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Reactive Groups, Spacer Groups and Functional Groups in 
Macromolecular Design 

Otto Vogl 

i n  cooperation with 
Yoshio Okahata, Donald A. Bansleben, 
John Muggee and Mark Purgett 

Polytechnic I n s t i t u t e  of New York 
Brooklyn, NY 11201 

ABSTRACT 

Several aspects of modern design of macromolecular archi tecture  a re  

discussed: the influence and importance of functional groups which 

of ten dominate the character is t ics  of the  macromolecular s t ructure;  

the  importance of the spacer groups t h a t  provide f l e x i b i l i t y  and 

allow the functional group t o  ac t  independently from the main chain 

when the  functional group is  attached t o  the main chain. 

Examples are  given f o r  the synthesis of react ive,  t e leche l ic  

polymers, f o r  polymerizability of monomers whose polymerizable group 

i s  separated from the functional group by a f lex ib le  methylene spa- 

cer ,  and the reac t iv i ty  of functional groups separated from the main 

chain by a spacer group. 

PREAMBLE 

Polymers with functional groups have been known throughout the  de- 

velopment of polymer science. When our l a s t  U.S.-Japan Seminar on 
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1218 VOGL ET AL. 

Polymer Chemistry [l], the second of the s e r i e s ,  was planned, it w a s  

recognized tha t  functional polymers had s ta r ted  t o  play a very im-  
portant role  i n  the development of polymer science. 

steering committee meeting a t  the  f i r s t  U.S.-Japan Seminar a t  the  

Fujiview Hotel a t  Kawaguchi-KO, we selected "Functional Polymers'' 

as the theme of the second Seminar [ 2 ] .  The select ion of t h i s  t i t l e  

inspired, more i n  Japan than i n  the  U.S., work on functional poly- 

mers: 

conventional polymers and how those exotic polymers should be de- 

signed. The second U.S,-Japan Seminar on Polymer Chemistry, "F'unc- 

t i o n a l  Polymers," was held i n  1978 a t  Pingree Park, Colorado. 

Agreement was reached for the t h i r d  seminar t o  be held in Osaka, 

under the t i t l e  of "Reactive Polymers," a special ty  of Functional 

Polymers. For the proposed fourth seminar, "Specialty Polymers, 

the main theme i s  expected t o  emphasize more the  properties of in- 

dividual polymers with more emphasis on t h e i r  use rather  than the 

principle of t h e i r  design by macromolecular archi tecture  and engin- 
eer ing . 

In  1974 a t  the 

what type and how functional groups should be introduced i n t o  

INTRODUCTION 

Polymers with functional groups have become of major importance i n  
the development of modern polymer science [ 3 ] .  
are  often tailormade t o  perform specif ic  f i c t i o n s  and are  sought 

for  these properties ra ther  than f o r  the mechanical bulk properties 
of the polymers. Such macromolecules may have groups t h a t  impart 

onto the polymer properties such a s  chemical reac t iv i ty ,  spec t ra l  or 

biological/medical properties,  they may be photo-, thermally, or  

ca ta ly t ica l ly  active.  

These macromolecules 

In  t h i s  a r t i c l e  we w i l l  discuss three aspects of functional 
polymers: (a)  End-reactive Polymers : the  discussion of simple 

methods t o  make react ive te leche l ic  polymers and attempts t o  de- 

velop simple crosslinking reactions under mild conditions ; (b)  
Flexible Spacer Groups: ( i )  the use of spacer groups t o  separate 
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MACROMOLECULAR DESIGN 1219 

functional and polymerizable groups i n  monomers f o r  subsequent 

polymerization; ( i i )  reactions on polymers whose functional group 

i s  i n  the side chain separated by f lex ib le  spacer groups from the  
main chain. 

Selected End-Reactive Macromolecules 

Polymers, usually of moderate molecular weight, whose react ive 

groups are  a t  the  ends of the  polymer chains are  cal led te leche l ic  

or  end-reactive polymers: Very important reac$ive groups i n  t e l e -  

chel ic  polymers are acrylates ,  hydroxyl, carboxyl, sulfoxyl,  and 

amino groups. 
chel ic  type are  isocyanate groups, which are  the bas i s  of polyure- 

thane technology, and are  now used f o r  t h e  reaction in jec t ion  

molding (RIM) technology [4]. 
groups or  acetylene groups have become important end groups f o r  

te leche l ic  polymers. 

Perhaps the most important end groups of the  t e l e -  

For high-temperature use, n i t r i l e  

Relatively few reactions of t e leche l ic  polymers a re  known t h a t  

Among the curing reactions can be carr ied out a t  room temperature. 

t o  give crosslinked networks a t  room temperature, especial ly  used 

f o r  dental  impression materials,  are  the reactions of polymers with 

mercaptana end groups crosslinked with lead dioxide or si lane-  
terminated low molecular weight polysiloxanes which a re  allowed t o  
reac t  with or thosi l icates .  

chain extending or crosslinking involves a l so  polysiloxanes. S i l -  

oxanes endcapped with Si-H groups a re  capable of adding t o  a 

carbon-carbon double bond, for example, an acrylate  with platinum 

compounds as  the  catalysts .  

t e leche l ic  a l ipha t ic  polyesters endcapped with azir idino groups; 
the l a t t e r  were then polymerized by cat ionic  polymerization. 

A more recently developed system f o r  

Another crosslinking reaction involves 

Most of these reactions are  curing react ions i n  the bulk with- 

out solvents. This means t h a t  the reactions of the  end-reactive 

groups are  carr ied out with the polymer backbone chain being the 

ac tua l  solvent, and i t s  polar i ty  or  solvent power d ic ta tes  the 

progress of the reaction. Since the  molecular weights of most of 
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1220 VOGL ET AL. 

the te lechel ic  polymers are  i n  the range of  2000 t o  5000 and the 

molecular weights of the react ive end groups a re  about 100, we are  

speaking of reactions o f  2-541: solution of the react ive end group 

with the polymer chain being the solvent (Equation 1). 

+METALSALT 

- Prepolymer (MW 500-5000) 

0 Coordinating Group 

In the  work reported here, we focus on chelating reactions of 

end groups as the curingrn-c+i on(Equation I) : 

prepolymers such as polypropylene oxide (PPO) (MW: 425- -4000), 

polytet rahydrofuran (PTHF) (MW : 650-2000) , poly ( e -caprolact one ) 
(PC1) (MW: 640-1250), hydroxy-terminated polybutadienes (PB) (MW: 

2800-3600), si lanol- or carbinol-terminated poly(dimethy1 siloxanes) 

(MW: 2400-22,000) were chosen for reasons of a v a i l a b i l i t y  as  the  

te lechel ic  prepolymer; a l l  materials had a low T The hydroxy end 

groups of these polymers were converted t o  appropriate groups known 

t o  be good coordinating groups, such as phosphate, hydroxamate, 

carboxylate, tetramine, acetoacetate, and iminodiacetate [5-lO]. 
The general structure and preparation scheme of the te leche l ic  

polymers which were prepared i n  t h i s  work are  summarized in  Equa- 

t i o n  2. 

hydroxy-terminated 

g' 

Grafting of 5-vinylsalicylic acid onto PB (MW: -3000) was a lso  

performed t o  obtain polymers whose chelating groups were attached 

t o  the polymer by graf t ing randomly along the  polymer chain. 
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1222 VOGL ET AL. 

The folLowing hydroxy-terminated polymeric glycols were used 
PPO (MW: 650, 1000, 2000, 4000), PPHF (MW: 650, for our studies: 

lOOO), poly(e-caprolactone) (ePCL) (MW: 1250) , PCL-trio1 (MW: goo), 
PB (MW: 2800), polysiloxane (Psi) (MW: 3200, 22,000) , polysiloxane 
carbinol (PSiC) (MW: 2400). A l l  hydroxy-terminated polymeric gly- 
cols had functionalities near 2.0 (Equation 2). 
ly studied reaction was the phosphorylation of the polymeric gly- 
cols. Glycols, in chloroform solution, were treated with phosphor- 
ousoyychloride with triethylamine as the acid acceptor. Phosphor- 
ylation worked very well with the PPO's; a nearly quantitative re- 
action to phosphate-terminated polymers was achieved. 
glycols gave only 40-7@ phosphorylation, and the reaction with PB 
glycol was very poor. 
Psi was from 60 to 8@. 
reaction condition which might have caused some side reactions, 
especially diester or  triester formation. 

The most extensive- 

PTHF and PCL 

The conversion to the phosphate-terminated 
Phosphorousoxychloride had been used under 

A better way of carrying out only monofunctional phosphoryla- 
tions to monophosphoric acids is the use of o-phenylenephospho- 
chloridate instead of phosphorousoxychloride. This reagent is 
readily prepared in good yields and reacts rapidly and quantita- 
tively with most alcohols; it had been used exclusively as phos- 
phorylation agent of nucleotides under mild conditions. 
tion was carried out as follows: The polymeric glycol in 1,b-diox- 
ane solution was treated with o-phenylene phosphochloridate at room 
temperature in the presence of 2,6-lutidin. 
hydroyyphenylphosphate -terminated in 9 6  conversion, the PC1-trio1 
reacted to about 75$, and the Psi in much smaller conversion. 

The reac- 

PPO and PTHF were o- 

Acetoacetate-terminated polymers were prepared by transester- 

ification of the glycol with ethyl acetoacetate. 
to react in the presence of a small amount of lead oxide f o r  two 
hours at 186c and gave 80 to 85$ yield of the acetoacetate-termin- 
ated PPO. 

PPO was allowed 

Regular esterification of terminal hydroxyl groups of glycols 
was carried out under mild conditions by treating the ditosylates 
of the polymeric glycols with methyl p-hydroxybenzoate and sodium 
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MACROMOLECUJAR DESIGN 1223 

hydroxide in polar solvents; the ditosylates of all the glycols 
could be prepared in 80 to 9@ yield. 
tosylates to the methylbenzoate-terminated polymers of PPO and 
FTHF were from 80% to nearly quantitative. 
terminated polymeric glycols served for the synthesis of carboxyl- 
ate-terminated polymeric glycols and for the synthesis of hydroxa- 
mate-terminated polymeric glycols. Methyl benzoate-terminated PPO 

MW 650, 1000, 2000, and 4000 were hydrolyzed in 5$ potassium hy- 
droxide solution in ethano1:water (1:l) in 90-95$ yield. 
synthesis of hydroxamate-terminated polymers, methyl benzoate- 
terminated polymers were treated with an alcoholic hydroxylamine 
solution (made from hydroxylamine hydrochloride salt and potassium 
hydroxide); the conversions were from 60 to more than 9C$ and gave 
a number of hydroxamate-terminated PO and THF polymers. 

The conversion of the di- 

The methyl benzoate- 

For the 

In one case, PPO (MW: 1000) ditosylate was allowed to react 
with triethylenetetramine, which was an attempt to prepare tri- 
ethylenetetramine-terminated polymers. Reactions of the ditosylate 
with triethylenetetramine gave the polymer in 8 6  recovery but with 
only a 35% reaction conversion. Similarly, iminodicarboxyJ.ate gave 

in only 10-20% reaction conversions iminodiacetic acid-terminated 
polymers. When polysiloxane glycols were used for the attenpted 
conversion of the hydroxyl group to other reactive telechelic end 
groups, the problem of hydrolytic stability of the silicon bonds 
to, for  example, the phosphate groups became a problem. After 
normal work-up in the presence of water, the Si-0-P bond usually 
was completely hydrolyzed. 

The principle of all the curing reactions with metal salts: 
oxides, hydroxides, etc., were based on the fact that the end 
groups would act as a bifunctional ligand and the transition metal 
would act as hexa-coordinate central metal atom for the complex, or 
that the whole metal salt in its solid state acted as an at least 
"trifunctional" crosslinking agent. 

The effective curing of some of the end-reactive polymers de- 
pended on several factors: degree of substitution and type and 

-* annin- f c n m e  fiinct.inna.1 PrOUDS cued as Such, others re- 
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1224 VOGL ET AL. 

quired that the acid group be first neutralized (usually with KOH) 
to form the anions). 

The curing ability of individual telechelic polymers did not 
seem to depend so much on the structure of the polymer chain, but 
on the purity of the bifunctionality which should, of course, be 
near lo@. For the curing experiments, telechelic chelating group 
terminated polymers were mixed with the metal compounds on a glass 
plate. 

after neutralizing the phosphoric acid end group with one equiva- 
lent of potassium hydroxide and then with metal hydroxide, such as 
cobaltic chloride, nickel chloride, or quaternized tetramines. 

Other polymers (PC1, PTHF, Psi) with low conversion of the initi- 
ally hydroxy-terminated polymer to phosphate end groups did not 
cure well. o-Hydroxyphosphate-terminated polymers did not cure in 
the acid form with any metal compound. 

Phosphate-terminated PPO gave effective* cured polymers 

Hydroxamic acid-terminated polymers cured reasonably well with 
ferric chloride in spite o f  the fact that the telechelic polymers 
had only 75-99 of the hydroxyl groups converted to the hydroxamic 
acid end groups. Hydroxamic acid groups cure only in acidic medi- 
um. This is well known from the coordination of ferric compounds 
with hydroxamic acids. 

Acetoacetate-terminated PPO gave good cures when mixed with 
potassium hydroxide and metal oxides such as oxides of copper, 
iron, nickel, or even calcium and barium. The best-cured elasto- 

mer was obtained in the PPO family when a PPO of MW 4000 was used. 
All other end-flmctionalized polymers did either not cure 

because of the low functionality of the end-reactive groups or the 
chelate-forming reaction did not work as expected, or a combination 
of both (tetramine-terminated, iminodiacetic acid-terminated, or 
simply carboxylate-terminated) . 

5-Vinylsalicylic acid grafted on PB, especially on 1,2 PB, 
gave a cured polymer when mixed with metal compounds, but only when 
about 15 mol $ of 5-vinylsalicylic acid was grafted onto the PB's. 
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Spacer Groups Between the  Polymer Main Chain 
and the  Functional Groups of t h e  Side Chain 

Functional groups d i rec t ly  attached t o  the  backbone chain of 

high polymers are  often l e s s  react ive than i f  these groups were not 

attached t o  a polymer. This reduced r e a c t i v i t y  i s  caused by s t e r i c  

hindrance or by the  fac t  t h a t  a l l  or par t  of the  polymer chain in-  

t e r f e r e s  with the reac t iv i ty  of the  individual functional group. 

Some cases have been recognized, and now more and more are  being 

recognized i n  which the reac t iv i ty  (or ac t iv i ty)  of a funct ional  

group i s  unaffected by i t s  neighboring group or more importantly 

by the polymer main chain. I n  such cases, the  react ive o r  Yunc- 

t i o n a l  groups are separated from the  polymer main chain by a 

"spacer" group. 

for example, a few methylene groups, but even such groups as  a 

r i g i d  phenylene group, are effect ive i n  separating the functional 

group from the polymer backbone chain. 

In the pas t ,  some spacer groups had been placed between the 

Most frequently, t h i s  spacer group i s  f lex ib le ;  

polymer backbone chain and the  functional groups t o  influence the  

reac t iv i ty  of the functional groups i n  the  polymer. Most of t h i s  

work has been done without a f u l l  understanding of the importance 

of the spacer group ef fec t .  Spacer groups could be designed to be 

f lex ib le  or s t i f f ,  a most important capabi l i ty  t o  design macro- 

molecular archi tecture  by modern polymer synthesis. In  some iso- 

l a ted  examples i n  the past ,  spacer groups have been introduced t o  

bring out specif ic  polymer properties.  

allowed t o  react  with s-caprolactam followed by the  attachment of 

aminoacids and enzymes, or  by d i r e c t  react ion (as  anion) with long- 

chain a l ipha t ic  groups t o  change so lubi l i ty  character is t ics .  We 

now know t h a t  some of these reactions are incomplete and give poorly 

defined polymeric s t ructures .  The problems of polymer react ion t o  

introduce functional groups v ia  a spacer group i n t o  polymers where 

the spacer separates the functional from t h e  polymerizable group 

vs. preparqtion of polymerizable monomers which can then polymer- 

Poly(viny1 alcohol) was 
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1226 VOGL ET AL. 

ize or copolymerize has recently been amply discussed and demon- 
strated [ 3 ] .  

One of the simplest, but at the same time most striking ex- 

amples of the effect of spacer length on polymer properties is in 

the case of "side chain" crystallization. Years ago it had been 
noted that methacrylates with long normal aliphatic ester groups 
showed the peculiar phenomenon that the rate of polymerization was 
substantially enhanced when the aliphatic chain of the alcohol of 
the methacrylate reached a certain length. 
examined, it was found that these polymers were crystalline. The 

degree of crystallinity depended on the length of the normal ali- 

phatic alcohol group of the ester [ll]. 
was found in polymethacrylate esters whose alcohol group was less 
than n-dodecyl. In all cases, the stereochemistry of the backbone 

chain was not different from that of radically prepared poly(methy1 
methacrylate), clearly showing that crystallinity of the polymer 
was that of the paraffinic side chain. 

When the polymers were 

In fact, no crystallinity 

Polyesters of terephthalic acid and 2,j-substituted 1,4-bu- 
tanediols showed a similar behavior [12]. 

tion was found when the paraffinic groups in P,3 position of the 
1,4-butanediol were very long, as one would expect from the influ- 
ence of a stiff backbone chain. From the quantitative measurement 
of the heat of crystallization of the aliphatic side chains in 
excess of the length necessary for the first observation of crys- 
tallizations occurring, it was found that the side chain length 
necessary for the paraffinic side chain crystallization of these 
poly(buty1ene terephthalates) was at n-dodecyl. 
the side chains to crystallize seems to be independent of the 

stereochemistry in the 2,j-substitution of the paraffinic long 
chain. 

Side chain crystalliza- 

The capability of 

An even more interesting example of side chain crystallization 
was found in the case of higher aliphatic polyaldehydes of isotac- 
tic structure [lj]. These polyaldehydes crystallize in a 4, helix 
with four polymer chains in the unit cell. 
ha& only one methyl group as substituent of the polyacetal chain 

When the polyaldehyde 
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MACROMOLECULAR DESIGN 1227 

( i s o t a c t i c  polyacetaldehyde) , only one melting point of about 1.69 C 

was observed. Even with a side chain of an n-propyl group a s  i n  

the case of the c rys ta l l ine  i s o t a c t i c  polymer of n-butyraldehyde, 

only one melting point of about 249C was detected. 

chain length of more than 3 carbon atoms, a dual melting point was 
found. 

of the h e l i c a l  polyacetal backbone chain, but the  second melting 

region is  much lower; it was ident i f ied  as the melting of the  par- 

a f f i n i c  side chain. Both melting regions are  c lear ly  ident i f iab le  

and are  separated by almost 1000 C .  I so tac t ic  poly(n-heptaldehyde) 

was especially well  studied and i t s  c rys ta l l ine  s t ructure  estab- 

l ished [14] (Figure 1). Iso tac t ic  polyaldehydes with normal par- 

a f f i n i c  side chains of more than t e n  carbon atoms do not show the 

melting regions of the  polymer backbone chain any more, indicating 

t h a t  there  e x i s t s  no c rys ta l l ine  phase of t h e  polyacetal  backbone 

any more and the en t i re  c r y s t a l l i n i t y  i s  due (as  i n  the case of 

From a side 

The higher melting point could be assigned t o  t h e  melting 

Figure 1 
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1228 VOGL ET AL. 

methacrylates and polyesters) t o  the paraf f in ic  side chain crystal-  

l i za t ion .  In the cases described above, the funct ional i ty  of the 

side chain i s  c rys ta l l izab i l i ty .  Depending on the s t ructure  and 

r i g i d i t y  of the backbone chain, the  spacer group might be as  short  

as  a three methylene group t o  allow crys ta l l iza t ion ' to  occur, as we 

have seen i n  the c rys ta l l iza t ion  of i so tac t ic  polyaldehydes. 
One of the characterization techniques of network polymers i s  

the study of the swelling behavior of networks with f lex ib le  con- 

necting groups, It was a l so  found tha t  penetration of solvent 

molecules, necessary for  swelling, can occur only i n  the main par t  

of the networks, but not near the branch points.  

ably well  established t h a t  no penetration of solvent molecules 

occurs nearer than 3 carbon (or other)  atoms from the branch or  

crosslinking point,  again indicating t h a t  there  i s  a "magical" 

three- or four-atom region from the  branch point which i s  strongly 

influenced by the polymer chain. 

It i s  now reason- 

Few polymers obtained by polymerization of functionally sub- 
s t i t u t e d  monomers have been accessible i n  the past  t h a t  do not 

have the funct ional i ty  d i rec t ly  attached t o  the  polymer chain. 

Those are  acrylates o r  methacrylates as homo- and copolymers, or 

the important copolymers of the f ree  acids (methacrylic or acryl ic  

acids) with ethylene which produced the most important family of 

ionomers. 

i n i t i a t o r s  or copolymerized with comonomers capable of rad ica l  co- 

polymerization. Examples arecopolymers of methacrylic acid (10-30 

mol $) w i t h  ethylene under conditions of f ree  rad ica l  "high-pressure 
ethylene polymerization. 

All acry l ic  monomers can be homopolymerized with rad ica l  

Styrene-type monomers are  another category of monomers t h a t  

polymerize well with rad ica l  i n i t i a t o r s .  The benzene r ing  of the 

polystyrene can l a t e r  be used for  subst i tut ion reactions,  or sub- 

s t i t u t e d  styrenes (p-chlor$methylstyrene) could be  used d i r e c t l y  f o r  
homo- o r  copolymerization which can then be used for  fur ther  dis- 

placement reactions. The formation of ion-exchange res ins  of the  

t e r t i a r y  amine or  quaternary ammonium category or  the use of these 

p-chloromethylstyrene-containing resins  i n  the Mer r i f i e ld  peptide syn- 
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MACROMOLECULAR DESIGN 1229 

thesis are typical examples. In these cases, not only the function- 
ality but also (because the resins are crosslinked) the crosslinked 
density and/or the swellability in the appropriate solvents plays 
an important and significant role in their reactivities and effec- 

tiveness. 
phenylene group that is stiff and can readily separate the polymer 
chain from the functional group. 
do the acrylates) readily undergo radical polymerization and co- 
polymerization. 

Styrene-type monomers have as the "spacer11 group a 

An advantage is that styrenes (as 

Our goal for the preparation of functional polymers was to 
develop methods for the polymerization of olefins or epoxides (oxi- 
ranes) with functional groups (for example, ester or nitrile 

groups). 
tionally substituted epoxides and olefins and their copolymerization 

with selected cyclic ethers or with a-olefins (Equation 3 ) .  

We have now accomplished the homopolymerization of func- 

Functionally Substituted Epoxide Monomers: Functionally sub- 
stituted epoxide monomers were synthesized from methyl w-alkenoates 
by epoxidation with m-chloroperoxybenzoic acid. When the epoxida- 
tion step was studied as a function of the number of methylene 
groups between the double bond and the carbomethoxy group, it was 
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already recognized t h a t  the r a t e  of epoxidation was not t h e  same 

fo r  a l l  cu-alkenoates. The posit ion of the  carbomethoxy group, an 

electron-withdrawing group, and the  degree of separation played a 

s ignif icant  role  i n  the r a t e  of epoxidation [15]. 
when the carbomethoxy group was d i r e c t l y  attached t o  the o le f in  

group t o  be epoxidized (methyl acrylate) .  

inser ted between the  o le f in  double bond and t h e  carboxylate group, 

the o le f in  double group became more and more react ive,  and when 

three methylene groups were placed between the  o le f in  double bond 

and the  carbomethoxy group the r a t e  of epoxidation reached a maxi- 
mum and remained essent ia l ly  constant as fur ther  methylene groups 

were inserted.  It i s  interest ing t o  note t h a t  the value of the  13C 

NMR chemical s h i f t  of the  methine carbon atom a lso  became constant, 

indicating a constant electron density i n  the  o le f in  double bond 

and no more electronic influence of the carbomethoxy group. 

It was very slow 

A s  methylene groups were 

Polymerization experiments with methyl w-epoxyalkanoates were 

successf i l ly  carried out with special ly  prepared triethylaluminwn/ 

water/acetylacetone (1.0/0.5/1.0) i n i t i a t o r  system (16,171 (Equa- 

t i o n  4 ) .  This reaction mixture provided an anionic coordinative 

i n i t i a t o r  system, but  5 mol $I of aluminum must be used t o  polymer- 

ize  the fbnctional epoxide; even a t  t h i s  high “ i n i t i a t o r ”  concen- 

t r a t i o n ,  polymers of 5 x lo5 molecular weight were obtained, indi-  
cating t h a t  the actual  i n i t i a t o r  i s  only a small percentage, perhaps 

0.1% t o  1.0 mol $ of the i n i t i a t i n g  system. 

We have no doubt t h a t  only a par t  of t h i s  system a c t s  as  i n i t -  
i a tor  and t h a t  another par t  of the i n i t i a t o r  system i s  used f o r  

coordination of the functional epoxide; apparently, no chemical 
reaction occurred between aluminum alkyl  groups of the i n i t i a t o r  

system and the  carbomethoxy group of the  monomer as the carbometh- 
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oxy group was always found unchanged after polymerization and 
work-up with methanolic hydrogen chloride. It is not unreasonable 
to believe that similar systems slightly different from the stoi- 

chiometry of 1.0/0.5/1.0 might also be active for polymerization of 
functional epoxides. When the initiating system was made in a 
similar manner with triethylaluminum/water/acetylacetone (l.O/O.3/ 
0 . 5 ) ,  the initiator formed was quite inferior in activity [18]. 

A l l  methyl w-epoxyalkanoates (MEA) gave homopolymers and also 
copolymers with selected cyclic ethers [19,20]. After a polymeriza- 
tion time of several weeks, the homopolymerization of MEA with the 
triethylaluminum/water/acetylacetone (1.0/0.5/1.0) initiating system 

gave low polymer yield when n was 0 (methyl glycidate), slightly 
higher with n = 1 (methyl 3,4-epoxybutanoate), or even with n = 2 

(methyl 4,5-epoxypentanoate). In the cases of the polymerization 

of MEA's with n >  4, the polymer yields were high and polymers were 
obtained relatively more rapidly. In addition, the molecular weight 
of MEA polymers of n = 0-2 was low and the molecular weight distri- 
bution was broad. For polymers of MEA's of n > 4, the molecular 
weights were high as judged by the inherent viscosity; the molecular 
weight distribution <K was much narrower, < 1.7, which suggests 
one single type of initiator site. The coordinative polymerization 
of these functional epoxide monomers might even have similarities 
with living polymerization. The fact that coordinative anionic 
polymerization has living character has been demonstrated by S. 

Inoue [21] for aluminum alkyl systems complexed with porphyrin 
(Mw/Mn of C 1.2 have been found for propylene oxide polymerization) 
It is concluded from this work that for effective polymerizations 
of substituted functional epoxides at least 2, preferably 3 methy- 
lene groups are necessary between the polymerizable epoxide (oxiran 
ring and the carbomethoxy group to establish maximum yield and op- 
timum molecular weight of the polymer. 
also been found by other workers more recently for the polymeriza- 

tion of w-epoxyalkanonitriles [ 2 2 ] .  

-- 

Similar conclusions have 

Functionally Substituted Olefins: Functional olefins can po- 
lymerize by radical mechanisms, when the polymerizable olefin gro? 
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i s  d i rec t ly  attached t o  the carboxylate or n i t r i l e  group (acry l ic  

acid derivative) or a phenyl group (styrene der ivat ive) .  As soon 
as  there  i s  a carbon atom with a hydrogen substi tuent positioned i n  

alpha posit ion t o  the  polymerizable olef in  group, hydrogen abstrac- 

t i o n  t o  form a l l y l i c  radicals  proceeds readi ly .  In  the presence of 

these s table  radicals ,  propagation t o  high molecular weight polymers 
does not proceed. Consequent*, cu-alkenoates have not been homo- 

polymerized. It has become clear  t h a t  homo- and copolymerization 

with other olef ins  or with ethylene could only be accomplished by 

Ziegler-Natta-type coordination polymerization (Equation 5 ) .  

’ -CHz-CH- 

I POLYMERIZATION cHz=r 
COOR COOR 

In  our work approach [ 2 3 ]  we have r e s t r i c t e d  our choice of 

i n i t i a t o r s  t o  those systems whose components a re  eas i ly  available 

and which are already well  known f o r  the polymerization of propy- 

lene. 

s ize  and surface area were studied. 
T i C 1 3  modified with AlC1,  and acetylacetone of various grain 

It was found t h a t  polymerization of 10-undecenoate could be 
accomplished i f  the monomer was precomplexed with diethylaluminum- 

chloride or d i .  -sec. -butylaluminum chloride. Complexation oc- 

curred a t  room temperature rapidly but not instantaneously. When 
a solution of the complexed monomer was added t o  the  freshly pre- 
pared i n i t i a t o r  system, polymerization proceeded smoothly and a 

good yield of polymer was obtained. Eight t o  t e n  moles of com- 

plexing agent per mole of functional group were needed; s imilar  
resu l t s  were obtained with 7-octenoate. With 5-hexenoate, the  

yields  o f  polymer were lower. Best r e s u l t s  i n  our polymerization 

experiments were obtained w i t h  the  2,6-dimethylphenyl or  the  2,6- 
diphenylphenyl es te r  of the corresponding w-alkenoic acids.  
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These functional monomers (alkenoates) could be copolymerized 
with a-olefins with the same polymerization initiators that gave 
good yields of homopolymers. The ease of incorporation of the 
alkenoates undoubtedly depends on the copolymerization ratio between 
the cY-olefin and the alkenoate. With 1-dodecene as the comonomer 
for the copolymerization with 10-undecenoate, good incorporation of 
the 10-undecenoate was achieved; even when 1-hexene was used as the 
cr-olefin comonomer, 10-undecenoate was readily incorporated. It 

was, however, difficult to incorporate more than 10 mol percent of 
10-undecenoate into a copolymer with propylene; under more forcing 

copolymerization conditions, the molecular weight of the copolymer 
dropped rapidly. Under our reaction conditions we have achieved 
incorporation of up to 5 mol percent of 10-undecenoate into copoly- 
mers with ethylene. A previous patent claimed an incorporation of 
up to 2 mol percent into ethylene; no homopolymerization experiments 

had been reported at this time [24]. 
We have also accomplished the terpolymerization of 10-undecen- 

oate with ethylene and propylene. With the titanium initiator sys- 
tem, a crystalline terpolymer was prepared when a 12/1 ratio of 
propylene/ethylene was used as the feed of the olefin component. 

The terpolymers had a 5 to 10 mol percent of 10-undecenoate incor- 
porated and showed two melting endotherms about 15 to 2Cf'C lower 
than the melting endotherm that could be assigned to the crystalline 
melting point of linear polyethylene (12p  C instead of 1360 C) and 
isotactic polypropylene (149 C instead of 169 C). 
initiators, an amorphous terpolymer with a similar incorporation of 
10-undecenoate was obtained similar to what one would have obtained 
from regular ethylene/propylene copolymerization to amorphous elas- 
t omer . 

With vanadium 

Unlike the polymerization of functional epoxides, where three 
methylene groups were needed for good polymerization, polymerization 
of cu-alkenoates requires a spacer length of n 2 5 to achieve good 
polymerizability. 

In conclusion, several classes of polymers with functional 
groups have been investigated. Reactive telechelic polymers have 
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been prepared and network-forming crosslinking reactions with t rans-  

i t i o n  metal s a l t s  were studied. Phosphoric acid,  hydroxamic acid, 

s a l i c y l i c  acid groups have been used as end groups i n  these t e l e -  

chelic polymers. For most effect ive and rapid se t t ing ,  polymers 

with a funct ional i ty  of 3 with arms of equal length are probably 

preferable. 

of n 2 5,  where n is  the number of methylene groups between the 

carboxylic e s t e r  and the polymerizable group, are  needed for homo- 

and copolymerizations using the appropriate coordination-type in- 

i t i a t o r s .  

Functional epoxides with n 2 3 and functional olef ins  
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