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(ABSTRACT) 

This research focuses on the utilization of two living 

polymerization methods, anionic and group transfer, for the 

synthesis of well defined end functional materials and graft 

copolymers. Group transfer polymerization was utilized to 

synthesize acrylic terminal poly(methyl methacrylate) (PMMA) 

macromonomers of controlled molecular weight and narrow 

molecular weight distribution. A systematic series of PMMA 

macromonomers were copolymerized with 2-ethylhexyl acrylate to 

afford poly(2-ethylhexyl-g-methyl methacrylate) copolymers. These 

copolymers were synthesized in high yields with a high degree of 

incorporation of the PMMA macromonomer. These graft copolymers 

showed little or no phase mixing between the two components as 

evidenced by differential scanning calorimetry. 

It was determined by optimization studies that the reaction 

was complete within 50 hours at 65° C. Increases in initiator 

concentration suprisingly did not significantly effect 

homopolymerizations of 2-ethylhexyl acrylate with respect to 

molecular weight while the efficiency of incorporation of the 

macromonomer into the graft copolymers increased.



End functional hydrogenated poly(butadiene) (HPBd) materials 

and HPBd-containing graft copolymers were synthesized using 

anionic polymerization methods. These materials were tested for 

their ability to act as adhesion promoters between 

poly(propylene)/EPDM and cycloaliphatic polyurethane coatings. 

Hydroxy! or carboxyl end functional materials were synthesized 

where molecular weight and chain microstructure were 

syStematically varied. Effective adhesion was achieved when the 

molecular weight of the polymer was approximately 20 kg/mol, the 

polymer was hydrogenated, contained 90 mole percent or greater 

1,2- content in the poly(butadiene) precursor, and contained a 

functional end group, which may be either hydroxyl or carboxyl. 

To increase the concentration of functional groups over the 

above materials graft copolymers were utilized. Acrylic terminal 

HPBd macromonomers were synthesized and copolymerized with 

butyl acrylate in combination with either N,N-dimethylacrylamide 

(DMAA), 2-hydroxyethyl methacrylate (HEMA), methacrylic acid 

(MA), or t-butyl methacrylate (TBMA). Systematic compositions of 

these graft copolymers were synthesized and tested for adhesion. 

The acidic containing graft copolymers provided the most positive 

adhesion results. In one case the hydroxyl containing material also 

gave positive adhesion results. The DMAA containing materials 

failed in all cases. The TBMA route allowed for greater control over 

the composition of the acidic graft copolymers.
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L_ LITERATURE REVIEW 

A. Multicomponent Polymeric Systems-General 

It is widely known that copolymerization of two chemically 

different monomers produces a material that behaves differently 

than a physical blend of the two homopolymers. A multicomponent 

polymer, as referred to here, will denote copolymers, terpolymers 

and related systems. Chemically equivalent copolymers can exist in 

a number of different architectures, each having unique properties. 

The copolymer is random in nature when the polymer chain is 

comprised of a statistical distribution of the two monomer units and 

where there are no long sequences of either one of the monomers. 

The material may exist as a block copolymer where the architecture 

is such that the two individual monomers polymerize into long 

sequences or blocks of one or the other monomer. This architecture 

differs from a physical blend in that the "homopolymers" are 

chemically linked by a covalent bond. A third type of copolymer is a 

graft copolymer. This architecture is very similar to the block 

copolymer but the "blocks" are present as grafts or branches pendant 

to the polymeric backbone. These three architectures are illustrated 

in Figure 1. 

I. Statistical Copolymers 

The most common architecture for a copolymer is the random 

or Statistical type. This is mainly due to the ease of synthesis of this 

type of material by free radical polymerization methods. The 

properties of a random copolymer are typically intermediate 

between those of the individual homopolymers. For example, the 

glass transition temperature (Tg) of the copolymer will vary 

depending upon the composition, approximately obeying the relation 

derived by Fox (1) 

1/Tg = W1/Tg1 + W2/Tg2 

where Tg is the glass transition temperature of the copolymer, W{
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Figure 1. Copolymer Architectures.



and W2 are the weight fractions of monomer 1 and monomer 2, 

respectively, and Tg1 and Tg2 are the glass transition temperatures 

of the individual homopolymers in degrees Kelvin. These copolymers 

usually exist in a single mixed phase as evidenced by the existence of 

a single glass transition temperature. Other properties such as tack, 

modulus and tensile strength, at some particular temperature, are 

affected in a similar manner by varying the composition of the 

copolymer. The thermo-mechanical behavior generally seen for 

phase mixed amorphous statistical copolymers is illustrated in Figure 

2. 

2. Block Copolymers 

Block copolymers, as opposed to random copolymers, are 

typically multiphase in nature. This is due to the fact that there are 

relatively few instances where two homopolymers are 

thermodynamically miscible. Because the "homopolymers" in a block 

copolymer are chemically linked, gross macrophase separation of the 

components does not take place. The components may microphase 

separate into distinct domains and the thermal properties of the 

“homopolymers” are retained. 

The potential for block copolymers was first uncovered in the 

development of poly(urethane)s. In 1958, Schollenberger (2) 

reported the synthesis of segmented poly(urethane)s based on an 

oligomeric polyester "soft segment" and an isocyanate "hard 

segment" (4). These materials were soluble and fusible but also 

behaved, at room temperature, in the same manner as a crosslinked 

thermoset. The discovery of this "physically crosslinked" material 

led to its commercialization and increased research in the area of 

segmented and block copolymers. 

In 1956, Szwarc and coworkers (5) discovered the "living" 

carbanionic polymerization of vinyl monomers. This permitted well 

defined block copolymer synthesis using these types of monomers. 

Block copolymers were generally synthesized by what has
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Figure 2. Thermomechanical Spectrum for Amorphous Statistical 

Copolymers (3).



become known as sequential monomer addition. Thus, after one 

monomer is polymerized to completion, a second monomer is then 

added to the active chain end to permit the formation the second 

block of the copolymer. This may be followed by further monomer 

addition to either form additional blocks or termination of the active 

chain end. Most publications in the area of block copolymers have 

utilized this well defined method for the preparation of these 

materials (3). 

Block copolymers may have a variety of architectures, and a 

specific architecture may have a great effect on the physical 

properties of the copolymer. The most basic of block copolymer 

architectures are illustrated in Figure 3. The simplest form of a block 

copolymer is the diblock architecture, or the A-B type, where A and 

B in the figure represent two chemically different monomers. A 

second type is the triblock copolymer architecture, A-B-A or B-A-B, 

and the properties of the copolymers can vary greatly between these 

two forms. A third type is the segmented copolymer of the form (A- 

B)n which is analogous to the segmented poly(urethane) systems 

described earlier. As mentioned earlier, the physical properties of 

block copolymers depend to a great degree upon the manner in 

which the blocks are situated along the polymer backbone. An 

important contribution to understanding the relationship between 

block copolymer architecture and physical properties was made by 

Milkovich (6). If the copolymer is diblock in nature, a two phase 

morphology can result where one of the components is dispersed in a 

continuous phase of the other. However because of the diblock 

nature there is only one covalent connection between the domains of 

the dispersed phase. The only interconnectivity is due to 

entanglements of the dangling chain ends . If the continuous phase 

is comprised of a material with a Tg below room temperature, the 

block copolymer will have little cohesive strength and will behave as 

a viscous fluid. The concept of a network, either chemical or 

physical, is an important consideration. 

Triblock copolymers, on the other hand, have the ability to



Diblock Copolymer 
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Figure 3. Architectures for Block Copolymers



form physical crosslinks since the central block is anchored at both 

chain ends. This feature has led to commercialization of some of 

these types of materials, especially where a center elastomeric block 

of lower Tg is connected to two glassy blocks. This physical 

crosslinking is possible due to the interconnection of the domains. 

This behavior is depicted in Figure 4. This block copolymer may 

have the same chemical composition as the above mentioned diblock 

copolymer but will now, because of the change in architecture, have 

cohesive strength and behave as a virtually crosslinked elastomer 

and not just as a viscous fluid. This is the case when the dispersed 

phase is comprised of domains of a material with a Tg that is higher 

than that of the continuous phase. When the temperature meets or 

exceeds the Tg of this phase, the material forming the physical 

network will soften and the triblock copolymer may flow under 

suitable conditions. The boundaries of the temperature range within 

which this material will be useful as a thermoplastic elastomer is 

defined by the Tg's of the individual blocks of the copolymer. At 

temperatures within this range, the material exists in the "rubbery 

plateau" region of the thermo-mechanical spectrum (See Figure 5). 

These materials have found wide use commercially as thermoplastic 

elastomers and this is due, in part, to their processability. They can 

be extruded, injection molded, or blow molded at temperatures 

greater than the Tg of the higher Tg component. The most widely 

known of these materials are the Shell KRATONR styrene-diene- 

styrene triblock copolymers. 

If the above triblock copolymer was represented by A-B-A, 

the analogous B-A-B copolymer would not behave as a thermoplastic 

elastomer, assuming the same composition. It would behave as a 

viscous fluid in the same manner as the diblock copolymer. This is 

due, once again, to the lack of interconnections between the higher 

Tg “hard” domains. This lack of interconnectivity does not allow the 

material to behave as a crosslinked thermoset at room temperature. 

Several investigations have led to methods attempting to predict the 

properties that should be obtained for different block copolymer



  
Figure 4. Domain Phase Separation in Diblock and Triblock 

Copolymers (3).



A/B 100/0      

    

    

  

A/B 75/25 

A/B 50/50 — 
Log Modulus 

A/B 
0/100   

Temperature 

Figure 5. Thermomechanical Spectrum of ABA Triblock Copolymers 

(3).



architectures (7). These methods have been applied to the 

multiblock or segmented copolymers (8-11). These materials may 

behave similarly to the A-B-A triblock copolymers. This is because 

in a segmented block copolymer molecule there is at least one series 

of two "hard" segments joined by a "soft" segment. This meets the 

minimum criterion described by Milkovich for the formation of 

physical crosslinks (6). 

The thermo-mechanical behavior of a series of triblock 

copolymers is illustrated in Figure 5. This figure shows the wide 

range of physical behavior that can exist as a function of chemical 

composition. 

3. Graft Copolymers 

Many of the basic characteristics of block copolymers and graft 

copolymers are similar, as will be discussed in this introduction. 

Graft copolymers, like block copolymers, exhibit a combination of 

features of physical blends and random copolymers. Like block 

copolymers, these materials can be looked upon as chemically linked 

pairs of homopolymers and are similar to block copolymers in many 

ways. This chemical linkage has a great effect on the properties of 

block and graft copolymers as discussed above. 

Graft copolymers, in general, are comprised of a backbone of 

polymer "A" to which are attached a number of grafts or branches of 

polymer "B". There is a great deal of variability in the architecture of 

graft copolymers that have identical compositions as illustrated in 

Figure 6. In graft copolymers having the same backbone molecular 

weight, it is possible to have many short grafts or very few long 

grafts to provide identical compositions. This type of material has 

found commercial use in some widely known materials such as 

impact polystyrene, acrylonitrile-butadiene-styrene (ABS), and 

methacrylate-butadiene-styrene (MBS). The major advantage of 

materials of this nature is that they display the properties 

characteristic of each of the components of the copolymer rather 

than an averaging of the properties. This is due to the two-phase 
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morphology that commonly results. A single phase morphology is 

possible in some cases, but most commonly a two phase morphology 

exists. The nature of the two-phase morphology is largely dependent 

upon the concentration of the two components in the copolymer, with 

the component present in greater concentration forming the 

continuous phase. This component will then greatly influence the 

properties of the copolymer. In materials where the concentration of 

the two components is nearly equal the phase continuity can be 

greatly altered by the fabrication conditions. This phenomenon was 

first seen with two-phase copolymers of methyl methacrylate 

grafted onto natural rubber (12). This property can be used to 

advantage in controlling the ultimate properties of the material. 

The two phase morphology is most evident in the thermal 

behavior of graft copolymers, as with block copolymers. Like block 

copolymers and incompatible polymer blends, graft copolymers 

exhibit two distinct Tg's but because of the chemical linkage between 

the two "homopolymers" have a much finer morphology like block 

copolymers rather than like polymer blends. This fine morphology 

results in optically clear materials when the copolymer is essentially 

free of homopolymer contamination. This assumes that the 

polymeric system is amorphous. 

B. Graft Copolymers 

1. Conventional Graft Copolymerization 

Many reviews concerning the synthesis and characterization of 

graft copolymers have been published over the years (3,13-28, 34- 

44). Conventionally, graft copolymers have been synthesized by 

either one of two methods; "grafting to" or "grafting from" reactions. 

In either of these methods the conventional synthetic techniques can 

be employed; free radical, anionic, cationic and condensation 

methods. When the "grafting from" mechanism is employed sites on 

a preformed polymeric backbone are used as to initiate 

polymerization of a second monomer. Some examples of this method 
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are anionic initiation from metallated polydienes, cationic initiation 

from aluminum complexes of poly(vinyl chloride), and free radical 

initiation from redox sites of poly(vinyl alcohol) (29). A review of 

graft copolymers made in this manner is available to the interested 

reader (30). 

Commercially important examples of materials made in this 

fashion are impact poly(styrene) and ABS type copolymers. These 

copolymers are made by free radical polymerization of styrene or 

styrene/ acrylonitrile from poly(butadiene) or poly(butadiene-co- 

styrene) backbones (31-33). Emulsion or suspension techniques are 

typically utilized in these syntheses. Hydrogen atoms are abstracted 

from the poly(butadiene) backbone which can then polymerize the 

monomer to form the graft copolymer. In these processes there is 

considerable homopolymer formation due to free radicals that do not 

interact with the backbone. Méethacrylates have also been grafted 

onto poly(butadiene) by this method with comparable graft 

copolymerization results (46). 

Saturated polymeric backbones can also be utilized to initiate 

the polymerization of grafting monomers by free radical means. This 

is accomplished by the free radical chain transfer to the backbone. 

The most commonly utilized backbone materials have been the 

acrylic and methacrylic polymers, although others have also been 

used (47-52). 

Hydroperoxide moieties formed along the backbone of 

poly(propylene) have been utilized to initiate polymerization of 

styrene (53). Grafts have also been grown from cellulosic polymers 

and poly(vinyl alcohol). This has been done via redox reactions in 

the presence of ceric ions. 

The formation of polymers with free radical initiation sites 

incorporated into the backbone have also been utilized. Monomers 

containing azo or peroxide units have been polymerized into the 

backbone of the polymer and then subsequently used to initiate the 

polymerization of a graft monomer (54). 
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Different types of radiation have also been used to initiate 

polymerization of monomers from backbone polymers. Ultra-violet 

(UV) radiation can activate specific groups to produce radicals which 

will initiate polymerization (55-59). UV sensitizers and 

photoinitiators have been used to make this process more energy 

efficient. More effective initiation has been accomplished by the use 

of higher energy sources such as gamma radiation or electron beams 

(17,60). 

Of the experimental techniques for the formation of graft 

copolymers the simplest is the irradiation of a polymer that has been 

swollen with the monomer desired for the grafts of the copolymer. 

One of the drawbacks of this technique is that the irradiation can 

initiate the monomer directly which will lead to a considerable 

amount of homopolymer formation. A second technique involves the 

irradiation of the backbone polymer in the absence of oxygen to form 

trapped radicals. The lifetimes of these radicals is relatively long. 

Monomer is then added to swell the polymer and is initiated by the 

trapped radicals yielding graft copolymer. Irradiation of the 

backbone polymer in the presence of oxygen can form 

hydroperoxides. The polymer can then be put into solution and 

initiation of the graft monomer by the degradation of the 

hydroperoxides can then be better controlled. This is typically done 

by thermal or redox methods at lower temperatures. 

Suspension polymerization in aqueous media is most commonly 

utilized in the first two techniques to provide heat transfer. This is 

done because of the inherent problem of bulk polymerization 

kinetics. This is not a problem in the third method which can be 

performed in solution. Another problem associated with these two 

techniques is monomer-polymer immiscibility which will lead to 

inefficient grafting. 

Typical polymers used in these processes are halogenated 

polymers where halogen radicals are eliminated in the formation of 

radicals on the polymer backbone. Natural rubbers are also used 

because of the ease of ionization in the presence of oxygen to form 
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hydroperoxides. These hydroperoxides are then used to graft 

various types of monomers. 

Backbone polymers containing pendant functional groups such 

as amines or alcohols can be utilized in the formation of graft 

copolymers via step growth or condensation methods. High purity 

materials and lack of side reactions are required for high efficiency 

grafting, which is the case for all step-growth polymerizations. An 

example of the utility of this technique is the formation of polyamide 

grafts onto a backbone of poly(styrene) containing pendant amine 

functionalities. 

Anionic polymerization techniques have been used to 

synthesize more well defined graft copolymers. Less homopolymer 

contamination is also an advantage of this method. When all 

initiation takes place from the backbone, homopolymer 

contamination will be reduced and grafts of controlled molecular 

weight and narrow molecular weight distribution can result if the 

grafting polymerization is living in nature. 

This technique has been used in the synthesis of 

poly(butadiene-g-styrene) (61-63). Anionic polymerization is 

initiated from the metallated poly(butadiene) backbone. This is 

typically done utilizing alkyllithiums such as butyllithium and 

tetramethylethylene diamine as a complexing agent in the formation 

of anionic sites on the backbone. These sites were then used to 

subsequently initiate styrene monomer to form a graft copolymer 

similar in properties to impact poly(styrene). Drawbacks of this 

approach include lack of efficiency of formation of anionic sites as 

well as side reactions that can occur. Also, insolubility of the 

metallated backbone and efficiency of initiation from this backbone 

can be deleterious. A copolymer of diphenylethylene and divinyl 

benzene was prepared anionically without the common crosslinking 

reactions that occur with divinylbenzene. The pendant vinyl groups 

were then utilized in the formation of graft copolymers. 

Cationic methods have also been used in the formation of graft 

copolymers using the "grafting from" route. The graft 
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copolymerizations have been initiated from backbones such as 

poly(vinyl chloride) (PVC) using aluminum catalysts. Complexation 

takes place between Lewis acids such as alkyl aluminums and 

organic halides to form cationic initiators. These sites on PVC have 

been used to form graft copolymers with isobutylene, iso-butylvinyl 

ether, and styrene (64-71). This method has also been used to graft 

materials from unsaturated backbones by first halogenating the 

unsaturation and then forming the cationic initiator from these 

halogenated sites. 

Metallation of polymer backbones has also been used to form 

coordination initiation sites for the formation of graft copolymers. 

One example where this method has been used is in the formation of 

poly(isoprene-g-acetylene) graft copolymers (72). 

The other conventional method of synthesizing graft 

copolymers is the "grafting to" route. This method involves the 

attack of a reactive end group of one polymer chain on a reactive 

group on a backbone polymer (73). A summary of reports on this 

type of graft copolymerization synthesis is available (45). Some 

examples are the attack of living anionic chain ends onto backbone 

polyesters. Also cationic chain ends have been reacted with 

phenoxide or carboxylate groups on a polymeric backbone. Living 

anionic chain ends have been utilized in the attack on the ester 

functionalities in alkyl methacrylate polymers. Living poly(styryl 

lithium) has been grafted onto poly(methyl methacrylate) by this 

method with formation of a ketone linkage (74). 

Alkoxide terminal polymers have been utilized along with nitro 

group-containing polymers to form graft copolymers via the nitro 

displacement reaction. This has been done with poly(ethylene oxide) 

chain ends reacting with nitro substituted poly(styrene) (75). 

Halide displacement reactions have also been investigated as a 

method to form graft copolymers. This has been tried using living 

polymeric anions and backbone polymers containing benzyl halides 

and tosylates. An important side reaction in these syntheses is the 
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metal-halide exchange reaction which can take place instead of 

displacement (76-80). 

Many different variables are important in the characterization 

of these graft copolymers. These include number of branches per 

backbone, spacing between grafts, length and polydispersity of 

grafts, also length and polydispersity of the backbone. All of these 

variables make characterization of graft copolymers difficult. The 

fact that the hydrodynamic volume of a polymer is highly dependant 

on the degree of branching makes GPC an inadequate tool for 

characterization. A method of synthesizing more well defined graft 

copolymers has been a recent advance in polymer science. This 

method used is the macromonomer technique. 

2. Macromonomer Methods 

A macromonomer can be defined as a polymer or oligomer that 

has a polymerizable end group at one or both ends of the chain. In 

the context of this review and the remainder of this dissertation will 

deal only with monofunctional macromonomers. Although 

references can be found as early as 1958 dealing with polymers with 

polymerizable end-groups, the term MACROMER was not patented 

until 1974 (81) by Milkovich. The copolymerization of these 

macromonomers in a well defined manner was not readily utilized 

until the early 1980's. Since such time much work has been done on 

the copolymerization of various macromonomers with a variety of 

backbone monomers to form well defined graft copolymers. Several 

reviews and important references have been published on this 

subject (82-109). 

When reviewing the literature concerning the synthesis and 

copolymerization of macromonomers, several important aspects must 

be considered. Characterization of macromonomer structure and 

functionality is of the utmost importance since functionality of the 

macromonomer is critical for incorporation into the graft copolymer. 

Characterization has been done by a number of methods including 
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UV and NMR analysis of end groups as well as osmometry and 

chromatographic techniques (110-112). 

It should also be noted that certain structures in the 

macromonomer can cause branching to take place along the 

macromonomer chain because of chain transfer processes. 

Degradation of certain structures can also be caused under free 

radical conditions. Depending upon macromonomer structure, 

alternate mechanisms may cause incorporation into the graft 

copolymer other than the desired mechanism to incorporate the end 

group. Because of the possibility of these processes the graft 

copolymer obtained may not be of the structure or architecture 

expected. 

Another aspect to be considered in the copolymerization of 

macromonomers into graft copolymers is the copolymerizability of 

the macromonomer and the backbone monomer. Consideration of 

the reactivity ratios, rj] and r2 can give an indication of the 

"randomness" of the incorporation of the macromonomers along the 

graft copolymer backbone. 

Potentially, macromonomers can be synthesized by any of the 

conventional polymerization methods which include free radical, 

condensation, anionic, cationic, coordination and group transfer 

techniques. Polymerizable end groups may be introduced onto the 

polymer chain ends by a number of methods such as functional 

termination of living polymer chain ends of by the use of 

polymerization initiators that contain a polymerizable moiety. The 

nature of the polymerizable end groups can vary greatly as well. 

They can be a-olefinic, styrenic, (meth)acrylic, vinylic, vinylic alkyl 

ethers, epoxides, etc. They can also be difunctional moieties such as 

diacids, diacid chlorides, diamines or diols. The macromonomers can 

then be copolymerized with a backbone monomer by the appropriate 

polymerization technique to provide graft copolymers. 

Anionic and group transfer polymerization (GTP) techniques 

can be utilized in far fewer cases than free radical techniques but the 

use of living methods allows for the formation of very well defined 
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graft copolymers. Graft copolymers with controlled molecular weight 

and narrow molecular weight distribution grafts as well as 

backbones are possible by these methods. Functionalization of 

macromonomers prepared by anionic polymerization can be 

accomplished by either functional initiation or termination. 

Preparation of macromonomers of styrenes, methacrylates, vinyl 

pyridines, cyclic ethers, cyclic lactams, and siloxanes by anionic 

methods allows for well controlled molecular weights, narrow 

molecular weight distributions, and a high degree of 

functionalization. 

Group transfer polymerization also has a limited scope of 

monomers of which to form macromonomers, namely a,B- 

unsaturated monomers such as the methacrylates and, more 

recently, the acrylates. This method most commonly utilizes the 

functional initiator route to the formation of well defined 

macromonomers, because of the living nature of the polymerization 

mechanism. Thus, well defined methacrylic graft copolymers can be 

prepared and GTP is thus analogous to anionic polymerization. 

Macromonomers have also been synthesized by free radical 

techniques. Typically, functional chain transfer agents are used such 

as hydroxyl functional thiols, which result in hydroxyl terminal 

oligomers. These can subsequently be esterified to form the 

macromonomer. Functional initiators have also been used but this is 

limited to initiators where the desired terminal group on the initiator 

molecule will not undergo polymerization or chain transfer during 

polymerization of the macromonomer. 

Step-growth or condensation polymerization methods have also 

been used to prepare macromonomers. The macromonomers 

synthesized include aromatic poly(ether sulfones), poly(2,6- 

dimethyl-1,4-phenylene oxide) and polyesters, polyurethanes (113), 

polyethers (114), poly(oxy-1,4-phenylene) (115), and polyamides 

(116). These macromonomers will not be discussed here but the 

references are provided for the interested reader. 
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3. Macromonomer Synthesis and Copolymerization 

Early work on the synthesis and copolymerization of 

macromonomers is scattered at best. The first report on the 

synthesis of what are now called macromonomers came in 1958 

where Rempp (117) used allyl bromide to terminate living 

polymerizations, providing efficient end functionalization. Later on, 

Waack used unsaturated organolithium initiators such as vinyl, and 

allyl lithium to initiate the polymerization of styrene (118). The 

thrust of the investigation was to determine initiation efficiency of 

various alkyl lithium compounds. Initiation efficiency using the 

above mentioned materials was not high and there was no attempt to 

copolymerize the macromonomers. Waack patented his work on 

preparation of functional polymers (119). 

The preparation of p-vinylphenyl siloxanes was reported in 

1962 by Greber (120). This was achieved via the reaction of p- 

vinylphenylmagnesium chloride with chlorosilanes and 

1-chloropolysiloxanes. Vinyl terminal polysiloxanes with degrees of 

polymerization of 1-4 were prepared and successfully copolymerized 

with styrene to form the graft copolymer. Greber also reported in 

1963 that the functional termination of oligomers with appropriate 

chlorosilanes could provide allylic, styrenic, and 

phenyl-CH2-CH=CH?2 end groups (121). He also prepared 

macromonomers of vinyl monomers by initiating the polymerization 

with Grignard reagents containing styrenic and vinyl groups. The 

materials discussed include styrene, isoprene, methyl methacrylate, 

and vinyl pyridine. 

Macromonomers of PMMA were synthesized under free radical 

conditions by Gillman in 1967 (122). He utilized a hydroxyl- 

containing mercaptan as a chain transfer agent to produce hydroxyl 

terminal PMMA with molecular weights ranging from 800- 

1200g/mol. The hydroxyl terminal groups were condensed with 

methacryloyl chloride to produce methacrylic terminal 

macromonomers which were then copolymerized with styrene, 

acrylonitrile, and vinyl acetate. 
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Milkovich's macromer method in 1974 provided a major 

advance was made to this field (123). A series of patents followed 

in subsequent years dealing with the functionalization of polymers 

(124), although this research was not published outside the patent 

literature until 1980 (125). 

The following discussion of macromonomer synthesis and 

copolymerization will be organized by the mechanism of preparation. 

Free radical, condensation, cationic, anionic, and group transfer 

methods of preparation will be reviewed. Table 1 summarizes the 

literature concerning the free radical preparation of macromonomers. 

Free radical processes have been used in the preparation of 

macromonomers from monomers that, for the most part, cannot be 

polymerized by any other means. The use of free radical techniques 

does not allow for the control of polymer structure that is possible by 

other means. Living polymerization techniques allow for molecular 

weight control and narrow molecular weight distribution materials to 

be synthesized. Free radical polymerizations result in broader 

molecular weight distributions with minimal control of molecular 

weight. The method of chain termination in free radical processes 

can also be problematic. Termination can take place by either radical 

combination or disproportionation. In syntheses where a large 

amount of a chain transfer agent is employed this may not be a 

problem. Chain coupling by combination may lead to difunctional 

materials which can subsequently cause crosslinking of the system 

during copolymerization. Termination by disproportionation can 

possibly lead to non functional materials which cannot be 

incorporated into a graft copolymer structure. 

Free radical preparation of macromonomers of vinyl chloride, 

vinylidene chloride, vinyl pyrrolidone, styrene, acrylates and 

methacrylates have been reported. Polystyrene macromonomers 

were prepared under free radical conditions by Yamashita (126). 

This was done utilizing monoiodoacetic acid as a chain transfer agent 

to provide a carboxylic acid end group. This group was then reacted 

with glycidyl methacrylate to provide methacrylic terminal 
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Table 1: Representative Literature on Free Radical Macromonomer Synthesis 

  

  

Author Macromonomer End-Group Comonomer Reference 

Yamashita P(Styrene) Methacrylate 2-HEMA 126 

MMA/2-HEMA 

Boutevin Dodecylacrylate Methacrylate Acrylamide 127 

PVC,PVCl2 Acrylic Acrylics 128-129 

Cacioli PMMA Methacrylate MMA 130 

Ethyl acrylate 

Styrene 

Vinyl acetate 

Acrylonitrile 

Yamashita PMMA Diol Diisocyanate 

112,113,114 

Diacid Diamine 

Diacid = = — -------- 131 

Methacrylate Dimethylammonium MA 

MMA 132 

Methacrylic acid/MMA 133 

Fluoromethacrylates 134-136 

P(2-HEMA) Diol Diacid 

Diacid Diamine/aminoacid 137 

Ito StearyIMA Methacrylate MMA 138 

Kawakami P(2-HEMA) Methacrylate ----- 139 

Nakashima PMMA Methacrylate 2-HEMA 140 

Niwa PMMA Methacrylate Styrene 141,142 

Styrenic/MA MMA 

Xie PMMA Methacrylate n-BuAcrylate 143 

n-BuAcrylate/Acr. acid 144 

O'Driscoll PMMA Acrylic  —_—=--=-- 145 

Otsu PMMA Acrylic Styrene 146 
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polystyrene macromonomers. Copolymerizations with 2- 

hydroxyethyl methacrylate and mixtures of methyl methacrylate 

and 2-hydroxyethyl methacrylate were done to form the 

corresponding graft copolymers. Yamashita has also been involved 

in the synthesis of PMMA macromonomers (137) by free radical 

techniques where dicarboxyl terminal materials have been 

synthesized. Thiomalic acid was used as the chain transfer agent. 

These macromonomers were copolymerized with p-aminobenzoic 

acid in the presence of m-phenylene diamine producing aromatic 

polyamide-PMMA graft copolymers. Aromatic dicarboxyl terminal 

PMMA macromonomers were synthesized by an alternate route as 

well (131).  2-Mercaptoethanol or 2-aminoethanethiol was used as 

the chain transfer agent followed by reaction with trimellitic 

anhydride to form the dicarboxyl terminal macromonomers. These 

were then condensed with terephthalic acid and bisphenol-A to form 

polyester-PMMA graft systems. Methacrylate terminal methacrylic 

macromonomers were also synthesized by Yamashita and coworkers 

(132, 133) using thioglycolic acid as the chain transfer agent 

followed by reaction with glycidyl methacrylate. These 

macromonomers were copolymerized with methacrylic acid and 

MMA to form potentially water soluble graft copolymers. This same 

methodology was used by Xie (143) to form poly(n-butyl acrylate- 

g-MMA) graft copolymers. Various factors of the copolymerization 

and their effect on the resulting graft copolymers were examined. 

Xie and coworkers also examined terpolymeric graft copolymers 

made from these macromonomers, butyl acrylate, and acrylic acid 

(144). 

2-Mercaptoethanol was utilized as a chain transfer agent by 

Boutevin (127) in the free radical preparation of hydroxyl terminal 

poly(dodecylacrylate)s. _Methacryloyl chloride was condensed with 

the hydroxyl group to provide a methacrylic end group. The 

resultant macromonomers were then copolymerized with acrylamide. 

The termination of PMMA made by free radical means takes 

place predominantly by disproportionation. Cacioli (130) used this 
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phenomenon in his study of PMMA macromonomers. The 

unsaturation sites were shown to undergo copolymerization with 

other unsaturated monomers such as acrylonitrile. One should 

consider in these processes the possibility that PMMA with 

unsaturation produced by its termination mechanism that is formed 

early in the polymerization may copolymerize with further MMA 

monomer to produce branched PMMA. 

PMMA and poly(dimethylammoniumethyl methacrylate) 

macromonomers with dihydroxyl end groups were synthesized by 

Chujo and Yamashita (147-149) by the utilization of a-thioglycerol 

as a chain transfer agent. These macromonomers were 

copolymerized by step growth methods with 1,4-butanediol and 1,6- 

hexamethylene diisocyanate to form polyurethane graft copolymers. 

Chujo prepared PMMA-g-poly(dimethylethyl ammonium methyl 

methacrylate) (PDAMMA) and PDAMMA-g-PMMA copolymers. He 

used thioglycolic acid as a chain transfer agent to provide a 

carboxylic acid end group which was reacted with glycidyl 

methacrylate to form the macromonomers. The effect of architecture 

on solution properties of graft copolymers of similar composition was 

studied using acetone/water mixtures. More rigid micelles resulted 

when PMMA was the backbone polymer than when PMMA was the 

graft material. 

Thioglycolic acid was utilized by Ito and Yamashita as a chain 

transfer agent in the polymerization of stearyl methacrylate. 

Reaction of the terminal carboxyl groups with glycidyl methacrylate 

allowed for the formation of the macromonomers (138). ‘These 

macromonomers were then utilized in the synthesis of poly(MMA-g- 

stearyl methacrylate) copolymers. 

Methacrylate terminal poly(2-hydroxyethyl methacrylate) 

macromonomers were synthesized by Kawakami (139). He utilized 

a carboxyl functional chain transfer agent which was subsequently 

reacted with a methacrylate functional isourea to form the desired 

macromonomers. 
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Otsu and coworkers (146) free radically polymerized MMA in 

the presence of methyl a-(bromomethyl)acrylate to produce PMMA 

with a 2-methoxycarbonylallyl end group. These macromonomers 

were effectively copolymerized with styrene and MMA. 

PMMA macromonomers were synthesized by Nakashima who 

utilized the Fe/H202 redox system to provide hydroxyl terminal 

groups (140). Methacryloyl chloride was used in a condensation 

reaction with the hydroxyl groups top provide methacrylic end 

groups. These macromonomers were then copolymerized with 2- 

hydroxyethyl methacrylate to provide the corresponding graft 

copolymers. 

PMMA and poly(2-acetoxyethyl methacrylate) macromonomers 

were synthesized by Niwa and coworkers (141,142). Thioglycolic 

acid was used as a chain transfer agent to produce carboxyl terminal 

materials. These carboxyl groups were converted to methacrylate or 

Styrenic groups by reaction with glycidyl methacrylate or 1-etheny]- 

4-oxiranylmethoxybenzene, respectively. Yamashita and Kawakami 

have published several papers describing their work in producing 

carboxyl terminal PMMA macromonomers by using thioglycolic acid 

as a chain transfer agent under free radical conditions (134-136). 

These carboxyl groups were then reacted with glycidyl methacrylate 

to form the methacrylate terminal macromonomers. 

Functionalization efficiency and copolymerization kinetics were 

studied. Graft copolymers were synthesized using mixtures of 

perfluoroalkyl methacrylates and MMA. Surface properties of the 

copolymers and physical blends were studied. Water contact angle 

studies of blends containing small amounts of graft copolymer 

showed that the graft copolymer would modify the surface of films 

of the blends such that the low energy fluoroalkyl groups dominated 

the surface even at low levels. Graft copolymers were also made 

using 2-hydroxyethyl methacrylateSMMA mixtures and fluoroalkyl 

methacrylate/2-hydroxyethyl methacrylate mixtures. Contact angle 

measurements were performed on solution cast films and differences 

25



were detected between the air surfaces and the glass surfaces of the 

films. 

A continuous process for the synihcsis and purification of 

PMMA macromonomer was developed by O'Driscoll (145) where he 

used a tubular reactor in which he polymerized MMA under free 

radical conditions in the presence of cobaloxime boron trifluoride as 

the chain transfer agent. Methacrylic terminal PMMA 

macromonomers are effectively produced. 

Free radical methods were utilized by Boutevin (128,129) in 

the synthesis of poly(vinyl chloride) (PVC) and poly(vinylidene 

chloride) (PVDC) macromonomers. The PVDC micromonomers were 

formed by the reaction with allyl acetate with subsequent hydrolysis 

to the alcohol and esterification with acryloyl chloride. PVC 

macromonomers were formed in the presence of thioglycolic acid or 

2-mercaptoethanol as chain transfer agent. Formation of the 

macromonomers was completed by tcaction with 2,3-epoxypropyl 

methacrylate, methacryloyl chloride, vinyl chloroformate, and acrylic 

acid. 

Free radical polymerizations of vinyl pyrrolidone were 

performed in the presence of B-mercaptopropionic acid by Akashi 

and coworkers as a means to synthesizing the macromonomers 

(150). This polymerization lead to polymers with carboxyl terminal 

groups which were subsequently reacted with p-vinyl benzyl 

chloride to provide styryl terminal macromonomers. 

Macromonomers have been formed by mechanical scission: of 

poly(styrene) or PMMA in the presence of a material such as 

diallylmalonic acid diethyl ester as an end capper. The structure of 

these macromonomers is quite undefined and they are said to 

produce "palm tree" like copolymers when polymerized with a 

second monomer (151-153). 

Macromonomers prepared by step growth polymerization 

methods have been reported in the literature as summarized in 

Table 2. The materials synthesized by this method have broad 

molecular weight distributions as is also the case with free radically 
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Table 2: Representative Literature on Condensation Synthesis of 

Macromonomers 

  

  
Author Macromonomer End-Group ___—*«Comonomer Reference 

Goethals P(amine) Styrenic Styrene 154 

Inoue P(amine) Styrenic Styrene 155 

MMA 156 

Tsuruta P(amine) Styrenic Styrene 159-164 

2-HEMA 

Hudecek P(urethane Methacrylate 2-HEMA 166-167 

Percec P(ether sulfones) Methacrylate 2-HEMA 168-172 

P(2,6-dimethyl-1,4-phenylene oxide) Styrenic MMA 173-175 

n-BuMA 

Kobayashi P(amide) Styrenic —_----------- 176 

P(saccharides) Styrenic ~— ---------- 

Heitz 

P(2,6-dimethyl-1,4-phenylene oxide) Styrenic Styrene 177 

n-Bu Acrylate 

P(1,4-phenyleneoxide) Diol Bisphenols/ 116 

Diacid Chlorides 

Frechet Dendritic P(ether) Styrenic Styrene 115 

Wilson P(urethane) Methacrylate MMA 114 

Gallot P(lipopeptide)s Acrylic — ----- 178 

Methacrylic 
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produced materials. Because of the nature of condensation 

polymerizations, the macromonomers synthesized by this method are 

most commonly difunctional and are often called telechelic. 

Preparation of monofunctional materials is difficult but the 

advantage lies in the preparation of materials not available by vinyl 

polymerization methods. Macromonomers of poly(amines), 

poly(esters), poly(urethanes), and aromatic poly(ether sulfones) have 

been reported. 

Preparation of poly(amine) macromonomers has been reported 

by Goethals (154), Maeda and Inoue (155-158), and Tsuruta 

(159-165). The method utilized the lithiumdiisopropylamide (LDA) 

catalyzed condensation of divinyl benzene with a variety of 

diamines. A wide variety of properties can result in the final 

materials, for example copolymers were prepared of these amine 

macromonomers with styrene for possible biomedical applications. 

Maeda and Inoue also prepared poly(amino acid) macromonomers 

and copolymerized them with styrene and MMA for possible 

biomedical uses. Benzyl-L-glutamate- 

N-carboxyanhydride was the monomer used in the macromonomer 

synthesis and these were copolymerized under free radical 

conditions. 

A different method for preparing very similar materials was 

also reported where a copolymer of styrene and an amine functional 

styrene monomer was synthesized. Polymerization of an amino acid 

was initiated from the amine functionalities in the backbone of he 

copolymer. The monomers utilized in the formation of the grafts 

from the styrenic backbone included the N-carboxyamino acid 

anhydrides of L-alanine, benzyl-L-glutamate, and B-benzyl-L- 

aspartate. 

Preparation of poly(urethane) and poly(ester) macromonomers 

has been reported by Hudecek (166-167). Copolymerization of a 

polyurethane macromonomer and 2-hydroxyethyl methacrylate was 

monitored by NMR to determine kinetics of the macromonomer 

incorporation. 
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Preparation and copolymerization of macromonomers of 

aromatic polyether sulfones and poly(2,6-dimethyl-1,4-phenylene 

oxide) have been reported by Percec (168-175). It was reported 

that aromatic polyether sulfones were prepared with a single 

hydroxyl group per chain. This is probably invalid because the 

possibility of transetherification was ignored. The macromonomers 

of poly(2,6-dimethyl-1,4-phenylene oxide) were charicterized to 

have one phenolic hydroxyl group per chain on the average, as was 

expected (179). Copolymerizations with p-biphenyl acrylate, and 

triethylene glycol p'-methoxy-p-biphenylyl ether methacrylate were 

performed to produce graft copolymer with liquid crystalline 

backbones and amorphous grafts. Poly(2,6-dimethyl-1,4-phenylene 

oxide) macromonomers with methacrylic end groups were 

copolymerized with p-vinylbenzyl methacrylate and mixtures with 

MMA via group transfer polymerization techniques to afford the 

corresponding graft copolymers. Copolymerization with MMA as well 

as butyl methacrylate and macromonomer reactivity has also been 

extensively studied. 

Heitz (177) has also studied the copolymerization of this 

macromonomer with a variety of monomers including isoprene, 

butadiene, styrene, ethyl acrylate, and butyl acrylate 

under free radical conditions. 

Macromonomers of poly(tetrahydrofuran) (THF), 

poly(isobutylene), poly(vinyl ether), poly(aziridines), 

poly(oxazoline)s, poly(epichlorohydrin), and poly(styrene) have been 

synthesized by cationic polymerization techniques. A summary of 

the literature on this subject can be found in Table 3. 

Poly(THF) macromonomers have been synthesized and utilized 

by several people including Asami (180-182), Kreb (183), Rempp 

(184,185), Imai (186), and Takaki (187,188). Asami used 

functional termination of the cationically polymerized THF with salts 

of methacrylic acid and p-ethenylbenzyl alcohol. Narrow molecular 

weight distribution macromonomers with very efficient 

functionalization resulted. Copolymerizations were carried out with 
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Author Macromonomer End-Gr monomer Referen 

Asami P(THF) Methacrylate(t) Styrene 180-1 

Styrenic(t) = ----- 

Acrylic 2-vinylnaphthalene 182 

KreB P(THF) Acrylic = — ----- 183 

Rempp P(THF) Styrenic === 184-5, 189 

Methacrylate — ----- 

Takaki P(THF) Methacrylate Styrene 187-8 

Imai P(THF) Diol MDI/ 186 

1,4-butanediol 

Kennedy P(isobutylene) Cyclopentadiene Ethylene/Propylene 190-201 

Methacrylate MMA/Styrene 

Styrenic 

P(styrene) Cyclopentadiene Ethylene/Propylene 

P(isobutylene) Epoxide Epichlorohydrin 202 

Ethylene Oxide 

Cyanoacrylate ~~ ----- 203 

Vinyl ether ~~ ----- 204 

Aoshima P(ethylvinylether) Methacrylate MMA 205 

Higashimura P(i-Bu vinylether) Vinyl ether i-Bu vinyl ether 206 

Kobayashi P(2-Oxazoline)s Styrenic Styrene 207-8 

Styrenic Styrene 209-10 

MMA 211 

Methacrylate MMA 212 

Acrylamide 

Styrene 

(Meth)acrylic ~~ ----- 213 

Vinyl ester Vinyl acetate 214 

Glycol MDI/ 

1,4-butanediol 215 

Butadienyl MMA 216 
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Goethals 

Yu 

Saegusa 

Schulz 

Percec 

t-Bu Aziridine 

P(Vinyl ether)s 

P(epichlorohydrin) 

P(2-Oxazoline)s 

P(2-Oxazoline)s 

Vinyl Ether 

Methacrylic ~~ ----- 

Methacrylic ~— ----- 

Allylic wees 

Acrylic  —— ----- 

(Meth)acrylic — ----- 

Acid 

Vinyl 

Styrenic Styrene 

Methacrylate — ----- 

154 

217 

218 

219 

220 

221 
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B-vinyl naphthalene as the backbone monomer (187,182). 

Imai cationically synthesized poly(THF) macromonomers 

initiated by methyl trifluoromethanesulfonate (186). Termination 

was performed using diethanolamine to provide a diol end group. 

Reaction of these macromonomers with 4,4’- 

diphenylmethanediisocyanate followed by chain extension with 1,4- 

butanediol provided polyurethane/polyether graft copolymers. 

Rempp and associates have utilized both functional termination 

and functional initiation in their studies of macromonomers (189). 

They have utilized the method of functional termination of the 

cationic chain end with a-methyl styrene derivatives bearing a 

benzyl alcohol functionality. They also utilized a functional initiator 

route in which a cationic initiator was prepared from methacryloyl 

chloride and silver hexafluoroantimonate, and THF was polymerized. 

Termination was carried out using phenol. 

Several techniques have been utilized by Kennedy and 

coworkers to form macromonomers of poly(isobutylene) (190-204). 

In one method a functional initiator made from dicyclopentadienyl 

chloride and diethylaluminum chloride was utilized for the initiation 

of styrene monomer (190). The dicyclopentadienyl moiety remains 

at one chain end in the absence of any chain transfer side reactions. 

A second method utilized to make poly(isobutylene) macromonomers 

involves the strategy of making the hydroxyl terminal materials and 

esterifying with methacryloyl chloride to provide methacrylic 

terminal macromonomers. These have been copolymerized with 

methyl methacrylate and styrene (194-200). p-phenyl glycidyl 

ether end groups have also been incorporated and copolymerization 

with epichlorohydrin and ethylene oxide has been 

accomplished.(202). Poly(isobutylene)s with cyanoacrylate end 

groups were synthesized (203) from the tert-chlorine end groups by 

quantitative dehydrochlorination followed by 

hydroboration/oxidation to give the hydroxyl groups. These 

hydroxyl groups were then reacted with 2-cyanoacryloyl acrylate to 

give the desired macromonomers. 
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Chloro-functional poly(isobutylene) prepolymers have been 

dehydrohalogenated to provide poly(isobutylene) macromonomers. 

These materials can then be copolymerized by cationic methods or 

by coordination techniques. 

Kennedy's group has also utilized a protected styryl initiator, 2- 

bromoethyl-p-cumylchloride, for the formation of poly(isobutylene) 

macromonomers. Once the polymer was formed, the end group was 

dehydrohalogenated with potassium t-butoxide to provide the 

styrenic end group. 

Poly(isobutylene) macromonomers bearing the 

dicyclopentadienyl end group were copolymerized with mixtures of 

ethylene and propylene by Farona producing EPM-g-PIB copolymers. 

Farona also utilized the dicyclopentdienyl chloride/diethylaluminum 

chloride cationic initiator system to polymerize styrene and produced 

polystyrene macromonomers with cyclopentadienyl end groups 

(191). These macromonomers were then copolymerized with 

mixtures of ethylene and propylene to provide the corresponding 

graft copolymers. 

Both the functional initiator and functional terminator routes 

have been utilized in the synthesis of poly(vinyl ether) 

macromonomers. The addition of 2-vinyloxyethyl methacrylate to 

hydrogen iodide formed the functional initiator utilized by Aoshima 

(205) in the synthesis of poly(ethylvinyl ether macromonomers. 

These macromonomers were then copolymerized with MMA to form 

the corresponding graft copolymers. | 

The sodium salt of diethyl-2-vinyloxyethyl malonate was 

utilized by Higashimura (206) as a functional termination agent for 

the living cationic polymerization of vinyl ethers. Macromonomers 

synthesized include isobutylvinyl ether and benzoyloxyethylviny] 

ether polymers with vinyl ether end groups. These macromonomers 

were cationically copolymerized with isobutylvinyl ether to form the 

graft copolymers. 

Kobayashi has utilized both the functional termination and 

functional initiation routes to cationically synthesize poly(2-alkyl-2- 
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oxazoline) macromonomers (207,208, 209-214). The halogenation 

product of iodine and p-methyl styrene was the functional initiator 

utilized. Functional termination with the amine moiety of 2-(N-2- 

aminoethyl-N-methyl)aminoethylstyrene results in styrenic 

functional oxazoline macromonomers. Styrenic functional 

macromonomers have also been synthesized by utilizing a 

(chloromethyl)styrene initiator system for the polymerization of 

oxazolines. These macromonomers have been copolymerized with 

styrene and MMA (209-211). Glycol end groups have also been 

incorporated onto polyoxazoline chain ends by utilizing 

diethanolamine as a terminating group (215). These have been 

copolymerized to form polyurethane/polyoxazoline graft copolymers. 

MMA, styrene, and acrylamide have been radically copolymerized 

with poly(2-oxazoline) macromonomers which have methacrylic and 

acrylic chain ends (212,213). Kobayashi also has synthesized 

unique polyoxazoline macromonomers which possess a_butadiene- 

type polymerizable end-group (216). The allylic dihalide 2,3- 

bis(bromomethyl])-1,3-butadiene was used as a bifunctional initiator 

providing a central butadienyl moiety. These macromonomers were 

effectively copolymerized with MMA under free radical conditions to 

provide the desired graft copolymers. Vinylester polymerizable end 

groups have been introduced as well by utilizing vinyliodoacetate as 

the initiator for oxazoline monomers (214). 

Poly(2-phenyl-2-oxazoline) macromonomers have been 

synthesized by Schulz (220). He utilized p-iodomethylstyrene as the 

ring opening polymerization initiator to provide styrenic end groups. 

Styrene was copolymerized with these macromonomers to afford the 

graft copolymers. 

Saegusa and coworkers have utilized the reaction of the 

growing polyoxazoline chain end with carboxylic acids to provide 

macromonomers with acrylic and methacrylic polymerizable end 

groups (219). 

Poly(epichlorohydrin) macromonomers have been prepared by 

the functional] termination route. Yu cationically polymerized 
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epichlorohydrin using Et3OPF6 as the initiator under non-living 

conditions (218). The polymerizations were terminated either with 

allyl alcohol to provide allyl functional macromonomers, or with 2- 

hydroxyethyl acrylate if acrylic terminal macromonomers were 

desired. 

Goethals and coworkers (217) utilized triflic acid as the 

initiator for the polymerization of several vinylether monomers. 

Various terminating agents were employed to introduce the desired 

polymerizable end group including allyl alcohol, 2-hydroxyethy! 

methacrylate, and 2-(dimethylamino)ethyl methacrylate. 

The mesogenic vinyl ether monomer {3-[(4-cyano-4'- 

biphenyl)oxy]propyl vinyl ether} has been polymerized cationically 

by Percec (221). Macromonomers were formed by end capping the 

living polymer with 2-hydroxyethyl methacrylate, 2-[2-(2- 

allyloxyethoxy)ethoxy]ethanol, and 10-undecene-l-ol. The ultimate 

goal was to produce graft copolymers with mesogenic branches. 

A summary of the work done in the area of preparation of 

macromonomers via anionic polymerization techniques is presented 

in Table 4a-e. Rempp and Chiang are considered to be the founders 

in the area of preparation of macromonomers via anionic 

polymerization methods. Their initial work was in the synthesis of 

macromonomers of isoprene and styrene. They worked with 

homopolymers of these two materials as well as diblock and triblock 

macromonomers. Rempp's work was mainly involved with anionic 

preparation of poly(styrene) macromonomers. To the living 

polystyryl anion was added ethylene oxide to form the alkoxide 

terminal group. This was then reacted with methacryloyl chloride to 

produce methacrylic functional poly(styrene) macromonomers 

(222). Diblock macromonomers have also been’ synthesized as well 

as tapered block copolymers (223,224). In the synthesis of the 

tapered block materials, styrene was initiated and allowed to 

polymerize. Isoprene monomer was then added prior to completion 

of the styrene polymerization. Theoretically, the resultant polymer 

should be triblock in nature with a center block of 
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Table 4a: Representative Literatur n_ Anioni nth romonomer 

a) Polystyrene Macromonomers 

Author End Gr monomer Referen 

Milkovich Methacrylate Alkyl acrylates 125 

Acrylonitrile 222 

Vinyl Chloride 225 

Asami Styrenic: Styrene 226-230 

MMA 228, 231 

Hu —— ---+--- MMA 232-235 

Butyl Methacrylate 

Ito Methacrylate 2-HEMA 236 

Ma Norbornene —&— ----- 237-8 

Allyl Ethylene/propylene 

McCarthy Norbornene Norbornene 239 

Mancinelli Epoxy THF 240 

Nagasaki Styrenic MMA 241 

----- 242 

Rempp Vinyl Silanes ~~ ----- 243-7 

Methacrylate Methacrylates 

Styrenic 

Xie Epoxy Ethylene Oxide 247-9 

Methacrylate Butyl Acrylate 

Madruga Methacrylate Butyl acrylate 250 

Yamashita Methacrylate MMA 251-254 

2-HEMA 

Glycidyl MA 

Methacrylate Homopzn 255 

Styrenic 

Berlinova Diester/ester acid ~— ----- 256 

Quirk Bisphenol = =  ©& ----- 257 

Sato Diol Polycarbonate 258 

Arnold Styrenic Butadiene 459-60 
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Table 4b: Representative Literature on Anionic Synthesis of Macromonomers 

b) Poly(Meth)acrylate Macromonomers 

  

Author Macromer E r monomer 

Rempp PMMA Styrenic — -ne+- 

P(i-Propylidenegycerol|YMA = =—————— wee 

P(2-trimethylsiloxyethy)MA = =e 

t-Bu Acrylate Styrenic = ----- 

Methacrylate 

Hatada PMMA Styrenic === 

PMMA Styrenic —— =s-= 

P(triphenylmethyl)MA = sess wn 

Ishizu PMMA Styrenic 4 4 wneee 

Springer PMMA Styrenic LC-Methacrylates 

Teyssie t-Bu Acrylate Styrenic 9 ----- 

Methacrylate 

Referen 

261-2 

263 

264 

265-6 

267 

268 

269 

270 
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Table 4c: Representativ n_ Anioni 

c) Poly(Siloxane) Macromonomers 

i f Macromonomer 

  

  

Author End Group Comonomer(s) Reference 

Cameron Methacrylate Styrene 271-3 

MMA 

Acrylonitrile 

Imai Vinyl silane Vinyl acetate 274 

Matzurek Methacrylate Butyl methacrylate 275 

Williams " Isocyanoethyl MA 276 

Yamashita " Styrene 277-81 

MMA 

Fluoroacrylates 282 

Diacid = = ~~ — — w-+--- 283 

McGrath Methacrylate MMA 284-8 

Styrene 

t-Butyl styrene 

1-Butene/SO2 289 

Kawakami Diamine = 7—— =---- 290 

Huang Allyl Ethylene 291 

Nagese Diamine = 7 ----- 292 

Tsukahara Methacrylate MMA 293 

Worsfold Vinyl Alkenes/SO2 294 

Suzuki Ethynyl = ~~ -+--- 113 
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Table 4d: Representative Literature on Anionic Synthesis of Macromonomers 

d) Poly(ethylene oxide) Macromonomers 

  

  
Author End Group _Comonomer(s) Reference 

Hamaide Styrenic Styrene 295-6 

Butyl acrylate 

Acrylonitrile 

Ito Styrenic Styrene 297-301 

Methacrylate Styrene 

Rempp Styreni¢ =  —— w*--- 302-3 

Methacrylate = — ----- 

Kobayashi Oxazoline 2-Ph-2-Oxazoline 304 

Mathias Vinyl ether Ethylvinylether 305 

Kazanski Vinyl ether = = ~— ----- 306 

Gramain Methacrylic (Meth)acrylates 307 

Fock Diol we eee 308 

Xie Methacrylate Acrylates 309 

Capek Methacrylate Styrene 310 
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Table 4e: Representative Literatur n_ Anioni nthesi f Macromonomer 

e) Miscellaneous Macromonomers 

  

Author Macromer E r monomer R ren 

Asami P(isoprene) Styrenic MMA 227 

2-vinylpyridine 

4-vinylpyridine 

Hashimoto Vinylpyridine ----- = — ----- 311 

Rempp " Styrenic Styrene 261-2 

Methacrylate 

Severeni 4-vinylpyridine Methacrylate Butyl acrylate 312 
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isoprene and a short third block of styrene. The unequal reactivity 

of the two monomers gives a tapered styrene-isoprene copolymer 

instead of distinct blocks in the copolymer. These macromonomers 

were synthesized with either allylic or methacrylic end functionality 

and were copolymerized with ethylene, propene, and styrene to 

produce the desired graft copolymer architecture. 

Well defined block copolymer macromonomers of 

styrene/isoprene were synthesized with a methacrylic functionality 

at the terminus of the isoprene block (224). Also, triblock 

copolymers were synthesized that contained a short styrene block 

after the isoprene block. The methacrylic functionality was attached 

to this short styrene block. These macromonomers were 

copolymerized with styrene monomer to produce impact modified 

poly(styrene) (224). The triblock materials were shown to be more 

readily incorporated into the graft copolymers than the diblock 

macromonomers apparently due to better phase mixing in the 

copolymerization solution. Chain scission processes with isoprene can 

also take place under free radical conditions, but this matter was not 

addressed. Use of diblock and triblock macromonomers as opposed 

to pure poly(isoprene) grafts allowed them to control morphology to 

allow for control of the physical properties. 

The poly(styrene) macromonomers were also copolymerized 

with butyl acrylate to form materials that behaved like 

thermoplastic elastomers (125). Some phase mixing between the 

two components was demonstrated. Ethyl acrylate was also used as 

a backbone monomer to eliminate this problem of phase mixing but 

also raised the Tg of the soft segment. These poly(styrene) 

macromonomers were also copolymerized with both acrylonitrile and 

vinyl chloride to form the graft copolymers. The incorporation of the 

poly(styrene) segments provided materials with improved the 

processibility over the homopolymers. 

The issue of macroscopic phase separation during these graft 

copolymerizations was first addressed by Milkovich and Schultz 

(225). This macrophase separation will lead to homopolymer 
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formation with minimal incorporation of macromonomer. Formation 

of graft copolymer early in the copolymerization is crucial to reduce 

phase separation due to the compatibilizing effect of the graft 

copolymer on the reaction mixture. Increases in macromonomer 

molecular weight and large differences in solubility parameter will 

increase the amount of unincorporated macromonomer due to this 

phase separation. Increasing the relative amount of macromonomer 

tends to improve compatibility by decreasing the ratio of monomer 

to macromonomer phase volumes. These trends were demonstrated 

in suspension copolymerizations where the macromonomer remained 

unincorporated to a great extent. The addition of small amounts of 

benzene solvent dramatically increased the macromonomer 

incorporation efficiency. 

Asami (226-230) worked not only with styrene but with 

isoprene and 2-vinyl pyridine macromonomers. He has utilized 

anionic polymerization of these monomers followed by reaction of 

the terminal anion with p-vinylbenzylchloride or p- 

vinylbenzyltosylate. This eliminated the necessity of ethylene oxide 

addition if methacryloyl chloride is to be used as the 

functionalization reagent. Some attack of the unsaturated site took 

place as a result of the association of styryl anionic chain ends. 

Addition of THF solvent reduced this association and lead to efficient 

functionalization. 

Copolymerizations of the polystyrene macromonomer with 

styrene monomer were carried out anionically and free radically. 

They concluded from their studies that the molecular weight of the 

macromonomers did not affect the copolymerization and the 

copolymerizations proceeded analogously to dilute monomer 

solutions (226-229). This led to the conclusion that the accessibility 

of the functional group of the macromonomer is the same as the 

monomer itself. 

Graft copolymers of polystyrene with PMMA backbones were 

synthesized by group transfer polymerization techniques (228). 

Relatively narrow molecular weight distribution materials resulted 

42



when the amount of macromonomer was about 70% (w/w). There 

was the possibility that the macromonomer could be incorporated 

mainly at the end of the copolymerization leading to an architecture 

similar to a star branched copolymer. This architecture provides a 

material whose hydrodynamic volume is independent of molecular 

weight once a certain number of arms is reached. 

Hu and coworkers (232-235) copolymerized polystyrene 

macromonomers with MMA under free radical conditions. They 

determined that copolymerization rate was constant over a wide 

range of conversion. This contradicts what other workers have 

reported. Other workers who have reported decreased reactivity at 

high conversions also report macrophase separation problems which 

would explain their results. 

Ito and coworkers (236) prepared graft copolymers of 

polystyrene macromonomers with 2-hydroxyethyl methacrylate as 

the backbone monomer and compared the properties with random 

copolymers of styrene/2-hydroxyethyl methacrylate. The graft 

copolymers formed micelles in solution with methanol and 

chloroform. Methanol preferentially solvated the methacrylate 

portion while chloroform preferentially solvated the polystyrene. 

The solvated portion of the graft copolymer formed a shell around a 

core of the non-solvated portion of the graft copolymer. The random 

showed no tendency to form micelles in solution. The micellar 

behavior was observed by NMR where the insoluble portion acted as 

a solid and and showed no resonances in the spectrum. Surface 

energy investigations showed that gradual changes in the 

composition of the random copolymers provided gradual changes in 

the surface energy. The graft copolymers showed drastic changes in 

surface energy with changes in casting solvent for the films studied. 

Methanol provided films with high surface energy due to its 

preferential solvation of the methacrylate. When these films were 

heated to temperatures greater than their Tg's the polystyrene 

dominated the surface which is the more thermodynamically favored 

State. 
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Ma (237-238) utilized 5-bromoethylnorbornene as a 

terminating agent for anionically polymerized polystyrene to form 

macromonomers. Polystyrene macromonomers with allyl end groups 

were also synthesized and copolymerized with ethylene and 

propylene using vanadium catalysts. The graft copolymers were 

successfully synthesized and contained grafts of molecular weights 

ranging from 10,000 to 78,000. 

Anionically polymerized polystyrene has been terminated with 

ethylene sulfide followed by further reaction with epichlorohydrin 

by Mancinelli (240). These macromonomers were then 

copolymerized cationically with THF to form the graft copolymer. 

Nagasaki and Tsuruta (241) developed a novel method in 

which they metallated p-methyl styrene using lithium 

diisopropylamide. This reaction formed 4-vinylbenzyllithium, an 

initiator for the polymerization of styrene. Under the polymerization 

conditions the propagating anion does not attack the unsaturation of 

the p-methyl styrene initiator fragment at the beginning of the 

polymer chain. This allows for the formation of polystyrene 

macromonomers with styrenic functionality. The efficiency of this 

method was confirmed by copolymerization of the macromonomers 

with MMA. 

Termination of living polystyryl anions with vinylchlorosilanes 

has been demonstrated by Rempp and Chaumont (243). Under 

appropriate conditions the anion can be directed to attack the silane 

displacing the chloride rather than attacking the unsaturation. 

Utilization of ethylene oxide to deactivate the anion prior to reaction 

with the silane lead to formation of the hydrolytically unstable 

carbon-oxygen-silicon bond. Deactivation of the anion with diphenyl 

ethylene provided a sterically hindered anion of reduced basicity. 

This route provides high selectivity of the desired displacement of 

the chloride from the silane rather than attack on the unsaturation 

site. 

Masson and Rempp (244-246) utilized Milkovich's method of 

terminating the living styryl anion first with ethylene oxide followed 
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by reaction with methacryloyl chloride to provide methacrylic 

terminal polystyrene macromonomers. An attempt at polymerizing 

the macromonomer with styrene monomer using diphenylmethyl 

potassium as an anionic initiator was performed. Narrow molecular 

weight distribution materials were assumed using GPC 

measurements but light scattering measurements showed the Mwy to 

be much higher. This result is most likely due to the polymer being 

Star-branched in nature. 

w,@-Diphenolpolystyrenes have been synthesized by Quirk 

(257). This was accomplished by terminating living 

polystyryllithium with 1,1-bis(4-t- 

butyldimethylsiloxyphenyl)ethylene followed by methanol. Mild 

acid hydrolysis of the protecting groups provided quantitative 

synthesis of diphenol terminal polystyrene. Chain extension 

reactions with triphosgene in methylene chloride effectively 

provided the highly branched polycarbonate-g-polystyrene comb- 

type polymers. 

Polystyrene macromonomers were incorporated into graft 

copolymers containing poly(ethylene oxide) backbones. This was 

accomplished by Xie (247-249) who terminated living polystyryl 

anion with epichlorohydrin. Copolymerization with ethylene oxide 

was done cationically to provide a graft copolymer that formed an 

emulsion in water. 

Carbon dioxide was used to terminate living anionic 

polystyrene to provide a carboxyl terminal group by Yamashita 

(251-254). Glycidyl methacrylate was then reacted with the 

carboxyl group to provide a methacrylic terminal macromonomer. 

Graft copolymers were then synthesized with MMA and 2- 

hydroxyethyl methacrylate backbones. When a solvent was added 

that was selective for one phase or the other, micellar behavior was 

observed. A shell of the soluble phase surrounded a core of the 

insoluble component. In work similar to that of Ito (236), NMR was 

used to demonstrate the existence of the micelles. Morphology of 

solvent cast films depended greatly upon the type of solvent used. 
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When a preferential solvent was used, the phase that was soluble in 

that solvent dominated the air surface of the film as was 

demonstrated by water contact angle measurements as well as ESCA 

analysis. 

Hydrogel materials were synthesized using the polystyrene 

macromonomer and glycidyl methacrylate as the backbone 

monomer. Films were cast from methanol/THF and were then 

swelled in water. The composition of the graft copolymers as well as 

the morphology of the cast films had a significant effect on swelling 

behavior as well as oxygen diffusion through the hydrogel. 

Various hydrophilic and hydrophobic backbone monomers 

were copolymerized with the polystyrene macromonomers to study 

surface phenomena. When fluoroalkyl methacrylates were used as 

the backbone monomer, the methacrylate dominated the air surface 

of solvent cast films onto glass. Use of hydrophilic backbone 

monomers behaved in an opposite manner with the lower surface 

energy polystyrene dominating the air surface of the films. 

Poly(styrene) macromonomers have been prepared and 

copolymerized by several workers (231, 239, 242, 250, 255- 

260). A summary of their work can be found in Table 4a. Not all of 

the entries in the table will be discussed in this text. The interested 

reader is instructed to consult the references provided. 

Poly(2-vinyl pyridine) and poly(4-vinyl pyridine) 

macromonomers have been prepared by many workers including 

Asami (227), Hashimoto (311), Rempp (261, 262), and Severeni 

(312). The approach that Asami used was to terminate the living 

polymeric anion with p-vinylbenzyl chloride. These macromonomers 

were then copolymerized with MMA to demonstrate the efficiency of 

the functionalization. 

Lutz and Rempp (313) have prepared PMMA macromonomers 

anionically by termination of the living anion with p-vinylbenzyl 

bromide at low temperatures. Under their conditions the 

methacrylate anion is low enough in basicity so that there is no 

attack of the anion on the unsaturation of the end-capper. Reaction 
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takes place only to displace the bromide and provide a styrenic 

terminal PMMA macromonomer. Other methacrylate monomers 

were utilized in the formation of macromonomers in the same 

manner or by using p-isopropenylbenzyl bromide. Other 

methacrylates include isopropylideneglycerol methacrylate and 2- 

(trimethylsiloxy)ethyl methacrylate. 

p-Vinylbenzylchloride was utilized as a terminating agent in 

the anionic polymerization of MMA by Ishizu (268). It was shown 

that PMMA macromonomers with one vinylbenzyl group per chain 

was effectively prepared. 

A functional Grignard initiator was utilized by Hatada (264) to 

synthesize PMMA macromonomers. The initiator used was 

vinylbenzylmagnesium chloride which was prepared from 

vinylbenzyl chloride and magnesium metal. The use of this initiator 

provided PMMA macromonomers with styrenic end groups. They 

also utilized t-butylmagnesiumbromide in toluene to polymerize 

MMA and terminated with p-bromomethylstyrene to give PMMA 

macromonomers with a high degree of isotacticity (265,266). Using 

t-butyllithium/tri-n-butylaluminum initiation highly syndiotactic 

macromonomers were prepared. 

Hefft and Springer have utilized styrenic terminal PMMA 

macromonomers and copolymerized them with several monomers to 

produce graft copolymers that contain liquid crystalline side chains 

(269). 

Recent advances by Teyssie and coworkers in the area of 

anionic polymerization of acrylates has led to the use of this route to 

the formation of acrylic macromonomers (270,263). Teyssie et. al. 

anionically polymerized t-butyl acrylate and terminated the living 

anion with benzaldehyde and anthracenaldehyde to quantitatively 

produce hydroxyl terminal poly(t-butyl acrylate) macromonomers. 

Rempp and coworkers anionically polymerized t-butyl acrylate and 

utilized p-vinylbenzyl bromide and chlorodimethylsilylpropyl 

methacrylate as terminating agents to provide styrenic and 

methacrylic end groups, respectively (263). 
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Much work has been done dealing with the anionic preparation 

and subsequent copolymerization of poly(ethylene oxide) 

macromonomers. Hamamide (295, 296) prepared PEO 

macromonomers from commercially available hydroxyl terminal 

materials. By reacting the hydroxyl groups with p-vinylbenzyl 

chloride, styrenic terminal PEO macromonomers were produced. 

These were then copolymerized with styrene, butyl acrylate and 

acrylonitrile to provide the corresponding graft copolymers. 

Reactivity of the macromonomer was studied and it was shown that 

the reactivity of the macromonomer was similar to that of styrene 

monomer. 

PEO macromonomers were prepared via anionic polymerization 

methods using potassium t-butoxide as the initiator and p- 

vinylbenzyl chloride or methacryloyl chloride as the terminating 

agent by Ito (297, 298). Solvent effects on macromonomer 

reactivity were investigated. Increases in macromonomer molecular 

weight decreased reactivity as expected, and good solvents for both 

components of the graft copolymer decreased reactivity also. PEO 

macromonomers carrying a methyl, n-butyl, t-butyl, n-octyl, or n- 

octadecyl group at one end and a p-vinylbenzyl or methacrylate 

group at the other were also synthesized by Ito and coworkers 

(299). These were homopolymerized in water and the reaction 

proceeded quite rapidly due to their organization into micelles. Also 

the potassium alkoxide of t-butyldimethylsilyl ether or ethylene 

glycol was used successfully to initiate the anionic polymerization of 

ethylene oxide (300). These polymerizations were end-capped with 

p-vinylbenzyl chloride and methacryloyl chloride followed by 

desilylation to provide the w-hydroxypoly(ethylene oxide) 

macromonomers. These were homopolymerized and also 

copolymerized with styrene. Ito and coworkers (301) recently 

synthesized, characterized and studied the solution properties of 

graft copolymers with PEO grafts onto a backbone of polystyrene. 

The functional initiation route was used by Kobayashi to 

anionically prepare PEO macromonomers (304). The initiator 
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utilized was the lithium salt of an alcohol functional oxazoline and 

the polymerization was terminated with methyliodide. The resultant 

oxazoline functional macromonomers were then cationically 

copolymerized with 2-phenyl-2-oxazoline to form the graft 

copolymer. 

The functional initiation route as well as functional termination 

were used by Masson and Rempp to prepare macromonomers of PEO 

anionically (302,303). The functional initiation method utilized was 

a potassium salt of a benzyl alcohol derivative of a-methyl styrene to 

provide a—methyl styrene functional materials. The functional 

termination route used the reaction of methacryloyl chloride with 

the growing potassium alkoxide chain end. 

Vinyl ether terminal PEO macromonomers were prepared by 

Mathias (305). He utilized commercially available PEO and heated it 

to high temperatures with potassium metal. This was followed by 

addition of acetylene to form the vinyl ether end group. The 

macromonomers were copolymerized with ethylvinyl ether to form 

the graft copolymers. These materials showed utility as phase 

transfer catalysts. PEO/polystyrene copolymers are often used for 

this purpose but these materials offer different solubility as well as 

possible variation in reactivity of the catalysts. Many others have 

synthesized PEO macromonomers containing various functional 

groups for different purposes (306-310). Their work will not be 

described in this text but is summarized in Table 4d. The interested 

reader is directed to consult the references provided. 

Polymeric lactams have also been used as macromonomers and 

have been prepared by anionic methods. Hashimoto (314). The 

monomer polymerized was 8-oxa-6-azabicyclo[3.2.1]actan-7-one. 

The polymerization was terminated with p-vinylbenzylamine. Graft 

copolymers were synthesized with styrene as the backbone 

monomer and surface investigations of cast films of blends with 

polystyrene homopolymer showed that the hydrophilic polyamide 

dominated the glass side of the film. 
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Synthesis and copolymerization of poly(dimethylsiloxane) (PSX) 

macromonomers has been an important area of study. Alkyl lithium 

initiation of D3 allows for the anionic synthesis of controlled 

molecular weight materials which can be terminated with 

chlorosilane compounds containing a polymerizable moiety. 

Contributions to the literature on this subject have come from many 

authors including Cameron (271), Greber (120, 121), Imai (274), 

Matzurek (275), Williams (276), Kawakami (277-280,283,290), 

and McGrath (284-286,287,315). 

Polysiloxane macromonomers have been copolymerized with 

styrene, MMA, and acrylonitrile by Cameron (272,273). The 

poly(dimethylsiloxane) graft length was varied from 500 g/mol to 

9750 g/mol. It was assumed in the graft copolymers with 

polystyrene backbones that a two phase morphology existed but in 

the cases where the low molecular weight macromonomers were 

utilized there was significant lowering of the polystyrene Tg as 

Shown by DSC measurements. 

Imai and coworkers (277) synthesized poly(vinyl alcohol-g- 

dimethylsiloxane) copolymers. The graft copolymerization was 

carried out with vinyl acetate followed by hydrolysis of the acetate 

groups once the copolymers were made. This provided graft 

copolymers with both hydrophilic and hydrophobic components. 

Poly(isobutyl methacrylate-g-dimethylsiloxane) copolymers 

were synthesized by Mazurek and coworkers for adhesive release 

applications (275). The materials synthesized were not sufficiently 

purified and hence were not very well defined. The results 

presented in this article are questionable at best. 

Kawakami (281) has synthesized PMMA-g-PSX copolymers 

and investigated their surface properties. PSX macromonomer 

molecular weight varied from 300 g/mol to 10,000 g/mol. Films of 

the copolymers as well as blends of the graft copolymers with PMMA 

homopolymer were prepared and studied. Even at low concentration 

of siloxane, the surface of the films was dominated by siloxane as 

determined by water contact angle measurements. It was also 
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shown that graft copolymers containing the low molecular weight 

PSX grafts were more effective at dominating the surface which is 

not what is expected. 

Copolymerizations with styrene and fluoroalkyl acrylates were 

also done (282). Once again the PSX phase dominated the surface of 

prepared films. Oxygen permeability was also studied and it was 

found that lower molecular weight PSX grafts provided greater 

selectivity as well as greater mechanical strength (316-319). 

Recently, McGrath and coworkers have synthesized graft 

copolymers of poly(dimethylsiloxane) macromonomers with MMA 

(287). The graft copolymer was well characterized with respect to 

number and weight average molecular weights of the entire polymer, 

backbone, and graft portion by light scattering and osmometry. A 

solvent pair of DMSO-tetrachloroethylene was utilized to fractionate 

the copolymer as well. Anionically polymerized PSX macromonomers 

were also incorporated into graft copolymers with PMMA backbones 

where the graft copolymerization was done by anionic methods 

(315). This provided graft copolymers not only with well defined 

graft molecular weights but with well defined backbone molecular 

weights as well. Fractionation of the graft copolymer was done using 

supercritical chlorodifluoromethane to determine its chemical 

composition distribution. PMMA-g-PSX copolymers with a range of 

chemical compositions were also and their morphological and surface 

characteristics were thoroughly examined by a number of analytical 

techniques (288). PSX macromonomers were also incorporated into 

graft copolymers with poly(1-butene sulfone) backbones (289). 

Their morphological characteristics as well as their microlithographic 

potential was investigated. 

Polysiloxane macromonomers have been synthesized and 

utilized by a number of other workers including Huang (291), 

Nagese (292), Tsukahara (293), Worsfold (294), and Suzuki (113). 

Their work is summarized in Table 4c. 

Group transfer polymerization has also been utilized to 

synthesize macromonomers. This method of polymerization is 
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somewhat limited in the range of monomers that can be utilized. 

This type of polymerization will be discussed in greater detail in a 

subsequent section of this dissertation. 

Since the discovery of group transfer polymerization several 

workers have synthesized acrylic and methacrylic macromonomers 

via this polymerization route. A summary of the various studies can 

be found in Table 5. Asami (320) used both functional termination 

and functional initiation to form PMMA macromonomers. The 

terminating agents utilized were vinylbenzyl halides and tosylates to 

prepare vinylbenzyl terminal PMMA. The functional initiation route 

involved the use of a silyl ketene acetal initiator which had a 

vinylbenzyl moiety, originally synthesized. The functional initiation 

method proved to be more successful in obtaining high degrees of 

functionality. Functionality obtained by the functional termination 

route varied from 40-75 %. 

Witkowski and Bandermann (321) utilized silyl ketene acetal 

initiators substituted with isopropenyl, 4-vinylbenzyl, 2-propyl, and 

2-methyl-3-butenyl groups at the C=C double bond of the initiator to 

polymerize PMMA. The resultant macromonomers were obtained 

with a high degree of functionality and controlled molecular weight. 

Macromonomers from the isopropenyl and 4-vinylphenyl- 

substituted initiators were free radically copolymerized with styrene 

to yield graft copolymers. 

Heitz and Webster (322) utilized methyl 1-trimethylsiloxy-2- 

[2,5-bis(trimethylsiloxy)phenyl]vinyl ether as the initiator for the 

group transfer polymerization of MMA to give macromonomers with 

aromatic hydroxyl functionality. Quantitative removal of the silyl 

protecting groups was accomplished by acidic or fluoride catalyzed 

cleavage to give the deprotected macromonomer. The reactivity of 

this macromonomer in polycondensation reactions was shown by the 

synthesis of a liquid crystalline main chain polyester with PMMA 

side chains and a 4,4'isopropylidenediphenol-based polycarbonate. 

McGrath and coworkers have synthesized PMMA 

macromonomers via the functional initiator route utilizing a GTP 
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Table 5: Representative Literature on Group Transfer Synthesis of 

Macromonomers 

  

Author Macromonomer End-Gr monomer Referen 

Bandermann PMMA Isopropenyl Styrene 321 

Styrenic Styrene 

Butenyl = = — ----- 

Heitz PMMA Diol Triphosgene/ 322 

Bisphenol-A 

t-Butyl hydroquinone/ 

2-bromoterephthalic acid 

McGrath PMMA Methacrylate MMA 315 

PMMA Acrylate 2-EHA 323 

Mueller PMMA Methacrylate MMA 324 

Shen (Meth)acrylates Vinyl Styrene 325 
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initiator with a trimethylsilyl protected hydroxyl functionality 

(315). This protecting group was hydrolyzed in dilute acid to 

provide the hydroxyl terminal PMMA. Methacryloyl chloride was 

then reacted with the terminal hydroxyl group to provide the 

methacryloyl terminal PMMA macromonomers. These 

macromonomers were then anionically copolymerized with MMA 

monomer to yield graft copolymers with controlled molecular weight 

and narrow molecular weight distribution grafts as well as 

backbones. These graft copolymers were utilized to study the dilute 

solution properties of branched homopolymers. They were also used 

to reconfirm the appropriateness of the universal calibration GPC 

method for branched systems. 

This same technique of macromonomer synthesis was also 

employed in the synthesis of poly(2-ethylhexyl acrylate-g-MMA) 

copolymer systems by Sheridan and McGrath (323). These well 

defined graft copolymer systems will be described in detail in 

subsequent sections of this dissertation. 

Mueller and Radke (324) utilized methacryloyl terminal 

PMMA macromonomers in the synthesis of poly(styrene-g-MMA) 

copolymers. The details of the copolymerization and the relative 

reactivity ratios were investigated. 

Shen and Jin (325) utilized unique methodology to synthesize 

macromonomers. Triphenylphosphine and chlorotrimethylsilane in 

the presence of zinc halide was used to initiate group transfer 

polymerization of acrylic monomers. The resulting polymers contain 

a terminal triphenylphosphonium group which can be converted to 

the corresponding vinyl macromonomers’ by means of a Wittig 

reaction. Macromonomers of methyl, ethyl and butyl acrylate were 

synthesized with relatively good success by this method. 

This summary of the macromonomer technique was intended 

to provide and overview of the utility of this technique in the 

synthesis of graft copolymers. Short descriptions of some of the 

literature citings were provided to give insight into the goals of the 

investigators. Details of all references were not given to keep this 
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review from being prohibitively long. Literature references are 

provided for the interested reader for further investigation into the 

details of a study. 

C. Poly alkyl(meth)acrylates 

1. General 

Acrylic and methacrylic ester polymers are widely used 

materials because of their outstanding optical clarity and the fact 

that they maintain their properties upon physical aging (326). The 

chemical structure of these polymers can be represented by the 

general structure 

(CH2=C(R) (CO2R’))x 
where R is hydrogen for acrylates and a methyl group for 

methacrylates. The saturated backbone of these polymers provides 

them with great resistance to oxygen and ozone. The polar nature of 

the ester moiety provides these materials with resistance to 

hydrocarbon oils (327). Acrylic materials have found utility in the 

automotive industry in applications such as transmission seals due to 

this resistance to oils, oxidation, and sulfur vulcanization. The best 

known application of methacrylates is the use of PMMA in sheet 

form which has the trade names of Plexiglass, Lucite and Perspex. 

PMMA has also been used as a glazing material, a stiffener for acrylic 

materials and as a molding powder. This wide variety of applications 

has made PMMA the highest volume material of the poly(acrylates) 

and the poly(methacrylates). 

Changes in the nature of the ester alkyl group of 

(meth)acrylates is the parameter that alters the properties of the 

polymer to the greatest extent. Thermal and mechanical properties 

are most dramatically effected. Poly(acrylates) generally have a 

very flexible backbone relative to poly(methacrylates). This is due to 

the presence of the a-methyl group in methacrylates which hinders 

rotation of the backbone of the polymer to a large extent. This is 

evident in the fact that the poly(methacrylate) will be a much stiffer 
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material at a given temperature than the corresponding 

poly(acrylate). 

In a homologous series of poly(n-alkyl methacrylate)s the glass 

transition of the materials decreases with increasing ester alkyl chain 

length up to approximately C12. This trend is also seen in the 

poly(alkyl acrylate)s. Also, as the ester alkyl group chain length 

increases the polymer has increased hydrophobicity which in turn 

reduces its resistance to hydrocarbon oils. After the chain length of 

the ester alkyl group increases to a certain extent the possibility of 

side chain crystallization exists which will reduce the freedom of 

rotation resulting in a more brittle polymer (328). The glass 

transition temperatures of a number of poly(methacrylate)s are 

shown in Table 6 and those of some poly(acrylate)s are shown in 

Table 7. The polymers shown were prepared by free radical 

techniques. 

The isomeric nature of the ester alkyl group is also of 

importance in the thermal behavior of (meth)acrylic polymers. In a 

isomeric series of poly(butyl acrylate)s the glass transition 

temperature decreases in the order poly(t-butyl acrylate) > 

poly(isobutyl acrylate) > poly(sec-butyl acrylate) > poly(n-butyl 

acrylate) (see Table 7). This effect is caused by increased rotational 

barriers as the bulkiness of the ester alkyl group increases. 

Stereochemistry also can have an effect on the thermal 

properties of polymers. This is most notably seen in vinyl polymers 

of the general structure -(CH2-C(A) (B))x-. If A or B is hydrogen 

there is little effect of stereochemistry on thermal behavior. On the 

other hand, the Tg of atactic a-methyl styrene is approximately 170 

OC while that of the isotactic material is 117 °C (329). In 

polystyrene there is little or no effect of stereochemistry on the Tg. 

The effects of stereochemistry on the Tg's of some 

poly(methacrylate)s is shown in Table 8. 
Stereoregularity in PMMA can also cause morphological 

changes. PMMA with a random stereochemistry is amorphous in 

nature while the stereoregular materials are semicrystalline (330). 
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Table 6: Glass Transition Temperatures (Tg) for Some Free Radically 

Polymerized Poly(alkyl methacrylate)s. From (326). 

  

  

Polymer Tg (°C) 

Poly(methyl methacrylate) 105 

Poly(ethy! methacrylate) 65 

Poly(n-propyl methacrylate) 35 

Poly(isopropyl methacrylate) 81 

Poly(n-butyl methacrylate) 20 

Poly(t-butyl methacrylate) 107 

Poly(n-hexyl methacrylate) -5 

Poly(2-ethylbutyl methacrylate) 11 

Poly(n-octyl methacrylate) -20 

Poly(2-ethylhexyl methacrylate) -10 

Poly(n-decyl methacrylate) -60 

Poly(lauryl methacrylate) -65 

Poly(tetradecyl methacrylate) -72 

Poly(octadecyl methacrylate) -100 

Poly(cyclohexyl methacrylate) 104 

Poly(isobornyl methacrylate) 170 

Poly(phenyl methacrylate) 110 

Poly(benzyl methacrylate) 54 

Poly(ethylthioethyl methacrylate) -20 

Poly(3,3,5-trimethylcyclohexyl methacrylate) 79 
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Table 7: Glass Transition Temperatures for Some Poly(alkyl acrylates). From 

  

  

(326). 

Polymer Tg (° C) 

Poly(methyl acrylate) 6 

Poly(ethyl acrylate) -24 

Poly(propyl acrylate) -45 

Poly(isopropyl! acrylate) -3 

Poly(n-butyl acrylate) -55 

Poly(sec-butyl acrylate) -20 

Poly(isobutyl acrylate) -43 

Poly(t-butyl acrylate) 43 

Poly(hexyl acrylate) -57 

Poly(heptyl acrylate) -60 

Poly(2-heptyl acrylate) -38 

Poly(2-ethylhexyl acrylate) -50 

Poly(2-ethylbutyl acrylate) -50 

Poly(dodecyl acrylate) -30 

Poly(hexadecyl acrylate) 35 

Poly(2-ethoxyethyl acrylate) -50 

Poly(isobornyl acrylate) 94 

16 Poly(cyclohexyl acrylate) 
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Table 8: Stereochemical Effects on The Glass Transition Temperatures (© C) of 

Some Poly(alkyl methacrylate)s. From (326). 

  

Chain Configuration 

  
Methacrylate Atactic Syndiotactic Isotactic 

Methyl 105 160 43 

Ethyl 65 120 8 

n-Propyl 35 

Isopropyl 81 139 27 

n-Butyl 20 81 -24 

Isobutyl 53 120 8 

sec-Butyl 60 

Cyclohexyl 104 163 51 
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Most commercially available poly(alkyl (meth)acrylate)s are 

made by free radical methods and therefore have a statistical 

distribution of stereochemistries and are predominantly atactic. 

There has been a great deal of work published on living 

polymerization of (meth)acrylates which can allow for control of the 

stereochemistry of the resulting polymer. 

2. Synthesis of (Meth)acrylic Polymers 
; E Radical Pol izati Method 

Most commercially available polymethacrylates and 

polyacrylates are synthesized by free radical techniques. These 

conditions allow for high conversions and high molecular weights to 

be obtained. A variety of conditions are used depending on the final 

use for the polymer. Bulk polymerization is used for the formation of 

sheet or molding powder. Suspension polymerization is used to form 

small beads for injection molded materials. High solids, low 

molecular weight coatings are typically made by emulsion 

polymerization techniques (326). 

Azo or peroxide initiators are most often used in the free 

radical polymerization of acrylates and methacrylates. Addition of 

the radical chain end occurs in a head to tail fashion with the 

incoming monomer. In the polymerization of MMA, termination 

takes place primarily by disproportionation, but it can occur by 

either disproportionation or combination depending on the monomer 

used and the polymerization conditions (332-334). These 

phenomena are illustrated in Scheme 1. 

Methacrylates and acrylates are used to a great extent in the 

form of copolymers (326). A wide variety of polymer properties 

can be obtained by use of different combinations of monomers. 

Poly(acrylate)s tend to be quite soft and tacky relative to the 

poly(methacrylate)s which tend to be hard and brittle, in a broad 

sense. By combining acrylates and methacrylates into copolymers 

hardness and tack can be varied over a wide spectrum. 
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Copolymerization of acrylates and methacrylates occurs very 

readily, as does copolymerization with many vinyl monomers (326). 

This copolymerizability allows for incorporation of a variety of 

functional groups to be incorporated into the polymer backbone 

which can provide desirable properties to the polymer. For example 

it is known that polar functional groups on the backbone of a 

polymer improves adhesion to polar substrates. Hydroxyl and 

carboxyl groups are examples of the functional groups that can be 

incorporated into acrylic polymers. Functional groups along the 

polymer backbone also provide sites for possible post polymerization 

reactions. Some commonly utilized post polymerization reactions 

include crosslinking, grafting-from, and hydrolysis and 

neutralization. Some of the functional monomers that have been 

incorporated into polymeric acrylates and methacrylates are shown 

in Table 9. The importance of the ability to incorporate polar 

reactive functional groups along the backbone of these polymers will 

become more evident later in this dissertation. Excellent reviews are 

available for more information concerning free radical 

polymerization of (meth)acrylates (326,335). 

b \nionic Pol ar f (Meth) lat 

Only relatively recently has much work been done on the anionic 

polymerization of methacrylates and only very recently on that of 

acrylates. This despite the vast amount of study dedicated to the 

anionic polymerization of styrene and the dienes. This fact is due to 

a number reasons. The most problematic of these reasons is the 

difficulty in adequately purifying these more polar monomers by 

removing protic and electrophilic impurities. This problem was not 

adequately addressed until 1986 when McGrath et. al. (336) 

discovered that utilizing the interaction of methacrylic monomers 

with trialkyl aluminum provided an efficient method by which to 

purify methacrylic monomers. Also, the polar ester functionality of 

the monomer itself provides a site for deleterious side reactions. 

These side reactions can take place either with the initiator or the 
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Table 9: Functional 

  

Functionality 

carboxyl 

amino 

hydroxy] 

N-hydroxymethy} 

oxirane 

multifunctional 

Methacrylate Monomers. (335) 

    

Monomer 

methacrylic acid 

acrylic acid 

itaconic acid 

2-t-butylaminoethyl 

methacrylate 

2-dimethylaminoethyl 

methacrylate 

2-hydroxyethyl 

methacrylate 

2-hydroxyethyl acrylate 

N-hydroxymethyl 

acrylamide 

N-hydroxymethy] 

methacrylamide 

glycidyl methacrylate 

1,4-butylene dimethacrylate 

Structure 

CH.=C—COOH 

CH, 

CH,=CHCOOH 

CH,COOH 
CH,=C—COOH 

OH, 
i 

CH.=C—COO(CH,).NHC(CH3)5 

ors 

CH.,=C—COO'(CH2),Ni CH). 

ia 
CH,=C—COOCH,CH,0H 

CH.=CHCOOCH.2CH,OH 

CH.—CHCONHCH,OH 

ia 
CH,=C—CONHCH,0OH 

CH3 
| / \ 

CH,=C—COOCH,CH—CH, 

ia 
(CH,=C—COOCH,CH,+- 
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propagating anionic chain end. Two possible sites exist for 

nucleophilic attack in (meth)acrylates. The anion can attack via a 

Michael addition across the carbon-carbon double bond which leads 

to polymerization. It can also attack the ester carbonyl leading to 

termination. 

A number of basic initiators have been utilized for the anionic 

polymerization of alkyl methacrylates. Use of initiators such as n- 

butyllithium and sec-butyllithium leads to significant attack on the 

carbonyl of the monomer (337-339). This side reaction consumes a 

considerable amount of initiator causing the resulting molecular 

weight of the polymer to be low. From these studies the use of more 

sterically hindered bases has developed. Initiators such as 

diphenylmethy!l sodium (340), diphenylhexyl lithium (341), and 

cumyl cesium (342) are commonly used. Diphenylhexyl lithium has 

the advantage of in situ preparation in the polymerization vessel by 

reaction of 1,1-diphenylethylene with alkyl lithiums. It was shown 

by Wegner that PMMA-Li could remain living for 40 hours in THF at 

-78 °C (343). A second aliquot of monomer was added after these 

40 hours and polymerization continued. These results have led to 

the wide spread use of diphenylhexyl lithium as an anionic initiator 

for MMA polymerization. 

In the case of acrylates a further side reaction can take place. 

In acrylates the a-methyl group of methacrylates is replaced by a 

hydrogen which is acidic and reaction of this hydrogen with the 

initiator or chain end will cause termination. 

The reaction conditions used in the anionic polymerization of 

methacrylates can cause dramatic changes in the tacticity of the 

resultant polymer unlike free radical processes. Fox and coworkers 

demonstrated this fact in a series of reports (344-347) where the 

anionic polymerization of MMA was carried out in hydrocarbon 

solution and initiated by alkyl lithium reagents. Under these 

conditions, isotactic polymer was produced. Polymerization in polar 

solvents such as THF, on the other hand, produced largely 

syndiotactic materials. Graham and coworkers (348-350) studied 
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anionically polymerized MMA and concluded that the enolate anion 

of MMA is relatively stable at -78 OC, this anion will polymerize 

more MMA monomer upon a second addition, and it is unable to 

initiate the polymerization of styrene monomer. Since that time 

many studies have been reported concerning the kinetics of the 

process to determine the mechanism of the reaction. 

The anionic polymerization of alkyl methacrylates is 

schematically shown in Scheme 2. In non-polar solvents the kinetics 

of the process are complicated and the occurrence of side reactions is 

prevalent. Under certain conditions in polar solvents these side 

reactions can be controlled to a large extent. In 1959 Wenger (343) 

reported on the anionic polymerization of MMA in THE at -78 °C. He 

showed that once the initial polymerization of MMA monomer was 

complete, addition of more monomer resulted in further 

polymerization. This proved that the anionic chain end persists after 

polymerization is complete giving it its "living" nature. Number 

average molecular weights were compared by Roig (351) before and 

after the addition of more monomer. It was shown that no additional 

polymer molecules were formed, the only ones present were those 

initiated by the initial charge of alkyl lithium. 

Several workers have undertaken the study of the dissociation 

constant of alkali metal ended PMMA in THF (352-356). The 

determined value varied from each group but is on the order of 

10-8 to 10-10 mol/l, an extremely small value. These values 

indicate that the chain end exists like a tight ion pair as opposed to a 

solvent separated ion pair or free ions. The proposed nature of the 

chain end structure of methacrylate-alkali metal enolates is shown in 

Figure 7 (357). There has been extensive study on the kinetics of 

the anionic polymerization of methacrylates as well as the synthesis 

of methacrylate-containing block copolymers. The interested reader 

is directed to an excellent overview of these studies by DePorter 

(358). 

Quite a bit of work has been done on polymerization of alkyl 

methacrylates using Group IIA metals such as organomagnesium and 
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Anionic Initiation and Propagation of Alkyl Methacrylates 
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Scheme 2. Synthetic Pathway for the Anionic Polymerization of 

Alkyl Methacrylates in the Absence of Nucleophilic 

Attack on the Carbonyl (331). 
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organobarium compounds. Allen and Hatada (359-365) have 

utilized organomagnesium and organomagnesium halide initiating 

systems. The majority of the work done was with PMMA in 

hydrocarbon solvents. The kinetics and mechanisms are considered 

to be quite complex. Polymerizations using butylmagnesium as the 

initiator have been described as "pseudo-anionic" by Allen 

(366,367) because of the multimodal molecular weight distributions 

obtained. The interested reader is directed to several reviews on 

organomagnesium initiation of alkyl methacrylates (368-370). 

Hatada utilized t-butyllithium-trialkylaluminum complexes to 

initiate polymerization of methacrylates (371,372). In polymers 

synthesized in hydrocarbon solvents he found very high amounts of 

syndiotacticity which varies greatly from previous studies of 

methacrylates polymerized in hydrocarbon solvents. Organolithium 

initiated polymerizations of MMA in non-polar solvents usually leads 

to polymers with high degrees of isotacticity. 

Anionic polymerization of alkyl acrylates has been known 

for a long time but it was also known that undesirable side reactions 

complicated the polymerizations and the process was not "living" in 

nature. This train of thought was changed with the first report of a 

living polymerization of an alkyl acrylate by Teyssie and coworkers 

in 1987 (373). In this landmark study, t-butyl acrylate was 

anionically polymerized and described. They utilized a p-type ligand, 

lithium chloride, to make the enolate ion pair a more tight ion pair as 

evidenced by Li NMR spectroscopy. This tightening of the ion pair 

reduced the reactivity of the enolate chain end eliminating possible 

side reactions. The amount of LiCl was usually on the order of 0.6- 

2.0 LiCl:RLi. Polymerizations carried out at -78 °C under these 

conditions allowed for molecular weight control and narrow 

molecular weight distribution materials to be obtained. They then 

extended the use of this technology to homopolymerizations of MMA 

(374), random copolymerizations of MMA and TBA (375), synthesis 

of styrene/t-butyl acrylate di- and triblock copolymers using both 

monofunctional and difunctional initiation (376), formation of 
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poly(methyl methacrylate-b-t-butyl acrylate) copolymers (377), 

and the synthesis of PTBA macromonomers (270). The idea of 

coordinating the anionic chain end was applied to the use of crown 

ethers as chelating agents in the polymerization of MMA. Living 

polymerization conditions were maintained at temperatures as high 

as 0 CC in non-polar solvents such as toluene (378). Other more 

fundamental investigations have also been performed (379). Muller 

and coworkers have also utilized the Teyssie methods to some extent 

(379). 

: G T f Pol ‘zation 

As discussed in the previous section, the polymerization of 

alkyl (meth)acrylates is generally done at low temperatures which is 

not desirable in an industrial setting. A very elegant approach to 

synthesizing well defined (meth)acrylic polymers called group 

transfer polymerization (GTP) was developed by Webster and 

associates (380-383) at DuPont. This methodology allows for the 

"living" polymerization of a,B-unsaturated monomers such as 

acrylates and methacrylates over a broad temperature range, even at 

temperatures above room temperature. This method offers 

advantages over anionic polymerization of (meth)acrylates in that 

only very hindered monomers such as t-butyl methacrylate can be 

polymerized anionically in a living manner at room temperature 

(357,384). 

The term group transfer polymerization was applied to this 

process from the fact that polymerization proceeded by the repeated 

addition of a trialkylsilyl moiety from the initiator or propagating 

chain end to an incoming monomer (381) (Scheme 3). This transfer 

occurs along with the repeated addition of monomer in the presence 

of a catalyst. 

The initiators used for GTP have generally been silyl ketene 

acetals. Ketene acetals have been known and reported on since as 

early as 1907 (385). The first trialkyl silyl ketene acetal was 

prepared by Petrov in 1959 when he reacted triethylsilane with 
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Scheme 3. Synthetic Pathway of Nucleophilically Catalyzed Group 

Transfer Polymerization of Alkyl Methacrylates (387). 
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methyl methacrylate (385). Since that time silyl ketene acetals 

have been prepared by a variety of methods yielding varying 

amounts of C- and O- silylated products. Two of the more successful 

synthetic pathways are illustrated in Scheme 4. Route I involves the 

reaction of a-anions of acetates with trialkylchlorosilane to afford the 

corresponding silyl ketene acetal. Lithium diisopropylamide (LDA) is 

utilized to form the a@-anion by reaction with an ester. This is 

followed by the addition of the chlorosilane (385,386). Route II 

utilizes tris(triphenyl)-phosphinechlororhodium, otherwise known as 

Wilkinson's catalyst in the hydrosilylation of a,B-unsaturated esters. 

Depending upon the ester and hydrosilane used, this process gives 

the corresponding 1,2 or 1,4 adduct selectively, in high yields. For 

example, the hydrosilylation of MMA by this process produces the 

1,4 adduct selectively with yields approaching 95 % (388,389). 

A wide variety of organic molecules are synthesized utilizing 

silyl ketene acetals. A sample of these are shown in Table 10 (390- 

393). The use of silyl ketene acetals in hydrosilylation reactions 

requires a catalyst. Possible catalysts that can be used include 

anions as well as Lewis acids. This synthetic versatility of silyl 

ketene acetals was utilized by the workers at DuPont to prepare 

(meth)acrylic polymers. A wide variety of initiators have been 

utilized in GTP, many of which are listed in Table 11 and described in 

the DuPont patents (394). The preparation of a variety of these 

initiators and their use as initiators has been described in a review 

by Sogah and coworkers (395). The most commonly used initiators 

have the general structure shown. 

CH, OSi(CH3)3 

C=C 

cHY ‘oR 
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Table 10: Organic Synthesis Using Silyl Ketene Acetals. From (387). 
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Table 11: Select List of Group Transfer Initiators. From (387). 
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Webster has determined that the most effective of these initiators is 

1-alkoxy-1'-(trimethylsiloxy)-methyl-l-alkene. Alterations in the 

structure will cause changes in the initiator efficiency and also the 

polymer end groups obtained. As an example, when the bulkiness of 

the alkyl groups of the trialkylsilyl portion of the initiator is 

increased the polymerization rate is reduced (395). Also, when 

nucleophilic catalysts have been employed and the B-methyl group is 

exchanged for a hydrogen, control of the molecular weight is lost. 

This is most probably caused by the catalysis of the isomerization of 

the silyl ketene acetal to the corresponding a-silyl ester by the 

nucleophile. These C-silylated materials are inactive forms of the 

initiator. 

The use of protected functional initiators has been done to 

successfully synthesize chelic and telechelic polymers via GTP. A 

wide variety of functional groups have utilized (395-399) including 

hydroxyl (395, 396), carboxyl (395, 396), acyl (397), and 

styrenic groups (398). Phosphorus containing silyl ketene acetals 

have also been used to produce phosphonic acid terminal polymers 

by Hertler (395, 400). High levels of catalysts were required in 

these cases due to the coordination with the phosphonate group 

which makes it inactive for polymerization. The use of 

phosphonamide containing initiators, where coordination is less of a 

problem, required no catalyst. The customized design of initiators 

allows for a wide variety of polymer architectures to be synthesized 

including blocks, grafts, ladders, and stars (395, 401, 402). 

Initiation of GTP can be accomplished using any of a number of silyl 

derivatives. These include trimethylsilyl cyanide (395, 403), alkyl 

and aryl thiosilanes (404). These compounds are capable of reacting 

with a,B-unsaturated esters by a catalyzed Michael addition forming 

a Silyl ketene acetal in situ with subsequent polymerization. The 

utility of trimethysilylcyanide as a GTP initiator has been studied by 

Bandermann and coworkers (403, 405, 406) who studied the 

characteristics and kinetics associated with this initiator. 
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Analogues of the silyl ketene acetal initiators have been 

synthesized that contain tin and germanium in place of the silicon 

atom (395, 407, 408). The polymerization of MMA was performed 

using these initiators. The control of molecular weight was lost and 

polymers of broad molecular weight distribution resulted. This 

problem was attributed to the change in the steric environment at 

the living chain end with exchange of silicon for germanium or tin. 

The propagating chain end in GTP has the structure of a silyl 

ketene acetal regardless which derivative of the general structure is 

used. Initiation and propagation occurs via the transfer of the 

trialkyl silyl group to the incoming monomer in the presence of 

nucleophilic or electrophilic catalysts. 

A variety of nucleophilic and electrophilic catalysts have been 

utilized in GTP and several of these are illustrated in Table 12. The 

function of the catalyst changes depending upon the nature of the 

catalyst. Lewis acids, or electrophiles, are reported to activate the 

incoming monomer to be susceptible to nucleophilic attack by the 

silyl ketene acetal chain end. Nucleophilic catalysts, on the other 

hand, are said to coordinate with the silicon atom of the initiator or 

active chain end producing a hypervalent, pentacoordinate 

intermediate which is more reactive towards incoming monomer 

(382). 

The most successfully utilized catalysts are the 

difluoromethylsilicates, cyanides, acetates, and benzoates but a large 

number of studies done have used the bifluoride catalysts. 

Due to their strong affinity for silicon, fluoride and bifluoride 

catalysts have been used as desilylating agents and as an efficient 

promoter of a variety of organic reactions (409). An example of this 

is the use of cesium fluoride. This reagent in the presence of 

trialkylsilanes promotes Michael addition of monoketones and 

arylacetonitriles with Michael acceptors such as a,B-unsaturated 

ketones, esters, nitriles, and amides (410). The reactivity of 

methyltrimethylsilyl ketene acetals in the presence of catalytic 

amounts of tetrabutylammonium fluoride was utilized by Kita (411) 
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Table 12: Group Transfer Polymerization Catalysts. From (387). 

  

Catalyst Structure 

Tris(dimethylamino)- §_[(CH3)2N],S* HF.7 
sulfonium bifluoride 
(TASHF.) 

Tris (dimethylamino) [ (CH3)9N]4S7 Si(CH3)3F27 
sulfonium difluorotri- 
methyl silicate 
(TASF,SiMe, ) 

Tris (piperidino) Nj,S* HF," 
sulfonium bifluoride 

(TPSHF, ) 

_
 

  

Tetra(alkyl) ammonium - (alkyl) ,N* CN 
cyanide 

Tetra (alkyl) - (R) 4N* ~OoccH, 
ammonium acetate 

Tetra (alkyl) ammonium (R) N* rove) 
benzoate 

Zinc Halides ZnClo5,ZnBro,2nI>5 

Di (alkyl) aluminun- R2A1CL 
chloride 

Di (alkyl) aluminun (R2A1) 20 
oxide 
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to prepare a variety of cyclic oxygen-oxygen, oxygen-sulfur, and 

sulfur-sulfur acetals from enolizable carbonyl compounds. 

The ability of these compounds to catalyze GTP has been 

extensively utilized (391, 392, 395). The most frequently studied 

of this family of compounds is tris(dimethylamino sulfonium 

bifluoride (TASHF2). Tris(dimethylamino)sulfonium 

difluorotrimethylsiliconate is hydrolyzed to prepare this catalyst 

which is soluble in some organic solvents. The solubility of these 

fluoride and bifluoride catalysts is dependent to a great extent on the 

counteranion of the anion. High solubility parameter solvents such 

as acetonitrile and dimethylformamide are suitable for catalysts such 

as TASHF?2 and potassium bifluoride (KHF2). When a less polar 

solvent is to be utilized, a co-solvent is necessary. Despite the 

reduced solubility of these catalysts, it has been shown that MMA 

can be polymerized in a heterogeneous mixture of solid TASHF2 to 

yield polymers of controlled molecular weight and narrow molecular 

weight distribution (395). 

Other nucleophilic catalysts that have been utilized include 

cyanide and oxy-anion catalysts. Examples of cyanide catalysts 

include tris(dimethylamino)sulfonium cyanide (395), and 

tetraethylammonium cyanide (395, 405, 406). These catalysts 

have also been used to produce controlled molecular weight and 

narrow molecular weight distribution polymers by GTP. Counterions 

such as the tetraethylammonium ion can have limited solubility in 

non-polar solvents and a co-solvent is often necessary (395). 

Dicker and coworkers (412) synthesized and utilized a number 

of oxy-anion catalysts for GTP. This family of catalysts includes 

carboxylate, sulfonate, phenolate, phosphonate, sulfonamidate, 

benzoate, and perfluoroalkoxide. Also synthesized and utilized were 

dianions made by the reaction of the oxy-anions with a 

stoichiometric amount of their conjugate acid. Mono-oxyanionic salts 

such as tertabutylammonium benzoate (TBAB) is prepared by the 

reaction of benzoic acid and tetrabutylammonium hydroxide in a 1:1 

molar ratio. TBAB is soluble in solvents like THF so a co-solvent is 
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seldom, if ever, necessary. Molecular weight control and narrow 

polydispersities have been achieved when using a variety of oxy- 

anion catalysts. 

The activity of the catalysts can be effected by a number of 

parameters. The counterion employed has an influence on catalytic 

activity. Strongly coordinating anions such as the sodium counterion 

of sodium acetate will make the anion less available for interaction 

with the silyl ketene acetal. To achieve greater control over the 

polymerization the use of cationic counterions that are non- 

coordinating such as tetraalkylammonium and TAS are used. Crown 

ethers which can complex strongly coordinating cations have been 

shown in preliminary studies to free the anion to serve more 

effectively as a GTP catalyst (413). The temperature at which the 

polymerization is run also has an effect on the catalyst activity. 

Bifluoride catalysts can efficiently catalyze GTP even at -78 °C but 

the only oxyanion catalysts that effectively catalyze the 

polymerization at such temperatures are the most basic of this 

family of catalysts. An example of these are the acetate catalysts. 

Certain oxyanion catalysts are not even capable of catalyzing GTP at 

room temperature, but are quite effective at elevated temperatures 

(412). Because of the wide variety of nucleophilic catalysts 

available, the reaction conditions can be tailored in terms of solvent 

and polymerization temperature. 

When nucleophilic catalysts are utilized, the amount of catalyst 

used is calculated relative to the amount of silyl ketene acetal 

initiator. It has been shown that levels of less than 0.1 mole percent 

relative to initiator are sufficient to effectively catalyze GTP. When 

electrophilic catalysts, such as zinc halides, are used levels of 

approximately 10 mole percent relative to monomer are required. 

Aluminum catalysts have been used at approximately 10 mole 

percent based on initiator (382, 414). It has been reported that the 

electrophilic catalysts coordinate with the carbonyl oxygen of the 

incoming monomer. No reports, however, have discussed the 
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necessity of the large amounts of catalyst needed even in the GTP of 

the more reactive acrylates. 

Electrophilic catalysts, Lewis acids, have been used in organic 

reactions of silyl ketene acetals like the nucleophilic catalysts. Some 

examples of their utility are shown in Table 13 (390, 415-417). 

The use of the electrophilic catalysts is limited as compared to the 

nucleophilic type. The electrophilic catalysts such as zinc halides, 

dialkylaluminum halides, and dialkylaluminum oxides have greater 

synthetic utility in that they are capable of catalyzing the GTP of 

acrylic monomers, whereas the nucleophilic catalysts cannot (382, 

418). When electrophilic catalysts are used the reaction conditions 

must be more rigorously controlled. The preferred solvents are 

chlorinated alkanes and aromatic hydrocarbons; donor solvents must 

be avoided. One exception is that aluminum catalysts have been 

utilized for GTP in acetonitrile solvent with no apparent difficulty. 

Hertler and coworkers (382) performed various studies using zinc 

halide catalysts. Zinc iodide provide the greatest molecular weight 

control while zinc chloride was the least desirable. The effect of 

polymerization temperature was also investigated. At room 

temperature zinc halides efficiently catalyze GTP whereas aluminum 

catalysts are much more sensitive. A competitive decomposition 

reaction takes place with the aluminum catalysts at ambient 

temperature. These catalysts could be effectively utilized only in 

room temperature GTP of acrylates in batch processes. The 

polymerization rate of the alkyl methacrylates is prohibitively slow. 

When the polymerization temperature is lowered to -78 °C the 

decomposition reaction rate is sufficiently suppressed and solution 

polymerization of acrylic monomers is successful. 

No matter the role of the catalyst in GIP, the consistent feature 

is the transfer of the trialkylsilyl moiety to the incoming monomer 

with regeneration of a silyl ketene acetal. The necessity of the silyl 

ketene acetal formation limits the types of monomers that can be 

polymerized by GTP. It is a more limited technique than anionic 

polymerization techniques in that a range of monomers, polar and 
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Table 13:  Electrophilically Catalyzed Organic Reactions of Silyl Ketene 

Acetals. From (387). 
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non-polar, can be successfully polymerized in a living manner 

anionically. One stipulation is the necessity of the ability of the 

monomer to stabilize the propagating carbanion. Styrene and the 

dienes are polymerizable, even on an industrial scale, by anionic 

methods but are not polymerizable via GIP. The patents by the 

workers at DuPont list a variety of monomers that can be 

polymerized via GTP (394, 419). These include o,B-unsaturated 

esters, ketones, nitriles, and carboxamides. GTP, like anionic 

polymerization methods, is susceptible to termination by protic 

sources. Because of this aspect, monomers containing active 

hydrogens, such as 2-hydroxyethyl methacrylate, cannot be 

polymerized directly. The hydroxyl functional group must be 

protected prior to polymerization by either GTP or anionic 

techniques. 

The GTP route was applied by Gomez and Neidlinger in their 

preparation of PMMA materials that contained UV stabilizers (420, 

421). These monomers, as well as some other less typical monomers 

that have been polymerized via GTP, are listed in Table 14. One 

application for the materials synthesized is for use as covers for solar 

energy panels. Both 4-methacryloxy-2-hydroxybenzophenone and 

2-(2-hydroxy-4-methacryloxyphenyl)-2H-benzotriazole were added 

to living PMMA. This was followed by a second addition of MMA to 

form the corresponding triblock copolymer. Hydroxyl protons 

usually terminate GTP but in this case it has been suggested that 

these protons are involved in strong hydrogen bonding with the 

carbonyl of triazole moieties which prevent termination. Poly(N,N- 

dimethyl acrylamide) as well as 6-membered ring containing imides 

have been prepared by Kozakiewicz and coworkers (422). Other 

monomers listed in the table contain reactive groups which remain 

pendant to the backbone once polymerized by GTP. Monomers that 

contain allyl and sorbyl pendant functionalities lead to crosslinked 

materials when polymerized by free radical techniques but in GTP 

these functional 
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Table 14: 
From (387). 
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groups are inert under the polymerization conditions and can be 

utilized in post polymerization reactions(394). Monomers such as p- 

vinylbenzyl methacrylate (172), and glycidyl methacrylate (418, 

419) have been selectively polymerized by GTP with control of the 

temperature of the polymerization to prevent thermally induced free 

radical polymerization of the pendant functional groups. 

The difference in the reactivity of acrylates and methacrylates 

can be utilized to advantage (394, 418). Since acrylates polymerize 

much faster than methacrylates, acrylates can be selectively 

polymerized under controlled reaction conditions providing polymers 

with pendant methacrylic groups. An example of a monomer capable 

of forming such materials is methacryloxyethyl acrylate. This 

reactivity difference could prevent the formation of random 

copolymers of acrylates and methacrylates. It is expected that a 

tapered block copolymer material would result if monomers of the 

two different families were polymerized simultaneously. Block and 

random copolymers have been reported within the same family of 

monomers and have been prepared cleanly (423). 

Novel monomers have been polymerized via GTP leading to 

some interesting materials. Monomers containing mesogenic groups 

have been polymerized by both Pugh and Percec (172, 424) 

producing materials having liquid crystalline properties. Polymers 

containing mesogenic and non-mesogenic electron donor and electron 

acceptor pendant groups were prepared. GTP was utilized to 

synthesize liquid crystalline oligomers from monomers such as N-(2- 

hydroxyethyl)-carbazoyl methacrylate and the glass transition 

behavior was investigated. Kreuder and coworkers (425) 

synthesized liquid crystalline polymethacrylates and compared the 

properties of the materials as a function of polymerization 

mechanism, either free radical, anionic, or GTP. The polymers 

prepared via GTP were similar to those prepared by free radical 

processes. Both showed predominantly syndiotactic stereochemistry 

and nematic phase behavior. The anionically prepared materials 

were mainly isotactic and afforded highly ordered smectic 
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mesophase materials. Liquid crystalline behavior was not observed 

for random copolymers of the mesogenic monomer and MMA. _ These 

investigations show that with selective choice of polymerization 

mechanism and reaction conditions liquid crystalline phase behavior 

can be controlled to some extent. 

Other investigations comparing the results obtained using the 

three different polymerization mechanisms of free radical, anionic 

and GTP have been done. One such study compared the resulting 

polymers of racemic mixtures and optically active a-methylene-t- 

methyl-t-butyrolactone (426). Free radical processes produced 

highly atactic polymers, while anionic and GTP routes afforded 

isotactic materials. In studies using the optically pure monomer, free 

radically synthesized polymers were limited in isotactic content 

leading to the observation that the monomer itself provided an 

influence as to the resultant tacticity. 

GTP has been utilized in the synthesis of polymers of selected 

families of monomers. Materials with varying defined architectures. 

such as homo-, block, graft, star, ladder, and random copolymers can 

all be readily synthesized by this technique. It is possible to 

randomly incorporate pendant functional groups by choice of 

monomer. These functional groups can then undergo further 

reaction to form network materials of graft systems. It is generally 

accepted that polymerization proceeds with the transfer of the 

trialkylsilyl, moiety of the initiator to incoming monomer in the 

presence of a catalyst, if necessary. Many studies have been done to 

elucidate the actual mechanism of the group transfer polymerization 

process. 

Labelling studies as well as trapping studies were utilized by 

Webster, et. al. (394, 381) in proposing an intermolecular transfer 

mechanism for GTP. The determined that the silyl group is directly 

transferred from the initiator of propagating chain end to the oxygen 

of the carbonyl of the incoming monomer. The intermediate 

involved was determined to contain a hypervalent silicon atom. This 
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proposed mechanism is illustrated in Scheme 5. The silicon is 

activated by a nucleophile which is followed by the formation of the 

hypervalent silicon in the presence of monomer. The concerted 

electron rearrangements shown lead to the transfer of the 

trialkylsilyl group. Several other mechanisms have been proposed 

for GTP but the primary focus of the work of the group from DuPont 

was to elucidate whether the mechanism proceeds by a dissociative 

Or associative process (427, 428). Two types of dissociative 

mechanisms, reversible and irreversible, are shown in Schemes 6 

and 7. The reversible dissociative mechanism proceeds with the 

nucleophilic catalyst reversibly cleaving the trialkyl silyl group of 

the initiator generating an ester enolate, which is the propagating 

species. Polymerization proceeds by repeated addition of monomer 

ending in a polymeric carbanion. Once resilylated, the trialkyl silyl 

ketene acetal fragment is regenerated at the end of the polymer 

chain. The other dissociative mechanism involves the irreversible 

cleavage of the trialkylsilyl group from the initiator fragment. The 

trialkylsilyl ketene acetal is regenerated at the chain end by any of 

the silyl ketene acetals present in the reaction mixture. 

Direct transfer of the trialkylsilyl group from the initiator or 

propagating chain end to the incoming monomer via a hypervalent 

silicon intermediate is the main concept of the associative 

mechanism. 

All three mechanisms result in the silyl ketene acetal being 

regenerated at the polymer chain end. This structure was confirmed 

by !3C NMR determinations and capping studies (399, 427). The 

important distinction between the three mechanisms lies with the 

trialkylsilyl group. 

Studies were undertaken to disprove the dissociative 

mechanisms by Sogah and coworkers. Since the trialkylsilyl group is 

not exchanged between chains in the associative mechanism, the 

environment of the silicon atom does not change during the 

polymerization. Under the conditions of GTP, fluorosilane formation 

was determined to be a reversible, dissociative process by labelled 
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silylfluoride experiments (427, 428). Other studies have shown 

that silyl groups are exchanged between silyl ketene acetals and 

living oligomers in the presence of nucleophilic GTP catalysts. This 

shows that resilylation of ester enolates by any source of silyl ketene 

acetals may be facile at early stages of polymerization. It was also 

noticed that no silyl group exchange occurred between living 

oligomeric species. Double labelling experiments were done using 

two living homopolymers of PMMA and poly(n-butyl acrylate) to 

determine relative rates of silyl group exchange and intermolecular 

transfer. There was no silyl group exchange between the two 

homopolymers which supports the intermolecular silyl transfer 

mechanism. These experiments did not dismiss the possibility of the 

irreversible dissociative route. It was concluded that the mechanism 

of propagation is independent of degree of polymerization and any 

changes in mechanism is inconsistent with the fact that the amount 

of initiator controls molecular weight. Model studies were also done 

to support the associative mechanism centering on the fact that 

silicon can expand its valence shell and form 5 or 6 coordinate 

compounds and carbon cannot (429-431). Polymerization of MMA 

by a stable pentacoordinate silicate was used to support the 

involvement of a pentacoordinate silicon species in the mechanism, a 

species which is not involved in either dissociative mechanism 

(427). Although the two intermediates shown are quite different 

the results obtained suggest that activation of the initiator is 

necessary in the GTP process. These studies support the associative 

mechanism as the actual mechanism of polymerization although it 

must be noted that only one of the families of catalysts was studied. 

Webster (418) has suggested that an alternative transition 

state may be involved which involves two steps. Carbon-carbon 

bond formation occurs as the first step to take place after 

coordination of the catalyst to silicon. It was also suggested that the 

intermediates of Scheme 8 may be present prior to transfer of the 

silyl] group. Although these suggestions are purely speculative, they 

do serve to provide one mechanistic pathway for both electrophilic 
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and nucleophilic catalysts. Further studies into the mechanism of 

GTP have involved kinetic investigations. The interested reader is 

directed to an excellent review by Hellstern (387). 

Recently, Quirk and coworkers have studied the mechanism of 

GTP (432, 433). From their studies they proposed that the process 

proceeds by an enolate anion intermediate as the propagating species 

(Scheme 9). They used the technique of mixing living polymers of 

different molecular weights and with different silyl end groups in 

the presence of the TAS bifluoride catalyst followed by separation 

and fractionation. It was shown that living trimethylsilyl-ended 

PMMA (Mp = 13,000) and phenyldimethylsilyl-ended PMMA (Mp = 

3100) undergo exchange of trialkylsilyl groups over a 20 minute 

time period in the presence or absence of polymerizing monomer. 

These studies suggest that the associative mechanism for GTP is a 

tenuous explanation of the process and that other processes may be 

involved. This area of the mechanism of GTP is under continuing 

debate. 

Microstructure and stereoregularity are important aspects to 

be considered in a polymeric material. The microstructure obtained 

from the anionic polymerization of alkyl methacrylates and other 

monomers is greatly influenced by initiator, solvent and reaction 

temperature. Changes in microstructure will effect the properties of 

the polymer. No influence of solvent on the resultant stereochemistry 

of PMMA prepared by GTP methods has been shown (434). The 

catalyst used and the temperature of polymerization do effect the 

microstructure of the resulting polymer, but not to such a large 

extent as seen for anionically polymerized materials. When Lewis 

acid catalysts are utilized, GTP of MMA produced a polymer with a 

ratio of syndiotactic to heterotactic triads of 2:1. Temperature and 

solvent had no effect on these results (382). Anion catalysis of GTP 

of MMA at room temperature yielded polymers with a 1:1 ratio of 

syndiotactic to heterotactic triads. The effect of temperature on the 

microstructure produced in a GTP synthesized material was 
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determined using TASHF2 and TASF catalysts in isothermal 

experiments (395, 435, 436). It was determined that decreases in 

temperature brought about increases in the syndiotacticity of the 

‘ resultant polymer. It was also determined that the microstructure 

follows Bernoullian statistics, the monomer unit on the chain end 

influences the way in which the incoming monomer unit attaches 

itself to the polymer chain. Triad determinations agree well with 

results from anionically polymerized MMA which conflicts with the 

concerted associated mechanism for GTP where it would be expected 

that high stereoselectivity would result. The two step associative 

mechanism is supported by these results. The primary role of the 

catalyst in this mechanism is to activate the a-carbon of the acetal to 

attack the polarized vinyl unsaturation of the monomer. 

E/Z isomerization studies of the silyl ketene acetal of the 

initiator or polymeric chain end have been utilized to gain insight 

into the stereopolymerization of monomers by GTP. Brittain (437) 

determined that the stereoisomerization of the chain end is 

competitive with propagation using TPSHF2 as the catalyst. 

Bernoullian statistics were observed for the GTP of MMA. When 

tetrabutylammonium bibenzoate (TBABB) was utilized as catalyst, 

E/Z isomerization was much slower which would most likely result in 

non-Bernoullian statistics, although this was not the case. He 

concluded that the Z and E chain ends behaved similarly 

stereochemically and the mechanism of E/Z isomerization was a 

reversible Michael reaction which results in Bernoullian propagation 

Statistics. 

GTP has been shown to be a very valuable method of 

polymerizing selected families of monomers in a living manner. This 

despite the ongoing debate over the mechanism of the process. The 

degree of molecular weight control and the narrow polydispersities 

obtained rival that of anionic methods and the temperature range 

over which polymerization can take place is an advantage over 

anionic processes. The emphasis on the ability to prepare well 

defined multiphase materials with tailored properties is great. 
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Sequential addition methods in living polymerization processes 

provides one of the most effective means in which to produce well 

defined block copolymers. The macromonomer technique has also 

allowed for the synthesis of well defined graft copolymer 

architectures. GTP finds utility in the synthesis of both of these 

different architectures in a well defined manner. 

Many reviews of group transfer polymerization have been 

published recently (438-446). The interested reader is directed to 

the references provided. 

D. Butadiene Polymers 

1. Polymerization, Microstructure, and Physical Behavior 

This discussion of the polymerization of butadiene will also 

include quite a bit of information on the polymerization of isoprene 

as well as styrene. This is because progress, especially in the area of 

anionic polymerization of these materials, occurred somewhat 

simultaneously. Also, many of the concepts presented here apply to 

all of these systems, including even the anionic polymerization of 

methacrylates, which will be discussed later. Early in the century, 

several patents and reports appeared in the literature concerning the 

polymerization of dienes using alkali metals (447-449). 

Polymerization of styrene and dienes by alkali metals and their 

alkyls lacked a termination step under certain reaction conditions. 

The polymerization was not explicitly determined to be anionic or 

living in nature. One of the first anionic mechanisms was proposed 

by Wooding (450) for the potassium amide initiation of styrene in 

liquid ammonia. Since the ammonia present in the reaction mixture 

caused protonation of the styryl anion, this system was also not 

living in nature. It was established at this time that there were 

three distinct processes taking place during the polymerization; 

initiation, propagation, and termination. The utility of anionic 

polymerization methods to synthesize controlled materials was first 

discovered and exploited in 1956 in two different studies. The 
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discovery that lithium and its organic derivatives could polymerize 

isoprene predominantly in the form of cis-1,4 microstructure (see 

Figure 8) was made by workers at Firestone (451). This material 

which resembled natural rubber, which is 100% cis-1,4- 

poly(isoprene), was of significant industrial interest. Also, almost 

simultaneously, Szwarc et al. discovered that the initiation of the 

polymerization of styrene by sodium naphthalide provided polymers 

with anionic chain ends that were active for significant periods of 

time. Upon addition of more styrene monomer, these workers noted 

an increase in the viscosity which was correctly attributed to an 

increase in the molecular weight of the polymers. From this work, 

Szwarc assigned the term "living" to these types of polymerizations. 

A synthetic scheme of Szwarc's experiment is shown in Scheme 10. 

The necessity of having the polymerization environment be totally 

devoid of electrophilic impurities such as water, alcohols, etc., and 

under an inert atmosphere to allow for a living polymerization was 

determined by these studies. Also from this work, Szwarc realized 

the possibilities available for the synthesis of end-functional and 

block copolymers. After these studies were completed, a great deal 

of work commenced in this area leading to several comprehensive 

reports being published (452-456). Over the course of these 

studies several parameters were defined that allow for the synthesis 

of controlled materials by anionic methods. These include that the 

number average molecular weight of the polymer can be defined by 

the stoichiometry of the initiator and monomer when reaction 

conditions are adequately controlled. Also, polymers with narrow 

molecular weight distributions can be synthesized. The rate of 

polymerization as well as the microstructure of the resulting polymer 

(where it applies) is greatly effected by polymerization temperature 

and the polarity of the solvent or the presence of a ligand to chelate 

the ion pair chain end. Polymerization conditions, such as solvent 

polarity, will effect, to a great extent, the reactivity ratios pertinent 

in the copolymerization of styrenes and dienes. 

Initiation of styrene and the dienes by anionic methods 
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proceeds by the nucleophilic attack of the carbanion on the 

unsaturation of the monomer ring-opening the double bond. If 

initiation is a faster process than propagation all the polymer chains 

will essentially be initiated at the same time. Flory (457,458) 

stated that in a system such as this, all growing polymer chains have 

equal access to the monomer present so all chains will propagate to 

similar lengths. If the system is totally devoid of electrophilic 

impurities and terminating agents, the material obtained will have a 

narrow molecular weight distribution and molecular weight will 

increase linearly with conversion of monomer to polymer. In a 

system of this nature, each initiator molecule will initiate one 

polymer molecule. The number average molecular weight will then 

be determined by the stoichiometric ratio of monomer to initiator 

<Mn> = grams monomer/moles initiator 

for monofunctional initiators. In a case where a difunctional anionic 

initiator is utilized the relation changes accordingly 

<Mn> = grams monomer/(0.5)(moles anion) 

These relations are correct under the assumption that all of the 

anionic initiator is active in the initiation process. In some cases this 

is not true. Some alkyl lithium initiators tend to associate in non- 

polar solvents and this association can render some of the initiator 

inactive (456). The initiator used in the studies to be presented do 

not present this problem. 

The growing anionic polymeric chain ends of 

poly(butadienyl)lithium and poly(styrenyl)lithium can also associate 

to varying degrees. The conditions in which the anionic chain end 

exists determines the degree of association. The association of the 

anionic chain end and the cationic counterion is also determined by 

the reaction conditions. Winstein (459) proposed a spectrum of 

degree to which the ion pair at the growing chain end is dissociated. 
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This spectrum extends from the covalent bond at one end of the 

spectrum to the opposite extreme of free ions. 

The degree to which the ion pair is dissociated is effected by a 

number of things. The solvent polarity and the presence of chelating 

ligands that will interact with the counterion effecting the degree of 

dissociation to the greatest extent. Other factors including 

temperature, nature of the counterion, as well as anion concentration 

also effect the ion pair, but to a much lesser degree (456). 

These factors, therefore, have an effect on the microstructure 

of poly(diene)s produced anionically. The effect of solvent polarity 

on the microstructure of poly(butadiene)s and poly(isoprene)s 

synthesized anionically with organoalkali initiators is shown in Table 

15. It is obvious that as the polarity of the solvent increases the 

amount of vinyl addition, 1,2 for butadiene and 1,2 or 3,4 for 

isoprene, increases as well. This correspondingly reduces the amount 

of 1,4 addition. Also, as the electropositive nature of the counterion 

increases, the amount of 1,4 addition decreases. 

Chelating ligands have also been used extensively to modify the 

nature of the environment of the propagating chain end. The effect 

of adding various amounts of a variety of chelating compounds is 

shown in Table 16. The microstructural changes are quite dramatic, 

especially in the cases of bidentate amine ligands which have strong 

electron donor characteristics. The effects are greater than for the 

monodentate amine ligands as well as the ether based ligands. This 

is most dramatically seen in a comparison of the bidentate ligand 

dipiperidinoethane (DIPIP) at a level of 1:1 molar ratio with lithium 

with triethylamine at a 270:1 molar ratio with lithium. Also noticed 

is the slight effect of temperature on the microstructure of 

poly(diene)s produced in the presence of chelating ligands. This 

effect has been attributed to a slight dissociation of the 

ligand/lithium complex upon heating (460). Tertiary amines have 

also been used as chelating ligands in small amounts to increase the 

efficiency of some difunctional alkyl lithium initiators. Two such 

amines are tetramethylethylenediamine (TMEDA) and N,N,N’',N",N"- 
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Table 15: Effect of Solvent on Microstructure of Poly(diene)s Polymerized 

with Organoalkali Initiators. From (358). 

  

  

hain Micr re_(mol 

Initiator Solvent cis-1.4 trans-1.4 12 3.4 

Poly(Isoprene) 

n-BuLi n-Heptane 93 0 0 7 

n-BuLi THF 0 30 16 54 

C6Hs5Na n-Heptane 0 47 8 45 

C6Hs5Na THF 0 38 13 49 

C6H5CH2K  n-Heptane 0 52 10 38 

C6HsCH2K THF 0 43 17 40 

Rb None 5 47 10 38 

Cs None 4 51 8 37 

C10HgCs* THF 0 28 29 43 

Poly(Butadiene) 

C2HsLi n-Hexane 43 50 7 

C2H5Li THF 0 9 91 

Na . None 10 25 65 

Ci9HgNa* THF 0 9 91 

K None 15 40 45 

Ci9HgK* THF 0 17 93 

Rb None 7 31 62 

Rb THF 0 25 75 

Cs None 6 35 59 

CioHgCs* THF 0 14 86 

  

* .78 °C. All others at 25-50 °C. 
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Table 16: Effect of Chelating Ligand on Microstructure of Poly(butadiene)s 

Initiated with Organolithiums in Hydrocarbon Solvent. From (358). 

  

Percent 1,2 Addition 

  

Base Base/Li 30 °C 50 °C 70 °C 

Triethylamine 270 37 33 25 

Ether 12 22 16 14 

Ether 96 36 26 23 

THF 5 44 25 20 

THF 85 73 49 46 

TMEDA 1.14 76 61 31 

DIPIP 1 99 68 31 

DIPIP 10 99 95 84 

  

TMEDA = Tetramethylethylenediamine 

DIPIP = 1,2-dipiperidinoethane 
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pentamethyldiethylene triamine (PMDETA) (461). An excellent 

study on the use of PMDETA as a coinitiator and its effects on the 

resultant polymers has been done by DePorter (358). 

The microstructure of poly(butadiene) has a significant effect 

on the thermal properties of the polymer. As the mole fraction of 1,2 

units in the polymer is increased, the glass transition temperature of 

the polymer increases. Data illustrating this effect are shown in 

Table 17. 

2. End-Functionalized Materials 

One of the most useful and important aspects of anionic 

polymerization is the generation of a stable anionic chain end once 

the polymerization process is complete. A variety of electrophilic 

reagents can then be used to generate a diverse array of functional 

end groups. Also, initiators containing masked functional groups can 

also be used to generate materials with a functional group at one end 

of the polymer chain. This topic was discussed in detail in the 

section of this dissertation dealing with the synthesis of 

macromonomers. The information provided here will be an 

overview of chain end functionalization with information on 

important recent developments in this area. 

Carbonation of carbanionic chain ends is one of the most useful 

and widely utilized functionalization reactions. The most common 

method of performing this transformation is to bubble highly pure 

carbon dioxide gas through a solution of the polymeric anion. There 

are several special problems associated with this process. Quirk and 

coworkers have done extensive studies of this process and have 

shown that in hydrocarbon solvents the major product of this 

reaction is the carboxyl terminal material. However, there is 

significant amounts of contamination by the corresponding ketone 

dimer and tertiary alcohol trimer (463). These results are 

presumably due to the association of the anionic chain ends in 

hydrocarbon solvents. When this association is broken up by the 

addition of THF solvent, or TMEDA complexation agent the ketone 

103



Table 17: Thermal Transition Temperatures of Poly(butadiene)s and 

Hydrogenated Poly(butadiene)s as a Function of Microstructure. 

  

  

  

From (462). 

Poly(butadiene) H n Pol ien 

X1,2 Tg ° C) XB Tm (° C) Tg (°C) 

0.08 -97 0.04 111 

0.145 -80 

0.18 -91 0.09 91 

0.195 -79 

0.23 -88 0.13 75 

0.255 -77 

0.30 -85 0.17 72 

0.40 -71 

0.42 -73 0.27 28 

0.46 -70 

0.49 -68 

0.51 -65 0.34 -3 

0.565 -57 0.39 -62 

0.60 -56 

0.785 -34 -48 

0.86 -25 0.75 

0.99 -4 0.99 -27 
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and alcohol side products are eliminated (464, 465). 

Hydroxy! functionality is most commonly introduced to anionic 

polymer chain ends by the use of ethylene oxide. This reaction is 

relatively free of side reactions other than possible polymerization. 

In general, epoxides are not polymerized by lithium bases. This is 

because of the strongly associated lithium alkoxides that are formed 

upon ring opening of the epoxide. Lithium alkoxides have been used 

to polymerize ethylene oxide if dipolar aprotic solvents such as DMSO 

and elevated temperatures are used (466). Quirk and Ma have done 

extensive characterization of hydroxyl terminal poly(styrene) 

materials produced in this manner. They have determined that this 

reaction is indeed a highly efficient route to hydroxyl terminal 

materials produced by living anionic polymerization (467). An 

alternate approach was utilized to produce hydroxyl terminal 

polymers by Quirk (468). 4-hydroxyphenyl terminal poly(styrene) 

was synthesized by using 1-[4-(t-butyldimethylsiloxy)phenyl]-1- 

phenylethylene as an electrophilic terminating agent. The silyl 

protecting group was then subsequently hydrolyzed to liberate the 

hydroxyl group. Functionalization was determined to be quantitative 

by this route of using the 1,1-diphenylethylene derivative. 

Hydroxyl terminal poly(butadiene)s have been synthesized by 

Schulz and coworkers (469) by utilizing alkyl lithium initiators with 

protected hydroxyl groups. The hydroxyl groups were protected as 

either the mixed acetal, tertahydropyranyl derivative, or the a- 

ethoxyethyl ether. The polymerizations were shown to be well 

controlled and effectively afforded the desired materials. 

Schulz then extended his work with functional initiators to the 

synthesis of primary amine functional polydienes (470). 

Organolithium initiator substituted with a 

N,N-bis(trimethylsilyl)amine, -N(TMS)2, were utilized in the anionic 

synthesis of 1,3 dienes. The protecting group can be removed by 

simple acid hydrolysis to produce controlled molecular weight 

materials with a primary amine end group. 
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a-Halo-w-aminoalkanes with the amino group protected as the 

trialkylsilyl derivative were utilized by Ueda and coworkers (471) 

as terminating agents for the living anionic polymerization of styrene 

and isoprene. Deprotection is then performed to yield the amine 

terminal materials. 

Amine terminal materials were also prepared by Quirk by two 

different methods. He utilized the product generated from 

methoxyamine and methyllithium at -78 OC.  Poly(styryl)lithium was 

added to the product solution which contains the nitrene to 

terminate the polymerization providing >92% yield on aminated 

poly(styrene) (472). 

He also utilized the 1,1-diphenylethylene derivative route to 

synthesize amine terminal poly(styrene). Poly(styryl)lithium was 

terminated with 1-[4-[N,N-bis(trimethylsilyl)amino]phenyl]-1- 

phenylethylene in benzene at room temperature. The protecting 

group was then removed and the aminopoly(styrene)s were 

produced in quantitative yields. 

Dickstein and Lillya (473) synthesized an anionic initiator by 

the reaction of sec-butyllithium and p-(N,N-bis- 

(trimethylsilyl)amino)styrene under controlled reaction conditions. 

This initiator, which is soluble in nonpolar hydrocarbon solvents was 

utilized to synthesize amine terminal poly(dimethylsiloxane)s of 

controlled molecular weight and narrow molecular weight 

distribution with quantitative functionalization. 

As mentioned earlier, this was not meant to be a 

comprehensive review of end functionalization of living anionic 

polymerizations. A great deal more information on this topic can be 

found in this dissertation in the discussion of the synthesis of 

macromonomers for the purpose of forming graft copolymers. An 

excellent review of this area of research has also been published by 

Quirk, et. al. (474). 

3. Hydrogenation Processes 
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Hydrogenation of unsaturated polymers is one of the oldest 

methods of polymer modification. This modification offers 

improvements in mechanical properties, as well as increased 

chemical and thermo-oxidative stability. Many macromolecules with 

novel compositions and sequence distributions which are difficult at 

best to produce directly, can be readily obtained by post- 

polymerization hydrogenation. In many cases post-polymerization 

modification cannot compete with direct polymerization of 

commodity materials. For example polyethylene synthesized using 

Ziegler-Natta catalysts is much less costly than hydrogenation of 

anionically prepared 1,4-poly(butadiene). On the other hand, 

specialized polymers which cannot be directly polymerized easily 

compete commercially. One example is Kraton G made by Shell which 

is a triblock copolymer of styrene and hydrogenated poly(butadiene). 

Most early studies of hydrogenation of unsaturated polymers 

were concerned with natural rubber or with destructive molecular 

characterization. The interested reader is directed to an early review 

of hydrogenation of polymers by Wicklatz (475). The review 

provided here will provide a general overview of hydrogenation of 

unsaturated polymers with some recent advances included. 

The process of hydrogenation of unsaturated polymers can be 

divided into two broad categories, catalytic and non-catalytic 

processes. These two methods vary in selectivity, reactivity, side 

reactions, and reaction conditions. 

Homogeneous or heterogeneous catalysts may be utilized in the 

hydrogenation process. Heterogeneous catalysts are less often used 

because polymer molecules will have a tendency, in some cases, to 

become adsorbed onto the surface of the catalyst rendering it 

inefficient (476). Transition metal complexes are most commonly 

utilized catalyst systems. Homogeneous catalyst systems typically 

consist of organotransition metals such as cobalt, nickel, or rhodium, 

plus a reducing agent such as alkyllithium or trialkylaluminum 

reagents (476-480). These types of catalysts have been used by 

numerous workers including Sloan and Lapporte in the 
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hydrogenation of polydienes (481, 482) who proposed that the 

transition metal is first alkylated, followed by reaction to form a 

hydride. Hydrogen is then transferred to the unsaturated site. 

Trialkyl aluminum compounds offer the highest activity for 

these catalyst systems. They are generally used in a 3 to 4 molar 

excess relative to the transition metal. Catalytic activity of the 

transition metal is generally accepted to be Ni > Co > Fe > Cr > Cu. 

Nickel complexes utilized in the homogeneous catalysis of 

hydrogenation include complexes with octoate,carbonyl, carboxylate, 

stearate, formate, benzoate and naphthenate (483, 484). Cobalt 

complexes include those with carboxylates, amides, lactams, ureas, 

octoate, and benzoate. These complexes are then reacted with 

trialkylaluminum or alkyllithium (477). Other homogeneous 

catalyst systems include (PPH3)3RhCl and (PPH3)3RhHCO, amine 

boranes, and tin or chromium tetraalkylboron compounds (485- 

493). Despite the tendency to use homogeneous catalysts, 

Rachapudy, Fetters, and Graessley have utilized nickel or cobalt on 

Kieselguhr as well as palladium on calcium carbonate to effectively 

hydrogenate poly(butadiene) (494-496). 

Non-catalytic methods have also been utilized to hydrogenate 

unsaturated polymers. Diimide has been shown to be an effective 

means for the selective hydrogenation of non-polar unsaturated 

groups in polymers. p-toluenesulfonyl hydrazide has been utilized 

by several workers (497-503, 476) to generate the diimide in situ 

and subsequently hydrogenate the unsaturated polymer. This 

method is very appealing because of the mild reaction conditions 

necessary. This homogeneous reaction can be done at moderate 

temperatures at ambient pressure under an inert atmosphere. The 

p-toluenesulfonyl hydrazide is decomposed thermally to generate 

the diimide (498). Another advantage of this process is the air 

stability of the hydrogenation agent and the byproduct of the 

reaction is methanol soluble and easily removed. This route has 

been employed for the hydrogenation of a number of polymers and 

copolymers including poly(butadiene), poly(isoprene), styrene- 
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butadiene-styrene block copolymers, and chlorobutadiene 

(476,500,502-506). Some deleterious side reactions also take 

place when using this technique. Partial isomerization of 1,4- 

poly(butadiene)s takes place under the reaction conditions (502). 

Also, incorporation of small amounts of sulfonated aromatic species 

has been detected in the hydrogenation of poly(butadiene)s (503). 

Hydrogenation of unsaturated polymers containing functional 

groups can provide special problems. Many functional groups will 

coordinate with and possibly poison organometallic hydrogenation 

catalysts. The functional groups may also themselves be reduced. 

Poisoning of the catalyst may cause prevention of hydrogenation, but 

in less extreme cases it will reduce catalyst efficiency reducing yields 

and increasing reaction times. These problems are most commonly 

encountered when the functional group in question is either amino or 

carboxyl. The poisoning can be minimized by utilizing chemical 

hydrogenation methods, appropriate masking the functional group, 

or by judicious selection of hydrogenation catalyst. Table 18 shows a 

compilation of some catalysts that can be utilized in the presence of 

various functional groups without side reaction. 

The author has utilized two different catalyst systems for 

hydrogenation of functional materials. Nickel 

octoate/triethylaluminum catalyst was utilized to hydrogenate 

hydroxyl terminal poly(butadiene)s. This is the same catalyst 

system utilized by Shell to hydrogenate the Kraton triblock 

copolymer materials. Dicyclopentadienyl titanium dichloride/sec- 

butyl lithium catalyst (508, 509) was the method of choice to 

facilitate hydrogenation of carboxyl terminal poly(butadiene)s. This 

catalyst provides no side reactions with the carboxyl group and can 

be used in very small amounts. Another advantage of this catalyst 

system is upon exposure to the atmosphere it is converted to TiO2 

which is inert and can remain in the polymer with little deleterious 

effects. 

The structures and properties of hydrogenated polymers depend 

upon the parent polymer and the extent of hydrogenation. 
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Table 18: Hydrogenation Systems for Selected Functional Poly(diene) 
Polymers. From (507). 

Functionality Backbone Method Features 

-OH Poly(butadiene) Homogeneous H2 of mixed 1,2 and 1,4 
hydrogenation PBd's 
(Ni or Co/Et3Al or 

Ru, Rh Cat. 
Hetero. Cat. 
Raney Ni 

-COOH SBR, NBR Pt black 
PBd-co-MMA 

-CN SBR, NBR, PIP, PP Rh Cat., Diimide 

-S03Na PP Diimide 

-PO(OCH3)3 PP Diimide 

-NO2 NR, PIP, 1,4-PBd Raney Ni, Zn/HOAc Partial Red. of -NOQ2 

Complete red. of C=C 

-Pyridine PBd or PIP-b- Ni/Et3Al Cat. BF3 and CI2AlEt used to 

vinylpyridine complex vinylpyridine 
to increase H2 rate; 

BF3 removed with 

NH40H 

  

PBd = Poly(butadiene), SBR = 
Poly)acrylonitrile-co-1,4-butadiene) NBR = 

Poly(styrene-co-1,4-butadiene), 

PP = Polypentenamer, PIP = Poly(isoprene) 
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Upon hydrogenation, the resulting polymers exhibit enhanced 

photolytic, oxidative, and thermal properties, as well as improved 

mechanical strength. Another advantage of this route to is that it 

may provide a synthetic pathway to materials with sequence 

distributions that may be difficult or impossible to obtain by direct 

methods. 

Anionically polymerized butadiene can have varying 

microstructure depending upon the polymerization reaction 

conditions. As discussed earlier, it is possible to control the 

microstructure of the polymers from materials with very high 

amounts of 1,4-addition units to materials with nearly entirely 1,2- 

addition microstructure. Once hydrogenated these polymers will be 

analogous to ethylene/1-butene random copolymers, the properties 

of which will depend highly upon the original microstructure of the 

parent poly(butadiene). Graessley and Carella (462) have done a 

very detailed study on the properties of poly(butadiene) and the 

hydrogenated derivatives as a function of microstructure. Table 17 

shows the results obtained in determining the thermal properties of 

the materials. The poly(butadiene) samples are entirely amorphous 

and exhibit Ty's increasing from -97 to -4 °C with increasing 1,2 

content. Hydrogenated polymers with mole fraction of 1,2 content 

(%1,2) below 0.45 are semi-crystalline at 25 °C with melting 

temperatures reaching as high as 111 °C at %1,2 = 0.08. All of the 

polymers analyzed were of narrow molecular weight distribution 

(Mw/Mn < 1.1) and molecular weights were high enough to be well 

within the entanglement region. Other viscoelastic properties such as 

plateau modulus, GN®°, steady state recoverable compliance, Je°, and 

the temperature shift factors for the frequency and modulus, at and 

by were determined in these studies as well. The interested is 

directed to the excellent paper by Graessley and Carella (462). 

E. Adhesion and  Adhesives-General 

Adhesion has been defined as the state in which two surfaces 

are held together by interfacial forces of attraction, resulting from 
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the interaction of molecules, atoms, and ions in the two surfaces. 

These forces can range in magnitude from chemical bonds to 

relatively weak attractive forces such as van der Waals interactions 

which are in effect whenever two substances are in intimate contact 

(325). 

The adhesion between two different materials across an 

interface can involve either physical or chemical bonding. Chemical 

bonding involves the existence of ionic or covalent bonds across the 

interface forming direct linkages between the molecules of the two 

materials, the adhesive and the substrate. Physical bonding may be 

the result of mechanical interlocking, the forces of physical 

adsorption, or by the penetration of adhesive molecules into the 

substrate by diffusion. The mechanism of adhesion can and will be 

quite different between different types of adhesives. 

The mechanisms by which adhesion takes place are generally 

divided into four different categories. The mechanical interlocking 

mechanism of adhesion occurs when the substrate surface upon 

which the adhesive is applied has pores or projections. The adhesive 

may then flow into the pores or form around the projections and 

solidify acting as a mechanical anchor. Joint strengths can be high 

when this type of interaction takes place even if intrinsic interaction 

between the adhesive and the substrate is minimal. This type of 

adhesion is most important in the bonding of wood, textiles or paper 

because of their porous nature. In many cases metals and plastics 

are etched so that the adhesive can flow into the imperfections in the 

surface to increase bond strength. This mechanism is not applicable 

when smooth surfaces are to be bonded such as glass. 

A liquid-like adhesive may dissolve and diffuse into the 

substrate material to cause adhesion. The extent to which this 

diffusion takes place is a function of the affinity of the different 

types of molecules for one another. The interdiffused layer is 

generally very thin, on the order of 0.5-10 nm, because most 

adhesives are polymeric and therefore have limited compatibility for 

substrate materials. It has been shown that in cases where mutual 
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affinity is high, the interdiffused layer can be as thick as 10um. 

Interdiffusion involves interpenetration of adhesive and substrate on 

a molecular level which differs from mechanical interlocking which 

occurs on a much larger scale. 

Adsorption and surface reaction is another mechanism by 

which adhesion can take place. Adsorption is the process where an 

adhesive molecule is attracted to a specific site on the substrate. 

This may take place as a result of van der Waals forces or specific 

donor-receptor interactions such as acid/base interactions. Van der 

Waals forces are attributed to very general interactions between 

molecules. The greater the polarity between the two molecules the 

greater the attraction will be between them. A more extreme case of 

adsorption is the case where a chemical reaction takes place between 

specific sites on the adhesive molecule with mutually reactive sites 

on the substrate forming a chemical bond between the two materials. 

This will provide a stronger adhesive bond between the two than in 

the case of adsorption. 

It has been proposed that electrostatic forces can develop at 

the interface between materials. These forces are attributed to the 

transfer of electrons across the interface causing positive and 

negative charges that will bring about attraction. An example of this 

is when an organic polymer is brought into contact with a metal 

surface, electrons are injected into the polymer from the metal 

creating an electrical double layer. The magnitude of the interaction 

caused by this electrostatic interaction is under continual debate. 

Acrylic materials are widely used in the adhesive industry. 

Preformed polymers are used both in solution and as emulsions for 

adhesive application. Along with preformed polymers, acrylics in the 

form of polymerizing or curing types of formulations are used 

including cyanoacrylates and reactive acrylic structural adhesives. 

When acrylic adhesives are designed, an important factor is the glass 

transition temperature of the material. Acrylate and methacrylate 

adhesives with Ty's ranging from -60 to 30 °C are available 

commercially. Many of the higher acrylates have very low Ty's and 
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this property of the polymer has been correlated with the degree of 

tackiness in acrylic polymers. Many of the acrylic adhesives are 

copolymers with materials such as acrylic acid which will improve 

the adhesive properties of the material. The desirable characteristics 

of acrylic materials is their inherent stability to light and heat. 

Acrylic adhesives with higher Tg's are used primarily in 

bonding of ceramic tiles to floors and walls, flocking, lamination of 

aluminum foil or plastic films to paper or wood, and treatment of 

textiles. Acrylic emulsions of lower Tg materials are used quite 

extensively in the bonding of non-woven fabrics. 

One of the highest volume uses of acrylic adhesives is in the 

pressure sensitive adhesive area. Butyl or octyl acrylate are 

commonly used along with a second comonomer such as acrylic acid, 

acrylamide, or dimethylaminoethyl methacrylate. These adhesives 

must be of sufficient molecular weight to insure adequate cohesive 

strength unless they are to be crosslinked after application (510). 

This review was designed to give the reader insight into the 

types of materials that will be discussed in subsequent sections of 

this dissertation. Also, background on the types of polymerization 

processes that were utilized was provided, as well as information on 

the various molecular architectures to be discussed. This dissertation 

is concerned with the synthesis, characterization and utility of end- 

functional materials and graft copolymers for adhesive applications. 

One series of materials, all acrylic graft copolymers, was designed for 

pressure sensitive adhesive applications. The other materials to be 

discussed, poly(butadiene)-based end functional materials and graft 

copolymers, were targeted as adhesive coupling agents between 

polypropylene and cycloaliphatic polyurethane coatings. 

Il, EXPERIMENTAL 
A. General 

1. Cleaning/Drying 

In general, all glassware, Teflon-coated magnetic stir bars, glass 

coated stir bars, and syringes were scrupulously cleaned by washing 
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with soap and water followed by rinses with acetone then hexanes, 

chloroform, and/or tetrahydrofuran (THF). The equipment was 

allowed to air dry before being placed in a forced air convection oven 

for several hours. Syringes and needles were kept in the oven for at 

least 12 hours before use. Upon removal from the oven, round- 

bottomed flasks and other glassware were equipped with an 

appropriate stir bar and the openings in the glassware were sealed 

with white rubber septa (Aldrich). The septa were secured to the 

openings by wrapping twice with copper wire to insure a tight seal. 

Nitrogen flow through the apparatuses was achieved by piercing the 

septa with a needle connected to a line with a flow of dry nitrogen (6 

to 10 psig). A purge needle was used to obtain nitrogen flow. The 

apparatae were then flame-dried using a Bunsen burner for several 

minutes and allowed to cool under dry nitrogen flow. Once cool to 

the touch, the purge needle was removed and the apparatae were 

pressurized with dry nitrogen. 

Syringes were not flame-dried, but upon removal from the 

oven were purged with dry nitrogen and allowed to cool in a 

dessicator shortly before use. Immediately prior to use the syringes 

were again purged with dry nitrogen. 

2. Syringe Techniques 

All transfers done by syringe were performed by insertion of a 

clean, dry syringe needle into a septum-sealed container either 

under static or dynamic dry nitrogen pressure of 6-10 psig. The 

syringe was filled using the pressure in the vessel to minimize 

introduction of contaminants that could come through the barrel of 

the syringe if the plunger was pulled. In all cases, the syringe barrel 

and plunger were both made of ground glass and were a numbered 

matched set produced by the manufacturer (Becton-Dickinson). The 

desired amount of liquid was measured using the graduations on the 

barrel of the syringe and a headspace of dry nitrogen kept above the 

level of the liquid during transfer to further minimize contamination. 

115



B. Reagents and Purification 

1. Gases 

a) Nitrogen 
Prepurified nitrogen (Airco) was the gaseous atmosphere used 

in all pressurizations and chemical reactions. The gas was passed at 

ca. 25 psig through two 24-inch stainless steel columns, one packed 

with neutral alumina and the other with Drierite. Both columns were 

activated by heating to 550 °C with nitrogen purge for 12-15 hours. 

The pressure was then regulated to 6-10 psig and the gas line 

attached to a dual nitrogen/vacuum manifold. The manifold was 

fitted with "no grease" high vacuum stopcocks. 

b)_ Hydrogen 
Hydrogen gas (Airco, 5.0 grade) was used as received for all 

hydrogenations. The pressure was regulated to 50 psig and passed 

through 0.25 inch polyethylene tubing connected to a one-way valve 

on the hydrogenation reactor. 

2. Solvents 

a) _Tetrahydrofuran (THF) 
THF (Fisher, Certified Grade) was placed in a 1L or 2L 

one-necked round-bottomed flask equipped with a magnetic stir bar. 

A paraffin wax dispersion of sodium (50 % by wt., Aldrich) was then 

added to the flask and the solvent was degassed by sparging with 

dry nitrogen for 30 minutes. The flask was fitted to a solvent still 

and allowed to reflux for at least 24 hours under a static atmosphere 

of dry nitrogen. A small amount of benzophenone (Aldrich) was then 

added to the THF/sodium mixture. The appearance of a deep purple 

color associated with the sodium/benzophenone ketyl (454) 

indicated that the solvent was ready for use. The sodium was in 

large excess relative to the amount of benzophenone used. 

When THF was needed it was distilled into a flame-dried round 

bottomed flask after removal of a first cut of ca. 25 ml. The flasks 

used were equipped with a neck with a "no grease" high vacuum 
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stopcock and another neck fitted with a rubber septum (Figure 9). 

The desired amount of solvent was collected and the stopcock was 

closed to eliminate possible contamination by atmospheric impurities 

upon removal of the flask from the still. 

b)_ _Cyclohexane 
In all cases where cyclohexane (Aldrich, Reagent Grade) 

was the solvent of choice it was purified by rapidly stirring it over 

concentrated sulfuric acid (Fisher) for 7 to 10 days to remove the 

unsaturated impurities (511). The cyclohexane layer was then 

siphoned off through a glass column of activated molecular sieves 

(Fisher, 4A) followed by a column of basic alumina (Fisher, 80-200 

mesh) into a one-neck round-bottomed flask. It was further purified 

by distillation from the sodium/benzophenone ketyl as described 

above for THF. 

c)_ Ethyl Acetate 
Ethyl acetate (Fisher, Certified Grade), which was used in some 

of the free radical graft copolymerizations, was purified (512) by 

washing with 5% (w/w) aqueous sodium carbonate. This was done 

by vigorous shaking of the solvent and aqueous sodium carbonate 

solution in a separatory funnel with subsequent separation. This was 

repeated 3 times with the volume of aqueous sodium carbonate 

being ca. 1/5 that of the ethyl acetate. Preliminary drying was done 

by washing with saturated aqueous sodium chloride using the same 

method as described above. This was followed by stirring the 

solvent over anhydrous magnesium sulfate (Fisher) and subsequent 

filtration to remove the drying agent. Final purification was 

achieved by distillation from calcium hydride under a dry nitrogen 

atmosphere in a flame-dried distillation apparatus. Once the solvent 

was collected it was transferred to a flame-dried storage bottle via 

cannula using positive nitrogen pressure to force the solvent through 

the cannula. This was done to eliminate contamination by any 
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"No-Grease" Stopcock 

Figure 9. Distillation Receiver Flask and Storage Flask for 

Ethylene Oxide. 
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atmospheric impurities. The ethyl acetate was stored under positive 

dry nitrogen pressure. Immediately prior to use dry nitrogen gas 

was used to sparge the ethyl acetate for ca. 30 minutes to insure that 

the solvent was completely degassed. All transfers of ethyl acetate 

used for polymerizations were done via syringe. 

d) _Chlorobenzene 
The common impurities in chlorobenzene (Fisher, Reagent 

Grade) are chlorinated impurities contained in the benzene used to 

produce chlorobenzene, and unchlorinated hydrocarbons. The 

purification procedure used to remove these impurities (513) was to 

first wash the solvent with concentrated sulfuric acid 3 times using 

ca. 1/10 the volume of chlorobenzene, by vigorously shaking them 

together in a separatory funnel and subsequent separation of the two 

components. Washing was then done with 5% (w/w) aqueous sodium 

bicarbonate 3 times, using the same technique as used with the 

sulfuric acid. This was followed by washing with water 3 times. The 

chlorobenzene was then vigorously stirred over anhydrous 

magnesium sulfate for several minutes followed by filtration to 

remove the drying agent. Final drying was achieved by distillation 

from calcium hydride under dry nitrogen atmosphere using a still 

head. The chlorobenzene was allowed to reflux with the calcium 

hydride and was collected by distillation as needed. A first cut of ca. 

25 ml was removed before the solvent to be used was collected. All 

transfers of the chlorobenzene were done via syringe. 

e) Toluene 
Toluene (Fisher, Reagent Grade) was purified by 

distillation from the sodium/benzophenone ketyl using the same 

procedure as described for the purification of THF. 

f)___ Methanol 
Methanol (Fisher, HPLC Grade), which was used as a 

termination agent for the living polymerizations, was stored in a 
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septum sealed storage bottle and was thoroughly degassed prior to 

use by sparging with dry nitrogen for ca. 30 minutes. Transfer of the 

methanol to terminate living polymerization reactions was done via 

syringe. 

3. Purification Reagents 
; \Ikyl Alumi Ethyl C ion. 

Triethyl aluminum (TEA) solution was kindly donated in 

steel cylinders as a 25 weight percent solution in hexane and was 

used as received. To avoid contamination by repeated syringe 

needle insertion, the aluminum reagents were transferred under 

nitrogen pressure into flame dried 50 ml doubly septum-sealed 

serum bottles via cannula. Due to the pyrophoric nature of these 

solutions, extreme caution was exercised in their handling. These 

materials were stable in the serum bottles under a dry nitrogen 

atmosphere for a period of months as evidenced by the absence of a 

precipitate, presumably due to aluminum hydroxides produced by 

the reaction of the alkyl aluminums with air or atmospheric 

moisture (514). 

b) _Calei Hvarid Aldrich) 

Calcium hydride was used as received after grinding the 

material into a fine powder with a mortar and pestle. This was done 

to maximize the surface area of the calcium hydride so as to make it 

a more efficient drying agent. 

\lumi 1 Molecul Sj 

Alumina (Fisher, 80-200 mesh) and molecular sieves 

(Fisher, 4A) were used as received. The method of activation was 

dependent upon the ultimate use. When used in stainless steel 

columns for gas or monomer purification, they were activated by 

heating in the column to 550 °C for ca. 12-16 hours with slow 

nitrogen purge. When used in glass columns or as a purifying agent 
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from which a material was distilled (molecular sieves), they were 

heated under vacuum at 170-200 °C for ca. 12-16 hours prior to use. 

d)___Sodium and Benzophenone 
Sodium and benzophenone (Aldrich) were used as 

received for the purification of solvents. The sodium metal was 

received as a 50 weight percent dispersion in paraffin wax. It was 

desirable to use this form of sodium rather than the lump sodium. 

Once the sodium dispersion was added to the solvent to be purified 

and reflux commenced, the paraffin wax dissolved, providing a 

sodium dispersion with a very high surface area relative to the 

pieces of sodium that would result from using lump sodium. This 

provides for much more efficient and effective drying of solvents. 

4. Initiators/Catalysts 

dimethyiketene acetal. 
2-(Trimethylsilyloxy)ethyl (trimethylsilyl) 

dimethylketene acetal (OH-MTS) was prepared from purified 2- 

hydroxyethyl methacrylate (2-HEMA). The first step of the synthesis 

was the protection of the hydroxyl group in the form of the 

trimethylsilyl ether. The reaction was carried in a one neck round 

bottom flask, sealed with a rubber septum, under nitrogen pressure. 

Purified THF solvent was charged to the reaction vessel via cannula. 

The reaction flask was cooled to 0 oC with and ice water bath. 

Triethylamine was then added as the acid scavenger. 2-hydroxyethyl 

methacrylate was then charged to the reaction vessel followed by the 

addition of trimethylchlorosilane. The resultant triethylamine 

hydrochloride salts were removed by vacuum filtration and the 2- 

(trimethylsiloxy)ethyl methacrylate was vacuum distilled prior to 

hydrosilylation. 

The same type of reaction vessel was used for the 

hydrosilylation. 0.1 Mole percent Wilkinson's catalyst was charged 

to the reaction flask and the flask was pressurized with 8-10 psig 

121



nitrogen. The protected methacrylate was then charged to the flask 

followed by the slow addition of dimethylethylsilane. The reaction 

was allowed to proceed for ca. 16 hours at 50 °C affording the 

desired initiator. The catalyst was removed by filtration through a 

fine grade fritted glass filter under nitrogen atmosphere. The 

initiator was transferred via cannula and was purified by twice 

distillation from activated 4A molecular sieves using a short-path 

distillation apparatus fitted with a 6 inch Vigreau column under 

vacuum. Slight heating was required and was applied slowly using a 

hot plate/stirrer and silicone oil bath. Heating was applied slowly so 

as to insure that the material collected was of the highest purity. 

Upon collection, a first cut of ca. 1 ml was taken prior to collecting 

the sample to be used (B.P. 45°C/10mm Hg). This was done using a 

two-neck distillation adaptor fitted with a small one-neck round- 

bottom flask, and a 2-neck round bottom flask with one of the necks 

fitted with a rubber septum used for transfer of the distilled initiator 

via cannula. In a typical distillation ca. 20 ml of material was 

distilled and stored under nitrogen pressure in a doubly septum- 

sealed serum vial. The vial was placed in a jar containing activated 

drierite and the jar was placed in a freezer at -20 °C for storage until 

use. Purity was monitored by 1H NMR. 

b) -Butvllithium. 

sec-Butyllithium (Lithco Division of FMC) was obtained as 

a cyclohexane solution with a nominal concentration of ca. 1.5M. The 

solutions were stored in a freezer at -20 °C until used. In order to 

minimize contamination of the butyllithium by repeated insertion of 

syringe needles which were used to transfer the material, small 

amounts were typically transferred into clean, flame-dried serum 

bottles via cannula. These serum bottles were doubly sealed with 

rubber septa and stored under nitrogen pressure. The bottles were 

typically placed inside a sealed jar containing activated drierite and 

placed in a freezer. 
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The exact concentration of the sec-butyllithium was 

determined by titration of 2,5-dimethoxybenzyl alcohol (515) in 

rigorously purified THF. 

c) 1.1-Diphenylethylene (DPE) 
DPE (Eastman Kodak or Aldrich) was purified by a 

vacuum bulb-to-bulb distillation from sec-butyllithium. The 

apparatus for this distillation is shown schematically in Figure 10. 

This apparatus has been used for a number of years in our 

laboratory (516). 

To the left side of the oven-dried and flame dried distillation 

apparatus, DPE was added via cannula. The left bulb was then cooled 

with a dry ice/isopropanol bath and vacuum applied from the dual 

vacuum/nitrogen manifold. A trap between the manifold and pump 

cooled with either liquid nitrogen or dry ice/isopropanol was used in 

all vacuum distillations. When the DPE was frozen and 50 to 200 

mtorr pressure was achieved, the apparatus was again flame dried, 

with flaming starting from the left side above the bulb and moving 

to the right. When the apparatus was cool the the touch, the vacuum 

was closed at the manifold and the frozen DPE was allowed to thaw 

with stirring. This approach is the commonly referred to as the 

"freeze/flame/thaw" cycle used to degas reagents. After the DPE had 

thawed, the system was again evacuated with cooling of the DPE. 

After sufficient vacuum was achieved, the apparatus was again 

flamed as before. This procedure was repeated several times in 

order to insure thoroughly degassed DPE and a dry apparatus. 

To the degassed DPE was added sec-butyllithium (ca. 1.5M). 

Upon addition of the sec-butyllithium the DPE solution first turned 

green, then upon further addition changed to a rust color, and then 

finally to a blood red color. The red color is attributed to the 

formation of 3-methyl-1,1-diphenylpentyllithium, the addition 

product of sec-butyllithium and DPE, which is commonly referred to 

as diphenylhexyllithium or DPHL. The other colors that appear have 

been attributed to biphenyl and benzophenone, impurities that are 
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Figure 10. Bulb-to-bulb Distillation Apparatus. 
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present in trace amounts in commercial grade DPE (517). 

Cyclohexane which was introduced by the sec-butyllithium titration 

was then removed in vacuo at room temperature. The DPE, because 

of its high boiling point (270-271 °C) is not removed. When ca. 100- 

200 mtorr pressure was achieved, heating tape was wrapped around 

the crosspath of the distillation apparatus and a temperature of 

approximately 85 °C was applied. A warm water bath (ca. 85-90 °C) 

was applied to the DPE side of the apparatus, and a dry 

ice/isopropanol bath placed under the receiver side. The distillation 

was complete in 1-2 hours under dynamic vacuum. The freshly 

distilled DPE was allowed to thaw and was then transferred via 

cannula to a clean, flame-dried brown glass storage bottle that was 

doubly septum-sealed and pressurized with 6-10 PSIg dry nitrogen. 

The DPE was stored in a freezer (-20 °C) until use. Approximately 

25-40 mls of DPE was distilled at one time and there was no 

apparent loss of purity over ca. 3 months, the time within the DPE 

was used entirely. 

D Dipiperidinoet! DIPIP' 

DIPIP was vacuum distilled from 4A molecular sieves 

using the short path distillation apparatus described for the 

distillation of (OH-MTS). Heating was applied under dynamic 

vacuum (100-300 mtorr) to facilitate distillation and an ice water 

bath was applied to the receiver flasks. A first cut of ca. 1 ml was 

collected in a separate receiver flask prior to collection of the 

material to be used. Once the distillation was complete, the purified 

DIPIP was transferred to a clean, flame-dried, doubly septum sealed 

brown glass storage bottle and pressurized with 6-10 PSIg dry 

nitrogen pressure. The bottle was then placed in a jar with activated 

drierite that was capped and sealed with parafilm and stored until 

use. 

} \ zobisisobut itrile (AIBN) 
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AIBN (Eastman Kodak) was recrystallized from acetone. 

The acetone was saturated with AIBN at room temperature and was 

then cooled in a dry ice/isopropanol bath to facilitate crystallization 

of the AIBN. No heating was used due to the possible decomposition 

of the Azo initiator which has a half-life of 10.0 hours at 64 °C and 

4.8 hours at 70°C. The AIBN was stored in a 20 ml sample vial that 

was capped, sealed with parafilm and wrapped with aluminum foil 

and placed in a freezer (-20 °C) until use. 

f) Tetrabutvlammonium benzoate (TBAB) 

TBAB, the catalyst used in group transfer 

polymerizations, was prepared from purified benzoic acid (Aldrich) 

and tetrabutylammonium hydroxide, 40 weight percent in water 

(Aldrich) (412). The two reagents were vigorously mixed in a 

separatory funnel in a 1:1 stoichiometric ratio. A slight exotherm 

was evident, and once the solution returned to room temperature, 

the aqueous solution was extracted three times with 25 ml aliquots 

of methylene chloride. The methylene chloride layer, which 

contained the TBAB, was dried by vigorous stirring over anhydrous 

magnesium sulfate for several minutes followed by filtration to 

remove the drying agent. The methylene chloride was removed in 

vacuo and the remaining residue was dissolved in warm 

tetrahydrofuran (THF). The volume of THF was reduced by using a 

rotary evaporator until the formation of crystals became evident. At 

this point, dry diethyl ether was added to the solution to facilitate 

crystal growth. The crystals formed were filtered and washed with 

diethyl ether and dried under vacuum at room temperature. TBAB 

was stored in a brown glass storage bottle that was capped, sealed 

with parafilm and stored in a sealed jar containing activated drierite 

until use. 

} Nickel _Q Triethvialumi Catal 

(Ni(Oct)2/Et3AD 
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This catalyst was used in hydrogenations of poly(butadiene)s. 

It was made by adding via syringe a calculated amount of nickel 

octoate (0.1M solution in dry cyclohexane) to a flame dried, septum 

sealed serum bottle equipped with a magnetic stir bar. The solution 

was stirred vigorously, and to this solution was added a 25 percent 

(wt/wt) solution of triethylaluminum in hexanes via syringe in an 

amount to provide a 3:1 aluminum to nickel molar ratio. The 

addition of triethylaluminum was done very carefully due to the 

highly exothermic reaction that takes place. Immediately upon 

addition of a small amount of triethyl aluminum the solution 

becomes black and an exotherm is noticed. The triethyl aluminum 

was added in several small portions and a purge needle was used to 

alleviate the pressure built up in the serum vial. Once all of the 

calculated amount of triethylaluminum had been added, the black, 

cloudy, subcolloidal suspension was vigorously stirred for 5 minutes 

prior to use. It should be noted that the triethylaluminum should 

not be added very rapidly and the purge needle should be used 

judiciously. If the reagent is added quickly and the purge needle 

used to frequently the cyclohexane/hexanes solvent for the catalyst 

may be removed to such an extent so as to make transfer of the 

catalyst via cannula difficult or impossible due to the high amount of 

solids in the suspension. 

Lh Tit lichloride/sec-Butyllithi Catalvst 

(Cp2TiCl2/s-BuLi) 
This catalyst was used for the hydrogenation of carboxyl 

terminal hydrogenated poly(butadiene)s. The Cp2TiCl2/s-BuLi 

catalyst was made in situ in the hydrogenation reactor. Cp2TiCl2 was 

recrystallized from toluene under an inert atmosphere and stored in 

a sample vial under dry nitrogen pressure. The Cp2TiCl2 was added 

with the polybutadiene to the hydrogenation reactor and high 

vacuum was applied overnight (12 hours). Toluene, which was 

freshly distilled from sodium/benzophenone, was then added for 

dissolution. To this solution was added sec-butyllithium of known 
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concentration in an amount so as to provide a 4:1 lithium to titanium 

molar ratio. Hydrogenation was then begun. 

) _p-Tol Ifoni id hydra! (PTSA) 

PTSA (Aldrich) was used as received. Due to its 

hydroscopic nature, it was stored in a desiccator between uses. 

Drying was not necessary since small amounts of moisture would not 

effect the catalytic performance in the hydrolysis of polymeric t- 

butyl esters. 

5. Monomers 

a) ___(Methjacrylates 
Acrylic and methacrylic monomers (methyl 

methacrylate (MMA, Aldrich), 2-ethylhexyl acrylate (2EHA, 

Aldrich), butyl acrylate(Aldrich), 2-hydroxyethyl 

methacrylate(Aldrich), t-butyl methacrylate (TCI America), 

methacrylic acid(Aldrich), and N,N-dimethylacrylamide 

(Aldrich)) were purified by transferring the desired amount of 

monomer into the left side of the flame-dried bulb-to bulb 

distillation apparatus illustrated in Figure 10. The apparatus was 

equipped with a Teflon coated magnetic stir bar. Finely divided 

calcium hydride was then added and a nitrogen bubbler was 

attached to the ground glass joint above the monomer. The monomer 

was vigorously stirred with the calcium hydride while a slow flow of 

nitrogen was maintained over the monomer. This heterogeneous 

mixture was allowed to stir for 1 to 2 days during which time visible 

hydrogen bubbling had ceased. At this time the bubbler was 

replaced with a ground glass stopcock sealed with a rubber septum 

that was secured with copper wire. The monomer was cooled by 

placing a dry ice/isopropanol bath around the side of the apparatus 

containing the monomer. After several minutes were allowed for the 

monomer to be sufficiently cooled, dynamic vacuum was applied to 

the apparatus via the three way stopcock on the right hand side and 

the distillation apparatus was flame dried beginning at the crosspath 
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directly above the monomer and proceeding to the right. Once the 

glassware had cooled sufficiently, all joints were secured with rubber 

bands to allow the system to be pressurized with dry nitrogen 

without leaks. The system was pressurized with dry nitrogen and a 

purge needle was placed through the septum to allow the apparatus 

to cool under nitrogen flow. The monomer was then thoroughly 

degassed by several (usually three) freeze/flame/thaw cycles as 

previously described. The monomer was distilled by vacuum bulb- 

to-bulb transfer by applying a warm water bath to the left side of 

the apparatus and a dry ice/ isopropanol bath to the receiver side. 

The temperature of the water bath, and dynamic vs. static vacuum 

were dependant on the monomer being distilled. 

The calcium hydride pure monomers were then transferred via 

cannula into doubly septum sealed, flame dried, brown glass storage 

bottles and pressurized with 6-10 PSIg dry nitrogen. The storage 

bottles were placed in the freezer (-20 °C) until use. 

Methyl methacrylate (MMA), which was the monomer used in 

group transfer polymerizations, required further purification. 

Immediately prior to use in polymerizations, the desired amount of 

calcium hydride pure MMA (ca. 1.5 times the volume needed) was 

transferred from the storage bottle to a flame dried bulb-to bulb 

distillation apparatus, previously described, via cannula. After 

several freeze/flame/thaw cycles, usually a minimum of three, the 

system was pressurized with dry nitrogen. Triethyl aluminum (Ethyl 

Corporation, 25 wt. % in hexanes) was added dropwise via syringe to 

the cold monomer with stirring. Upon addition of a sufficient amount 

of Et3Al, a faint yellow-green color became apparent (336). The 

Et3Al reagent quenches any protic impurities in the monomer which 

would be deleterious in the polymerization. Once all the protic 

impurities have been quenched, the reagent complexes with the 

monomer giving the yellow-green color. Once this "endpoint" was 

reached a 50% excess of Et3Al was slowly added. The monomer was 

protected from light by wrapping the monomer side of the apparatus 

with black cloths or aluminum foil. The monomer/complex solution 
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was warmed to room temperature while stirring. Since radical 

intermediates can form when oxygen reacts with alkyl aluminums, 

(331) it is of utmost importance that the monomer be thoroughly 

degassed prior to the addition of the Et3Al solution. The formation of 

these radicals will result in premature polymerization of the MMA 

with subsequent reduction in distillation yield. 

After ca. 1 hour contact time, a dry ice/isopropanol bath was 

placed around the monomer and dynamic vacuum applied to the 

apparatus. This allowed for efficient vacuum to be established and 

also removed in vacuo the hexanes that were introduced with the 

addition of the Et3Al reagent. Once adequate vacuum was 

established (50-200 mtorr) and all hexane had been removed the 

apparatus was flame dried once again and allowed to cool under 

dynamic vacuum. The monomer was then vacuum distilled as 

previously described. The monomer was kept in the receiver bulb at 

-78 °C, protected from light until ca. 10 minutes before use. At this 

time the MMA was allowed to warm before transfer to the 

polymerization reactor via syringe. 

All other acrylic and methacrylic monomers were utilized in 

free radical copolymerizations. Prior to use, the monomers were 

sparged with dry nitrogen for 30 minutes to degas the material. This 

was done immediately prior to transfer of the monomers to the 

polymerization vessel via syringe. 

b)_ __ Butadiene 
Butadiene (Bd, Phillips, monomer grade) was stored in a 

20 lb. LP-type tank equipped with a siphon tube. The Bd monomer 

was forced through two 24 inch stainless-steel columns packed with 

4A molecular sieves and basic alumina, respectively. The vapor 

pressure of the monomer provided the pressure to transfer the 

monomer through the columns. The columns had been activated by 

heating to 550 °C with a slow nitrogen purge for 16-24 hours. The 

Bd was then passed through 1/4 inch Teflon tubing fitted with a 

Swagelok valve with a needle. This type of fitting allowed for the 
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transfer of the Bd monomer into pressure bottles, the vessels in 

which the polymerizations of Bd were carried out. More will be said 

about the handling of Bd monomer in the polymerization part of this 

experimental section. 

6. Reagents 

a) ___Acryloy]_ Chloride 
Acryloyl chloride (Aldrich) was purified by vacuum 

distillation after stirring overnight with activated 4A molecular 

sieves. The method employed for this purification utilized the short 

path distillation apparatus and technique described earlier in this 

section for the distillation of OH-MTS, the GTP initiator. 

The purified acryloyl chloride once collected was transferred to 

a clean, flame dried, doubly septum sealed serum bottle via cannula 

and the bottle was pressurized with 6-10 PSIg dry nitrogen. The 

bottle was placed in a jar containing activated drierite, capped, 

sealed with parafilm, and stored in the freezer (-20 °C) until use. 

Acryloyl chloride was used in the functionalization of hydroxyl 

terminal materials to form macromonomers which were used in graft 

copolymer synthesis. 

b Triethvlami 

Triethylamine (Aldrich) was vigorously stirred over 

finely divided calcium hydride in a one-neck round bottom flask 

fitted with a gas bubbler for several hours under a nitrogen 

atmosphere. It was subsequently distilled under a nitrogen 

atmosphere and collected in a two neck flask with one neck attached 

to the distillation adapter and the other sealed with a rubber septum. 

It was then transferred via cannula into.a clean, flame dried storage 

bottle doubly sealed with rubber septa and pressurized with 6-10 

PSIg nitrogen. Triethylamine was used as an acid scavenger. 

c)_ Ethylene Oxide 
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Ethylene oxide (Kodak) was obtained in 100g samples in 

sealed ampoules. The bottle was cooled for several minutes in a dry 

ice/isopropanol bath. The ampoule was then broken under a 

nitrogen atmosphere and quickly poured into a flame dried flask 

containing calcium hydride. The flask utilized is shown in Figure 9. 

It is equipped with a 24/40 size ground glass joint with a "no grease" 

high vacuum stopcock between the joint and the flask. It also has a 

side port which can be septum sealed for easy transfer of materials 

via syringe or cannula. The ethylene oxide was poured into the flask 

through the side port with the stopcock of the other opening closed. 

The side port was immediately sealed with a septum which was 

secured with copper wire. The flask was pressurized with 15 PSlIg 

nitrogen and stored in the freezer until use. The use and handling of 

ethylene oxide will be discussed more extensively in the part of this 

section which describes the synthesis of hydroxyl terminal 

poly(butadiene)s. 

rr Cart Dioxid 

Carbon dioxide gas (Matheson) was obtained in small 

cylinders. The cylinder was fitted with a pressure regulator. A 

cylinder containing activated molecular sieves was attached to this 

regulator. The cylinder was equipped with high pressure valves 

(Swagelok) and a short piece of thick walled Tygon tubing to which a 

needle was secured with copper wire. The needle was sealed by 

inserting the end into a rubber stopper between uses. The stopper 

was removed and the regulator, molecular sieves cylinder, and 

needle were allowed to purge for a short time before use. 

C, Polymer Synthesis 

1.  Poly(methyl methacrylate) Macromonomers 

Group transfer polymerization (GTP) methods were 

utilized to synthesize the PMMA macromonomers. The reaction 

vessels were clean, flame dried, one neck, round bottom flasks 

equipped with a Teflon coated magnetic stir bar and fitted with a 
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wire secured white rubber septum. For a 25g batch of polymer, a 

500 ml flask was used. The polymerization solvent, THF, was added 

via cannula from the distillation collection flask described previously. 

The flasks could be stored at this stage for several hours, if desired, 

since the vapors from the THF caused the septum to swell providing 

a tighter seal than the punctured septum had when the flask was 

empty. In most cases, however, the reaction vessel was utilized 

within 1 hour for the polymerization. For a typical batch of 25g of 

polymer, approximately 350ml of THF was charged to the 500 ml 

flask. 

At this time a small amount of THF solvent was added to a vial 

containing the tetrabutylammonium benzoate (TBAB) catalyst. The 

catalyst was dried overnight in a septum sealed serum vial under 

high vacuum, typically 50-200 mtorr. The vial was pressurized with 

dry nitrogen and the THF solvent added and the catalyst was 

dissolved. The amount of catalyst used was 1.0 mole percent based 

on the amount of GTP initiator required. The TBAB was 

quantitatively transferred to the reaction vessel via cannula. The 

serum vial containing the catalyst was rinsed several times by 

alternately applying nitrogen pressure to the reaction vessel and the 

vial and allowing flow of THF back and forth between the two vessels 

to insure quantitative transfer. 

The calculated amount of GTP initiator was then charged to the 

reaction flask via syringe allowing the nitrogen pressure in the 

storage vial to force the liquid into the syringe. The graduations on 

the syringe barrel were used to determine the volume of initiator 

added. 

This initiator/catalyst solution was allowed to complex for 

approximately 10 minutes. _A surface temperature probe was then 

placed against the outside wall of the reaction flask to monitor the 

exotherm of the forthcoming polymerization. The calculated amount 

of freshly distilled, triethylaluminum purified MMA was then added 

via syringe. Since the MMA was very cold upon removal from the 

distillation apparatus, transfers of the syringe between the 
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distillation apparatus and the reaction vessel were rapid to avoid 

condensation of atmospheric moisture on the syringe needle. It was 

necessary to wrap the needle tip with laboratory tissue wile 

transferring the monomer to minimize contamination of this type. 

The rate of addition of MMA was manually controlled so as to keep 

the exotherm detected by the thermocouple at less than 20 °C. This 

rate was approximately 1-2 mls per minute. The temperature of the 

polymerization was monitored throughout the reaction. Once the 

monomer had been added entirely and the reaction vessel returned 

to room temperature, an additional hour of reaction time was 

allowed. After this time an aliquot (0.5-1.0 mls) of HPLC grade 

methanol, which had been degassed by sparging with nitrogen for ca. 

30 minutes, was added to terminate the reaction. A sample 

calculation of the amounts necessary to produce 25g of 10K PMMA is 

shown in Figure 11. 

An aliquot of the polymer containing the trimethylsilyl 

protected terminal hydroxyl group was then removed and 

precipitated into tenfold volume excess hexanes, isolated and dried. 

This material was used for estimation of molecular weight by !H 

NMR. The protecting group in the bulk of the polymer was cleaved 

in situ by addition of an aliquot (0.5 -1.0 mls) of dilute methanolic 

HCl! and allowing this solution to stir for several hours. 

Approximately 33-50% of the solvent was removed in vacuo by 

rotary evaporation under reduced pressure with slight warming of 

the flask with a water bath. The polymer was then precipitated into 

a rapidly stirred 10-fold volume excess of hexanes. The polymer 

was filtered and allowed to air dry followed by thorough washing 

with hexanes and water and subsequently dried in a vacuum oven 

under reduced pressure at room temperature. After drying, the 

polymer was analyzed by size exclusion chromatography (SEC), !H 

NMR, FTIR, vapor phase osmometry (VPO) and differential scanning 

calorimetry (DSC). 

In order to use these materials as macromonomers in graft 

copolymer syntheses it was necessary to convert the primary 
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(monomer) / (g/ml)( monomer) = ml(monomer) 

(monomer) / (g/mole)polymer = molesyin.) 

[molescin.) X (g/mole)in.)] / (g/m) in.) = micin.) 

moles(in.) X 0.1% = molesccat.) 

moles(cat.) X (g/mole)(cat.) = g(cat.) 

polymer = theoretical polymer molecular weight 

in. = initiator 

cat. = catalyst 

Figure 11. Sample Calculation for the Amounts of Materials 

Used in the Synthesis of PMMA via Group Transfer 

Polymerization. 
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hydroxyl end group to a polymerizable end group, to functionalize 

the material. The terminal hydroxyl group was converted to an 

acrylic moiety. The hydroxyl terminal PMMA (PMMA-OH) was dried 

for 12-16 hours at room temperature under high vacuum by placing 

the desired amount of material in a clean, flame dried, one neck 

round bottom flask equipped with a Teflon coated magnetic stir bar 

and then sealed with a white rubber septum secured with copper 

wire. <A needle attached to a high vacuum manifold was inserted into 

the flask through the septum and vacuum applied. After drying, the 

flask was pressurized with nitrogen and freshly distilled, dry THF 

was charged via cannula. The volume of THF used provided a 

solution of ca. 20% (wt/wt) solids. The PMMA-OH was dissolved with 

stirring. Triethylamine (1.5 equivalents) was added via syringe 

followed by the addition of acryloyl chloride (1.25 equivalents). 

Shortly after the addition of the acryloyl chloride, the solution began 

to turn cloudy with the white triethylamine hydrochloride salts 

being formed by the reaction between the primary hydroxyl group 

at the chain end and the acid chloride. The solution turned 

increasingly cloudy over time. The reaction was allowed to proceed 

for 12 hours at room temperature. The triethylaminehydrochloride 

salts were then removed by vacuum filtration using Celite filter aid 

and a scintered glass fritted funnel. The acrylic terminal PMMA was 

precipitated into hexanes, filtered, washed several times with 

hexanes and water, and dried under high vacuum at room 

temperature for 12-16 hours. These materials were analyzed by the 

same methods as used for the hydroxyl terminal PMMA materials. 

2  Acrylate Homopolymerization Studies 

The desired backbone monomer to be used in the graft 

copolymers was 2-ethylhexyl acrylate. Free radical 

homopolymerization studies were conducted under various reaction 

conditions to determine those that would provide the highest 

molecular weight and subsequently highest incorporation of 

macromonomers into the resultant graft copolymers. 
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The calculated amount of AIBN free radical initiator, 0.1 mole 

percent based on monomer, except where otherwise noted, was 

weighed into flame dried, one neck, round bottom flasks equipped 

with Teflon coated magnetic stir bars. The flasks were quickly re- 

sealed with white rubber septa and secured with copper wire. The 

flasks were subjected to high vacuum at room temperature for ca. 12 

hours after which time they were pressurized with nitrogen. This 

allowed for removal of atmospheric impurities introduced while 

transferring the initiator into the flask. 

Solvent, either toluene or ethyl acetate, was added via syringe. 

The volume of solvent was measured using the graduations on the 

syringe barrel and was varied so as to systematically alter the 

reaction conditions. The desired amount of 2-ethylhexyl acrylate 

was then added via syringe and the solutions stirred for 5 minutes at 

room temperature. The flasks were then placed in a silicone oil bath 

maintained at a temperature of 70-73 °C with constant stirring of the 

reaction mixtures being maintained. The polymerizations were 

allowed to proceed for 50 hours after which time the resultant 

poly(2-ethylhexyl acrylate) homopolymer solutions were 

quantitatively transferred into Teflon boats which were 

subsequently covered loosely with aluminum foil. The solvent was 

allowed to evaporate at ambient temperature and pressure for 24 

hours followed by high vacuum drying in a vacuum oven at room 

temperature for 12 hours, then vacuum at 100 °C for 12 hours. 

The resultant homopolymers were analyzed by !'H NMR, FTIR, 

DSC, and SEC. 

3. Poly(2-ethylhexyl acrylate-g-methylmethacrylate) 

Graft Copolymer Synthesis 

These graft copolymers were synthesized by free radical 

methods typically on a ten gram scale in 100 ml one-neck round 

bottom flasks. The flasks were cleaned and dried in a convection 

oven at 120 °C for a minimum of 16 hours. Upon removal from the 

oven they were quickly sealed with white rubber septa secured with 
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copper wire and flame dried under nitrogen purge. Once cool to the 

touch the desired amount of acrylic terminal PMMA macromonomer 

was then weighed into the flasks followed by the calculated amount 

of AIBN initiator. Teflon coated magnetic stir bars were placed in the 

flasks and the flasks were re-sealed with the white rubber septum 

and secured with copper wire as before. The contents of the flasks 

were subjected to high vacuum for a minimum of 16 hours to 

remove any atmospheric moisture, oxygen and other atmospheric 

impurities introduced when adding the reagents to the flask. This 

was done by inserting a needle that was attached to the 

vacuum/nitrogen manifold and applying vacuum via this needle. 

After this time, the flasks were pressurized with 6-10 PSIg nitrogen. 

The calculated amount of solvent was then added via syringe. The 

amount of solvent used provided a concentration of 25% (wt/wt) of 

graft copolymer except where otherwise noted. The macromonomer 

and initiator were then dissolved in the solvent with stirring. The 

amount of time for complete dissolution was less than 5 minutes. 

The calculated amount of 2-ethylhexyl acrylate monomer was then 

added to this solution via syringe and the solution was stirred for 5 

minutes at room temperature. The 2-ethylhexyl acrylate would 

comprise the backbone of the graft copolymer. Once these 

components were thoroughly mixed the flasks were placed in a 

controlled temperature silicone oil bath at 70-73 °C and the 

copolymerization was allowed to proceed for 50 hours. 

The resultant graft copolymers were isolated by quantitative 

transfer of the contents of the reaction flasks into Teflon boats using 

fresh polymerization solvent to dissolve and rinse out the flasks. The 

Teflon boats were loosely covered with aluminum foil and the 

solvent was allowed to evaporate at ambient temperature and 

pressure for 24 hours. After this time the copolymers were placed in 

a vacuum oven at room temperature and more of the solvent was 

removed in vacuo for 12-16 hours. The oven was then warmed to 

125 °C for 12-16 hours to remove final traces of solvent. The 

polymers were then analyzed at this stage by SEC and !H NMR to 
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determine composition and also to determine if any unincorporated 

macromonomer was present. 

In all cases the graft copolymers were redissolved in the 

polymerization solvent (either ethyl acetate or toluene) and 

precipitated into a ten-fold volume excess of rapidly stirred 

methanol in a laboratory blender. This precipitation was done to 

facilitate removal of unincorporated macromonomer which was 

detected by SEC. The polymers did not precipitate as a solid but 

more of a soft ball of polymeric material. The solvent mixture was 

decanted from this agglomeration of graft copolymer and the bulk of 

the polymer was removed using a forceps and placed in a Teflon 

boat. A spatula was used to remove the majority of the polymer that 

was stuck to the sides of the blender. The remaining amount of graft 

copolymer was rinsed with fresh methanol and then dissolved in 

methylene chloride and transferred to the Teflon boat containing the 

rest of the polymer. The copolymer was then dried using the same 

cycle as described earlier. This process allowed for recovery of ca. 

90% of the original yield of graft copolymer after reprecipitation. 

This dissolution-precipitaion process was repeated until the 

composition of the graft copolymer was constant as determined by 

1H NMR. Typically 3 reprecipitations were necessary. The complete 

removal of unincorporated macromonomer was confirmed by SEC. 

4. w-Functional Poly(butadiene)s (PBd’s) 

a)__ Hydroxyl Terminal PBd’s 
All polymerizations of butadiene (Bd) were done using 

living, anionic polymerization techniques. Each polymerization was 

done in a high pressure bottle sealed with a natural rubber septum 

and crown cap. The volume of the bottle was either 250 ml or 1500 

ml, depending upon the amount of material to be synthesized. The 

bottle was equipped with a glass coated magnetic stir bar. Each was 

sealed with a septum and crown cap hot out of a convection oven and 

flame dried under a nitrogen purge. Once cool to the touch, the 

desired amount of freshly distilled solvent or solvent combination, 
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whichever was appropriate, was charged to the reaction vessel via 

cannula. 

It was desired in the studies performed to vary the 

microstructure of the PBd's synthesized. Various combinations of 

cyclohexane and THF used as polymerization solvents were used to 

vary the microstructure. Also dipiperidinoethane was used to 

control microstructure. The details of how this was accomplished 

will be explained in the discussion section of this dissertation. 

The reaction bottle was then weighed followed by the addition 

of butadiene monomer. This addition was accomplished by first 

allowing the Bd line to be purged with fresh monomer for ca. 5 

seconds by opening the valve at the end of the Teflon tubing 

carrying the monomer. The valve was then closed and the end of the 

needle wiped and subsequently held with a laboratory tissue. The 

purging of the Bd line sometimes caused condensation of atmospheric 

moisture to take place on the end of the needle. Wiping and holding 

the needle with the laboratory tissue reduced the possibility that this 

impurity would be introduced into the reaction vessel. After being 

purged, the needle was inserted through the septum and into the 

reaction vessel and the valve was opened to allow the Bd monomer 

to flow into the bottle. After letting the Bd flow into the bottle for 

several seconds the valve was closed and the needle removed. The 

reaction bottle was then reweighed to determine the amount of 

monomer that had been added. This procedure was then repeated, if 

necessary, until the desired amount of monomer, +/- 1 g, had been 

charged. The concentration of monomer in the solvent(s) was 

typically 5-7 % (wt/wt). If the coinitiator dipiperidinoethane was to 

be used, the calculated amount of this material was charged via 

syringe at this time. The bottles were then placed in a bath of the 

appropriate temperature. If 0 °C was the desired temperature, a ice 

water bath was used. If lower temperatures were to be used a 

Cryocool temperature controller was utilized to regulate the 

temperature of an isopropanol bath. The reaction mixture was 

allowed to stir in the constant temperature bath for ca. 30 minutes to 
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allow it to reach thermal equilibrium. All temperatures reported are 

temperatures of the bath used. No attempt was made at monitoring 

the temperature of the reaction mixture itself. 

After this 30 minute period the polymerization of Bd was 

initiated with sec-butyllithium. This initiator was added via syringe. 

It was found that there was a very low impurity level in the reaction 

mixtures. These impurities were titrated using the sec-butyllithium 

initiator. The initiator was added dropwise to the reaction until the 

very faint yellow color indicative of the formation of the butadieny] 

anion appeared; usually only one to two drops were required. Once 

this color was evident, the calculated amount of initiator was added. 

The polymerizations were allowed to proceed for ca. 4 hours. A 

sample of the polymer solution was then transferred via cannula into 

a clean, flame dried, septum sealed round bottom flask containing ca. 

10 times the amount of solution removed of degassed, HPLC grade 

methanol. The sample was stabilized with ca. 0.5 percent (w/w) 

Irganox 1010 antioxidant (tetrakis(methylene(3,5-ditert-butyl-4- 

hydroxy-cinnamate)), Ciba-Giegy). This sample was isolated and 

utilized for SEC analysis. 

The living PBd anion of the remaining polymer solution was 

then terminated with ethylene oxide. Ethylene oxide which was 

stored in a freezer in the flask shown in Figure 9, was distilled under 

ambient temperature and pressure from the calcium hydride over 

which it was stored. A needle connected to the nitrogen/vacuum 

manifold was inserted through the septum sealing the ethylene oxide 

flask and the flask was purged with nitrogen for ca. 1-2 minutes 

using a cannula as a purge needle. The open end of the cannula was 

then inserted into a clean, flame dried, septum sealed, tared, round 

bottom flask and the needle supplying the nitrogen flow was 

removed. The receiver flask was placed in a dry ice/isopropanol 

bath and the ethylene oxide flask was allowed to warm. The 

ethylene oxide (BP = 11 °C) was transferred to the receiver flask via 

its own vapor pressure. A heat gun was used sparingly in most cases 

to facilitate distillation of the ethylene oxide. Once a sufficient 
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amount of ethylene oxide was collected, ca. ten-fold excess, the 

receiver flask was pressurized with 6-10 PSIg dynamic nitrogen 

pressure and the cannula was removed from the ethylene oxide 

flask. The cannula was then wiped and held with a laboratory tissue 

and inserted into the polymerization reaction mixture and the needle 

supplying the nitrogen pressure was removed. A substantial amount 

of the pressure from the reaction flask was removed using a purge 

needle and the end of the cannula from the pure ethylene oxide was 

submerged to the bottom of the reaction vessel. The ethylene oxide 

in the flask was allowed to warm to room temperature which caused 

it to be transferred to the polymerization bottle as a gas. A heat gun 

was used sparingly to facilitate addition of the terminating agent. 

The flow of ethylene oxide was noticed by the presence of small 

bubbles coming from the end of the cannula, but once the gas had 

made sufficient contact with the cold reaction mixture it quickly 

became a liquid once again. After ca. 1/2 of the ethylene oxide had 

been added, the yellow color associated with the butadienyl anion 

was not evident to the human eye. The addition was allowed to 

continue until the distilled ethylene oxide was added entirely. 

Periodically throughout the addition process it was necessary to 

release some of the pressure in the polymerization bottle using a 

purge needle to allow the ethylene oxide to flow more freely. 

Once addition of ethylene oxide was complete, the reaction was 

allowed to stir for ca. 15 minutes. After this time an aliquot of HPLC 

grade, degassed methanol was added via syringe to quench the 

oxyanion produced by the ring opening of ethylene oxide by the 

butadienyl anion. The pressure in the bottle was released and the 

crown cap was removed. The hydroxyl terminal polybutadiene 

produced was stabilized with 0.5 percent (wt/wt) Irganox 1010 

antioxidant. Carbon dioxide gas was then bubbled through the 

solution for 5-10 minutes. It has been shown that PBd will yellow 

over time in the presence of base (358) and treatment with CQO? 

lowers the pH sufficiently to suppress this discoloration. 
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The contents of the reaction bottle were then quantitatively 

transferred to an appropriate size one neck round bottom flask and 

ca. 1/2 of the solvent was removed using a rotary evaporator. The 

polymer solution was then agglomerated into ten-fold excess 

methanol in a rapidly stirred blender. The polymer tended to form a 

soft mass and also stuck to the sides of the blender. The solvent 

mixture was decanted and the polymer collected using a spatula. Not 

all of the polymer could be collected in this way. After the majority 

of the polymer had been collected, an appropriate solvent was used 

to dissolve the polymer and transfer it to a storage bottle containing 

the rest of the polymer. The solvent was removed by rotary 

evaporation at room temperature using a bottle lid that had a hole 

drilled through it and an appropriate ground glass joint sealed to it. 

This was followed by drying at high vacuum in a vacuum oven at 

room temperature for 16-24 hours. This procedure allowed for 

typically 90% or greater isolated yield of hydroxyl terminal 

poly(butadiene). 

The resulting polymers were analyzed using SEC, 'H NMR, FTIR, 

and DSC. 

b)_ _Carboxy]_ Terminal PBd's 
The synthesis of carboxyl terminal PBd's was identical to 

that of the hydroxyl terminal materials up to the time at which the 

Bd polymerization was complete. Instead of using ethylene oxide to 

terminate the polymerization, carbon dioxide (CQO2) gas was used. 

Upon completion of the polymerization, the needle and line attached 

to the CO? tank were purged with pure, dry CO? for ca. 20-30 

seconds, after which time the needle was wiped with a laboratory 

tissue and inserted into the polymerization bottle with the end of the 

needle submerged to the bottom of the reaction mixture. The 

pressure of CO? was set to 25 PSIg. The CO2 gas was bubbled through 

the polymer solution and once the rate of addition slowed due to 

pressure build-up a purge needle was employed to relieve the 

pressure and allow the gas to flow freely. The reaction vessel was 
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pressurized and purged three times followed by bubbling the gas 

through the solution with a purge needle for ca. 10 minutes. Upon 

addition of the CO gas the yellow color of the polybutadienyl anion 

disappeared almost immediately. Once the ten minute bubbling 

period was over the CQO needle was removed, gas flow was shut off, 

and the needle was recapped. An aliquot of HPLC grade, degassed 

methanol was then added via cannula to quench the anionic chain 

end. This was followed by the addition of an excess of methanolic 

HCl to insure that the chain end was in the carboxylic acid form as 

opposed to the lithium carboxylate salt. 

The polymer was worked up in the same manner as discussed 

in the hydroxyl terminal case except that the agglomeration medium 

used was 80/20 methanol/water (vol/vol). The resulting polymer 

was analyzed by SEC, 1H NMR, FTIR, and DSC. 

5. Hydrogenation of w-Functional PBa’s 

Hydroxyl and carboxyl terminal poly(butadiene)s were 

synthesized. Hydrogenation of these materials was necessary to 

impart increased thermo-oxidative stability. The hydroxyl and 

carboxyl terminal materials were hydrogenated using slightly 

different methods. 

a)__ Hydroxyl Terminal PBd (PBd-OH) 
The desired amount of hydroxyl terminal PBd was 

weighed into a one neck round bottom flask equipped with a Teflon 

coated magnetic stir bar and was sealed with a rubber septum 

secured with copper wire. The material was subjected to high 

vacuum (50-200 mtorr) by inserting a needle, which was connected 

to a nitrogen/vacuum manifold, through the septum and applying 

vacuum for 16-24 hours. The flask was then pressurized with 

nitrogen (6-10 PSIg) and freshly distilled cyclohexane (ca. 2/3 of the 

total volume of solvent to be used) was charged via cannula. The 

total amount of solvent used depended upon the amount of material 

to be hydrogenated but was never less than 350 ml and never 
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greater than 450 ml. The PBd-OH was then dissolved by swirling the 

flask at first to free the stir bar from the polymer, and then by 

stirring using a hot plate/stirrer. 

The hydrogenations were carried out in moderate pressure 

glass bowl reactors described by Hoover and McGrath (518) (Figure 

12) with minor modifications. The reactor was prepared by heating 

utilizing the steam/water heating coil of the reactor and applying 

vacuum (50-200 mtorr) with a vacuum pump for 12-16 hours. The 

heating coil was kept at ca. 100 °C by allowing only steam to flow 

through the coil throughout the entire 12-16 hours. The reactor was 

then pressurized with ca. 50 PSIg nitrogen and the heating coil was 

cooled by allowing water to flow through it. 

After cooling, the pressure in the reactor was reduced and the 

dissolved PBd-OH was charged to the reactor via cannula under 

dynamic nitrogen pressure. The flask that contained the PBd-OH was 

rinsed several times with additional cyclohexane to insure 

quantitative transfer of the unsaturated polymer to the reactor. The 

hydrogen line was then connected to the dip tube/drain valve shown 

in Figure 12 and the cyclohexane/PBd-OH solution was slowly 

sparged with hydrogen gas for ca. 5 minutes. Connecting the 

hydrogen line to this port allowed the gas to be bubbled through the 

solution to more effectively saturate the system with hydrogen gas. 

The reactor was then sealed and pressurized with 50 PSIg hydrogen 

and the pressure released. This pressurization/release cycle was 

repeated 5 times to saturate the system with hydrogen gas. The 

Ni(Oct)2/Et3Al catalyst was added via cannula, the amount used 

being Q.1 mole percent based on carbon-carbon double bonds in the 

polymer. The serum vial containing the catalyst was rinsed several 

times with the cyclohexane/PBd-OH solution to facilitate quantitative 

transfer of the catalyst into the reactor. Once the addition was 

complete, the reactor was sealed and three more 

pressurization/release cycles were performed followed by 

pressurization of the reactor to 50 PSIg hydrogen. The reaction was 
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Figure 12. Moderate Pressure Glass Bowl Reactor Used for 

Hydrogenation of Poly(butadiene)s. From (518). 
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then heated to 65-70 °C. Consumption of hydrogen was evident by 

the decrease in the pressure in the reactor. The pressure was never 

allowed to drop below 35 PSIg and the reaction was allowed to 

proceed for 16 hours. At this time a sample was removed from the 

reactor and analyzed by !H NMR for quantitative hydrogenation. 

Once this was confirmed the hydrogen in the reactor was released 

and the reactor was repressurized with nitrogen. The hydrogen 

source was shut off and the hydrogen line removed from the inlet 

port. The drain adaptor was attached to the drain valve and the 

contents of the reactor transferred to a 1L Erlenmeyer flask by the 

pressure in the reactor. An equivolume amount of 5 percent (wt/wt) 

aqueous citric acid was charged to the flask. A water cooled cold 

finger was inserted into the flask and the flask was heated to ca. 80- 

85 °C with vigorous stirring. This process effectively removed the 

hydrogenation catalyst from the polymer solution and was 

continued for 18-24 hours after which time the two layers were 

allowed to separate. The upper cyclohexane layer was nearly clear 

and the lower aqueous layer was greenish. The cyclohexane layer 

containing the hydrogenated hydroxyl terminal poly(butadiene) 

(HPBd-OH) was removed from the aqueous layer using a separatory 

funnel. The polymer solution was then vacuum filtered using Celite 

filter aid and a layer of activated silica gel in a scintered glass fritted 

filter. The volume of the solution was reduced to ca. 1/2 by rotary 

evaporation of the cyclohexane with mild heating to facilitate 

removal of the solvent. The polymer was agglomerated into a 

rapidly stirred laboratory blender containing ten-fold excess 

methanol. The methanol was decanted and the sticky HPBd-OH 

which was adhering to the sides of the blender was rinsed with fresh 

methanol. The polymer was then collected using a spatula for the 

bulk of the polymer. The remaining residue was dissolved in an 

appropriate solvent and transferred to the sample bottle containing 

the bulk of the HPBd-OH. Solvent was removed initially by rotary 

evaporation. This was followed by placing the polymer under high 
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vacuum (50-200 mTorr) for 24 hours in a vacuum oven at room 

temperature. 

The HPBd-OH's were analyzed by FTIR, 'H NMR, DSC, and SEC. 

The ability of these materials to perform as adhesives for the system 

being studied was also analyzed. 

b)  Carboxyl Terminal PBd (PBd-COOHR) 

The PBd-COOH's were hydrogenated in a different 

manner than their PBd-OH analogues. The PBd-COOH material was 

weighed into the hydrogenation reactor followed by the calculated 

amount (0.1 mole percent based on double bonds) of Cp2TiCl2 which 

had been purified as described earlier. The reactor was sealed and 

vacuum applied (50-200 mTorr) at room temperature using a 

vacuum pump and dry ice/ isopropanol cooled vacuum trap. This 

vacuum was maintained for at least 24 hours. The reactor was then 

pressurized with 5 PSIg nitrogen. Freshly distilled toluene was then 

charged to the reactor via cannula and the reaction mixture was 

Stirred to dissolve the PBd-COOH. The concentration of polymer in 

the toluene solvent was usually ca. 10 percent (wt/wt). Once the 

polymer was dissolved completely, the calculated amount of sec- 

butyllithium was charged via syringe. The amount of sec- 

butyllithium used provided a 4:1 molar ratio of Li to Ti. Addition of 

the sec-butyllithium allowed for the synthesis of the hydrogenation 

catalyst im situ. The reaction mixture was saturated with hydrogen 

by sparging and by several pressurize/release cycles as described for 

the hydrogenation of PBd-OH. The reactor was subsequently 

pressurized with 50 PSIg hydrogen and heated to 65-70 °C. The 

hydrogenation was complete in 24 hours at which time the 

hydrogenated carboxyl terminal poly(butadiene) (HPBd-COOH) was 

removed from the reactor as described previously. The toluene 

solution was vacuum filtered using Celite filter aid in a scintered 

glass fritted funnel. The Celite was rinsed with chloroform to remove 

residual HPBd-COOH and the toluene and chloroform portions were 

combined and the solvents removed using a rotary evaporator. This 
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was followed by subjecting the polymer to high vacuum (50-200 

mTorr) at room temperature in a vacuum oven for 24 hours. 

The resulting HPBd-COOH was analyzed by FTIR, 'H NMR, SEC, 

DSC, and acid/base titration. The series of HPBd-COOH's synthesized 

were analyzed for their adhesive properties for the application being 

studied. 

6. Acrylic Terminal Hydrogenated Poly(butadiene)s 

(HPBd-O-C(O)-CH=CH2) 

It was desired to synthesize macromonomers of HPBd in 

order that they may be used in the synthesis of well-defined graft 

copolymers. This was accomplished by converting the primary 

hydroxyl group of the HPBd-OH into a polymerizable acrylic group. 

The desired amount of HPBd-OH was weighed into a one neck 

round bottom flask equipped with a Teflon coated magnetic stir bar. 

The flask was sealed with a rubber septum which was secured with 

copper wire. High vacuum (50-200 mTorr) was applied to the 

polymer inserting a needle attached to a line from a 

nitrogen/vacuum manifold through the rubber septum. This vacuum 

was maintained for 16-24 hours after which the flask was 

pressurized with 6-10 PSIg nitrogen and the needle removed. 

Freshly distilled THF solvent was transferred from a distillation 

receiver flask described earlier into the reaction flask via cannula. 

The amount of THF used provided a concentration of HPBd-OH of ca. 

20 percent (wt/wt). The polymer was dissolved first by swirling the 

contents of the flask to free the magnetic stir bar from the polymer, 

and then by stirring using a hot plate/stirrer. Once the HPBd-OH was 

completely dissolved, 1.5 equivalents (based on hydroxyl groups) of 

triethylamine was added with stirring via syringe. The volume 

added was measured using the graduations on the barrel of the 

syringe. After this, 1.25 equivalents of acryloyl chloride was added 

via syringe all at once. Immediately upon addition of the acid 

chloride the solution started to become cloudy with the triethylamine 

hydrochloride by-product that was being formed and became 
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increasingly more cloudy over time. The reaction was allowed to 

proceed for 8 hours. The reaction mixture was then vacuum filtered 

through Celite filter aid in a scintered glass fritted funnel. The Celite 

was rinsed with fresh THF to remove any polymer resides remaining. 

The volume of solvent was reduced by rotary evaporation by ca. 1/2 

and the acrylic terminal polymer was precipitated into ten-fold 

excess of methanol in a rapidly stirred laboratory blender. The 

polymer adhered to the sides of the blender so the methanol was 

decanted and the polymer rinsed with fresh methanol. The polymer 

was collected at first with a spatula. Once the bulk of the polymer 

was collected, the remaining residues were dissolved in chloroform 

and added to the rest of the acrylic terminal poly(butadiene). The 

solvent was removed initially using a rotary evaporator. This was 

followed by placing the material under high vacuum (50-200 mTorr) 

for at lest 24 hours. 

The resulting HPBd-O-C(O)-CH=CH? was analyzed by FTIR, !H 

NMR, SEC, and UV-Visible spectroscopy. 

7) Acrylic Terminal HPBd-Containing Graft Copolymers 

Series’ of graft copolymers containing HPBd grafts were 

synthesized. The molecular weight of the grafts was varied as well 

as the weight percent of graft material incorporated into the final 

copolymer. The chemical composition of the backbone of the graft 

copolymers was also varied. 

The reaction vessels used for the synthesis of the graft 

copolymers were clean, oven dried one neck, round bottom flasks. 

Each flask was equipped with a Teflon coated magnetic stir bar and 

sealed with a copper wire secured rubber septum. 

The calculated amount of acrylic terminal HPBd was weighed 

into the round bottom flask. The amount was varied systematically. 

The calculated amount of AIBN free radical initiator (0.1 mole 

percent based upon backbone monomer) was then weighed into the 

flask and the flask sealed with the rubber septum. The 

macromonomer and initiator were placed under dynamic vacuum for 
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16-24 hours. This was done using a needle attached to a 

nitrogen/vacuum manifold, inserting the needle through the rubber 

septum. After this time the flask was pressurized with 6-10 PSlIg 

nitrogen and the needle removed. To the dry, degassed 

macromonomer and initiator was added the calculated amount of 

freshly distilled chlorobenzene solvent via syringe. The amount of 

chlorobenzene charged was that necessary to provide a concentration 

of monomer and macromonomer of 25 percent (wt/wt). The 

macromonomer was dissolved at room temperature first by swirling 

the flask to free the stir bar from the macromonomer, and then by 

Stirring utilizing a hot plate/stirrer. Once the macromonomer was 

completely dissolved the backbone monomers were charged via 

syringe. The monomer that was used in all graft copolymerizations 

was butyl acrylate. The second comonomer used was either 2- 

hydroxyethyl methacrylate (2-HEMA), methacrylic acid (MA), N,N- 

dimethyl acrylamide (DMAA), or t-butyl methacrylate (t-BMA). 

After these monomers were charged, the reaction mixture was 

stirred at room temperature for ca. 10 minutes. After this time the 

flask was placed in a constant temperature silicone oil bath at 70-73 

°C. AIBN has a ten hour half-life at 64 °C (VAZO 64) so this 

temperature was sufficient to initiate the free radical 

copolymerization. The copolymerizations were allowed to proceed 

for 50 hours after which time there was a very substantial increase 

in viscosity of the polymerization solutions. The chlorobenzene 

solvent from these graft copolymer solutions was then removed 

using a rotary evaporator. The removal of the solvent was facilitated 

by the use of a warm water bath. The copolymers were analyzed at 

this time for crude chemical composition. The polymers were then 

redissolved in ethyl acetate and rapidly stirred with an equal volume 

amount of water in an Erlenmeyer flask with mild heating. This was 

done in the cases where 2-HEMA, MA, and DMAA were the 

comonomers used in the graft copolymer backbone. This process was 

done in order to remove any unreacted comonomer or homopolymer 

of 2-HEMA, MA, or DMAA. In the case where t-BMA was the 
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backbone comonomer of choice, the solution was precipitated into 

rapidly stirred ten-fold excess methanol in a laboratory blender. For 

the 2-HEMA, MA, and DMAA- containing graft copolymers the ethyl 

acetate layer was removed and the solvent removed using rotary 

evaporation as before. The graft copolymer was then stirred in hot 

cyclohexane for 16-24 hours in an Erlenmeyer flask equipped with a 

water cooled cold finger. This process was used to remove any 

unincorporated HPBd macromonomer. The hot solvent was cooled 

somewhat and decanted from the graft copolymer. The graft 

copolymer was then rinsed with fresh cyclohexane and collected into 

a clean dry sample jar. Residual solvent was removed under vacuum 

in a vacuum oven first at room temperature for 16 hours followed by 

heating at 75 °C under vacuum for 24 hours. Chemical composition 

of the graft copolymers was determined by !H NMR in the cases 

where 2-HEMA and DMAA were used as backbone comonomers. !H 

NMR in combination with acid/base titration were used to determine 

the chemical composition of the graft copolymers containing 

methacrylic acid. This preparation scheme was repeated and the 

chemical composition of the graft copolymers re-determined. In all 

cases the composition determination of the materials after the second 

clean-up was the same as the initial composition determination. The 

graft copolymers were analyzed by SEC to confirm that there was no 

unincorporated macromonomer remaining in the graft copolymer. 

Chemical composition of the t-BMA-containing graft 

copolymers was determined using a combination of 1H NMR and 13C 

NMR. The absence of any unincorporated HPBd macromonomer was 

confirmed by SEC. 

The adhesive properties of these graft copolymers were also 

analyzed for the specific application being studied. 

D. Modification of t-BMA-Containing Graft Copolymers 

It was desired to hydrolyze the t-butyl ester groups of the t- 

butyl methacrylate containing graft copolymers to the carboxylic 

acids. This reaction was done by an acid catalyzed process. The 
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reaction vessel used was a 250 ml three neck round bottom flask 

equipped with a magnetic stir bar. One neck of the flask was fitted 

with a water cooled condenser with a drying tube attached to the top 

that was attached to a mineral oil bubbler. One neck was fitted with 

a septum port and the other with a nitrogen inlet. The apparatus 

was assembled hot from the convection oven and allowed to cool 

under slow nitrogen purge. A heating mantle was placed under the 

reaction vessel. The t-butyl methacrylate containing graft copolymer 

was dissolved in toluene in the reaction vessel with stirring. Typical 

solutions were of a concentration of ca. ten percent (wt/wt). p- 

toluenesulfonic acid was added at the catalytic level of 1 percent 

(wt/wt) based on the total weight of polymer. The solution was 

heated to 80 °C with stirring and slow nitrogen purge to remove the 

volatile isobutylene produced by the reaction. Reflux was 

maintained for 8 hours. After this time the heat was removed and 

the solution was usually allowed to stir overnight. The polymer was 

worked up by removing the toluene solvent by rotary evaporation 

with slight warming of the flask with a warm water bath. The 

polymers were then redissolved in THF and agglomerated into ten- 

fold excess 80/20 methanol/water that was rapidly stirred in a 

laboratory blender. The solvent mixture was decanted and the 

polymer rinsed with fresh 80/20 methanol/water. The bulk of the 

polymer was collected with a spatula and the residue remaining on 

the sides of the blender was dissolved in THF and added to the rest 

of the isolated polymer. The bulk of the solvent was removed by 

rotary evaporation followed by high vacuum (50-200 mTorr) in a 

vacuum oven at room temperature for 12-16 hours and then with 

heating to 75 °C for 16-24 hours. The quantitative hydrolysis of the 

t-butyl groups was confirmed by !3C NMR and the acid content of the 

graft copolymers was confirmed by acid/base titration. 

These methacrylic acid containing graft copolymers, which had 

been made by a different method, were tested for their adhesive 

properties for the application being studied. 
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E. Characterization of Materials 

1. Size Exclusion Chromatography (SEC) 

Molecular weight characterization of the macromonomers 

and homopolymers utilized in these studies was done utilizing a 

Waters 590 equipped with columns of 500A, 103A, 104A, and 105A 

porosities and both ultraviolet and refractive index detectors, in THF 

at 30 °C. Both PMMA and poly(styrene) standards (Polymer 

Laboratories) were used, depending upon the system to be analyzed. 

Graft copolymers were analyzed by this technique to detect for 

the presence of unincorporated macromonomer. 

2. Nuclear Magnetic Resonance Spectroscopy 

Characterization by NMR was typically done in 

chloroform-d (Aldrich) in ca. 5 percent solutions. When !3C NMR was 

done the chloroform contained chromium(acetylacetonate) as a 

relaxation agent at a concentration of 0.02-0.04M. Quantitative !13C 

NMR was done using an inverse-gated pulse delay. This procedure 

was quantitative as evidenced by T,; measurements that showed that 

the pulse delay used was 4-5 times the longest T; in the polymer. 

The instrument used for analysis was a Varian Unity 400 FT- 

NMR. 

3. Fourier Transform Infra-red Spectroscopy 

Routine FTIR spectra were recorded on a Nicolet 10DX. 

Samples were typically prepared by casting a thin film of polymer 

from solution onto a sodium chloride salt plate. 

4. Ultraviolet Spectroscopy 

UV analysis was performed on a Perkin-Elmer 552 

instrument typically scanning from 350nm-190nm at 20nm/min. 

Standard solutions of 2-ethylhexyl acrylate in HPLC grade THF 

solvent were analyzed and the results were plotted graphically as 

absoption vs molar concentration. The functional molecular weight 

of the acrylic terminal HPBd macromonomers in terms of grams of 
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polymer per mole of end-functional moiety was determined from 

this plot. 

5. Titration 

Acid-base titrations were performed on the carboxylic 

acid terminal HPBd's and the methacrylic acid containing graft 

copolymers. 

The acid base titrations were performed using 

tetramethylammonium hydroxide as the titrant at a typical 

concentration of 0.025 M. 

6. Thermal Analysis 

All thermal analysis was done on a Perkin-Elmer Model-2 

or PE Model-7 thermal analysis system. 

7. Adhesion Testing 

The application for which the HPBd-based materials were 

Synthesized was to promote adhesion between 

poly(propylene)/ethylene-propylene diene monomer (EPDM) and 

cycloaliphatic polyurethane coatings. 

PP/EPDM panels (4" x 4") were wiped with isopropanol using a 

laboratory tissue and were air dried for ten minutes. The panels 

were then spray coated with the adhesion promoter as a 5 percent 

(wt/wt) solution in chlorobenzene and allowed to sir dry for ten 

minutes. The coating thickness was 0.1 to 0.3 mil. An oil-based 

(519) or waterborne (520) black primer was then spray coated to 

achieve a dry film thickness of 1.0 mil. The resulting panel was then 

cured in an air convection oven at 250 °F (107 °C) for thirty minutes. 

a) _One-Cut Test 
After the panels prepared as above were cooled, a cut 

was made through the coatings with an X-Acto fine-point blade. A 

3M 898 tape was applied and removed rapidly. The material passed 

the test if the coating was not removed. 
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b)___Cross-Hatch Test 
A cross-hatch test was performed following ASTM 

Standard D-3359-87 Method B, with slight modification such that ten 

lines that were 2mm or Imm apart, instead of six lines that were 

Imm apart. The cross-hatches were prepared with an X-Acto fine- 

point blade and the test was performed with application and rapid 

removal of 3M 898 tape. If samples passed the cross hatch test of 

ten lines that were 2mm apart, they were tested again with the test 

of ten lines that were 1mm apart. A test was considered passed if 5 

percent or less of the test area was removed. 

Ii, RESULTS AND DISCUSSION 

A. End-Functional Poly(butadiene)s 

I. Introduction 

Recently, in our laboratories, several studies have been 

conducted concerning the synthesis, characterization and application 

of well defined polymeric systems. The synthetic methodology 

utilized to obtain these materials include anionic and group transfer 

polymerization. In this dissertation, the synthesis, characterization 

and utility of well defined graft copolymers and end-functional 

materials will be discussed. 

Anionic polymerization methodology has been employed in the 

synthesis of well defined hydroxy! and carboxyl terminal 

poly(butadiene)s. The unsaturated backbone in these materials was 

hydrogenated to impart increased thermo-oxidative stability. The 

utility of these materials as adhesion promoters between 

poly(propylene) (PP)/EPDM and cycloaliphatic polyurethane coatings 

has been investigated. 

Poly(propylene) (PP) is finding increasing application in the 

automotive industry with a great deal of impact in the area of 

exterior parts. The advantages of using this material are many, 

including low density, chemical resistance to acids and fuel, good 
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mechanical properties, processability, and cost efficiency. These 

advantages are offset to some extent by the unreceptiveness of the 

surface of these materials to inks, paint, and adhesives. This is due 

to their chemical inertness, low polarity, and low surface energy 

which leads to a lack of wettability. The relatively high surface 

energy of the weatherable but more polar cycloaliphatic 

polyurethanes, external coatings used extensively in the automotive 

industry, makes coating of PP with these materials difficult. 

Chemical pre-treatments are often used to increase the surface 

energy by introducing polar moieties onto the surface without 

affecting the bulk properties of the polymer. These pre-treatments 

often involve oxidation and include corona discharge, plasma 

treatment and flame and acid etching (521). Use of a primer or 

adhesion promoter represents an alternative to these oxidative 

treatments. One of the most common commercial primer in use is a 

chlorinated polyolefin adhesion promoter containing approximately 

13 atom percent chlorine (522). One drawback of this material is 

the necessity for the use of chlorine in its production which brings 

with it health, safety and environmental concerns. These safety 

concerns including solvent processing, have provided the driving 

force for the development of alternative materials for this important 

application that will allow for optimum performance with reduced 

health and safety concerns. Also the exact mode of action of the 

adhesion promoters has been the subject of limited study although it 

has been determined that adhesion may be caused by diffusion of 

the polyolefin into the polypropylene enhanced by acid-base 

interaction of the chlorine atoms with hydroxyl groups introduced 

onto the substrate surface spirit wiping. 

For an adhesive to perform adequately its chemistry must be 

such that it provides some mode of interaction between itself and the 

materials to be held together. In the situation under study materials 

are being synthesized to provide adhesion between cycloaliphatic 

polyurethane coatings and polypropylene/EPDM. These two 

components are quite chemically different which provides a great 
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challenge to the chemist to synthesize an adhesion promoter which 

will provide a means of adhesive interaction between itself and the 

polyurethane as well as the polypropylene. The polyurethane 

contains functional sites which can allow for adhesive interaction to 

take place by adsorption or surface reaction between its functional 

groups and functional groups of the adhesive. Adsorption can take 

place through hydrogen bonding or dipole-dipole interactions 

between the adhesive and the urethane linkages. Formation of the 

polyurethane network takes place while the coating is in contact with 

the adhesive therefore adhesion can be attained by the reaction of 

appropriate functional groups of the adhesive into the coating during 

this network formation. The adhesive must also be designed in such 

a way so as to provide a mode of adhesion between itself and the 

polypropylene/EPDM. 

One major drawback of the use of polypropylene is the lack of 

wettability of its surface due to its low surface energy as mentioned 

above. There are no functional groups in its structure that will allow 

for interaction to take place between itself and the adhesive by 

adsorption or surface reaction as in the case of the polyurethane 

coating. The mode of interaction that could be exploited was that of 

interdiffusion where a component of the adhesive would provide a 

degree of misciblility with the polypropylene. 

Studies in our laboratories have shown that block copolymers 

of ethylene/propylene can be excellent hot melt adhesives for 

binding PP together (523). Also, recent studies at Virginia Tech by 

Marand and coworkers have shown that atactic poly(1-butene) and 

atactic PP are miscible (524). Solubility parameters of poly(1- 

butene) and PP have been determined utilizing group molar 

attraction constants and group molar volumes to be 7.57 and 7.40 

(cal-em-3)1/2, respectively which allows for these two materials to be 

miscible. Experimentally, the difference in solubility parameters 

between these two polymers was found to be 0.14 (cal-cm-3)!/2, PBd, 

when hydrogenated, has a structure analogous to that of a random 

copolymer of ethylene and 1-butene. The amount of 1-butene 
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content is dependent upon the amount of 1,2 chain microstructure in 

the PBd precursor. The greater the amount of 1-butene in the HPBd, 

the greater will be its miscibility with polypropylene as indicated by 

the similarity of the respective solubility parameters. As the amount 

of 1,2 content decreases the amount of susequent 1-butene decreases 

with an increase in ethylene. Polyethylene has been shown to have a 

solubility parameter on the order of 8.0 (cal-cm-3)!/2 (525). As the 

amount of ethylene in the hydrogenated PBd increases this will cause 

a divergence in the solubility parameters of polypropylene and the 

ethylene/1-butene random copolymer decreasing the possibility of 

miscibility taking place. The results of these studies led us to choose 

hydrogenated polybutadiene (HPBd)-based systems as our approach 

to providing effective adhesive systems for the 

polyurethane/polypropylene system. The approach taken was to 

incorporate polar functional groups into HPBd-based systems that 

contained a high amount 1l-butene content. The HPBd component 

will provide a mode of adhesive interaction between the adhesive 

and the polypropylene/EPDM and the polar functional groups will 

interact with the polyurethane coating promoting effective adhesion. 

The polar functional groups utilized were chosen so as to provide this 

interaction with the polyurethane providing a relatively safe 

alternative to the chlorinated polyolefin materials. Well defined 

materials were synthesized in order that the adhesive properties of 

the materials could be studied as a function of a number of variables 

which are controllable. These include molecular weight and 

microstructure of the HPBd component as well as the nature and 

concentration of the polar functional groups incorporated into the 

material. 

2. Anionic Synthesis of End-functional Poly(butadiene)s 

The approach we have taken is to synthesize adhesion 

promoting primers based on _ hydrogenated poly(butadiene) (HPBd). 

Anionic polymerization of butadiene allows for many characteristics 

of the resulting polymers to be varied in a controlled manner. Well 
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defined polymers result because of the living nature of the 

polymerization process. Molecular weights can be controlled and 

narrow molecular weight distribution materials result. The nature of 

the end group can also be controlled by the judicious choice of 

terminating agent and/or by a post polymerization reaction to 

produce the desired functionality. Microstructure of the PBd's (1,2 

vs. 1,4 addition) can also be varied and controlled by choice of 

polymerization conditions. Because of these advantages of anionic 

polymerization of Bd, a great variation of materials can be 

synthesized within the same family of polymers. 

End-functional PBd's have been synthesized as per Scheme 11. 

The characteristics of the materials synthesized are shown in Table 

19. These characteristics were varied in such a way so as to provide 

control of molecular weight, microstructure, and nature of the end 

group. 

In all cases, the molecular weight averages obtained agree very 

well with the predicted value determined by the monomer:initiator 

stoichiometry. Narrow molecular weight distributions were also 

obtained showing the well defined nature of these polymers. 

Molecular weight averages and polydispersities were determined by 

GPC in THF solvent using poly(styrene) standards. Other workers 

have reported that an empirical correction factor could be utilized for 

the SEC analysis of PBd's vs. poly(styrene) standards in THF (526). 

Simply dividing the molecular weight obtained vs poly(styrene) by 

1.75 affords a molecular weight that is very close to the true value. 

Molecular weights were determined using samples of non-functional 

materials. In each case an aliquot of the polymerization solution was 

removed via cannula and terminated with methanol, which provides 

a non-functional end group. These samples were then used in 

molecular weight determination. GPC was also performed on the 

functional materials for determination of the presence of any side 

reactions such as coupling during functionalization. 

Hydroxyl and carboxyl terminal materials were both 

synthesized. To obtain hydroxyl termination, a large excess of 
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ethylene oxide was bubbled from over calcium hydride, through the 

solution of the living polybutdienyl anion until the solution was 

colorless to the human eye. After this, the bubbling was continued 

for 50% excess of time in an attempt to insure complete functional 

termination. Final neutralization of the oxyanionic chain end was 

accomplished with excess methanol. 

Carboxyl termination was accomplished by bubbling purified 

carbon dioxide gas through the solution of the polybutadienyl anion 

in a similar manner as described for ethylene oxide. Final 

termination was carried out with methanol followed by dilute 

methanolic HCl. A common side reaction in carboxyl termination 

done in this manner is coupling to form a central ketone linkage 

(463). This problem has been attributed to the state of aggregation 

of the anionic chain ends in solution. This side reaction has also been 

shown to be eliminated in the presence of polar modifiers which 

break up this aggregation and allow for quantitative functional 

termination. In all cases in the studies shown, varying amounts of 

THF solvent as well as dipiperidinoethane (DIPIP) have been utilized 

in the polymerization which effectively breaks up the aggregation of 

the chain ends and provides for the desired quantitative chain end 

functionalization. This lack of coupling is evidenced in the GPC traces 

of these polymers (See Figure 13). There is no peak that supports 

the presence of a coupled product. This is also confirmed by 

titration results for determination of molecular weight. The values 

obtained agree very well with theoretical values. If coupling was 

taking place, the values of molecular weight determined in this 

manner would be much higher due to the reduced number of 

carboxyl groups present. 

Microstructure of the polymers was an important aspect to be 

considered and the microstructure of the polymers produced was 

varied by controlling the reaction conditions. Polymerizations 

carried out in entirely THF solvent afforded PBd's with 90 mole 

percent 1,2 microstructure and 10 mole percent 1,4 addition. This 

high 1,2 content results form the polarity of the ether solvent which 
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Figure 13: Representative GPC Trace of Anionically Synthesized 

Carboxyl Terminal Poly(butadiene) in THF Solvent. 
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reduces the aggregation of the anionic chain ends to a great extent 

and also dissociates, to a certain degree, the "tightness" of the ion 

pair at the growing chain end. 

Reducing the amount of THF solvent in cyclohexane/THF 

solvent mixtures allowed for reduction in the amount of 1,2 

microstructure obtained. When cyclohexane was used in the solvent 

mixture it was necessary to raise the temperature of the 

polymerization reaction accordingly to avoid freezing of the 

cyclohexane solvent. It is noticed from the data obtained that even 

when very low concentrations of THF in cyclohexane are utilized as 

the solvent combination the amount of 1,2 microstructure is still 

quite substantial, e.g. 0.25 % THF provides 50 mole percent 1,2 

addition. These results show that the effect of THF on microstructure 

is not only a result of the overall polarity of the solvent medium but 

also a result of the THF acting somewhat like a cryptand and altering 

the nature of the ion pair chain end. The magnitude of this effect 

would be a function of the relative molar ratio of the relatively 

weakly donating ether ligand to the ion pair chain ends. 

The use of dipiperidinoethane demonstrates this effect quite 

readily (533). The amount of this strongly donating bidentate 

ligand was used in a 1:1 molar ratio with the sec-butyllithium 

anionic polymerization initiator and the effects are quite dramatic. 

In cyclohexane solvent, the polymers produced contain 99 mole 

percent 1,2 microstructure. Since the amount used is so small, this 

effect is not a result of the effect of this compound on the overall 

solvent polarity but is due to its strong complexation to the ion pair 

chain end which dissociates the ion pair increasing the 1,2 content of 

the resulting polymer. The utilization of these varying 

polymerization conditions has allowed for the production of a 

systematic series of polymers varying in microstructure. 

This range of microstructures was produced in order that once 

hydrogenated, these parent polymers will provide poly(ethylene-co- 

1-butene) random copolymers with varying amounts of 1-butene 

content. Since it has been shown that 100% atactic poly(1-butene) 
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can be miscible with PP, it was desirable to determine how this 

phenomena would effect adhesion and how systematic changes in 1- 

butene content would effect adhesion. 

The microstructure of the resulting polymers was determined 

by |H NMR as demonstrated in Figure 14. The peaks of interest are 

labeled A, B and C. Peaks A and B overlap to some extent and are 

attributable to the unsaturation in the backbone of the polymer 

resulting from the 1,4 microstructure and the larger peak at lower 

ppm is due to the methine of the pendant unsaturation from the 1,2 

microstructure. The peak labelled C is due to the methylene of the 

pendant unsaturation resulting from 1,2 addition. The following 

equations were utilized to calculate the mole percent of 1,2 

microstructure. 

[((A+B)-C/2] = Ay (C/2)/(Ayqt+C/2) * 100% = Mole % 1,2 

where: (A+B) = Integrated area of peaks A and B 

C/2 = Integrated area of peak C on a per proton basis 

Ay = Integrated area of peak A on a per proton basis 

Three different samples of each polymer were analyzed and the 

results were averaged to provide the values given. 

3. Hydrogenation of End-Functional PBd’s 

Hydrogenation of the unsaturation in the backbone of these 

materials was necessary to impart some degree of thermo-oxidative 

stability. The methods utilized to hydrogenate the hydroxyl and 

carboxyl terminal PBd's are outlined in Scheme 11. A nickel 

octoate/triethylaluminum homogeneous catalyst system was utilized 

for the hydrogenation of the hydroxyl terminal PBd's (PBd-OH). The 

catalyst was made outside of the hydrogenation reaction mixture and 

then added to the cyclohexane solution of PBd-OH. This catalyst is 

relatively stable and provides complete hydrogenation of the 

unsaturated polymer backbone with no deleterious side reactions 
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with the hydroxyl end group (See literature review; Hydrogenation 

Processes). Removal of the catalyst residues was accomplished by 

vigorously stirring the reaction mixture over aqueous citric acid for 

several hours with slight heating. Upon removal of the catalyst the 

aqueous layer turns a greenish color and the cyclohexane layer 

becomes clear and colorless. 

A dicyclopentadienyltitanium dichloride/sec-butyllithium 

catalyst system was utilized to hydrogenate the carboxyl terminal 

PBd's (PBd-COOH) (508,509). This catalyst, which is much more 

sensitive, was used due to the fact that it will quantitatively 

hydrogenate the polymeric backbone unsaturations, without any 

deleterious side reactions with the carboxyl terminal group. The 

carboxyl group also will not poison the catalyst, which would render 

it ineffective. This catalyst differs from the nickel catalyst also in the 

fact that it is made in situ. The sec-butyllithium was added to the 

mixture of PBd-COOH and dicyclopentadienyltitanium dichloride in 

cyclohexane forming a black suspension. Advantages of this catalyst 

besides the ones previously mentioned include that once the catalyst 

is exposed to the atmosphere it is converted to titanium dioxide 

(TiO2) which is chemically inert and does not require quantitative 

removal because of the small amount utilized and this inertness. 

Once hydrogenation was complete the solutions were filtered through 

Celite filter aid to remove the bulk of the catalyst residue. 

The progress of the hydrogenation reactions was monitored by 

theuse of a pressure gauge on the pressure reactor. 50 PSlIg 

hydrogen was charged to the reaction and the hydrogen inlet valve 

was closed. The reaction was then brought to temperature and 

allowed to stir. Considerable decrease of the pressure in the reactor 

was experienced indicating that the reaction was proceeding. The 

inlet valve was opened and allowed to remain open for the beginning 

Stages of the reaction to maintain pressure. After the reaction had 

been completed to a large extent the valve was closed and the final 

stages of the reaction were allowed to take place. 
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Complete hydrogenation of both the hydroxyl and carboxyl 

PBd's was determined by 1H NMR, a representative spectrum of 

which is shown in Figure 15. The peaks between 4.7 and 5.8 ppm 

due to the unsaturation of the polymer have been completely 

removed giving conclusive evidence for the complete hydrogenation 

of the polymers. 

Hydrogenation of these polymers converts them into 

essentially poly(ethylene-co-1-butene) random copolymers. The 

mole percent 1,2 microstructure has been converted into a mole 

percent 1-butene and these determinations are shown in Table 19. 

Each repeat unit of 1,4 microstructure is converted into 2 repeat 

units of ethylene in the hydrogenated material, while each 1,2 

microstructural unit becomes one 1-butene unit. The mole percent 

1-butene shown in the table for each of these polymers reflects this 

fact. These values were calculated according to the following 

relation. 

XB =X1,2/(2- X1,2) 

where 

Xs = mole fraction of 1-butene in hydrogenated material. 

X%1,2 = mole fraction 1,2 microstructure in PBd. 

GPC was used to analyze these hydrogenated materials. This 

was done not to determine molecular weight but to assess whether 

any side reactions were taking place, such as chain cleavage. It was 

concluded that little or no chain cleavage or side reactions were 

taking place due to the narrow, monomodal GPC traces that were 

obtained for the hydrogenated materials. 

4. Adhesion Testing 

The industrially important adhesion test methods utilized are 

described in detail in the experimental section of this dissertation. A 
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schematic representation of the test panels and test methods is 

provided in Figure 16. Initially a one-cut test was performed using 

the various adhesion promoters. If the material passed this test, 

passed meaning none of the material was removed from the defect 

area upon removal of the adhesive tape, it was then tested using the 

cross-hatch test. The cross-hatch test was passed if 5% or less of the 

test area was removed upon removal of the adhesive tape. 

As explained earlier, the purpose of synthesizing these 

materials was to test their applicability as adhesion promoters 

between PP/EPDM and cycloaliphatic polyurethanes. HPBd-based 

materials became the focus due to their possible miscibility with 

poly(propylene) which may provide effective adhesion at this 

interface. The hydroxyl and carboxyl polar functional groups were 

incorporated onto the chain ends with the idea that the bulk of the 

HPBd would reside at the poly(propylene) interface and the polar 

functional group would interact with the polyurethane coating. 

In application, the adhesion promoter was applied to the 

PP/EPDM interface as a solution and allowed to air dry. Since the 

carrier solvent for the adhesion promoter is a high boiling solvent, 

(either chlorobenzene or xylenes) this drying at room temperature 

does not allow for complete removal of solvent. With solvent present 

the polymer molecules of the adhesion promoter have increased 

mobility. The polyurethane coating was then applied as a solution 

and was air dried, followed by thermal curing at 120 °C for 30 

minutes. During this cure stage of processing it would be desirable 

for the bulk of the HPBd to segregate towards the PP interface and 

for the functional groups to intimately interact with the 

polyurethane. This type of idealized behavior is depicted in Figure 

17. It is possible for interaction to take place by means of hydrogen 

bonding, or dipole-dipole interactions between the functional groups 

and the urethane linkages in the coating. Also possible, and most 

desirable, is reaction of the functional groups on the chain ends of 

the adhesion promoter molecules with the coating itself. Both 

hydroxyl and carboxyl groups are readily capable of reacting with 
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isocyanates at the cure temperature. This occurrence of a surface 

reaction would provide an excellent mode of adhesion at this 

interface. 

Each of the polymers synthesized was tested for its adhesive 

properties in the system of interest. The results are summarized in 

Tables 20 and 21. The trends tested in Table 20 are the effect of 

molecular weight on adhesive properties as well as the nature of the 

end group. Low molecular weight hydroxyl terminal materials were 

tested and upon heating, a great deal of shrinkage of the materials 

occurred; an undesirable result. The cause of this shrinkage may be 

attributable to the lack of sufficient entanglements between the 

polymer chains of the adhesion promoter. When applied to the PP in 

solution, the polymer chains may assume an extended conformation. 

The coating is then applied and thermal curing takes place. During 

this cure stage the polymer molecules can have increased molecular 

mobility. This mobility can allow the molecules to assume a more 

relaxed, coiled conformation which can cause bulk shrinkage of the 

material. The 20K hydroxyl and 20 and 30K carboxyl terminal 

materials gave favorable results with relatively little shrinkage 

taking place. Of significant interest is the fact that the 30K non- 

functional material did not provide adequate adhesion. This 

provides evidence for the necessity of the incorporation of the 

hydroxyl and carboxyl terminal groups. All materials shown in this 

table contained 90 mole percent 1,2 content in their PBd form. 

The polymers tested providing the data shown in Table 21 had 

essentially the same molecular weight, 20K g/mol. This molecular 

weight was chosen because of the results obtained in Table 20. The 

trend studied in this table of results is the effect of 1,2 

microstructure and subsequent 1-butene content on the adhesive 

properties of the materials. Upon hydrogenation these 

polybutadienes essentially become random copolymers of 1-butene 

and ethylene. The 1-butene units resulting from hydrogenation of 

the 1,2 addition units and the ethylene units from the 1,4 addition 

units. 
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Table 20: Adhesion Test Results as a Function of Molecular Weight & End 
  

  

  

End Group My(*10-3) 1-Cut Test Cross Hatch Test 

-OH 5.0 F* - 
10.0 F - 
20.0 P F 

-~COOH 20.0 P P 

30.0 P F 

-H 30.0 F - 

  

# All materials contain 90 mole percent 1,2 microstructure in the 
poly(butadiene) form, 82 mole percent 1-butene in the hydrogenated 
(ethylene-co-butene) form. All materials tested were hydrogenated. 

* Shrinkage of coating occurred during cure. 

P=Pass’ F = Fail 
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Table 2}: Adhesion Test Results as a Function of End Group & 

  

  

mical m ition 

Mole Percent Cross Hatch 

Material My(*10°3) —1-Butene (1,2)* 1-Cut Test Test 

HPBd-OH 20.0 99 (99) P P 
HPBd-COOH 20.0 99 (99) P P 

HPBd-OH 20.0 82 (90) P F 
HPBd-COOH 20.0 82 (90) P P 

PBd-OH 15.0 82 (90) F - 

HPBd-OH 20.0 74 (85) F 
HPBd-COOH 20.0 74 (85) F - 

PBd-OH 20.0 74 (85) F - 

HPBd-OH 20.0 33 (50) F - 
HPBd-COOH 20.0 33 (SO) F - 

PBd-OH 20.0 33 (50) F - 

  

* Determined by 1H NMR of non-hydrogenated poly(butadiene) 
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The determinations shown indicate that polymers that 

contained 90 mole percent 1,2 microstructure and greater provide 

adequate adhesion for the system studied. It appears that at 90 

mole percent, the lower limit is being approached that will provide 

sufficient interaction between the bulk of the polymer and the PP. 

These results coincide nicely with the results obtained in the 

miscibility study of Marand (524) and coworkers who showed that 

poly(1-butene) and poly(propylene) are indeed miscible under 

certain conditions. The interaction taking place between the 

adhesion promoter and the PP/EPDM may simply be due to Van der 

Waals interactions or it may be due to the miscibility and possible 

interdiffusion of the bulk of the end-functional HPBd into the 

PP/EPDM substrate material. The application of the adhesive as a 

solution may allow for this to take place. The solvent may "soften" 

the surface of the substrate and allow for this interdiffusion to take 

place. Also, heating of the materials during the cure of the coating 

may allow for interdiffusion to take place. The ability of the 

adhesive to diffuse into the PP/EPDM would be limited by the 

amount of 1-butene content in the polymer. The higher this amount, 

the greater the miscibility with PP and subsequently the adhesive 

properties will be greater at this interface. Also, as 1-butene content 

decreases, the ethylene content correspondingly increases. As the 

concentration of ethylene units is increased it will cause the 

solubility parameter of the HPBd to diverge from the solubility 

parameter of polypropylene. This change will decrease the degree of 

miscibility that is possible between the adhesive and the 

polypropylene which will adversely effect the adhesive properties. 

Also, polyethylene is a semi-crystalline material and in these 

copolymers with increasing amounts of ethylene, some crystallization 

may be taking place which would also adversely effect the adhesion. 

5S. Summary — 

The above discussed results have determined a number of 

criteria which must be met in order for end functional HPBd-based 
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materials to be effective adhesion promoters between PP/EPDM and 

the cycloaliphatic polyurethane coating. Minimum molecular weight 

necessary is approximately 20K g/mol. The minimum amount of 1,2 

microstructure in the PBd precursor of the HPBd is 90 mole percent. 

When hydrogenated this microstructure results in a random 

copolymer of ethylene and 1-butene containing 82 mole percent 1- 

butene. This amount of 1l-butene content has been determined to be 

sufficient to allow adequate interaction to take place between the 

adhesive and the polypropylene interface presumably by 

interdiffusion of the HPBd into the propylene facilitated by their 

miscibility. The presence of a hydroxy! or carboxyl terminal group is 

necessary to provide adequate adhesive properties. The choice of 

end group, hydroxyl or carboxyl, seems to be inconsequential in 

terms of the qualitative results obtained from the test methods 

employed. The adhesion results obtained show that the end- 

functional materials evaluated have adhesive properties comparable 

to the chlorinated polyolefins commercially used at the present time. 

B. HPBd-Containing Graft Copolymers 

The concentration of terminal functional groups in the above 

described polymers is limited. In the cases where positive results 

were obtained, the molecular weight necessary was 20 kg/mole with 

one terminal functional group making 20 kg/mole the functional 

molecular weight as well. Once the adhesion promoter is applied to 

the PP/EPDM it was allowed to air dry for 10 minutes. This time 

would allow for some migration of the low energy HPBd to the low 

energy PP/EPDM interface. During this time the opposite interface is 

air, also a low energy "surface". It would be desirable during this air 

drying stage that the functional groups migrate towards the air 

surface but this would be hindered by the low energy of this 

interface. Since migration of the bulk of the HPBd polymer to the 

PP/EPDM interface would be more favorable due to their mutual 

miscibility, this may force the functional groups to the opposite 

interface. Since the concentration of these groups is minimal, they 
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may also become locked into the matrix of the bulk HPBd and never 

approach the air surface. 

This migration of the bulk of the polymer and the functional 

groups may take place more readily during the cure stage after the 

polyurethane coating has been applied. The PP/EPDM surface is still 

low in energy which will attract the bulk of the HPBd while the low 

energy air interface is replaced with a higher energy polyurethane 

interface. The higher energy of this interface may allow for a greater 

driving force for migration of the functional groups to this interface. 

It was desired to incorporate a greater concentration of polar, 

functional groups into the polymeric system to be used as the 

adhesion promoter. This increase in functional groups will allow for 

a greater number of possible sites for interaction between the 

polyurethane and the adhesive. The synthetic strategy to be used 

involved the formation of graft copolymers which contained HPBd 

grafts onto a backbone that had polar functional groups incorporated 

into it at greater concentrations than the end-functional materials 

could provide. In the synthesis of these materials the concentration 

of polar functional groups may be varied over a fairly broad range so 

that the adehisve properties of the materials could be studied as a 

function of the concentration of these groups. The synthetic 

technique utilized was the macromonomer technique (84). 

1. Synthesis of HPBd Macromonomers 

The macromonomer technique, as described earlier, involves 

the synthesis of polymers or oligomers that have a polymerizable 

group at one end of the chain. Once incorporated, this polymerizable 

end group can then be utilized in a copolymerization with mutually 

reactive monomer(s) to provide a graft copolymer with a polymeric 

backbone of the monomer material and grafts of the macromonomer 

material. This technique was employed in the synthesis of the HPBd- 

containing graft copolymers utilized in the studies discussed here. 

HPBd macromonomers were synthesized according to the 

synthetic scheme shown in Scheme 12. The synthetic strategy 
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SecBuLi + CH,=CH—CH=CH, 

1. THF/Cyclohexane 

2. Ethylene Oxide 

3. MeOH 

SecBut CH,CH=CHCH, }{CH2CH }-OH 

PBD-OH CH=CH) 

Ni(Oct)2/AIEt; 

Cyclohexane 

50 PSIg H2 

65°C 

SecBu-t CHaCHaCHCHz}-{CH.CH }OH 

HPBd-OH CH2CH3 

CH»=CH—C—Cl 

Et,N O 

Yy 

SeeBuf CHaCHsCHaCH2}-{CH.CH J; CH,CH,0—¢—CH =CH, 

CH,CH; O 

  

Scheme 12: Synthesis of Acrylic Terminal HPBd Macromonomers. 
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utilized was the functional termination route to produce the 

macromonomers. Hydroxyl terminal HPBd's were synthesized by 

termination of the living polybutadienyl anion with ethylene oxide 

followed by methanol. The terminal hydroxyl groups were then 

condensed with acryloyl chloride in the presence of triethylamine to 

afford the acrylic terminal HPBd macromonomers. The reaction 

proceeds with increasing formation of Et3NHCI salts which upon 

completion of the reaction are readily removed by vacuum filtration 

through Celite and subsequent water washing. The characteristics of 

the macromonomers are presented in Table 22. The molecular 

weight was varied systematically with the highest molecular weight 

synthesized being 12 kg/mole. The molecular weight range was 

limited to this extreme because it is known that as macromonomer 

molecular weight increases it becomes increasingly more difficult to 

obtain high degrees of functionalization and subsequent 

incorporation of the macromonomer into a graft copolymer. This 

molecular weight range should allow for efficient copolymerization to 

form well defined graft copolymers. 

The molecular weight of these macromonomers was 

determined by GPC on non-functional materials in an identical 

manner as discussed above. GPC was also utilized to analyze these 

materials after each step on the synthetic pathway. There were no 

abnormalities detected; the shape of the GPC traces for each of the 

materials was essentially identical. 

The efficiency of the functionalization reaction is of utmost 

concern in the synthesis of macromonomers. It is desirable to have 

quantitative functionalization so as to obtain maximum possible 

incorporation of the macromonomer into the graft copolymer. Non- 

functional macromonomers cannot be incorporated and therefore 

must be removed from the final copolymerization product. The 

macromonomers presented here were characterized in terms of a 

functional molecular weight by two different methods; !H NMR and 

ultra violet (UV) spectroscopy. The !'H NMR spectrum of the 500 

g/mole macromonomer is shown in Figure 18. The peaks due to the 
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acrylic end group appear between 5.8 and 6.5 ppm. The ratio of the 

integrated area of these peaks and the peaks due to the saturated 

polymer was utilized to determine a functional molecular weight. 

The results of these determinations are shown in Table 22. These 

results show that the functionalization reaction was essentially 

quantitative for this low molecular weight macromonomer. 

Determination of a functional molecular weight by this method 

becomes prohibitively difficult as the molecular weight of the 

macromonomer increases. This is due to the reduced concentration 

of end groups in the polymer to be analyzed. Because of this 

increasing difficulty, UV spectroscopy was employed. HPBd is a UV 

transparent polymer while the acrylic functionality has a UV 

absorbance around 210 nm. A series of solutions of 2-ethylhexyl 

acrylate in cyclohexane were prepared and analyzed by UV 

spectroscopy to prepare a plot of absorbance versus acrylate 

concentration. Solutions of the acrylic terminal HPBd 

macromonomers of known concentration in terms of grams of 

polymer/liter of cyclohexane solvent were made. The absorbance 

due to the acrylic functionality was then determined and that value 

was located on the standard curve constructed from the analysis of 

the 2EHA standard solutions. The effective acrylate concentration 

was determined in this manner from which the functional molecular 

of each macromonomer was determined. 

The values obtained are shown in Table 22. In all cases high 

functionality was achieved as demonstrated by the agreement in the 

molecular weights determined by the various methods and their 

agreement with the theoretical molecular weights. 

From the previously discussed adhesion testing results it was 

determined that the polymeric adhesion promoters required at least 

90 mole percent 1,2 microstructure in the poly(butadiene) precursor 

in order to provide adequate adhesive properties. Therefore, the 

macromonomers synthesized here for the purpose of incorporation 

into graft copolymers contained at least 90 mole percent 1,2 

microstructure. The materials containing 90 mole percent 1,2 
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poly(butadiene) were polymerized in THF solvent at -30 °C. The 

macromonomer with 99 mole percent 1,2 microstructure was 

synthesized in cyclohexane solvent at O °C in the presence of DIPIP 

in a 1:1 molar ratio with sec-butyllithium initiator. The 

microstructure of the polymers was determined by !H NMR in the 

same manner as described above for the end functional materials 

(See Figure 14). 

2. Synthesis of HPBd-containing Graft Copolymers 

Copolymerizations of the acrylic terminal HPBd 

macromonomers with various backbone monomer combinations were 

performed with chlorobenzene as solvent and AIBN as the free 

radical initiator. The synthetic scheme is depicted in Scheme 13. 

Chlorobenzene was chosen as solvent because of its low chain 

transfer constant under free radical conditions and because of its 

solvating power for the materials to be synthesized. Under the 

conditions utilized, gross macroscopic phase separation did not occur. 

The molecular weights of the macromonomers were relatively low 

and the concentration of the macromonomer in the copolymerization 

reaction solution was quite high. According to Milkovich's studies 

(225) with phase volumes and phase diagrams, these aspects will 

allow for the copolymerizations to take place without gross phase 

separation and with efficient macromonomer incorporation. 

Copolymers with a range of chemical compositions were 

synthesized under the above conditions. These variations in 

composition could then be analyzed in terms of their effect on 

adhesion properties. 

1H NMR, !3C NMR, IR, and GPC were utilized to characterize 

these graft copolymers in terms of composition and purity from the 

Standpoint of the lack of unincorporated macromonomer in the graft 

copolymers. 

The grafts of all of the copolymers synthesized were HPBd 

while the backbones of the copolymers were typically copolymeric in 

nature. n-Butyl acrylate was always utilized as one of the 
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components of the backbone while the second monomer used was 

varied. Methacrylic acid (MA), 2-hydroxyethyl methacrylate (2- 

HEMA), N,N-dimethylacrylamide (DMAA), and t-butyl methacrylate 

(TBMA) were all utilized as a component in the backbone in varying 

amounts. 

It is expected that all the graft copolymers synthesized will 

have a random incorporation of components. In free radical 

copolymerization with methacrylates, acrylates tends to cross 

propagate preferring to react with the methacrylate. The 

methacrylates tend to homopropagate under these conditions. In the 

graft copolymerizations performed the concentration of the 

methacrylate in the reaction mixture is very low relative to the 

acrylate concentration. Because of this, once the radical of the chain 

end reacts with a methacrylate, the possibility of that methacrylate 

radical finding another methacrylate is quite low making the cross 

propagation increasingly likely. These tendencies in the reactivity of 

the components under free radical conditions and the relative 

concentrations should allow for maximum incorporation of the 

functional comonomer in a random fashion. 

Tables 23-26 show the composition of the graft copolymers in 

comparison to the charged amounts of each component. 

Representative NMR spectra are shown of each type of graft 

copolymer in Figures 19-22. These were utilized to determine the 

mole percent composition the values of which were converted into 

weight percentages. These values are all shown in Tables 23-26. 

In all cases it is seen that there is reduced incorporation of the 

HPBd macromonomer. The reasons for lack of incorporation of 

macromonomer may be attributed to several factors including lack of 

functionalization, or incorporation of macromonomer into very short 

polymeric backbones which are then removed upon precipitation. 

Also the copolymerizability is a function of the absolute reactivity of 

the two backbone monomers and the steric problems involved in the 

copolymerization of the macromonomer. Decreased incorporation . 
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Figure 22: Representative 1H NMR Spectrum of [(t-Butyl 
Methacrylate-co-n-Butyl acrylate)-g-HPBd] Graft 
Copolymer. 
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may also be the result of incompatibility between the components in 

the copolymerization reaction mixture. 

The greatest degree of control over chemical composition is 

exhibited when t-butyl methacrylate (TBMA) is utilized as the 

functional comonomer. This is attributable to the increased 

homogeneity of the reaction mixture during copolymerization. The 

comonomers TBMA and n-BuAcr have large ester alkyl groups 

making them quite non-polar in nature. It is proposed that this will 

allow for greater compatibility with the HPBd macromonomer 

resulting in the more homogeneous system than is possible with 

methacrylic acid 

Incorporation of the functional comonomer in the other three 

families of graft copolymers decreases in the order DMAA > 2HEMA > 

MA. This order seems to parallel the order of increasing polarity of 

the molecule. Since BuAcr and HPBd are quite non-polar, this will 

lead to increasing incompatibility of the functional comonomers with 

the other components. This may lead to decreased incorporation. 

During the copolymerization reaction, the free radical chain end will 

react with the functional comonomer. Since this comonomer is not 

similar to the other components, the radical lifetime may be 

relatively long at this stage increasing the chance for termination. 

This radical may also tend to homopropagate, leading to segments 

rich in functional comonomer. These molecules may also not grow to 

sufficient molecular weight. The possibility of low molecular weight 

species development and the possible formation of polymers rich in 

functional comonomer may cause these species to be removed upon 

precipitation resulting in a product which has decreasing amounts of 

these components. 

Also in the case of DMAA, the polymerizable group is an acrylic 

group as opposed to a methacrylic group in the other two cases. This 

may allow for greater incorporation of this monomer over the other 

two. 

The importance of choosing an acrylate functional group at the 

terminus of the macromonomer became more clear after several 
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experiments. When acrylates are copolymerized with methacrylates 

there is a general tendency for the acrylate to cross propagate with 

the methacrylate and a tendency for methacrylates to 

homopropagate (525). Acrylates copolymerizing with acrylates tend 

towards random propagation. Since the concentration of acrylic 

groups from the butyl acrylate is quite high in all cases it is assumed 

that this randomness of incorporation of macromonomer will persist 

in this copolymerization. Keeping in mind the steric factors involved 

in copolymerization of macromonomers. These factors should lead to 

a graft copolymer structure that would tend to be relatively random 

with respect to incorporation of the macromonomer. The 

comonomers in the backbone are methacrylic in structure and 

therefore would have the tendency to propagate with themselves. 

Since the concentration of these monomers is relatively low it is 

assumed that the incorporation of these monomers would be random 

as well because of these concentration differences. 

The backbone comonomers were chosen in such a way so as to 

provide a variety of polar functional groups in the graft copolymers. 

It is then possible to investigate the effects of these functional 

groups on the adhesive properties of the graft copolymers. Hydroxyl 

and carboxyl groups were incorporated because of the positive 

effects they had on the adhesive properties of the end functional 

HPBd's. They were incorporated into the graft copolymers in 

amounts that would provide a greater concentration of these groups 

in the copolymers than was possible in the end-functional materials. 

DMAA was also chosen to investigate the effect of the amide 

functionality on the adhesive properties. TBMA was chosen as an 

alternate route to the acid containing materials. This will be 

discussed in the next section. The amount of each of these 

components was varied so as to study the adhesive properties as a 

function of composition. 

3. Hydrolysis of TBMA-Containing Graft Copolymers 
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t-Butyl methacrylate was used to provide an alternate route to 

acid containing graft copolymers (336, 358). When methacrylic 

acid was utilized directly in the graft copolymerization 

inhomogeneity was noticed in the copolymerization reaction mixture 

after several hours of reaction time evidenced by the development of 

very slight cloudiness of the reaction mixture. As discussed above, 

this is most probably due to the great difference in polarity and 

solubility parameter of methacrylic acid as compared to n-butyl 

acrylate and HPBd. Polymeric species very rich in methacrylic acid 

content may develop. These molecules may tend to phase separate 

from the bulk of the polymerization solution and this inhomogeneity 

would limit the molecular weight that could be attained. In the GPC 

trace of material isolated directly from the reaction pot, there is a 

noticeable amount of tailing due to lower molecular weight species. 

These low molecular weight materials can have a deleterious effect 

on the adhesive properties of the final material. The amount of 

methacrylic acid incorporated is also noticed to be reduced. The 

aforementioned methacrylic acid rich molecules may have a 

tendency to be removed upon reprecipitation which would result in 

lower acid contents than expected. 

t-Butyl methacrylate was utilized in order to keep the reaction 

mixture more homogeneous in nature so as to allow for higher 

molecular weight to be attained. Also the occurrence of low 

molecular weight species high in comonomer content may be 

reduced. Once the graft copolymer is formed, the t-butyl ester was 

readily hydrolyzed under mild conditions to provide the 

corresponding carboxylic acid containing material. It is noticed in 

the overlaid GPC traces in Figure 23 that the molecular weight 

achieved when t-butyl methacrylate was utilized in the graft 

copolymerization is greater, relative to a corresponding case where 

methacrylic acid was used directly. 

The t-butyl groups were hydrolyzed in toluene solution using 

p-toluenesulfonic acid as the catalyst. The reactions were heated to 

80 °C for 4 hours and then allowed to return to room temperature 
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and were stirred an additional 8-12 hours. Hydrolysis of the t-butyl 

groups was quantitative in all cases as shown by !13C NMR. The peak 

of interest is highlighted in Figure 24. The disappearance of the peak 

due to the carbons of the t-butyl group is quantitative. Infra-red 

spectroscopy also shows the appearance of a peak due to the 

carboxylic acid functionality in the carbonyl region. This is shown in 

Figure 25. GPC was used to analyze the samples after hydrolysis and 

there was no evidence that any degradation or chain scission had 

taken place in the graft copolymer. !H NMR also was used to confirm 

the integrity of the graft copolymer structure and to determine that 

a constant chemical composition was maintained. !H NMR showed 

that the chemical composition remained constant before and after 

hydrolysis based on the fact that the t-butyl ester was quantitatively 

hydrolyzed. 

The composition of the graft copolymers was determined using 

NMR spectroscopy. Detection of the presence of unincorporated 

macromonomer was done using GPC. Typically a distinct peak could 

be noticed at an elution volume identical to that of the 

macromonomer utilized. Reprecipitation into methanol was 

performed until unincorporated macromonomer was no longer 

detected by GPC and a constant composition was determined by NMR. 

Representative GPC traces are shown in Figure 26. The compositions 

were determined and adhesion tests were performed using the 

purified samples. 

4. Adhesion Testing 

The strategy behind synthesizing the graft copolymers 

described above was based upon the results obtained for the end 

functional HPBd's. Good adhesion was obtained where HPBd 

materials containing 90 mole percent or greater 1,2 microstructure 

were used. The presence of a polar, reactive functional group was 

also deemed necessary. By utilizing graft copolymers, it is possible to 

incorporate an increased amount of polar, reactive functional groups 
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Figure 26: Representative GPC Analysis of HPBd Macromonomer 
and HPBd-Containing Graft Copolymer. 
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into the backbone of the polymers. The amount of HPBd contained in 

the materials can also be varied. By having control over these 

variables we can gain further insight into the criteria needed to be 

met in order to obtain satisfactory adhesion in the system being 

studied. 

The graft copolymers synthesized above were tested for their 

adhesive properties in the same manner as described for the end 

functional HPBd's. The results of these tests are shown in Table 27. 

Random copolymers of butyl acrylate and each of the 

functional comonomers were free radically prepared and their 

adhesive properties tested. From the data in the table it is seen that 

in all cases these control test cases did not provide adequate 

adhesive properties for the system being studied. This indicates that 

it is necessary in these copolymer systems to incorporate HPBd grafts 

to aid in adhesion. The relatively long ester alkyl group of butyl 

acrylate may provide some interaction with the PP interface but if 

this is the case, the interaction is not sufficient to provide adequate 

adhesive properties. A graft copolymer of butyl acrylate-g-HPBd 

was also synthesized and tested. This material also failed the test 

giving evidence for the necessity of incorporation of polar functional 

groups into the copolymer systems to provide sites for interaction 

between the adhesive and the polyurethane. 

The N,N-dimethylacrylamide containing graft copolymers did 

not provide adequate adhesive properties for the system studied at 

any of the compositions synthesized. This is due to the lack of any 

substantial interaction between the disubstituted amide moiety and 

the urethane repeat unit. The carbonyl of the acrylamide structure 

is capable of dipole-dipole interactions and participation in hydrogen 

bonding with the N-H units in the polyurethane. The steric 

hindrance to this interaction provided by the large -N-(CH3)2 group 

will reduce the possibility and magnitude of this interaction. It 

appears that this is the case and that this reduction in interaction 

takes place to such an extent so as to inhibit adhesion. 
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In the graft copolymers containing 2-hydroxyethyl 

methacrylate (2HEMA) encouraging results were seen for one of the 

graft copolymer compositions. This copolymer contains 4.9 %(w/w) 

2HEMA and 23.0% (w/w) HPBd. The interaction mechanisms possible 

for the 2HEMA containing systems with the polyurethane are either 

surface reaction, or hydrogen bonding. In a graft copolymer 

containing a similar concentration of 2HEMA and a greater amount of 

HPBd as seen in the table, the results were negative. This could 

possibly be due to the increased difficulty of the hydroxyl groups to 

align themselves with the polyurethane surface when there is a 

greater concentration of long, non-polar HPBd grafts present. The 

hydroxyl groups may become trapped in this matrix and never 

become able to interact with the polar moieties of the polyurethane 

coating. It appears at this level of 2HEMA concentration, the upper 

limit of 2HEMA content that is necessary for effective adhesion is 

being approached. At higher levels the materials do not provide 

effective adhesion perhaps owing to decreased adhesion at the PP 

interface. 

The methacrylic acid containing graft copolymers show 

effective adhesive properties in two different cases. The positive 

results were provided by the materials at the lower end of the 

methacrylic acid concentration scale studied. Once again an upper 

limit in polar comonomer content is most likely being approached 

where at greater concentrations of methacrylic acid adhesion 

becomes less effective at the PP interface. In the two instances 

where adhesion was satisfactory, the methacrylic acid content 

increases slightly and the HPBd concentration is very different. 

Adequate adhesion may be taking place in the case of lower 

methacrylic acid concentration because of the ability of the relatively 

high HPBd concentration to provide excellent adhesion to the PP 

interface while the mobility and concentration of the methacrylic 

acid units is adequate to provide adhesion to the polyurethane 

coating. In the case where the HPBd concentration is lower, the 

concentration of incorporated HPBd is adequate to provide adhesion 
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to the PP interface. This decreased concentration will allow for 

greater ease for migration and interaction of the greater 

concentration of methacrylic acid units to the polyurethane coating. 

It is also possible that the relatively long ester alkyl chain of butyl 

acrylate can aid somewhat in interaction at the PP interface because 

of the non-polar nature of this alkyl group and its distance from its 

relatively polar ester functionality. It appears that as the 

concentration of methacrylic acid becomes greater it limits the 

degree of interaction at the PP interface and causes the adhesive 

properties to be unsatisfactory. 

As mentioned previously, a series of t-butyl methacrylate 

containing copolymers were synthesized to provide an alternate 

route to carboxylic acid containing materials available by the facile 

acid catalyzed hydrolysis of the t-butyl ester. The materials were 

tested for their adhesive properties at the stage where the t-butyl 

ester was still intact and after hydrolysis. In all cases the t-butyl 

methacrylate containing materials failed the adhesion tests. This was 

expected because of the lack of polar functionality in the copolymers 

that could interact with the polyurethane coating. 

In cases where the t-butyl group had been hydrolyzed, 

random copolymers with butyl acrylate did not provide effective 

adhesion due to the lack of HPBd grafts to provide the interdiffusion 

of the adhesive into the PP surface providing a mechanism for 

adhesion. .One of the graft copolymers provided satisfactory 

adhesion in the system being studied. In comparison with the acid 

containing graft copolymers synthesized using methacrylic acid 

directly, the concentration of carboxylic acid groups in this case is 

greater but less than the upper limit demonstrated in the 

methacrylic acid containing materials. In the case where the 

compositions are similar but only the synthetic route is different (the 

highest concentration of acid groups) both materials fail the adhesion 

test. It appears that from comparing these results, a higher upper 

limit of acid functionality has been determined but the synthetic 

route appears to be inconsequential. Although the route utilizing the 
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t-butyl methacrylate provided for higher molecular weight materials, 

the molecular weight attained when methacrylic acid was used 

directly was sufficient so as to not cause deleterious effects on the 

adhesive properties of the materials synthesized. The t-butyl 

methacrylate route allows for greater control over the composition of 

the resultant graft copolymers, a distinct advantage of this route 

over the methacrylic acid route. 

5. Summary 

The results obtained for the adhesion tests of the HPBd 

containing graft copolymers shows that acid and hydroxyl groups are 

effective and necessary to provide adhesive interaction to the 

polyurethane coating in the present system. Also it has been shown 

that the HPBd grafts are also necessary and effective in providing 

adequate adhesion to the PP interface. Since a greater range of 

compositions provide adhesion when carboxylic acid groups are 

incorporated into the graft copolymers, it appears that these 

functional groups are more effective at interacting at the 

polyurethane interface. This interaction can take place surface 

reaction, or by hydrogen bonding and/or dipole-dipole interactions. 

Utilizing t-butyl methacrylate as a route to acid containing graft 

copolymers allows for greater control over the composition of the 

final material than when methacrylic acid is used directly. Although 

this route provides higher overall molecular weight materials, the 

molecular weight attained in the systems where methacrylic acid is 

used directly is sufficient so as to not cause deleterious effects on the 

adhesion properties. 

C.  All-Acrylic Graft Copolymers 

1. Introduction 

Methacrylic and acrylic ester polymers are used widely be- 

cause of their outstanding optical clarity and stability upon outdoor 

aging (326). The saturated backbone of these polymers provides 

resistance to oxygen, ozone, and ultraviolet light. The polar nature of 
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the ester functionality also provides some resistance to hydrocarbon 

oils. Acrylic elastomers are reasonably stable in air at temperatures 

approaching 200°C. These properties have permitted (meth)acrylic 

polymers very attractive for a wide variety of uses (236). 

The objective of the research presented here was to prepare 

well defined all-acrylic graft copolymers. The methodology used was 

the macromonomer technique, a means by which well defined graft 

copolymers may be synthesized. In general, this method is much 

more effective than for conventional free radical grafting processes. 

As discussed previously, this technique involves the synthesis of an 

oligomer that bears a functional group at one end of the polymer 

chain. This functional group can be introduced either by using an 

appropriate functional initiator in the synthesis of the oligomer or by 

terminating the reaction with an appropriate reagent to provide the 

functional group. This group can, if necessary, be converted to a 

polymerizable end group by a post-polymerization reaction. Once 

this is done, the macromonomer can then be copolymerized with a 

backbone monomer to form the desired graft copolymers. 

In these studies, group transfer polymerization was used 

together with a protected functional initiator to form poly(methyl 

methacrylate) (PMMA) macromonomers. Group transfer has been 

shown to be a living polymerization technique (381). This allows for 

the synthesis of polymers with very narrow molecular weight 

distributions. The molecular weight of the polymers produced can be 

accurately controlled by controlling the monomer:initiator ratio as 

discussed previously. 

The materials reported on here are well defined poly(2-ethyl- 

hexyl acrylate-graft-methyl methacrylate) copolymers that contain 

PMMA grafts of controlled molecular weight and narrow molecular 

weight distribution. The PMMA macromonomers that were used in 

these syntheses were functionalized with an acrylic end group. This 

was done to provide identical polymerizable moieties in both the 

backbone monomer and the macromonomer for the free radical 

copolymerization reaction. 
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Polyacrylates are commonly used in the pressure sensitive 

adhesive industry because of their property of tack at temperatures 

greater than their glass transition temperature. What these 

materials lack is cohesive strength. By incorporation of an acrylate 

into a polymer with an appropriate architecture it is possible to 

obtain a material that will have some degree of cohesive strength 

while retaining its tackiness. The goal of this synthetic work was to 

incorporate PMMA grafts into a backbone of a higher acrylate. The 

acrylate chosen was 2-ethylhexyl acrylate. Preliminary studies with 

butyl acrylate showed a great deal of phase mixing taking place 

between the PMMA and the poly(n-butyl acrylate) (533). The 

increased bulk of the 2-ethylhexyl moiety will aid in microphase 

separation to provide a physically crosslinked system. The 

architecture produced in these materials provides "hard" grafts of 

PMMA (Tg = 105°C) that are chemically linked by a flexible, "soft" 

backbone of poly(2-ethylhexyl acrylate) (PEHA) (Tg = 65°C). If the 

PMMA grafts are of adequate molecular weight and the relative 

concentration of PMMA in the material is sufficient, the PMMA will 

form separate domains in the PEHA matrix producing a physically 

crosslinked material. This would provide strength to the material 

and hopefully approach the properties of a triblock thermoplastic 

elastomer (3). 

PEHA has been studied for use as a pressure sensitive adhesive 

(527). The incorporation of the PMMA grafts in this material 

provides for a higher strength material than PEHA homopolymer. 

The tackiness of the material shows these graft copolymers to be 

promising PSA's with substantial strength within the material. 

In this study, PMMA macromonomers of various molecular 

weights were synthesized. These macromonomers were then 

copolymerized with EHA to form graft copolymers. In these copoly- 

mers, the molecular weight of the PMMA graft was varied as were 

the relative weight percentages of the two components in the 

material. The reaction conditions were thoroughly studied and the 
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resultant materials were characterized by spectroscopy and thermal 

analysis. 

2. Synthesis of Poly(methyl methacrylate) (PMMA) 

Macromonomers. 

The desired graft copolymers were synthesized by using the 

macromonomer technique which was discussed extensively in the 

literature review section of this dissertation as well as in the section 

concerning the HPBd-based graft copolymers. This technique is 

presently the only way possible to synthesize well-defined graft 

copolymers where the grafts are of controlled molecular weight and 

narrow molecular weight distribution. 

PMMA macromonomers of high functionality were synthesized 

using group transfer polymerization utilizing the functional initiator 

route. This is in contrast to the functional terminator route which 

was utilized in the synthesis of the aforementioned HPBd 

macromonomers. A protected hydroxyl functional initiator based on 

2-hydroxyethyl methacrylate, 1, Scheme 14, was utilized. The 

trimethylsilyl group of the molecule is necessary to protect the 

primary hydroxyl group due to the sensitivity of the GTP process to 

protonic sources. This protecting group is inert in the group transfer 

process. The other trimethyl silyl group, which is part of the silyl 

ketene acetal portion of the molecule, is the moiety that is active 

during the polymerization. Using this initiator readily allows for the 

synthesis of primary hydroxyl terminal PMMA macromonomers 

upon hydrolysis of the trimethylsilyl protecting group once the 

polymerization process is complete. 

Upon termination of the polymerization of MMA with methanol 

(Scheme 14) the polymer has the protected hydroxyl functionality in 

the form of the trimethyl silyl ether as the end group. This 

protecting group was hydrolyzed using a dilute solution of HCI in 

methanol to liberate the primary hydroxyl end group. These 

primary hydroxyl end groups of the PMMA materials were 

condensed with acryloyl chloride in the presence of triethylamine 
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OCH; cH, =CH—C—Cl 

Et,N 0 

CH CH 
| | °O 

HC CH t—¢ —C—OCH,CH,—O —¢ —CH =CH, 

C=O CH, O 

OCH, 
Scheme 14: PMMA Macromonomer Synthesis via GTP. 
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as the acid scavenger, to afford acryloyloxy functionalized PMMA 

macromonomers. The appearance of cloudiness due to the formation 

of insoluble Et3NHCI salts takes place as the reaction proceeds. These 

are readily removed upon completion of the reaction by vacuum 

filtration of the reaction mixture through Celite filter aid and 

subsequent washing with water. This same functionalization 

methodology was utilized very effectively in the formation of the 

HPBd macromonomers mentioned previously. 

Since the desired graft copolymers will have an acrylic 

backbone, it was desirable to incorporate acrylic functionality at the 

macromonomer chain end as opposed to a methacrylic functional 

group. This provides for identical polymerizable groups in both the 

macromonomer and the backbone monomer. The use of this end 

group should allow the incorporation of a high percentage of the 

PMMA macromonomer charged to the copolymerization reaction and 

also increase the degree of random incorporation of the 

macromonomer into the backbone of the graft copolymer. 

The preceding reactions were monitored by !'H NMR as shown 

in Figures 27-29. Figure 27 shows the spectrum of the PMMA 

macromonomer with the trimethylsilyl end group. The peak at 0.05 

ppm is due to the methyl groups of the protective end group. The 

peak at 3.6 ppm is due to the methyl group of the methyl ester of 

the PMMA repeat unit. The two peaks at 4.1 ppm are due to the two 

methylene units in the initiator fragment. 

Figure 28 shows the 1H NMR of the product of the hydrolysis of 

the trimethylsilyl protecting group. The disappearance of the peak 

at 0.05 ppm is evident. The two peaks at 4.1 ppm due to the 

initiator fragment are still present, showing that the initiator portion 

remains intact. 

Figure 29 shows the appearance of a set of peaks between 5.8 

and 6.5 ppm resulting from the unsaturation of the acrylic end group 

that is present following the functionalization reaction. 

Since GTP is a living polymerization process, polymers of 

controlled molecular weight having narrow molecular weight distri 
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butions can be synthesized. The top of Figure 30 shows a 

representative GPC trace of the PMMA macromonomers synthesized. 

The peak is quite narrow, indicative of the near monodisperse nature 

of the polymer. 

The molecular weight averages of the macromonomers pro- 

duced were determined by a number of different methods. The re- 

sults of these determinations can be seen in Table 28. The values of 

<Mn>, <My>, and polydispersity index (Mw/Mn) were determined by 

GPC as shown in the table. The <Myp> values obtained agree very well 

with the target molecular weight in all cases. The polydispersity 

indices were all very low, ranging from 1.07 to 1.14. The values of 

<Mn> determined by vapor phase osmometry (VPO) agree very well 

with the values obtained by GPC and the desired molecular weights 

in all cases. !H NMR was also used to determine values of <Mn>. In 

Figure 27, the integrated areas of the peak resulting from the 

trimethylsilyl end group at 0.05 ppm and the peak due to the CH3 of 

the ester of the PMMA repeat unit were utilized to estimate the 

value of <Mnp>. The values determined in this manner correlate very 

well with the values obtained by the other methods employed. 

In Figure 29 the integrated areas of the peaks resulting from 

the acrylic end group and the peak resulting from the PMMA repeat 

unit were also utilized to determine values of <My> in the cases of the 

2000 g/mol and 4000 g/mol PMMA macromonomers. In the cases of 

the higher molar mass macromonomers the area of the peaks due to 

the acrylic end group becomes prohibitively small for this analysis to 

be used. In the cases where this was feasible, the values of <M,> ob- 

tained correlate well with the values obtained by the other methods 

utilized. This determination finds its importance not so much in the 

determination of <Mn>, since this has been done quite thoroughly by 

other methods, but in the determination of the degree of 

functionalization that has been achieved in the macromonomer 

synthesis. This determination provides a value of the effective 

functional molecular weight. Comparison of the <Mn> values 
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Copolymer 

r T I L 
20 30 40 50 

Elution Volume 

Figure 30: Gel Permeation Analysis of PMMA Macromonomer and 

Subsequent Graft Copolymer. 
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determined in this manner to the <M,y> values of the other 

determinations shows that there is very nearly one acrylic end group 

per polymer chain, or nearly 100% functionalization. If there was 

not complete functionalization of the macromonomers, the values of 

<Mnpy> determined in this manner would be greater than those 

determined by other methods because of the decreased peak area 

due to the end group relative to that of the PMMA repeat unit. 

3.  Acrylate Homopolymerization Studies 

Free radical polymerization processes were to be used for the 

copolymerization of the 2EHA backbone monomer and the PMMA 

macromonomers so it was desired to determine reaction conditions 

necessary to produce graft copolymers with a high molecular weight 

backbone and high percentage incorporation of PMMA 

macromonomer into the copolymer. Two solvents were utilized in 

this study, and the concentration of 2EHA monomer in the reaction 

mixture was systematically varied. AIBN was used as the initiator 

requiring a minimum effective reaction temperature of 65 °C. This 

reaction is shown in Scheme 15. The two solvents used were toluene, 

a solvent routinely used for free radical polymerizations, and ethyl 

acetate. The homopolymerizations were allowed to proceed for 50 

hours and the resulting polymers were subjected to GPC analysis to 

determine the molecular weight averages as a function of solvent 

used and monomer concentration. The results are shown in Table 29. 

The molecular weights of the polymers increased with monomer con- 

centration in both ethyl acetate and toluene, as expected. In compa- 

rable cases where the only variable is the solvent used, the polymers 

synthesized in ethyl acetate were of much higher molecular weight 

than those synthesized in toluene, this owing to the lower chain 

transfer constant of ethyl acetate under the present conditions. All 

reactions remained homogeneous throughout the polymerization. 

These results facilitated the use of ethyl acetate in the graft copoly- 

merizations. 
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CH,= CH— i —O—CH, GH CHD)s —CH; 

O CH,CH, 

AIBN (0.1 % w/w) 

65°C 

50 Hrs.   
CH, CH — 

| 
C=O 

| 
OT CH CH —(CH))3 —CH, 

CH,CH; 

Scheme 15:  Poly(2-ethylhexyl acrylate) Homopolymerization. 
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Table 29:  2-Ethylhexyl Acrylate Homopolymerization Studies 

  

  

Wt. Percent 

Solvent Monomer My(*1073)8 M w(*1073)4 

Ethyl Acetate 10.0 10.9 34.1 

20.0 51.1 133.3 

30.0 91.4 264.1 

Toluene 10.0 6.4 20.6 

20.0 15.5 85.7 

30.0 16.2 139.3 

  

a - From GPC in THF using PMMA standards 
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4. Synthesis of Graft Copolymers 

The acryloyloxy terminal PMMA macromonomers were free 

radically copolymerized with 2EHA to afford the desired graft 

copolymers as outlined in Scheme 16. The presence of the identical 

polymerizable groups on both the macromonomer and the backbone 

monomer should lead to a high degree of random incorporation of 

PMMA macromonomers in the final material. The concentration of 

reactants in the ethyl acetate solvent (25% w/w) was used to keep 

the reaction homogeneous throughout the polymerization and also to 

allow for high molecular weight to be attained. Various weight 

percentages of PMMA relative to 2EHA were charged to the reaction 

mixtures. The product as isolated directly from the reaction pot was 

subjected to GPC analysis. A representative chromatogram is shown 

in Figure 30. This crude product shows the presence of some 

macromonomer that was not incorporated into the graft copolymer 

This is evidenced by the shoulder peak that corresponds to the 

elution volume of the peak due to the pure macromonomer. This 

unreacted macromonomer was effectively removed by 

reprecipitating the materials from ethyl acetate solution into 

methanol and 50/50 ethanol/water. This was repeated until the 

composition of the copolymer became constant as determined by !H 

NMR (Figure 31). The absence of unincorporated macromonomer 

was confirmed by GPC analysis as shown at the bottom of Figure 30. 

The analyses of these copolymers can be seen in Table 30. The 

isolated yield in all cases was quite high. Also a large percentage of 

the PMMA that was charged to the reaction was incorporated into 

the material, the amount in all cases being 86% of greater. This being 

due to the high degree of functionalization of the macromonomers 

and the favorable reaction conditions. 

The composition of the graft copolymers was determined using 

1H NMR (Figure 31). The peaks of interest are labelled A and B. 

Peak A is a result of the methylene adjacent to the ester 

functionality of the PEHA backbone, and the peak labelled B is due to 

the methyl ester of the PMMA repeat unit. These two peaks are 
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CH)= CH— ji —O—CH), FH (CH)3 —CH, 

O CH,CH; 
EHA 

+ 

CH; CH, 
| | ~O 

HC Cha FC ~—C—OCH,CHs-O —E— CH=CH 

C=0 CH, O 

OCH, PMMA 
  

Ethyl Acetate 

25 % Solids 

AIBN (0.1 % w/w) 

65 °C 

  
PEHA 

~~ PMMA 

Scheme 16: Free Radical Synthesis of Poly(2-EHA-g-MMA) 
Copolymers. 

225



 
 
 
   

  
  

    
    

“uonIsodwio-) 

ouIWIaI9g 
0} 

(aIepAJoRyoU 
[AYJOWI-3-ayepAIOe 

[AXoyTAYII-Z)AJOd 
Jo 

siskjeuy 
Y
W
N
 

Hy, 
‘TE 

a
n
s
 

v
e
 

9°E 
8°€ 

ee 
w
d
d
 

00 
0°2 

O'P 
0°9 

j 
j 

L 
j
d
 

LL. 
j 

J 
|
_
_
_
f
 

i 
L 

| 
ee 

e
e
 

| 
—
 

; 
r
)
 y
e
 

y 

- 
| 

- 

C 
+ 

Hil 
dg 

Vv 
“
|
 

‘HO— 
“CHO! 

. 
| 

q— 
mo 

"HO"HO—H9 

| 
Zyne 

9
—
 

*HO}+- 
9
—
 
I
—
 

O°HO"HO 
Wt 

- 
3 

O 
HO 

HO 
| 

o
y
 

O
o
=
9
 | 

A
S
 

HO 
tH 

9
—
"
H
O
-
}
-
 

H 

226



Table 30: Poly(2-ethylhexyl rylate-g-methyl methacryl lymer 

  

  

Mol. Wt. (kg/mol) Theoretical Isolated Wt. % PMMA Incorporated4 

Macromonomer Wt. % PMMA Yield (%) Crude Purified 

2.0 10.0 --- --- 8.7 

20.0 --- --- 18.7 

4.0 10.0 --- --- 8.7 

20.0 --- --- 17.9 

30.0 --- --- 27.1 

40.0 --- --- 36.8 

12.0 10.0 94 10.4 9.2 

20.0 94 21.3 17.7 

30.0 94 34.5 29.3 

15.0 10.0 94 11.0 8.6 

20.0 93 23.1 20.5 

30.0 94 32.5 28.5 

  

a - Determined by 'H NMR 
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sufficiently resolved to allow for this method to be feasible in 

determining the composition of these materials. The integrated areas 

of the two peaks were determined and converted to a weight basis, 

the results of which are shown in Table 30. 

The well-defined graft copolymers containing the 12,000 and 

the 15,000 g/mole PMMA macromonomers were subjected to 

thermal analysis by differential scanning calorimetry (DSC). 

Representative DSC thermograms are shown in Figure 32. Figure 32 

shows a DSC scan from -100 °C to 25 °C. A distinct thermal transition 

is seen at approximately -62 °C which corresponds very well with 

the T, of PEHA. Also shown is a DSC scan from 20 °C to 140°C. A 

thermal transition takes place at approximately 110°C corresponding 

to the Tz of PMMA. All of the copolymers tested showed a lower Ty 

of -62 +2 °C and an upper Tg of 110 +2 °C. There is no significant de- 

crease of the upper Ty or an increase in the lower Ty that would be 

indicative of phase mixing between the two components. This ab- 

sence of phase mixing is facilitated by the presence of the large ester 

alkyl group of 2EHA. The relative non-polarity of this group will 

cause separation from domains of PMMA which contains the 

relatively polar methyl ester group. These copolymers afforded op- 

tically clear and transparent films when cast from chloroform so- 

lution. There is microphase separation as shown by the thermal 

analysis but no macrophase separation so as to cause films of the 

materials to be translucent or opaque. This microphase separation 

provides the morphology needed to have a physically crosslinked 

system where there are domains of PMMA surrounded by a PEHA 

matrix. This morphology will provide some degree of cohesive 

Strength to the materials. 

5. Initiator Concentration Studies 

Although the incorporation of PMMA macromonomer into the 

graft copolymers was very high, a study was undertaken to 

determine the effect of varying the initiator concentration on the 
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molecular weight of the backbone monomer and on the percentage of 

PMMA incorporated into the materials. 

Homopolymerizations of 2EHA were performed as outlined in 

Scheme 15 but the concentration of AIBN initiator was varied as 

shown in Table 31. The resultant polymers were subjected to GPC 

analysis using PMMA standards for determination of relative 

molecular weight averages. The values obtained by these analyses 

are shown in Table 31. Although the initiator concentration was 

increased systematically there was no significant change in the 

molecular weight of the resultant polymers over the range of 

initiator concentrations studied. It would appear that these results 

are anomalous. It is expected that as the concentration of the 

initiator is increased the molecular weight of the resultant polymer 

would decrease. It appears that the range of initiator concentration 

utilized in this study do not vary sufficiently to cause any dramatic 

differences in the molecular weight of the polymers produced under 

the present conditions. 

Copolymerizations were also carried out as outlined in Scheme 

16 where the initiator concentration was increased systematically 

(Table 32). All other variables were held constant. The graft 

copolymer materials produced were isolated and purified as reported 

earlier and the weight percentage of PMMA contained in the material 

was determined by !H NMR as described earlier. As the 

concentration of initiator increased, the amount of PMMA 

macromonomer incorporated into the graft copolymer also increased. 

The combination of these results lead us to conclude that it may be 

advantageous to conduct the graft copolymerizations with a higher 

initiator concentration than was initially used since there is an 

increase in the amount of PMMA incorporated into the graft 

copolymer with no apparent decrease in backbone molecular weight. 

6. Course of Reaction Study 

1H NMR was used to study the conversion of backbone 

monomer and macromonomer to graft copolymer (See Figure 33). 
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Table 31]: Initiator ncentration : Hom lymerizations® 

  

Mole Percent 

  

Initiator? % Yield Mn(*1073)¢ M w(*10°3)¢ 

0.1 95 52.0 140.0 

0.2 95 52.0 140.0 

0.4 96 55.0 133.0 

  

a - Reactions run with 25% (w/w) 2-ethylhexyl acrylate monomer in ethyl 
acetate solvent 

b - Mole percent based on monomer 
c - From GPC in THF using PMMA standards 

Initiator Concentration Study: Graft Copolymerizations 

  

  

  

Mol. Wt. (kg/mol)of Mole percent Weight Percent PMMA 

Macromonomer Initiator Theoretical Incorporated 

5.0 0.1 10.0 8.8 

5.0 0.2 10.0 8.9 

5.0 0.4 10.0 9.2 

  

a - Mole percent based on 2EHA monomer 

b - Determined by !'H NMR 

231



‘0=} 
‘uoNoveYy 

Jo 
ssinoD 

jo 
sIskjeuUy 

Y
W
N
 

Hy 
‘€€ 

e
n
s
i
y
 

 
 

 
 

  
  

  
  

  
  

  
  

l 
V 

Jt 
4 

| 
/ 

E12 
J 

HO 
my 

—
~
 

H
O
 
H
D
+
 
H
O
—
H
O
—
 

Oo— 
I
—
H
O
—
 

THD 
Vv 

O 
—
_
—
—
 

is 
ve 

ot) 
“
H
O
—
H
O
—
I
—
-
O
—
H
D
"
H
D
 

—
O
—
 
D
—
9
—
 
yWWd 

| 
f
H
 

232



This was performed to determine if the reaction time utilized, 50 

hours, was sufficient and/or necessary to attain complete conversion 

of monomer and macromonomer to graft copolymer. It was not 

possible to follow the conversion of monomer and macromonomer 

independently by this study because both contain identical 

polymerizable end groups. Because of this, the signals in the 1H NMR 

spectrum of the two components overlap one another and cannot be 

resolved. So the identical polymerizable groups which were an asset 

in the synthesis of the materials was now a drawback in this study of 

the course of the reaction. 

A graft copolymerization reaction was set up as outlined in 

Scheme 16 in which 10% (w/w) of 12,000 g/mole PMMA 

macromonomer was charged to the reaction mixture. An aliquot of 

chlorobenzene was charged to the reaction to provide an internal 

standard for NMR purposes. Chlorobenzene was chosen because of 

its high boiling point and low vapor pressure at the reaction 

temperature of 65 °C. This insures that the concentration of 

chlorobenzene in the solution remains constant. The !H NMR signal 

for chlorobenzene is in a clear region of the spectrum of the reaction 

mixture, at 7.6 ppm. The presence of the chlorobenzene has little or 

no effect on the course of the reaction due to the low concentration at 

which it was used (<0.25% v/v) and because of its very low chain 

transfer constant under the reaction conditions. 

An aliquot of the reaction mixture was transferred to a sealed 

NMR tube and a spectrum was taken before the mixture was heated; 

this is shown in Figure 33. The peaks at 7.6 ppm are due to the 

chlorobenzene protons and the peaks between 6.0 and 6.7 ppm are 

due to the carbon-carbon double bonds of both the 2EHA backbone 

monomer and the end group of the macromonomer. The ratio of the 

integrated peak areas was determined and set equal to 0% 

conversion at time = 0. The NMR probe was heated to 65 oC and held 

at that temperature. The graft copolymerization took place in the 

NMR instrument with spectra being taken at various times. The ratio 

of the integrated peak areas of interest was determined at each time 
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and a percent conversion was determined by comparing the ratio at 

time = O and time = t. Figure 34 shows the results of this study in 

graphical form. A reaction time of 50 hours corresponds to 3000 

minutes. After the 50 hour reaction time the graft copolymerization 

is essentially complete. Therefore the reaction time of 50 hours was 

determined to be both sufficient and necessary for the graft 

copolymerization to go to completion. 

7. Summary 

In these studies concerning the formation of poly(2-ethylhexyl 

acrylate-g-methyl methacrylate) copolymers it has been shown that 

PMMA macromonomers of controlled molecular weight and narrow 

molecular weight distribution have been produced using GTP 

processes utilizing the functional initiator route. This route also 

yielded macromonomers with near quantitative functionalization. 

The reaction conditions utilized yielded the desired graft copolymers 

in high yield with very efficient incorporation of the PMMA 

macromonomers. Also, studies to determine optimum reaction times 

as well as initiator concentrations were performed. These studies 

showed that the reaction time utilized in the graft copolymerizations 

was sufficient and that increasing initiator concentration has little or 

no deleterious effect on the molecular weight of the backbone and 

provides increased incorporation of the macromonomer into the graft 

copolymer. 
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IV, CONCLUSIONS 

Conclusions from the studies discussed above are presented 

below. 

The main objective of the studies performed was to synthesize 

materials to be used as adhesion promoters between 

polypropylene/EPDM and cycloaliphatic polyurethane coatings. This 

material system is commonly used in the automotive industry. The 

material currently used for this purpose is a chlorinated polyolefin. 

The drawbacks of this material are the result of the necessity for the 

use of chlorine in its production. For health and safety reasons there 

is a major effort to synthesize alternative materials that can be used 

for this application which do not impose health and safety risks. 

Living anionic polymerization techniques were employed to 

synthesize hydroxyl and carboxyl terminal poly(butadiene)s.The 

utility of this technique was systematically exploited to vary many 

aspects of the polymers produced including molecular weight, nature 

of the end group, and chain microstructure of the polymers. To 

impart some degree of thermo-oxidative stability these materials 

were hydrogenated by means in which no side reactions took place 

with the functional end group. In testing these materials for their 

applicability as adhesion promoters between PP/EPDM and 

cycloaliphatic polyurethane coatings it was found that several 

criteria must be met for the material to be effective. The molecular 

weight must be in the 20 kg/mol range, the backbone of the polymer 

must be fully hydrogenated, the PBd precursor must contain at least 

90 mole percent 1,2 microstructure, and there must a functional 

group, which may be hydroxyl or carboxyl, incorporated at the chain 

end. These materials provide adhesive properties that are 

comparable to the chlorinated polyolefins currently used. 

Extending these adhesion studies, living anionic polymerization 

methodology was utilized as a synthetic route leading to well defined 

acrylic terminal HPBd macromonomers. The macromonomers were 
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synthesized through the functional termination route and were 

shown to be quantitatively functionalized. These macromonomers 

were free radically copolymerized with butyl acrylate and either of a 

series of comonomers including N,N-dimethy! acrylamide, 

methacrylic acid, 2-hydroxyethyl methacrylate, and t-butyl 

methacrylate. These graft copolymers were synthesized to allow for 

the incorporation of a greater and varied concentration of polar 

functional groups over that which was possible using end-functional 

materials. The TBMA was utilized to provide an alternate route to 

acid containing materials through the facile hydrolysis of the t-butyl 

ester. The use of this route allowed for greater control of the 

composition of the graft copolymer than when methacrylic acid was 

utilized directly. Adhesion testing showed the acid containing 

materials to be the most effective at promoting adhesion in the 

present system at appropriate compositions. There appears to be a 

upper and lower limit to the amount of acid groups incorporated that 

will provide effective adhesion through interaction with the 

polyurethane coating. The ability of the hydroxyl-containing 

material to provide adequate adhesion was limited to a single 

composition. In the range of compositions studied the N,N- 

dimethylacrylamide-containing materials were not effective 

adhesion promoters for the system studied. It was established 

through testing of control materials that the presence of polar 

functional groups as well as HPBd grafts was necessary for the 

materials to be effective adhesives for the system under study. 

Group transfer polymerization methodology was utilized to 

synthesize poly(methyl methacrylate) (PMMA) macromonomers of 

controlled molecular weight and narrow molecular weight 

distribution by the functional initiator route. These macromonomers 

were shown to be quantitatively functionalized by 1H NMR of lower 

molecular weight systems. These well defined macromonomers were 

successfully copolymerized with 2-ethylhexyl acrylate to form the 

desired graft copolymers in which the incorporation of the PMMA 

macromonomers was very high. It was determined by !H NMR that 
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the reaction time utilized, 5O hours was sufficient and necessary for 

the reaction to go essentially to completion. Increasing the 

concentration of the AIBN initiator in the range studied showed no 

decrease in the molecular weight of the backbone polymer as shown 

by homopolymerization studies. The graft copolymerizations 

proceeded with greater efficiency in incorporation of the PMMA 

macromonomer into the graft copolymer at higher initiator 

concentrations. 

VY, SUGGESTED FUTURE STUDIES 

The effect of molecular weight of the HPBd grafts on the 

adhesive properties should be studied in graft copolymers of 

analogous composition that have been synthesized. Since molecular 

weight has an effect on the miscibility of polymers these studies 

should prove interesting. 

The macromonomer technique allows for the synthesis of a 

variety of graft copolymers. Diamine terminal HPBd macromonomers 

could be synthesized and incorporated into graft copolymers with 

polyurethane backbones. The HPBd grafts have been shown to be 

miscible with polypropylene. The incorporation of them into a 

polyurethane would provide a backbone that should provide a high 

degree of interaction with the polyurethane coating. This 

macromonomer technology can be extended to a number of different 

systems. 

Statistical design experiments should be performed taking into 

consideration the appropriate variables to narrow the number of 

variables to be systematically varied. 

Variations in the novel hydrogel grafts of appendix A should 

also be investigated. HPBd macromonomers with a greater amount 

of 1,4 microstructure should be synthesized which upon 

hydrogenation will provide a greater ethylene content in the 

materials. This would provide partially crystalline grafts onto a 

backbone of DMAA. This semi-crystallinity would provide an 
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increase in mechanical properties in a material that would still swell 

in water. 

Various chain growth polymerizable moieties could be 

incorporated into the diphenylphosphine oxide structure of appendix 

B, such as acrylate or methacrylate. Homopolymerization or 

copolymerization of these monomers with other materials would 

provide novel polymeric materials with interesting properties. 
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v! tix A: Svynthesi |_Swelline Behavior of 

A. Introduction 

Graft copolymers are most effectively and efficiently 

synthesized by the macromonomer technique. This synthetic 

methodology which was discussed in detail in the text of this 

dissertation, was perhaps first utilized by Rempp (246) and 

Milkovich (24). It provides a means to synthesize well defined graft 

copolymers. This technique involves the synthesis of an oligomer 

that bears a functional group at one terminus of the polymer chain. 

The functional group can be incorporated by either utilization of a 

functional initiator or by termination with an appropriate reagent to 

provide a functional group. This functional group once incorporated 

can then be converted, if necessary, to a polymerizable functional 

group by an appropriate post polymerization reaction. Once this is 

accomplished, the macromonomer can be copolymerized with a 

backbone monomer or monomers to form the desired graft 

copolymers. If living polymerization techniques are utilized in the 

synthesis of the macromonomers, the molecular weight can be 

controlled and narrow molecular weight distribution materials will 

result. This will allow for the synthesis of well defined graft 

copolymers upon copolymerization. 

The objective of the research presented here was to synthesize 

well defined graft copolymers of N,N-dimethylacrylamide with HPBd 

grafts using macromonomers of HPBd. The macromonomers have 

been made by living anionic polymerization techniques that will 

provide the well defined nature to the graft copolymers. The utility 

of this process was demonstrated earlier. 

Poly(N,N-dimethylacrylamide) is an interesting material in that 

it is soluble in solvents such as toluene as well as water. HPBd on the 
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other hand is a very hydrophobic material. The combination of these 

two polymers into one graft copolymeric material should result in 

interesting behavior of these materials in water. 

Hydrogels, or water-containing gels, are polymeric materials 

characterized by their hydrophilicity and insolubility in water. The 

swollen state results from a balance of the forces acting on the 

hydrated chains and cohesive forces that do not prevent the 

penetration of water into the network. The large majority of 

hydrogels are chemically cross-linked materials containing chains of 

water soluble monomers cured with an appropriate reagent to form 

the network. The choice of monomer allows for water sorption but 

the crosslinked nature does not allow for dissolution. Other types of 

cohesive forces, such as electrostatic, hydrophobic, or dipole-dipole, 

allow for various types of materials to show hydrogel behavior. 

Hydrogels find their greatest application in the biomedical area for 

use in soft lenses, membranes and drug release materials (528). 

Because of their hydrophobic-hydrophilic nature, the title graft 

copolymers are expected to have interesting hydrogel properties. 

B. Experimental 

1. Materials Purification and Macromonomer 

Synthesis. 

All solvents, initiators, and monomers were purified as 

described above in the experimental section of this dissertation. 

Acrylic terminal HPBd macromonomers were synthesized as 

described earlier. The 5,000 and 12,000 g/mol HPBd 

macromonomers utilized in these syntheses are described in the 

results and discussion section. 

2. Graft Copolymer Synthesis and 

Characterization. 

Graft copolymerizations were carried out by free radical 

techniques. The calculated amount of macromonomer and AIBN free 
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radical initiator were placed into a one-neck round bottom flask 

sealed with a rubber septum and vacuum was applied for a period of 

at least 18 hours. After this time the vacuum was replaced by dry 

nitrogen pressure. Freshly distilled degassed toluene solvent was 

then added to provide a total solids concentration of 20% (w/w). The 

macromonomer was dissolved followed by the addition of purified 

N,N-dimethylacrylamide via syringe. The reaction mixture was 

stirred for approximately 10 minutes at room temperature and was 

then immersed in a silicone oil heating bath held at 70-72 °C. The 

reactions were stirred at this temperature for 60 hours. After this 

time the solvent was removed using a rotary evaporator. Final 

removal of solvent was done under high vacuum in a vacuum oven. 

The resulting graft copolymers were purified by soxhlet extraction 

with water and dried. This was followed by extraction with 

cyclohexane and subsequent drying. These extractions were done to 

remove any DMAA homopolymer or unreacted macromonomer, 

respectively. The polymers were then dried under high vacuum at 

100 °C for 24 hours. 

Once purified, the polymers were analyzed by GPC to confirm 

that no unincorporated macromonomer remained in the purified 

material. !H NMR was used to determine chemical composition. 

3. Water Sorption Studies. 

Films of the various graft copolymers were cast from 

toluene solution giving optically clear, but somewhat brittle films. 

These were air dried for several days followed by complete removal 

of solvent under high vacuum at 100 °C. Once at constant weight the 

graft copolymers were placed into closed vessels containing a large 

excess of distilled water and allowed to equilibrate. The polymers 

were removed from the water and blotted dry with a laboratory 

tissue and weighed. This was repeated periodically until the swollen 

polymers attained a constant weight. 

C. Results and Discussion. 
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1. HPBd Macromonomers. 

The title graft copolymers were synthesized via the 

macromonomer technique. This technique is presently the only way 

to synthesize well defined graft copolymers where the grafts are of 

controlled molecular weight and narrow molecular weight 

distribution. 

The macromonomers utilized in these studies are the 5000 and 

12,000 g/mol macromonomers whose characterization is shown in 

Table 22 of this dissertation. The synthetic methodology used to 

produce these macromonomers is shown in Scheme 12. 

The acrylic end group was advantageous in these studies. The 

presence of the acrylic polymerizable end groups of both the HPBd 

macromonomer and the backbone monomer should lead to a high 

degree of random incorporation of HPBd macromonomer into the 

graft copolymer. 

2. Graft Copolymers. 

The acryloyloxy terminal HPBd macromonomers were 

copolymerized under free radical conditions to afford the title graft 

copolymers as outlined in Scheme 17. The concentration of 

reactants in toluene solution (20% w/w) allows for high molecular 

weight to develop and for the reaction to remain homogeneous 

throughout the copolymerization. The relative amounts of 

components of the graft copolymers were systematically varied so as 

to study their properties as a function of composition. 

The graft copolymers, once isolated from the reaction mixture, 

were subjected to soxhlet extraction. Water was utilized for 

extraction for 24 hours to remove any DMAA homopolymer. This 

extraction procedure may also remove any material that is very high 

in DMAA content. Cyclohexane was also used in order to remove any 

unincorporated macromonomer. In both cases the graft copolymers 

swelled during extraction with the hot solvents but did not dissolve. 

After these extractions were performed, GPC was utilized to 

determine if any unincorporated macromonomer remained in the 

graft copolymer. None was detected in any of the graft copolymers 
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SecBu{CH,CH,CH,CH, }-{CH,CH-}—O —C —CH =CH, 
| 
CH,CH, 

+ 

CHs 
CH2==CH —C—N 

Hl \ 

CH, 

AIBN (0.1 mol %) 
Chlorobenzene 

65°C, 50 Hrs. 

Sh cc or Tors—c ~~ 

é=0 c=0 
‘ 9 

\ | 

Scheme 17: Free Radical Synthesis of Poly(N,N- 

Dimethylacrylamide-g-HPBd) Copolymers. 
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synthesized. At this time the composition was determined by !H 

NMR (See Figure 35). The peaks of interest are labelled in the figure. 

The extraction was repeated with water for several hours and the 

composition was again determined by 1H NMR. In all cases, a single 

extraction period was all that was necessary to attain constant 

composition. The compositional analysis of these copolymers is 

shown in Table 33. 

In all cases the isolated yield of graft copolymer was high with 

the degree of incorporation of HPBd macromonomer being very 

efficient. These characteristics owing to the favorable reaction 

conditions and the identity of the polymerizable groups on the 

macromonomer and the backbone monomer. 

3. Water Sorption Studies. 

The well defined graft copolymers synthesized as described 

above were subjected to water sorption studies. The studies were 

carried out as described in the experimental section of this appendix. 

All of the graft copolymers tested swelled to a great extent and also 

quite rapidly. Approximately 85-90% of the swelling took place in 

the first 4-5 hours. In all cases the material swelled but did not 

dissolve and maintained its general shape. The results of the water 

sorption studies are shown in Table 33. 

It is seen, in a comparable series of materials, that as the 

weight percent of HPBd incorporated in the material decreases, the 

relative amount of water sorbed increases owing to the greater 

overall hydrophilicity of the material. Also the materials with the 

higher molecular weight HPBd grafts sorbed a greater amount of 

water as compared to similar compositions where the lower 

molecular weight grafts were incorporated. This is more readily 

explained when the compositions are compared on a mole percent 

basis. In graft copolymers containing equal weight percentages of 

graft material, the lower molecular weight grafts will provide a 

greater mole percent of grafts in the copolymer. This, in turn, 

provides for a decreased mole percent of the water soluble 
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component in the graft copolymer resulting in the lower water 

sorption values. Qualitatively, the materials were converted from a 

brittle film to a rubbery, flexible material. The ability of these 

materials to behave as hydrogels stems from the hydrophobicity of 

the HPBd segments. The low concentration of this component and its 

relative non-polarity may assist in forming separate domains of 

HPBd in a matrix of DMAA. During swelling, the water will be taken 

up in the DMAA matrix while the hydrophobic domains of HPBd will 

not take up water and act as physical crosslink points in the graft 

copolymer allowing the material to maintain its shape and impart 

rubbery properties to the swollen material. 

Although no analysis was done to determine phase separation 

or domain size. It would be interesting to see the results of such 

tests. Thermal analysis should also be performed on these materials 

to give an indication of thermal behavior and phase mixing behavior. 

D. Summary 

This work was presented to demonstrate the utility of the 

macromonomer technique in the synthesis of a variety of materials. 

Although initially synthesized for adhesive applications, these 

materials were investigated for this alternate purpose of the 

formation of hydrogels. Under the reaction conditions employed, a 

series of materials containing different molecular weight HPBd grafts 

were incorporated into graft copolymers with DMAA backbones with 

varying compositions. The incorporation of the macromonomers was 

quite efficient, allowing for good control over the composition of the 

graft copolymers synthesized. The hydrogel behavior was 

interesting in that at appropriate compositions, the graft copolymers 

synthesized can absorb nearly 800% (w/w) water. 

E. Possible Future Studies. 

Much more work is needed to make this story complete. First 

of all, thermal analysis should be performed to give an indication of 

any phase mixing that may be taking place between the components. 
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Microscopy should be performed to provide information regarding 

phase mixing and domain sizes of the individual components. This 

can then possibly be correlated to the degree of water uptake in 

these materials. Mechanical testing of the materials in the swollen 

and non-swollen state could also be performed. 
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VL __A ix B: Initial Investigati the Utility of 
Vinvidiphenviphosphi Oxide in _Anioni 

Pol izati P 

A. Introduction. 

Studies were performed dealing with the polymerizability and 

utility of vinyldiphenylphosphine oxide (VDPO) in anionic 

polymerization processes. In general, phosphorus containing 

polymers tend to be flame retardant materials (529). Other 

interesting features include adhesion to metals, metal ion binding 

characteristics, and increased polarity (530). Polymeric phosphine 

oxides typically exhibit good thermo-oxidative and hydrolytic 

stability (531). Polymers of this type are typically made by step 

growth polymerization processes. It was desirable in these studies 

presented here to investigate the conditions necessary to polymerize 

vinyldiphenylphosphine oxide under anionic conditions in a 

controlled manner. If accomplished, this would allow for the 

formation of phosphorus containing block and graft copolymers that 

could be well defined in nature. 

The studies presented here are by no means a complete story. 

This material is included in this dissertation to demonstrate some 

interesting findings and to provide information for future 

investigations to build upon. 

B. Experimental. 

1. Purification of Materials 

The purification methods for most materials utilized in these 

studies including THF, toluene, methanol, butadiene, and s- 

butyllithium can be found in the experimental section of this 

dissertation. 
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Xylenes was refluxed over calcium hydride for 24 hours under 

a nitrogen atmosphere and distilled prior to use. 

1.07 M aqueous sodium hydroxide solution was titrated to 

determine concentration using standardized HCl. 

Tetramethylethylenediamine was vacuum distilled from 

molecular sieves in a bulb-to-bulb distillation apparatus described 

above. 

2. Synthesis 

a. Preparation of VDPO. 

VDPO was prepared using the procedure established by Welch 

and Paxton (532). The synthetic procedure is outlined in Scheme 

18. Ethylene oxide (EO) was slowly bubbled through a stirred 

solution of diphenylchlorophosphine in xylenes solvent. The reaction 

is exothermic and the addition of EO was monitored in order to keep 

the temperature of the reaction between 50 and 60 °C. The addition 

was continued until the reaction mixture returned to room 

temperature and continued for 15 additional minutes. After 

completion of this stage, the temperature of the reaction was slowly 

raised to reflux. A crystal of iodine was then added to catalyze the 

isomerization and reflux was maintained for 1.5 hours. The reaction 

was then cooled to 70 °C and 1.07 M aqueous sodium hydroxide was 

added in a stoichiometric ratio, with stirring, forming a slurry. This 

was done to achieve dehydrohalogenation. The proposed mechanism 

of this preparation is shown in Scheme 19. The slurry was stirred at 

this temperature for 1.5 hours followed by addition to a large excess 

of water and cooled in an ice water bath. The crude product 

crystallized and was collected by vacuum filtration. This material 

was rapidly stirred in hot water for 12-14 hours to remove any 

residual sodium hydroxide. The product was collected by filtration 

and washed several times with water and dried. Two 

recryStallizations from toluene were performed followed by vacuum 

distillation (b.p. 175-185 °C, 1 mm). !'H NMR (Figure 36), 3!P NMR 
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Cl Ay ORE. Pde 
1) Xvlene, 50°C, 4 hrs. 

2) Reflux (145°C), 2 hrs. 

3) In, 1.5 hrs.   
y 

0 
(+ —CH,CH, —Cl 

1aQOH, 70°C 

1.5 hrs. 

0 
(p+ —CH=CH, 

M.P.= 117.5-118.5°C (Lit. 117°C) 

Recryst. from Toluene 

Vac. Distill 156°C, 300 mTorr 

Scheme 18: Synthesis of Vinyldiphenylphosphine Oxide. 
F. Welch and H. Paxton, J. Polym. Sci.: Pt. A, 3, 3427 (1965). 
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a 

| NaOH (-HC) 

9 

Scheme 19: Proposed Mechanism of Vinyldiphenylphosphine Oxide 

Synthesis. 
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Calculated: 

%C = 73.68 

%H = 5.74 

Found: 
%C = 73.81 

%H = 5.63 

Figure 38: Elemental Analysis Data on Pure 

Vinyldiphenylphosphine Oxide. 
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(Figure 37), and elemental analysis (Figure 38) show the VDPO 

(mp=117.5-118.5 °C/ lit=117 °C (532)) to be pure at this stage. 

b. Initiation Studies. 

VDPO was dried under high vacuum in a round bottom flask 

sealed with a rubber septum for 12-14 hours. Nitrogen pressure was 

then applied after this time and freshly distilled THF was added in 

an amount to provide a 10 % (w/w) solution of monomer. To this 

solution was added s-butyllithium in a 1:1 molar ratio with VDPOQ. 

The reaction mixture immediately turned a deep red color and the 

reaction was allowed to proceed for 30 minutes at room temperature. 

After this time methanol was added to quench the reaction. Solvent 

was removed under vacuum and the whitish powder was stirred 

with warm water for several hours, filtered and dried giving a yield 

of 88 percent. 

c. Homopolymerization Studies. 

Free radically initiated homopolymerizations were attempted 

using ethyl acetate as the polymerization solvent and AIBN as the 

free radical initiator. WDPO and AIBN were charged to a septum 

sealed round bottom flask and dried under high vacuum for 12-14 

hours. Freshly distilled and degassed ethyl acetate solvent was 

charged to the flask via syringe to provide a monomer solution of 20 

% (w/w). The VDPO was dissolved with stirring and then placed in a 

silicone oil bath held at a temperature of 70-72 °C. The reaction 

mixture was held at this temperature for 60 hours after which time 

the solvent was removed under vacuum. !H NMR of the isolated 

material showed it to be VDPO with little loss in unsaturation. 

Anionic homopolymerization studies that were performed are 

outlined in Scheme 20. In one case VDPO was dried under vacuum 

for 12-14 hours in a septum sealed round bottom flask. After this 

time the vacuum was replaced by dry nitrogen atmosphere. Freshly 

distilled THF was then added via syringe to provide a 10 % (w/w) 

solution. TMEDA was then added via syringe in a 1:1 molar ratio to 
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the calculated amount of s-butyllithium. The reaction mixture was 

stirred for 30 minutes at -10 °C followed by the addition of s- 

butyllithium anionic polymerization initiator in an amount so as to 

provide a theoretical molecular weight of 5000 g/mol. Upon addition 

of the initiator, the solution immediately turned a very deep red 

color. The reaction was allowed to proceed for 12 hours after which 

time an aliquot of methanol was added to terminate the anions. The 

solution immediately turned clear. The solvent was then removed 

under vacuum affording a yellowish-white powder. !H NMR showed 

little evidence of any reaction due to the presence of prominent 

peaks due to the vinyl protons of the monomer. 

The same procedure was utilized as above in a second study 

with the following exceptions. The round bottom flask was replaced 

with a pressure bottle, TMEDA was omitted, and the temperature 

was raised to 65 °C. This procedure afforded a red brittle film that 

was soluble in THF and chlorinated hydrocarbons. Intrinsic viscosity 

measurements in chloroform at 30 °C provided a value of 0.04 dl/g. 

d. VDPO End-capped PBd. 

The anionic polymerization of butadiene was performed in a 

pressure bottle, in THF at -30 °C using s-butyllithium as the initiator. 

Upon completion of the polymerization (4 hrs.) an aliquot of the 

polymerization solution was removed via cannula and terminated 

with methanol. This sample was utilized for GPC analysis. A THF 

solution of VDPO (1.25 equivalents) was then added slowly, via 

cannula to the polymerization reaction. The temperature of the 

reaction was allowed to increase to room temperature and was then 

terminated with methanol. The VDPO end-capped polymers were 

precipitated twice from THF solution into methanol, recovered and 

dried under high vacuum. The resulting polymer was analyzed by 

1H NMR and 3!P NMR. 

C. Results and Discussion. 

259



The utility of VDPO in anionic polymerization processes was 

investigated. The first step in this investigation was to determine if 

VDPO was capable of being initiated by s-butyllithium anionic 

polymerization initiator. A reaction was performed where s- 

butyllithium was added to VDPO in a 1:1 molar ratio. The reaction 

solution turned a deep red color upon addition of the organolithium 

to the VDPO. This color being the result of the delocalization of the 

anion once formed on the VDPO molecule. This delocalization results 

from the presence of P=O moiety in the VDPO molecule. Once 

terminated with methanol this color disappeared. Upon work up of 

the material 1H and 31P NMR were utilized to analyze the product. 

1H NMR (Figure 39) shows the disappearance of the peaks due 

to the vinyl protons of the VDPO and shows peaks in the aliphatic 

and aromatic regions only. 3!P NMR (Figure 40) shows the 

appearance of one broad peak indicating the presence of a single 

phosphorus species. The broadening of the peak may be due to 

residual lithium resulting from the initiator used. If lithium was 

present, it would have a great tendency to coordinate with the P=O 

moiety which would cause the broadening of the peak in the 31P 

NMR. These results lead us to believe that VDPO was indeed initiated 

by s-butyllithium. 

Anionic homopolymerizations of VDPO were then performed 

under two different sets of conditions. The first study was conducted 

in THF solvent at -10 °C in the presence of TMEDA. As discussed in 

the literature review of this dissertation, TMEDA acts as a chelating 

ligand in anionic polymerizations to breakup the association of the 

growing chain ends and to cause separation of the ion pair at the 

propagating chain end. The effect of adding this material will 

increase the rate of the possible polymerization reaction. The 

reaction mixture was stirred for 12 hours followed by work up. !H 

NMR of the powdery whitish product showed that nearly all the 

vinylic protons remained unchanged and polymerization was not 

taking place to any substantial degree. 
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A second reaction was run in a pressure bottle where THF was 

utilized as the solvent and the temperature was raised to 65 °C. No 

TMEDA was utilized. The red color was present upon initiation once 

again and persisted throughout the heating process and the duration 

of the reaction. After 12 hours the reaction was terminated and 

worked up. The resulting material as isolated and dried from the 

reaction mixture was a clear, red, brittle film. !H NMR of this 

material did not provide any useful results. After stirring with 

dilute acid and washing with water the material changed to a 

yellowish color and once again, !'H NMR was inconclusive. The 

spectra taken showed a great excess in the aromatic region with 

minimal integrated peak area in the aliphatic region. There were no 

peaks in the vinylic region of the spectrum. Under the conditions 

utilized in this study, heating of the anionic solution in THF solvent 

can lead to side reactions of the anions with the solvent. 

From the results obtained to this point it was surmised that the 

s-butyllithium will add to the VDPO monomer but 

homopolymerization is not possible under the conditions utilized. 

The utility of VDPO as an end-capping agent in anionic 

polymerization was then investigated (See Scheme 21). 

Poly(butadiene) was anionically synthesized in THF solvent at 

-30 °C. Once polymerization was complete, 1.25 equivalents of VDPO 

in THF solution was added slowly via cannula. The polymerization 

solution immediately turned a red color. The reaction temperature 

was allowed to slowly increase to room temperature and was then 

terminated with methanol, resulting in the disappearance of the red 

color. The resulting polymers were precipitated into acidic methanol 

followed by precipitation into pure methanol, isolated and dried. 

Analysis of these polymers was performed by !H and 3!1P NMR. 

These spectra are seen in Figures 41 and 42. One peak is seen in the 

31P NMR indicating the presence of a single phosphorus moiety. The 

1H NMR spectrum shows the presence of peaks in the aromatic region 
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SecBuLi + CH,=CH—CH=CH, 

THF, -30°C, 4 hrs. 

SecBu-+CH, =CH—CH=CH, +-+CH, —CH}+CH,—CH - Li” 

CH=CH, CH=CH, 

rf 
1)|(S—P—CH=CH, in THF 

2)} MeOH 

y 
  

0 
SecBu (CH, =CH—CH=CH, }+CH,—CH }+CH,CH, —? —<) 

| 
CH=CH, 

Scheme 21: Synthesis of Diphenylphosphine Oxide Terminal 

Poly(butadiene). 
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due to the VDPO addition and the expected peaks due to the 

poly(butadiene) molecule. 

Two different molecular weight materials were synthesized, 

500 and 3000 g/mol. Molecular weight determinations were 

performed by GPC of the materials without the VDPO end-capper, 

and by 'H NMR of the end-capped polymers. The integrated peak 

area due to the aromatic protons was normalized and ratioed to the 

normalized area due to the vinylic protons to estimate molecular 

weight. The data from these determinations are shown in Table 34. 

The values from the two determinations agree quite well indicating 

that the end capping reaction takes place quite readily and 

efficiently. 

The behavior seen with VDPO under anionic polymerization 

conditions resembles that of diphenylethylene (DPE). The DPE s- 

butyllithium adduct is commonly used as the initiating system for 

the anionic polymerization of methacrylates (39 and references 

therein). s-Butyllithium will add to the DPE but propagation will not 

take place. Also, several DPE derivatives have been utilized by Quirk 

and coworkers (468,472) to end-cap anionic polymerizations with 

substituted diphenyl moieties without deleterious propagation of the 

end-capper. 

D. Summary 

From the investigations and experiments conducted it has been 

shown that VDPO can be initiated by the anionic initiator s- 

butyllithium but propagation would not take place under the 

conditions utilized. This property of VDPO was then utilized in the 

formation of diphenylphosphine oxide terminal poly(butadiene)s. 

The efficiency of this end capping reaction was shown to be quite 

efficient. This technology can be possibly used in the formation of 

macromonomers via aromatic substitution on the diphenyl end 

group. The functionalizations can lead to a wide variety of graft 

copolymers made by the macromonomer technique. 
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Diphenylph hin xi Terminal Pol 

  

  

Theoretical Mn(kg/mol) Mn (kg/mol)@ Mw/Mn@ Mn (kg/mol)> 

0.5 0.5 1.20 0.58 

2.5 2.9 1.10 3.1 

  

a - From GPC analysis of non-capped material in THF using poly(styrene) 

Standards. 

bD- From 1H NMR analysis of diphenylphosphine oxide terminal material using 
the integrated peak area due to the aromatic protons relative to the vinyl 
protons on a normalized basis. 
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