by introducing physical (i.e. 

entanglements or crystalline regions) or chemical crosslinks.  Tg can be depressed 

by increasing the free volume of a polymer by the use of plasticizer.  Increasing 

the number of chain ends or decreasing the molecular weight of the polymer 

chains also increases free volume and decreases Tg. 

The Tg effect of bulky side groups has already been utilized in our RIM 

system by switching from styrene to TBS, which gives an increase in Tg from 100 

to 132 °C [5].   

Crosslinking anchors polymer chains to one another which reduces chain 

mobility and increases Tg.  For homogenously crosslinked polymers, the amount 

of unconstrained polymer decreases linearly as the number of crosslinks increases 

and chain length between crosslinks decreases.  The dependence of Tg on the 

mole fraction of crosslinker molecules in a polymer (Xc), has been derived from 

theory to be 
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where Tgo is the glass transition temperature of the polymer in the absence of 

crosslinks and B is the ratio of the lattice energies for crosslinked and 

uncrosslinked polymers [18].   

Equation 5.7 assumes complete, homogenous crosslinking and neglects 

the copolymerization effect of crosslinks that are substantially different from the 

monomer.    It is in agreement with experimentally derived relations of Tg and 

crosslinking which have the form 

cgog n'BTT =−      (5.8) 

given that the number of monomer units between crosslinks (nc) is equal to  

c

c
c X2

-X1
n =       (5.9)  

when crosslinking is homogenous and complete  [18, 19]. 

It is unwieldy to discuss the effect of crosslinkers on Tg in terms of 1/nc 

when the variable being directly controlled is the mole fraction of crosslinker in 

the polymer, Xc.  However, the value of 1/nc is well approximated as a linear 

function of Xc so long as Xc is less than 35%.  This allows us to present the results 

of this experiment in terms of Xc and expect linear behavior for Tg provided that 

crosslinking is homogenous. 

The Tg of a polymerizing mixture increases as polymer molecular weight 

increases and the network structure forms.  When the Tg reaches the cure 

temperature, the reaction rate becomes negligible because the propagating chain 
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ends become frozen in the glassy polymer and the reaction can only proceed by 

diffusion of monomer to the active sites [11, 18].  If cure temperature is increased, 

the polymerization continues to completion or until the Tg again reaches the cure 

temperature.  The high cure temperature and cure time (160 °C for 12 hours) was 

chosen to ensure as full a cure as possible. 

The experimental results for the effect of crosslinker type and 

concentration on onset and midpoint Tg are shown in Figures 5.9 and 5.10, 

respectively.  The general trends in onset and midpoint Tg are the same for each 

crosslinker.   Both BVPO and BVPE appear linear with respect to concentration 

over the range studied.  DVB gives a linear increase in Tg with concentration up 

to 10 mole %.  Thereafter it appears to increase more slowly with increasing 

concentration.    
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Figure 5.9: Onset glass transition temperature of TBS crosslinked with DVB, 
BVPE, and BVPO. 
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Figure 5.10: Midpoint glass transition temperature of TBS crosslinked with 
DVB, BVPE, and BVPO. 

The rate of Tg increase for BVPO is less than that of BVPE because 

BVPO has a longer and more flexible alkyl linkage which is less able to restrict 

polymer motion.  The lower Tg of DVB copolymers is due to the formation of 

cyclizations which are ineffective toward raising the Tg.  The larger number of 

trapped PDBs in DVB copolymer further decreases the crosslinking potential at a 

given crosslinker loading.   

Attempts to fit the observed Tg with predicted (average) nc from Chapter 4 

resulted in no significant changes in terms of Tg response linearity.  This is to be 

expected because the Tg of the homogeneous BVPA copolymers should be linear 

nc while the Tg of the inhomogeneous DBV copolymers should still be nonlinear 

in nc. 
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It should be noted that the onset Tg of TBS was about 20 °C less than 

found by other researchers [5].  This could be a consequence of low Mw polyTBS 

formed during the impurity scavenging stage acting as a plasticizer or an effect of 

the TBS being lower MW than commercial polyTBS.   

The effects of cyclization and variation in nc on Tg are complicated.  One 

way to picture the effect is that each segment length between crosslinks will have 

a characteristic Tg.  As a polymer is heated, the longest segments will undergo a 

local glass transition.  At the temperature increases, shorter and shorter lengths 

will experience their glass transitions until the bulk of the polymer is in a rubbery 

state.  By summing the Tg contributions over the length distribution, an effective 

Tg would result.  As the distribution of crosslinks broadens, the sum of individual 

lengths would decrease and the overall Tg signal would decrease in amplitude 

until it is immeasurable. Experimentally, this is observed by the difference in 

onset and midpoint Tg increasing with mole % crosslinker [11, 18].  

The magnitude of the Tg spread gives an indication of the homogeneity of 

the network structure.  As shown in Figure 5.11, the gap between onset and 

midpoint Tg increases with mole % crosslinker.   
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Figure 5.11: Difference in midpoint and onset glass transition temperature of 
TBS crosslinked with DVB, BVPE, and BVPO. 

It is interesting that the rate of increase of the Tg gap is approximately the 

same for all three crosslinkers, implying that the rate of increase of heterogeneity 

is likewise the same, although the magnitude of the BVPO heterogeneity is lower 

than the other crosslinkers.    A broader concentration range of BVPE would be 

needed to make any meaningful comparison to DVB or BVPO. 

Cure Shrinkage 

Cure shrinkage occurs because the covalent bonds formed during 

polymerization force monomer units closer together than their equilibrium 

positions in solution.  Crosslinkers also contribute to cure shrinkage by pulling 

polymer chains closer than would otherwise be the case.  Cure shrinkage is 

decreased by factors that increase the free volume of polymers like chain ends and 
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bulky groups that disrupt polymer packing.  Assuming that free volume effects 

are similar for all crosslinkers, cure shrinkage is then dependent on the size of a 

monomer or crosslinker molecule relative to its polymerizable functionality.  The 

larger the volume per mole of vinyl groups in a given monomer, the smaller the 

change in volume will be upon polymerization.      

Figure 5.12 summarizes the linear cure shrinkage of polymerization 

experienced by TBS crosslinked with varying types and concentrations of 

crosslinkers. The cure shrinkage is linear in concentration for all of the 

crosslinkers studied.  Cure shrinkage is greatly increased by the addition of DVB 

while is decreased slightly by the use of either BVPA crosslinker.  This makes 

qualitative sense because the BVPA molecules are much larger than DVB and so 

would have a larger volume per mole of vinyl groups. 
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Figure 5.12: Linear cure shrinkage TBS crosslinked with DVB, BVPE, and 
BVPO. 
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It is possible to make a crude estimate the liquid molar densities of pure 

BVPE and BVPO (both are solids at room temperature) by extrapolating the 

density vs. concentration data obtained for cure shrinkage measurements to 100% 

crosslinker.  The volume per mole of vinyl groups can then be found by taking the 

inverse of the molar density and dividing by the number of vinyl groups per 

molecule as shown in Table 5.1.   The values of DVB and TBS are directly 

determined from the liquid densities of pure DVB and TBS. 

 

Monomer Estimated volume per  
mole of vinyl groups (mL/mol) 

TBS 182 

DVB 70 

BVPE 114 

BVPO 161 

Table 5.1: Estimated volume per mole of vinyl groups for monomers at 24 °C. 

In the case of DVB, the volume per mole of vinyl groups is much less than 

that of TBS, which correctly predicts that cure shrinkage should increase 

significantly with increasing DVB concentration.  The small effect on cure 

shrinkage with increasing BVPA content is explained by the estimated volume 

per mole of vinyl groups for BVPE and BVPO being close to that of TBS.  

However, the estimates in Table 5.2 incorrectly predict that cure shrinkage should 

increase with BVPA concentration.  This is certainly due to errors in extrapolation 

to find the volume per mole of these compounds. 
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CONCLUSION 

Physical and thermal property tests were run on TBS crosslinked with 

varying concentrations of DVB, BVPE, and BVPO crosslinker.  Quantities 

examined were flexural strength, flexural modulus, glass transition temperature, 

and cure shrinkage.  In all cases, the BVPA crosslinkers gave as good or better 

results than DVB.   The utility of BVPE is limited because of its poor solubility in 

TBS.  Figure 5.13 summarizes the material properties of BVPO copolymers. 
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Figure 5.13: Physical properties of TBS crosslinked with BVPO 

From Figure 5.13 we see that BVPO should be able to achieve the desired 

Tg of 160 °C at about 22 mole % crosslinker while maintaining high flexural 

strength and decreasing cure shrinkage.  For this reason, BVPO would be a 

suitable crosslinker for use in RIM compound 
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Chapter 6:  Summary and Conclusions 

This work was intended to address several problems associated with the 

use of technical divinylbenzene (DVB) as a crosslinker for an anionic, 

polystyrene-based reaction injection molding (RIM) compound.  DVB has been 

investigated by previous researchers on this project and has been found to give 

poor mechanical properties at concentrations necessary to give the molding 

compound the desired glass transition temperature (Tg) [1-3].  In this research, 

α,ω-bis(vinylphenyl)alkanes (BVPA) are investigated as possible replacements 

for DVB.  This work follows the synthesis, kinetic, and physical testing of these 

crosslinker. 

BVPA SYNTHESIS 

Several types of coupling syntheses were investigated for α,ω-bis(4-

vinylphenyl)alkane (BVPA) production.  A novel lithium nucleophile was used to 

make 1,6-bis(4-vinylphenyl)hexane (BVPH) and 1,8-bis(4-vinylphenyl)octane 

(BVPO) in modest yields (10-30 %).  1,2-bis(4-vinylphenyl)ethane (BVPE) was 

made using a published Grignard homocoupling reaction[4].  Attempts to extend 

the Grignard synthesis to produce longer chain BVPA molecules were 

unsuccessful.  Sufficient quantities of purified BVPE and BVPO were made to 

proceed with kinetic and physical property studies. 

HOMOPOLYMERIZATION KINETICS 

Homopolymerization kinetic parameters were determined for four 

monomers in aromatic solvents.  Table 6.1 summarizes the results of these 
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experiments.   The data follow the expected first order homopolymerization 

behavior described by 

)t(t[I]k
[M]

 [M]
ln o

n1/
oobsp,

o

−−=     (6.1) 

where 1/n is the initiator order and [M] and [I] are concentrations of monomer and 

initiator. Calculated kinetic parameters agree with available literature values 

within experimental error [1, 2, 5, 6]. 

Table 6.1: Reaction kinetics summary for anionic polymerization of styrenic 
monomers. 

For anionic homopolymerization the observed rate coefficient, kp,obs is a 

grouped constant equal to  

1/2
e

p
obsp, )K2(

k
k =      (6.2) 

where kp is the true rate coefficient for bimolecular propagation and Ke is the 

equilibrium association constant for propagating anionic dimers. 

The results of these experiments give insight into two competing effects of 

nonpolar para substituents on the reactivity of styrene monomers.  Electron- 

Monomer 1/n 
Ea,obs  
kcal/mol 

Aobs x E-8 
(L/mol).5/s 

 

ln(Aobs) Solvent 
kp,obs @ 
25 °C 

Styrene 0.54 ± 0.07 14.5 ± 0.3 3.21 19.6 ± 0.5 Toluene 0.0081 

Styrene   14.8 ± 0. 5 6.31 20.3 ± 0.7 Benzene 0.0092 

PMS  0.58 ± 0.08 14.9 ± 0 .7 2.36 19.2 ± 0.7 Toluene 0.0026 

TBS 0.51 ± 0.04 15.9 ± 0.2 75.5 22.7 ± 0.3 Toluene 0.0157 

BVPE  0.49 ± 0.09 12.5 ± 0.7 0.132 16.4 ± 1.3 Benzene 0.0084 
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donating alkyl substituents decrease kp and so kp,obs by destabilizing a favorable 

anionic resonance state.  Bulky substituents, in this case the t-butyl group of TBS, 

can increase kp,obs by decreasing the value of Ke through disruption of aggregates.  

Chain transfer to PMS or BVPA monomer is a possibility in these reactions.  

While not investigated in the course of this research, the effect of chain transfer 

would be a decrease in the observed polymerization rate.  It is expected that the 

incidence of chain transfer should be much greater in PMS than BVPA because 

PMS forms a stable 1° anion while BVPA would form a less stable 2° anion.   

The kinetic constants obtained in this study were used in predicting 

copolymerization rate behavior. 

COPOLYMERIZATION AND CROSSLINKING KINETICS 

The kinetic models for copolymerization and crosslinking were discussed 

along with methods to determine reactivity ratios.  Copolymerization rate studies 

showed that the existing anionic copolymerization model [7] does not adequately 

describe the experimental results.  A new model was proposed that correctly 

accounts for observed variation in ki,obs and ri,obs with monomer composition.  

Reactivity ratio analysis indicated nearly ideal copolymerization behavior.  Two 

related reactivity ratio estimation programs were compared which gave similar 

results.  A propagation of error analysis indicates that the estimate based on 

monomer consumption data is most appropriate for this study.  The reactivity 

ratios determined in this section are summarized in Table 6.2. 
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Monomer Pair r1 r2 r1r2 

Styrene(1)-TBS(2) 1.86 0.59 1.09 

BVPE(1)-TBS(2) 1.69 0.60 1.02 

Table 6.2:  Reactivity ratios for styrene-TBS and BVPE-TBS copolymerization. 

The copolymerization rate constants and reactivity ratios were used to 

predict copolymerization behavior for TBS-DVB and TBS-BVPE crosslinking 

systems. The qualitative results indicate that TBS-BVPE copolymers, and by 

extension TBS-BVPA, should have a significantly more homogeneous network 

structure thank DVB.   

PHYSICAL PROPERTIES 

Physical and thermal property tests were run on TBS crosslinked with 

varying concentrations of DVB, BVPE, and BVPO crosslinker.  The properties 

examined were flexural strength, flexural modulus, glass transition temperature, 

and cure shrinkage.  In all cases, the BVPA crosslinkers gave as good or better 

results than DVB.   However, the utility of BVPE is limited because of its poor 

solubility in TBS.  Chain transfer effects were neglected in this study, although 

they would likely be overwhelmed by the effects of crosslinking.  Figure 6.1 

summarizes the material properties of BVPO copolymers. 
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Figure 6.1: Physical properties of TBS crosslinked with BVPO 

From Figure 6.1 we see that BVPO should be able to achieve the desired 

Tg of 160 °C at about 22 mole% crosslinker while maintaining high flexural 

strength and decreasing cure shrinkage.  For this reason, BVPO would be a 

suitable crosslinker for use in RIM compound. 

FURTHER WORK 

There are some unresolved issues in the application of BVPA crosslinkers 

to the RIM encapsulation system that suggest interesting possibilities for future 

work.  The issues concern further testing and synthesis optimization of BVPA.  

The possibilities involve extension of the synthesis to other types of crosslinkers 

and development of other applications for BVPA. 

The lithium BVPA synthesis requires further optimization in order for it to 

be an economical route to provide crosslinkers for the RIM system.  There is 



 192 

potential for boosting yields through variation in reaction conditions such as 

lower temperatures, precise control of reactant addition rates, and the more dilute 

solutions.  The use of catalysts such as Li2CuCl4 may also increase yield.  The 

Grignard BVPA synthesis should also be re-examined as a possible route to the 

desired crosslinker.  The approach presented in Chapter 2 should be refined to 

include analysis of intermediate reaction products to learn which step was 

unproductive and so guide the further development of the Grignard synthesis. 

It is important to determine what effects the addition of accelerants, fillers, 

colorants, flame retardants, and other additives will have on reaction rates and 

reactivity ratios as well as on the physical properties of the resulting polymer.  

Viscosity and gelation studies of these systems are critical for accurate design and 

modeling of RIM compound and the molding machine itself.  These tests should 

be run at molding conditions and cure times that more closely match the expected 

RIM conditions.  Future work on RIM kinetics should be performed with BVPO 

or any other likely BVPA crosslinker instead of using the model BVPE 

compound.   

BVPO appears to be a suitable crosslinker in terms of physical properties 

imparted to the crosslinked polymer and solubility in TBS.  It would be 

interesting to see how longer alkyl linkages, linkage branching, or other linkage 

structures would affect thermoset properties.  This could possibly lead to further 

enhancement of polymer properties and/or a reduction in the amount of BVPA 

crosslinker required to attain the desired properties. 
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It would also be interesting to investigate BVPA for use in other 

applications where DVB is currently used.  These applications include ion 

exchange resins, catalyst supports, and polymer membranes as well as structural 

applications like coatings, elastomers, and fiberglass reinforcement [8].  There are 

two potentially useful side products of the lithium BVPA synthesis that have been 

made by an alternate synthesis and have been investigated for use in graft 

copolymers and in catalyst supports [9]. 
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Appendix A: Concentration of Active Anionic Species 

This method allows for titrimetric determination of the active anionic 

species concentration in reactor samples using a known titrant solution of sec-

butanol in anhydrous o-xylene with 2,2’-biquinoline indicator.  The indicator 

reversibly forms a charge transfer complex with organolithiums to produce a 

bright yellow color [1].  The addition of sec-butanol disrupts the complex by 

protonating the carbanion to form a lithium butoxide salt that does not coordinate 

with the indicator.  The solution retains its distinct color until all of the lithium 

complex is destroyed.  The indicator, however, retains its ability to complex fresh 

organolithium and so allows repeated titrations.  This titration method is general 

for organolithium and Grignard reagents. 

Sec-butanol (99%), anhydrous p-xylene (99%), sec-butyllithium (2 M in 

cyclohexane), and 2,2’-biquinoline were used as received from Aldrich Chemical 

without further purification.  ACS grade toluene from Fisher Scientific was 

distilled from calcium hydride and sparged with dry argon to remove air and 

water.   

The titration vessel consisted of a 50 mL round bottom flask with a 

magnetic stir bar and sealed with a rubber septum as shown in Figure A.1.  A 

10 mL titration burette was fitted with a rubber septum and inserted into the 

titration flask through a hole bored in the flask’s septum.   
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Figure A.1: Active anion titration apparatus. 

All glassware was cleaned and dried overnight at 110 °C in a convection 

oven.  The apparatus was assembled hot and purged with argon for 30 minutes.  

Both septa were connected to the same argon source to prevent backpressure from 

building up in the flask as the titration proceeds. The color change at endpoint of 
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the titration was sometimes faint and so a backlight and a sheet of white paper 

placed underneath the titration flask were used to improve visibility. 

The titration itself was straightforward.  The titration vessel was charged 

with 5 mL of dry toluene and 0.5 mL of a previously prepared 0.2% solution of 

2,2’-biquinoline indicator in dry toluene.  Residual impurities in the titration flask 

were destroyed by first titrating a small amount of initiator. About three reaction 

samples (3 mL each) were injected and titrated for a given run.  Typical standard 

deviations were 5% of measured active concentration.   

The original method was designed for analysis of active concentrations on 

the order 1 M [1, 2].  However, the concentrations used in this research were on 

the order of 0.04-0.01 M. It was necessary to use more dilute sec-butanol 

solutions for the titration.  The amount of sec-butanol required to make the dilute 

titrant was too small to be accurately measured and so the concentration of dilute 

titrant had to be measured experimentally.  A known 1M titrant solution was used 

to find the concentration of fresh sec-butyllithium initiator.  This initiator was 

then used to determine the concentration of the dilute titrant. 
 

1. Watson, S.C. and J.F. Eastham, Colored indicators for simple direct 
titration of magnesium and lithium reagents. Journal of Organometallic 
Chemistry, 1967. 9: p. 165-168. 

2. Titrimetric Analysis of Organolithium Compounds and Grignanard 
Reagents. Aldrich Chemical Internal Method, 1979: p. 1-3. 
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Appendix B: Copolymerization Data 

The data used in calculation of reactivity ratios is presented in Table B.1 

for Styrene-TBS copolymerization and in Table B.2 for BVPE-TBS 

copolymerization.  Data presented is reaction time (t) in seconds, the initial 

monomer 1 mole fraction (X1,o), the monomer 1 mole fraction at time t, and the 

cumulative monomer 1 mole fraction in the polymer at time t.  Also included is 

the total monomer conversion at time t (Ct) on a molar and mass basis.  The 

reactor ID corresponds to the copolymerizations in Chapter 4. 

ID t seconds X1,o X1,t x1,t Ct molar Ct mass 
1ST 33 0.0233 0.0227 0.0387 0.0352 0.0350 
1ST 63 0.0233 0.0223 0.0368 0.0648 0.0645 
1ST 96 0.0233 0.0218 0.0370 0.0954 0.0949 
1ST 131 0.0233 0.0214 0.0360 0.1265 0.1259 
1ST 168 0.0233 0.0208 0.0364 0.1575 0.1568 
1ST 198 0.0233 0.0204 0.0360 0.1822 0.1814 
2ST 32 0.0963 0.0948 0.1604 0.0231 0.0225 
2ST 68 0.0963 0.0935 0.1556 0.0458 0.0449 
2ST 100 0.0963 0.0923 0.1536 0.0655 0.0642 
2ST 134 0.0963 0.0912 0.1515 0.0855 0.0838 
2ST 170 0.0963 0.0897 0.1517 0.1070 0.1049 
2ST 194 0.0963 0.0888 0.1510 0.1212 0.1188 
3ST 31 0.2901 0.2878 0.4038 0.0195 0.0186 
3ST 65 0.2901 0.2852 0.4126 0.0383 0.0365 
3ST 93 0.2901 0.2833 0.4097 0.0540 0.0514 
3ST 123 0.2901 0.2803 0.4161 0.0719 0.0684 
3ST 151 0.2901 0.2782 0.4156 0.0867 0.0825 
3ST 183 0.2901 0.2759 0.4127 0.1039 0.0989 
4ST 29 0.6921 0.6902 0.8041 0.0163 0.0154 
4ST 60 0.6921 0.6889 0.7933 0.0303 0.0289 
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4ST 88 0.6921 0.6872 0.7967 0.0441 0.0420 
4ST 116 0.6921 0.6857 0.7973 0.0567 0.0539 
4ST 149 0.6921 0.6837 0.7991 0.0722 0.0686 
4ST 182 0.6921 0.6814 0.7999 0.0896 0.0851 
5ST 29 0.8905 0.8898 0.9386 0.0156 0.0152 
5ST 59 0.8905 0.8888 0.9388 0.0352 0.0343 
5ST 90 0.8905 0.8880 0.9373 0.0503 0.0491 
5ST 118 0.8905 0.8871 0.9378 0.0670 0.0654 
5ST 147 0.8905 0.8862 0.9379 0.0844 0.0824 
5ST 181 0.8905 0.8852 0.9375 0.1014 0.0990 
6ST 28 0.9709 0.9706 0.9854 0.0180 0.0178 
6ST 58 0.9709 0.9703 0.9858 0.0385 0.0381 
6ST 91 0.9709 0.9700 0.9850 0.0584 0.0579 
6ST 116 0.9709 0.9698 0.9858 0.0722 0.0716 
6ST 141 0.9709 0.9696 0.9850 0.0848 0.0842 
6ST 178 0.9709 0.9692 0.9855 0.1045 0.1037 

Table B.1: Experimental data for Styrene(1)-TBS(2) copolymerization study. 

ID t seconds X1,o X1,t x1,t Ct molar Ct mass 
1BT 36 0.0221 0.0216 0.0333 0.0410 0.0412 
1BT 64 0.0221 0.0213 0.0337 0.0697 0.0701 
1BT 117 0.0221 0.0206 0.0330 0.1205 0.1211 
1BT 149 0.0221 0.0202 0.0332 0.1495 0.1503 
1BT 183 0.0221 0.0198 0.0326 0.1778 0.1786 
1BT 208 0.0221 0.0196 0.0322 0.1978 0.1988 
2BT 27 0.0932 0.0916 0.1492 0.0271 0.0278 
2BT 68 0.0932 0.0897 0.1449 0.0624 0.0638 
2BT 99 0.0932 0.0882 0.1439 0.0885 0.0905 
2BT 129 0.0932 0.0870 0.1418 0.1121 0.1145 
2BT 157 0.0932 0.0862 0.1393 0.1318 0.1345 
2BT 192 0.0932 0.0848 0.1388 0.1557 0.1588 
3BT 31 0.2858 0.2821 0.4167 0.0277 0.0292 
3BT 67 0.2858 0.2786 0.4111 0.0547 0.0575 
3BT 93 0.2858 0.2769 0.3997 0.0724 0.0758 
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3BT 122 0.2858 0.2746 0.3977 0.0910 0.0952 
3BT 152 0.2858 0.2727 0.3917 0.1104 0.1152 
3BT 181 0.2858 0.2704 0.3904 0.1284 0.1339 
4BT 29 0.6886 0.6864 0.7826 0.0233 0.0241 
4BT 62 0.6886 0.6835 0.7861 0.0500 0.0517 
4BT 90 0.6886 0.6808 0.7878 0.0732 0.0758 
4BT 121 0.6886 0.6783 0.7871 0.0946 0.0979 
4BT 149 0.6886 0.6764 0.7846 0.1130 0.1168 
4BT 186 0.6886 0.6744 0.7801 0.1346 0.1389 
5BT 29 0.8921 0.8911 0.9293 0.0262 0.0266 
5BT 60 0.8921 0.8901 0.9287 0.0535 0.0541 
5BT 88 0.8921 0.8886 0.9322 0.0812 0.0822 
5BT 119 0.8921 0.8877 0.9304 0.1029 0.1042 
5BT 148 0.8921 0.8865 0.9311 0.1256 0.1272 
5BT 175 0.8921 0.8855 0.9310 0.1460 0.1479 
6BT 31 0.9760 0.9758 0.9842 0.0266 0.0266 
6BT 59 0.9760 0.9755 0.9851 0.0523 0.0524 
6BT 93 0.9760 0.9752 0.9853 0.0774 0.0777 
6BT 120 0.9760 0.9750 0.9850 0.0959 0.0961 
6BT 150 0.9760 0.9747 0.9853 0.1191 0.1195 
6BT 181 0.9760 0.9745 0.9852 0.1398 0.1402 

Table B.2: Experimental data for BVPE(1)-TBS(2) copolymerization study. 
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Glossary 

Symbol Description Unit 

[(I)n] Concentration of initiator aggregates mol/L 

[]o Initial concentration mol/L 

[]t Concentration at time t mol/L 

[It] Total concentration of initiator mol/L 

[Pi,tot] The concentration of Pi in both dimers and unimers mol/L 

Aobs Observed Arrhenius pre-exponential factor (L/mol)0.5/s 

Area()i Area of peak of sample i from GC measurement  

b Width of the flexural test specimen in or mm 

B Ratio of the lattice energies for crosslinked and 
uncrosslinked polymer 

As a subscript, BVPE 

 

BuLi Butyllithium  

BVPA α,ω-bis(4-Vinylphenyl)alkane  

BVPE 1,2-bis(4-Vinylphenyl)ethane  

BVPO 1,8-bis(4-Vinylphenyl)octane  

BVPO 1,6-bis(4-Vinylphenyl)hexane  

Ct total mass conversion at time t   

CTE Coefficient of thermal expansion ppm 

d Thickness of the flexural test specimen in or mm 

D Deflection of the flexural beam at the centerpoint in or mm 

D12 Inactive cross associated ion pairs   

DA Diisopropylamine  

DBB 1,4-Dibromobutane  

DBH 1,6-Dibromohexane  

DCH 1,6-Dichlorohexane  
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DHA α,ω-Dihaloalkane  

Di Inactive ion pair homodimers   

DMBH 1, 6-di(Bromomagnesio)hexane  

DVB Divinylbenzene, meta or para  

Ea,obs Observed activation energy kcal/mol 

Ef flexural modulus kpsi or MPa 

Et2O Ethyl ether  

F Standard deviation between experimental and 
calculated data 

 

F1 – F5 Chromatographic fractions obtained during the 
lithium coupling synthesis of BVPO 

 

tab
)2n,2(F −  

The value of the 0.95 quantile of the F distribution 
having 2 degrees of freedom in the numerator and 
n-2 degrees of freedom in the denominator. 

 

FID Flame ionization detector  

FR Fineman-Ross reactivity ratio estimation method  

GC Gas chromatography  

GPC Gel permeation chromatography  

HA ω-Haloalkene  

I Initiator  

IS Internal Standard  

JCL 95% joint confidence limit   

k1,obs Observed rate constant for Mi in copolymerization (L/mol)0.5/s 

kall,obs Overall observed rate constant for copolymerization (L/mol)0.5/s 

Ke Equilibrium constant for organolithium aggregation  

kii Bimolecular rate constants for the reaction of Pi and 
Mj 

L/mol/s 

kin Bimolecular rate constant of initiation L/mol/s 

kp,obs Observed rate constant for polymerization (L/mol)0.5/s 

L Support span length of 3-point bending jig in or mm 
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LCS Linear cure shrinkage % 

LDA Lithium diisopropylamide  

LMS para-Methylstyryllithium  

m The slope of the tangent line to the initial linear 
portion of the load-deflection curve. 

N 

M, M1 Monomer  

m1i Moles of monomer incorporated into the polymer 
between conversion i-1 and i 

mol 

M2 Monomer 2 or crosslinker  

M2’ Vinyl group on unreacted crosslinker  

m2i Moles of singly reacted crosslinker  incorporated 
into the polymer between conversion i-1 and i 

mol 

M3 Pendant double bond, also PDB  

m3i Moles of doubly reacted crosslinker  incorporated 
into the polymer between conversion i-1 and i 

mol 

mass%(Mi) Mass percent of Mi  

mi Instantaneous concentration of monomer i in 
polymer 

 

Mn Number average molecular weight  

MS Mass spectroscopy  

Mw Molecular weight g/mol 

n Degree of anion aggregation  

nc The average number of monomer units between 
crosslinks 

 

P Load at a given point on the load-deflection curve N 

PBHS 1-Bromo-7-(4-vinylphenyl)heptane  

PDB Pendant double bond, also M3  

PHS 7-(4-Vinylphenyl)heptene  

Pi Propagating polymer ending in monomer i  

PLi “Living” anionic polymer  
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PMS para-Methylstyrene  

PSLi Polystyryl lithium  

R Universal gas constant kcal/(mol K) 

R crosshead rate in/s of mm/s 

r1,obs Observed ideal reactivity ratio  

RF GC response factor  

ri Binary reactivity ratio  

rij Ternary reactivity ratio  

RIM Reaction injection molding  

S As a subscript, styrene  

SS Sum of squared differences between experimental 
and calculated data 

 

T Temperature 

As a subscript, TBS 

K or °C 

TBS p-t-Butylstyrene  

Tg Glass transition temperature °C or K 

Tgo Glass transition temperature of the polymer in the 
absence of crosslinks  

°C or K 

THF Tetrahydrofuran  

TLC Thin layer chromatography  

TMEDA N,N,N',N'-Tetramethylethylenediamine  

VBC p-Vinylbenzyl chloride  

VBMC p-Vinylbenzyl magnesium chloride  

Xc Mole fraction of crosslinker molecules in a polymer  
exp

i,1X  Experimental monomer mole fraction for data point 
i  

 

cal
i,1X  Calculated monomer mole fraction for data point i  

xi Instantaneous copolymer mole fraction of Mi   

Xi Monomer mole fraction of Mi   
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xi,t Cumulative copolymer mole fraction of Mi at time t  

Xio  Initial Mi mole fraction   

Xit  Mi mole fraction at time t  

YS Yamagishi-Szwarc anionic polymerization rate 
model 

 

Z Strain rate  

α Relationship between P1 and P2 defined by Equation 
4.43 

 

β Rate coefficient defined in Equation 4.48  

χ Rate coefficient defined in Equation 4.48  

εf Maximum flexural strain  

λ1 YS rate constants for copolymerization   

ρL Liquid density g/mL 

ρS Solid density g/mL 

σf Flexural stress kpsi or MPa 
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