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ABSTRACT 

Part I: Organosilicon Compounds 

Diethoxymethy 1-tf-styrylsilane, bis(dimethy1 - ol- s ty r y 1) d i s i 1oxane, 

ethoxymethyl-c*-styrylsilane, and ethoxydimethyl-5-phenallylsilane were 

synthesized in order to test their usage as monomers for "ladder" poly

mer formation. Free radical, cationic, and anionic initiators were 

unsuccessful for vinyl homopolymerization attempts with these monomers. 

Cyclic trimers and tetramers of diethoxymethyl-fc-styrylsilane 

were synthesized and equilibrated with various basic catalysts. Low 

molecular weight polysiloxanes were formed. 

Part II: Block Polymerizations 

Copolymers of vinylene carbonate were prepared. These co

polymers were hydrolyzed and then cleaved with periodic acid to form 

polymers with aldehyde endgroups. 

The feasibility of forming blocks from the aldehyde-terminated 

polymers was demonstrated by coupling them with £-phenylenedxamine and 

amine-terminated polystyrene. 
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PART I: ORGANOSILICON COMPOUNDS 
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INTRODUCTION 

A great deal of attention has been given to preparing heat 

stable polymers of the so-called "ladder" type. "Ladder" polymers con

sist of two chains which are regularly joined together in the same man

ner as a ladder is joined by its rungs. The general structure for a 

"ladder" polymer is shown below, where A and B are monomer units and C 

is the joining "rung." In many cases C consists only of a chemical 

bond. 

/x^WA A A A A—v~v^ 

c c c c c 

— i — B ~~ B — 

Several.reviews on ladder polymers are available (De Winter 

1967, Bailey 1968, Wright and Lee 1968). Ladder polymers are of special 

interest because two simultaneous breaks at strands bordered by the same 

two "rungs" are necessary to depolymerize these materials. This feature 

enables ladder polymers to retain properties, such as tensile strength 

and toughness, at elevated temperature which would degrade many single-

strand polymers. 

Many examples of ladder polymers have been reported but few of 

these materials have complete ladder structures. Often the conditions 

employed during attempted ladder formation lead to precipitation of 

low molecular weight polymers. When reactions are forced to completion, 

cross linked products are often obtained. 

2 
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Ladder polymers theoretically should be fusible and soluble in 

appropriate solvents. Often, however, the rigidity of the rings in 

ladder polymers leads to difficulty in dissolving these compounds. Re

cently Bailey and Feinberg (1967) have reported, however, that large, 

flexible rings in ladder structures lead to readily soluble polymers. 

Probably the first polymer to be prepared which was later shown 

by Bircumshaw, Taylor, and Whiffen (1954) to possess a partial ladder 

structure was paracyanogen (1). Paracyanogen has been prepared by 

,N 
V 

'N 

C 
I 

.c 

n 

1 
/V 

heating oxalamide, mercury(ll) cyanide, or silver cyanide. Paracyano

gen is soluble in conc. sulfuric acid and is stable to 450° in vacuum. 

However, 1^ is very brittle and its ladder structure is not perfect. 

Another polymer containing partial ladder sequences which has 

been known for some time is Orion Black (2) which has been prepared by 

both one- and two-step pyrolyses of polyacrylonitrile. The two-step 

procedure (Geiderikh e_t al. 1961) is shown below. 

NH, 

2 
rJ 



Orion Black has the advantage that polyacrylonitrile fibers can be pre

formed and then converted to the partial ladder polymer which is in

soluble, infusible, and probably crosslinked. 

One of the earlier attempts to form ladder polymer was by Marvel 

and Levesque (1938). Poly(methyl vinyl ketone) was partially ring 

closed by condensation at 300°. Polymer 3, is fusible but insoluble. 

ch3 "o CH3 xO CH3 "0 

& 
Statistical studies by Flory (1939) indicate that ring closure of the 

pendent keto groups would only lead to 86.5% cyclization due to struc

tures such as 4 and 5. /v /V 

ch3 ch3 

4 r-J h 

Ring closure of 3,4-polyisoprene (jS) has also been attempted 

(Angelo, Wallach, and Ikeda 1967). Here again statistics (Flory 1939) 

predict incomplete ladder structures. This procedure leads to a 

P0C1 

CHr^ CH^S* CttfS, 



soluble polymer with sequences of 2 to 5 fused rings in succession. 

However, many side reactions undoubtedly occur since carbonium ion 

intermediates are involved. Similar polymers have been formed by poly

merization of isoprene, chloroprene, or butadiene with ..ethyl aluminum 

dichloride in titanium tetrachloride in a one-step process (Gaylord ejt 

al. 1963). Again incomplete ladders result. The statistical problem 

also leads to incomplete ladder structures for the cyclization of poly-

acrolein via acetal formation (Eifert and Marks 1961). 

In order to avoid the statistical problem during ring closure, 

cyclopolymerizations have been utilized. De Winter and Marvel (1964) 

cyclopolymerized 4,4-dimethyl-l,6-heptadiene-3,5-dione followed by re

action with hydroxylamine and heating to produce partial ladder struc

tures (8). 

CH„ CH 

CH CH 

CH„ CH, 

8 

Polymer 8, while soluble in hot solvents contained breaks in the ladder 

structure due to incomplete formation of the oxime ̂7. 



Cyclopolymerization of N,N -divinylurea followed by condensa

tion with formaldehyde was used by Overberger and Ishida (1965) to pre

pare a polymer with essentially the ladder structure (9). 

rr ty 
HN. NH 
V 

II 
0 

HN NH 

II 
0 

HNV NH 
XG/-

II 
0 

CH20 

II 
0 

n 

XC,X 
/ ii 

0 
-•n 

9 
/V 

In this case incomplete condensation of formaldehyde leads to breaks in 

the ladder structure. 

Vinyl isocyanate (10) has been polymerized through both the 

vinyl and isocyanate groups (Overberger, Ozaki, and Mukamal 1964). 

Subsequent polymerization of the remaining pendent group led to partial 

ladder structure (11). 

NaCN, -55° . 
N^ „ *— > 

0 -75° 
10 

25c 

f f 
^N\Ĉ N\ 

II 
0 

r 
"C 
II 
0 

n 

N; 

[(CH3)2C-Mf2 

CN 

y -rays} 

A 
\r 

N 
r ^c-

ii 



Either crosslinking or incomplete reactions again caused incomplete 

ladders. 

Low molecular weight ladder structures have been reported from 

the two-step polymerization of (bis-dimethylamino)methylvinylsilane 

(12) (Stober, Michael, and Speier 1967). However, this polymer was not 

of very high molecular weight. 

r. CH v | CH, _ T. CH,. I XH. CH„S | .CH, 3\, A • 3 n-BuLi v 3\, A. 3 3\, o. 3 
•> N-Si-N N-Si-N 

C< iH3SCH3 < CH/CH3 

N-Si-N 
CH^ L nCH 

CH N | ,CH 
J N-Si-N 

3 CH3 3 
CH / I Ni 

3 CH„ 
CH, 

12 
r-J 

ch3co2h, 

H2° 

Jn 

Probably the most complete ladder polymer is polyphenylsilses-

quioxane (14) (Brown et aJL. 1960). This polymer was synthesized from 

phenyltrichlorosilane. Ladder polymer 14 has the cis-anti-cis struc

ture and was formed from equilibration of the cage compounds (j^)« 

This polymer is soluble in many organic solvents. 



PhSiCl, 
H2° 

(PhSiO. ,) 
KOH 

1.5 x toluene 
A 

Ph 
\ 

Ph Ph Ph 

Si xSi xSi NSi 

0 0 
V 

/ 

Ph Ph Ph Ph 

14 /V 

Reactions tohich form both strands of the ladder simultaneously 

have also been investigated. An example of this type of reaction is 

the polymerization of diacetylene to form polyacene (15) (Bohlmann and 

Inhoffen 1956, Edwards and Goldfinger 1955). 

H-CsC-CsC-H 
h-y 

or A 

15 r^> 

However, the exact structure of the product of either the photol

ysis or pyrolysis has not been established. In any event, complete lad

der structures are not formed under these conditions. Similarly, 

diphenyldiacetylene has been polymerized (Teyssie and Korn-Girard 1964) 

with Ziegler-Natta type catalysts to form polymers with some degree of 

ladder structure (16)« However, the polymers produced are of low 

molecular weight and are crosslinlced. 
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Ph-C=C-C=C-Ph 

Ph Ph Ph Ph 

16 /v 

Low molecular weight materials with partial ladder polyquinoxa-

line structures (17) have been formed (Stille and Mainen 1966, Stille (\J 

et al. 1967) by both one- and two-step processes. For example, 2,5-

dihydroxy-£-benzoquinone was condensed with 1,2,4,5-tetraaminobenzene. 

H0^y +
h2n^Yh2. 

N 1 

n 

The thermogravimetric analyses of these polymers did not show much im

provement over single-strand polyquinoxalines so it is probable that 

again incomplete ladder formation occurred. 

Ladder polymers with polybenzimidazolone structures have also 

been prepared. For example, pyromellitic anhydride (18) has been con-
/V 

densed with 1,2,4,5-tetraaminobenzene (Dawans and Marvel 1965, Bell and 

Pezdirtz 1965). 



1,4,5,8-tetraaminonaphthalene has also been condensed with 18 to form 

the polybenzimidazolone (19) (Dawans and Marvel 1965). 

NH NH 

18 + 

NH NH 
2 2 

"> 
N\ NC 

•» 

II 
0 

19 

These polymers are stable to 500° under nitrogen and are sol

uble in concentrated sulfuric acid. For example, 19 showed less than 

4% weight loss at 500° and only a 2TL loss at 900°. Polymer 19 was 

also soluble in dimethyl sulfoxide and was found to have insulator 

properties. 

Sulfur-containing polymers (Okada and Marvel 1967) containing 

ladder sequences (20) have also been prepared by the condensation of 

2,4-d iamino-1,5-d i thiopheno1 and 2,3,7,8-tetrachloro-1,4,6,9-tetra-

azaanthracene. 
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H„N 'XI HS 

SH CL ̂  N 

+ 
NH2 Cl^N 

Nvcl 

N X CI 

H" 

'NyN. 

•N ̂ s-

n 
20 

These polymers do not have complete "ladder structures as evidenced by 

elemental analysis and are not as stable as the ladder polybenzimi-

dazolones as evidenced by 6.57o and 37% weight losses at 500° and 900°, 

respectively, for 20. 

Diels-Alder condensations have also been employed in ladder 

polymer formation. £-Benzoquinone (21) was condensed with 2-vinyl-

butadiene to form a low molecular weight polymer (Bailey, Economy, and 

Hermes 1962). 

21 
/V 

This polymer was soluble in 2-hexafluoropropanol and showed only a 387« 

weight loss at 680°. Similarly, 21 was condensed with 1,2,4,5-tetra-

methylenecyclohexane (Bailey, Fetter, and Economy 1962). 

+ 21 

n 
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This material was insoluble and infusible. In order to avoid the pre

cipitation of these Diels-Alder polymers during their formation, which 

leads to low molecular weight materials, ladder structures (23, 25, and ° 7 /v 7 

26) involving larger rings were synthesized (Bailey and Feinberg 1967). 

0=C 

X* + \ 

0 
^{CH^O-C 

C-O^ch2-^O 

0 0 
n , . ii 
C-04CH 2^0-C 

J-tXCH^O :;x 
n 

22 23 

0 
CH2-0-C-0-CH2, 

CH -O-C-O-CHa 
2 || 2 

0 

24 

CH2-0-C-0-CH2V' 

CH -0-C-0-CH. 
2 || 2 

0 

25 

X 
n 

22 + 24 
r*-> r-> X 

0 o 
C-O4ch2̂ O-C 

C-OfCH^O-C 

0 0 

CH2-0-C-0-CH2 

CH-0-C-0-CHo 
2 II 2 

X 
n 

26 

Polymers 23, 25, and 26 still were low in molecular weight 

(1850 - 3640) but were soluble in solvents such as chloroform. Polymer 

23 shows increased stability relative to poly(tetramethylene adipate). 

Polymer 23 undergoes a 507„ weight loss at 400°, whereas the linear 



polyester loses 507. of its weight at 300°. The ladder polymer, as 

would be expected, shows a much smaller decrease in molecular weight 

on partial hydrolysis. 



RESULTS AND DISCUSSION 

Diethoxymethyl-iK-styrylsilane (28) was synthesized in order to 

Ph 

\=CH, 

/ 2 

C^O-Si-OC^ 

CH3 

28 

test its use as a monomer for ladder polymerization. Scheme 1 shows 

the synthesis of 28. 
/V 

P h C H = C H  — P h C H - C H  Na°"l [j°H) V=CH t 28 

2 ether | | 2 EtOH / 2 2. CH Si(OC9H ) 
Br Br 1 3 

29 30 
A/ 

scheme 1 

Bromine was added to styrene to produce a 907. yield of 1,2-

dibromo-l-phenylethane (29). A solution of 29 was heated at reflux 

with sodium hydroxide in aqueous ethanol to produce rt-bromostyrene (30) 

in a 74% yield. Freshly prepared 0<-bromostyrene was used in subsequent 

reactions because 30 decomposes upon exposure to the atmosphere. The 

Grignard reagent of 30 was prepared in tetrahydrofuran (THF) by the 

procedure of Normant and Maitte (1956) and Normant (1960) and added to 

methyltriethoxysilane to form 28 in a 557= yield. Diethyl ether could 

14 
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also be used for the preparation and reaction of the Grignard, but the 

yield of 28 was reduced to ca. 20%. 

Attempted vinyl polymerization of 28 was unsuccessful. Free 

radical initiators such as azobisisobutyronitrile (ABIBN), benzoyl 

peroxide, t>butyl peroxide, and J:-butyl perbenzoate did not polymerize 

28. Cationic initiators such as stannic chloride in carbon tetra-

chloride-nitrobenzene at 0° aluminum chloride in either carbon tetra

chloride at -20°, chloroform at -60°, or methylene chloride at -78° 

also did not polymerize 28. Anionic polymerization with n-butyllithium 

in hexane was also unsuccessful. Since the ethoxy groups in 28 are 

easily displaced by nucleophiles, the failure of n-butyllithium to 

polymerize 28 was not unexpected. 

Diethoxymethyl-e(-styrylsilane did copolymerize, however, with 

maleic anhydride using benzoyl peroxide at 85°. The inherent viscosity 

of a 0.5 g/deciliter solution of this copolymer 31 in benzene at 25° was 

0.18. The elemental analysis of 31 approximated a 1:1 copolymer but 

indicated that an appreciable amount of the ethoxysilane was hydrolyzed. 

Ph 

_cH2_c 

C2H5°-Si-OC2H5 

CH3 

•CH-CH-

0< >0 
*0' 

n 

31 

Ethoxysilanes are easily hydrolyzed, and hydrolysis probably occurred 

during workup of 3 1 .  
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The failure of 28 to homopolymerize under the conditions used 

was probably due to steric hindrance. Olefins which are substituted 

at the 1,1-position are very difficult to polymerize and they exhibit 

low ceiling temperatures. 

To form a ladder polymer from 28, it would have been preferable 

to polymerize the vinyl group first and the diethoxysilane second be

cause the diethoxysilane could be polymerized to form a perfect ladder 

whereas attempted polymerization of pendent vinyl groups in the silox-

ane polymer would result in statistical isolation of vinyl groups (see 

32). 
r^f 

Phy^CH2 

-Si-
I 
CH„ 

Ph CH, 

-Si-
I 
CH. 

Ph CH, 

-Si-
I 
CH, 

Ph 

n 

CH, 

-Si-
I 
CH, 

32 

Hydrolysis of 28 with dilute hydrochloric acid in methyl iso-

butyl ketone (MIBK), as shown in equation 1, followed by equilibration 

resulted in low molecular weight materials with the structure of 32. 

28 
A/ 

HC1, H20 

MIBK 

C=CH 

Si—0 

x=3,4 

equation 1 

Distillation of the hydrolysis products (equation l) resulted in an 807„ 

yield of a pale yellow oil (33) which was a mixture of trimer and 



tetramer based on infrared spectra and molecular weight. The infrared 

spectra of cyclosiloxanes have absorptions at 1020 cm ^ (trimer) and 

1080 cm * (tetramer) (Young £t ,al. 1948). Polymeric siloxanes have ir 

absorptions at 1020 and 1080 cm ^ (Richards and Thompson 1949). The ir 

spectra of 33 showed a weak sharp absorption at 1025 cm ^ and a broad 

strong absorption at 1080 cm The molecular weight of 33 (632 ave.) /V/ 

indicated that mainly tetramers were present. 

Equilibration of octamethyltetracyclosiloxane in the presence 

of chain stoppers, such as hexamethyldisiloxane, has been reported to 

proceed to a maximum molecular weight before the equilibrium molecular 

weight is reached under basic conditions, whereas acidic equilibrations 

proceed with uniform increase to the equilibrium molecular weight 

(Kantor, Grubb, and Osthoff 1954). For basic equilibrations of octa

methyltetracyclosiloxane, the order of reactivity of the alkali metal 

hydroxides is CsOH > RbOH > KOH >NaOH >LiOH (Hurd, Osthoff, and 

Corrin 1954). When potassium hydroxide is used, trace amounts of di

methyl sulfoxide were found to greatly increase the equilibration rate 

(Cooper and Elliot 1966). 

The equilibration of 33 with potassium hydroxide at 150°, 

cesium hydroxide at 150°, silver oxide or cesium hydroxide containing 

a trace of dimethyl sulfoxide at 85° all produced a viscous material 

32 of low molecular weight as indicated by an inherent viscosity of 

0.03. Equilibration with conc. sulfuric acid resulted in a material of 

even lower viscosity. During the cesium hydroxide-dimethyl sulfoxide 



equilibration of 33, no maximum in molecular weight was observed 

(Table 1.1). 

Since siloxane polymers containing pendent vinyl groups would 

be of interest in preparing graft copolymers, a 1:6 mole ratio of 28 
/V 

to diethoxydimethylsilane was hydrolyzed as shown in equation 2. The 

nmr spectrum of 34 is most consistent with one «><-styryl group per 

(CH„) Si(OC H ) + 28 
3 2 2 5 2 ns 

HCl, H20 

MIBK : 

Ph 

Y 
0 Si-

i 
CH, 

CH, 
i 3 

-Si— 

CH, 

equation 2 

34 /v 

tetrasiloxane ring. Attempted equilibration of a mixture of octa-

methyltetracyclosiloxane and 34 with cesium hydroxide and diemethyl 

sulfoxide at 90° for 2.5 hr did not result in any marked increase in 

viscosity over that obtained for 33. 

Since 28 did not polymerize under normal conditions, bis(di-

methyl-e<-styryl)disiloxane (34) was synthesized as shown in order to 

test the possibility of cyclopolymerization. The synthesis of 37 is 

shown in scheme 2. 

Unfortunately 35 and 36 did not polymerize with free radical 

initiators. Neither did 36 polymerize with cationic initiators. 
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table 1.1 

EQUILIBRATION OF CYCLIC TRIMERS AND TETRAMERS OF 
DIETHOXYMETHYL-tf-STYRYLSILANE WITH CESIUM 

HYDROXIDE-DIMETHYL SULFOXIDE AT 85° 

Equilibration Time Inherent Viscosity 
in Minutes in Benzene at 25° 

blank 0.016 

0 0.018 

2 0.021 

5 0.022 

15 0.022 

30 0.022 

60 0.022 

90 0.021 

120 0.022 

180 0.022 

240 0.023 
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Ph 

Br 

)=CH2 

30 
rv> 

Ph 
1. Mg, diethyl ether \-r» 
2. (CHo)oSi(0CoHc)o 2 

3'2 25' 2 CH -Si-0C„H 
3 | Ad 
ch3 

35 

Ph 
\ 
C=CH, 

CH3-Si-

CH„ 

HC1, H20 

EtOH 

Ph, 
\ 
c=ch2 

—Si-CH, 
I  " =  
CH„ 

scheme 2 

36 

In order to reduce the steric hindrance about the vinyl group 

in 28, diethoxymethyl-fl-phenallylsilane (38) was synthesized. The syn

thesis of 38 is shown in equation 3. 

Ph 

/c=ch2 

fH2 
Br 

Mg, CH3Si(OC2H5)3 

diethyl ether 

Ph\ 
./C=CH2 

?H2 
c2h5-0-si-oc2h5 

CH„ 

equation 3 

37 38 

Allylie Grignard reagents are known to couple rapidly with the 

halides from which they are derived. In attempts to avoid this diffi

culty, packed-column procedures (Campaigne and Yokley 1963) were at

tempted. This was unsuccessful and led to the coupling reaction shown 
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in equation 4. The dropwise addition of 37 to magnesium and methyl-

triethoxysilane in ether, where the Grignard reagent is consumed in 

situ, however, resulted in a 40% yield of 38. 

P h \ _  
ph\ 3J /c ch2 

37 + Mg > ^C=CH^ —•—> CH^ equation 4 

CH2 L 

/v/ 

N5 
MgBr yC=CHo 

/ L 
Ph 

(3-Phenallyl bromide was previously reported (Hatch and Patton 

1954) to have been synthesized by the peroxide induced bromination of 

c<-methylstyrene using N-bromosuccinimide. This procedure, however, 

leads to a mixture of 37 and l-phenyl-2-bromoethene (41) (Pines, Alul, 
A/ A/ 

and Kolobielski 1957), which is extremely difficult to purify. There

fore, 37 was synthesized as shown in scheme 3. 

Ph Ph 
\ \ 
/C=CH2 /C=CH2 
CH- NaOH. CH„ PBr 
I 2 H 01 I 2 ttt > 37 • 2 ' pyridine rs 
0-C-CH3 * OH 

0 

39 40 

scheme 3 

Attempts to prepare 0-phenallyl bromide from 40 by the Wiley Reaction 

(Wiley ej: al. 1964) resulted in the formation of 41 as well as 37 as 

shown in equation 5. 
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Ph PBr, 
40 d £_>. 
rs equation 5 

Ph 

\=CHBr + 37 + PhPO 

CH3 

41 
/V 

The reaction of 37 with ammonia was studied in the course of 
A/ 

work on another problem. Adding 37 dropwise to ammonia in dioxane gave 

the products shown in equation 6. The products of this reaction con

sisted of 44 (50%), 43 (377o), and 42 (137o). The dropwise addition of r*s /v ' *• 

37 to aqueous ammonia only resulted in 44 being isolated. 

ph\ 

/c ch2 + nh 
gh, 3 

I  2  

Br 

37 

Ph 

-> h2c=c-ch2nh2 + 

42 

( N 

Ph 
r >. 

Ph 

h2c=c-ch2 nh + 
2 

1 
h2c=c-ch2 n 

3 
i 

43 44 

equation 6 

Two alternative procedures were used to synthesize 3-acetoxy-

2-phenylpropene (39)• One method consisted of treating o^-methylstyrene 

with selenium dioxide in acetic acid and acetic anhydride. The other 

method consisted of reducing diethyl phenylmalonate with lithium alumi

num hydride (Beard and Burger 1962), conversion of the diol to the 

diacetate with acetic anhydride and sodium acetate, and pyrolysis of 

the diacetate to 39. The second method, though longer than the first 

procedure, yielded a purer product than obtained from the selenium 

dioxide procedure. These reactions are shown in scheme 4. 
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CH 

Ph 

3\ 
/c=ch2 

SeO, 

HOAc, Ac yP 
\ 
/c=ch2 
ch9 
I  
0-C-CH„ 

C02C2H5 

LiAlH, 

ch2oh 

Ph-c-h -> Ph-C-H NaOAc 
ac20 

39 r-f 

CH20-C-CH3 

» Ph-C-H 

C02C2H5 
CH2OH CH -O-C-CH 

2 |l 3 

0 

scheme 4 

Cationic and free radical initiators did not polymerize 38. A 

polymerization attempt at 0° using benzoyl peroxide and N,N-dimethyl-

aniline (Horner 1955; Imoto and Takemoto 1955; Imoto, Otsu, and Ota 

1955) as a radical source was also unsuccessful. 

It appears that ladder polymer formation from 28 and 38, is un

feasible at this time. 

The purpose of this work was to prepare monomers that offer the 

possibility of forming ladder polymers in which one strand of the lad

der would be composed of siloxane linkages and the other composed of 

hydrocarbon linkages. Polyphenylsilsesquioxane (14) does not have the 

high heat stability that would be expected from a ladder silicone. One 

reason for this might be the possibility of 14 depolymerizing by re

verting to cyclic cage structures upon heating at elevated temperatures. 
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If one strand of structure 14 was exchanged with a hydrocarbon strand, 

equilibration to cage structures would not be expected. Therefore, 

monomers with the structure of 27 were synthesized. 

Ph 

/c=ch2 

(CH ) 
where n = 0, 1 

CoH,0-Si-0CoH,. 2 d | 2 5 

CH3 

2l 

If the vinyl group in these monomers is polymerized first, sub

sequent polymerization of the diethoxy silane would not be subject to 

the statistical limitations that were encountered for compounds such as 

poly(methyl vinyl ketone). However, conditions would have to be found 

which would avoid crosslinking. 



experimental 

General 

All nuclear magnetic resonance spectra (nmr) were obtained from 

either a Varian A-60 or HA-100 MHz spectrometer. The ultraviolet 

spectra were recorded on a Cary II recording spectrometer. Infrared 

spectra were recorded using either a Beckman IR-4 or a Perkin-Elmer 

Model 337 spectrometer. Melting points were determined on a Fisher-

Johns melting point apparatus. Elemental analyses and molecular weight 

determinations were obtained from Micro-Tech Laboratories, Inc., Skokie, 

Illinois. 

Materials 

Dichlorodimethylsilane and trichloromethylsilane (Pierce Chemi

cal Company) were distilled. Diethoxydimethylsilane and triethoxy-

methylsilane (Pierce Chemical Company) were used after distillation or 

prepared by the reaction of ethanol with the appropriate chlorosilane 

in benzene in a manner similar to the procedure of Sauer (1944) except 

that triethylamine was used instead of pyridine. 

Acetonitrile, diethyl phenylmalonate, phosphorus tribromide and 

styrene (Matheson, Coleman, and Bell Company) were distilled. By add

ing bromine to styrene, 1,2-dibromo-l-phenylethane (29) (Evans and 

Morg-an 1913) was prepared and recrystallized twice, mp 71-72° [lit. 

(Buckles 1949) mp 73-74°] from 757» aqueous ethanol. (X-Bromostyrene 

(30) [bp 61-63° (4 torr), nD25 1.58'/3] [lit. (Jones 1956) bp 77° (9 

25 
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22 5 
torr), n^ ' 1.5868] was synthesized from 2^ according to the proce

dure of Ashworth and Burkhardt (1928) and used immediately after dis

tillation to avoid decomposition. 

According to the procedure of Beard and Burger (1962) 2-phenyl-

1,3-propanediol was prepared from diethyl phenylmalonate (328 g, 1.39 

mol) except that 114 g (3.00 mol) of lithium aluminum hydride was used. 

This modification leads to an 897„ yield. Distillation at 110° (0.25 

torr) and recrystallization from carbon tetrachloride yielded white fi

brous plates, mp 49.5-51° [lit. (Adkins and Billica 1948) bp 136-137° 

(2 torr), mp 48.5-49°]. 

When 3-acetoxy-2-phenylpropene (3^) was synthesized from 

<X-methylstyrene, the procedure of Hatch and Patton (1954) was used and 

28 
the product vacuum distilled twice, bp 84-87° (1 torr), n^ 1.5273 

[lit. (Hatch and Patton 1954) bp 112-113° (5 torr), nD25 1.5261]. 

Using the procedure of Hatch and Patton (1954), 3-hydroxy-2-

27 
phenylpropene (40) was synthesized from 39, bp 77-78° (0.8 torr), n^ 

1.5673 [lit. (Hatch and Patton 1954) bp 95-96° (1.5 torr), 

1.5662]. 

Acetic anhydride, azobisisobutyronitrile (ABIBN), benzoyl 

peroxide, jt-butyl perbenzoate, _t-butyl peroxide, 4-methyl-2-pentanone, 

selenium dioxide and triphenylphosphine (Matheson, Coleman, and Bell 

Company) were used without further purification. Analytical reagent 

grade glacial acetic acid (Mallinckrodt Chemical Works), n-butyllith-

ium in hexane (Foote Mineral Corporation), 4-Jt-butylpyrocatechol (East

man Organic Chemicals), cesium hydroxide (Alfa Inorganics, Inc.), 
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lithium aluminum hydride (Ventron, Metal Hydrides Division), magnesium 

turnings (Mallinckrodt Chemical Works), phosphorus pentoxide (Mallinck-

rodt Chemical Works), and analytical reagent grade potassium hydroxide 

were also used without further purification. 

Aluminum chloride and maleic anhydride (Matheson, Coleman, and 

Bell Company) were sublimed under vacuum and handled under a nitrogen 

atmosphere. N-Bromosuccinimide (Matheson, Coleman, and Bell Company) 

was recrystallized from acetic acid. Dioxane and tetrahydrofuran (THF) 

(Matheson, Coleman, and Bell Company) were distilled from lithium 

aluminum hydride. Analytical reagent grade pyridine (Mallinckrodt 

Chemical Works) was distilled from potassium hydroxide. Certified re

agent grade stannic chloride (Fisher Scientific Company) was distilled 

from phosphorus pentoxide. Triethylamine (Matheson, Coleman, and Bell 

Company) was distilled from sodium hydroxide. 

Polymerization Procedure 

All polymerizations were attempted under nitrogen on solutions 

which had been degassed by freeze-thawing. With free radical initia

tors, polymerizations were carried out in bulk. 

For cationic polymerization attempts, Matheson, Coleman, and 

Bell nitrobenzene or spectroquality reagent grades of carbon tetra

chloride, chloroform, or methylene chloride were used. The nitrobenzene 

was dried over Drierite and distilled; the other solvents were distilled 

from phosphorus pentoxide. 
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Hexane and dimethyl sulfoxide (Matheson, Coleman, and Bell 

Company) were distilled from calcium hydride. The dimethyl sulfoxide 

was stored over Linde 4A Molecular Sieves. 

Diethoxymethyl-of-styrylsilane (28) 

p(-Bromostyrene (26.7 g, 0.146 mol) in 175 ml of THF was added 

dropwise over a four-hr period to 3.9 g (0.16 mol) of magnesium turn

ings in 50 ml of THF which was maintained at 25-30° according to the 

procedure of Normant (1960) and Normant and Maitte (1956). The mixture 

was stirred for an additional hour, filtered to remove magnesium and 

added dropwise over a 90-min period to a stirred solution of triethoxy-

methylsilane (44.5 g, 0.250 mol) in 50 ml of THF under anhydrous condi

tions and a nitrogen atmosphere. The resulting solution was stii-^d 

for an additional ten hr, heated at reflux for two hr, filtered after 

adding acetone to remove magnesium salts, dried with anhydrous magne

sium sulfate, stripped of solvent under reduced pressure and distilled 

through a Vigreux column at 75-85° (0.5 torr) to yield 19 g (55V.) of 

28. Redistillation at 67-71° (0.3 torr) yielded 15 g (447«) of v. clear 

25 
colorless liquid: n^ 1.4843; nmr (CCl^), t 2,7 (m, 5, phenyl), .0 

(d, 1, J = 3 Hz, vinylidene H cis to phenyl), 4.2 (d, 1, J = 3 Hss, 

vinylidene H trans to phenyl), 6.2 (quartet, 4, J = 7 Hz, CH2-CH3) •'> 

(t, 6, J = 7 Hz, CH3-CH2) and 9.8 (s, 3, methyl, silane; ir (CCl^). .5 

(vinyl) and 1260 and 763 cm (methyl silane). 

Anal. Calcd for C H 02Si: C, 66.05; H, 8.53; Si, 11.88. F ad: 

C, 65.75; H, 8.49; Si, 11.63. 



Copolymerization of Diethoxymethyl-c<-
styrylsilane and Maleic Anhydride 

A solution of 28 (4.0 g, 17 mmol), maleic anhydride (4.0 g, 41 

mmol) and ABIBN (0.04 g, 0.2 mmol) was polymerized for one day at 55°, 

4 days at 70°, and 14 days at 85°. Benzoyl peroxide (0.04 g, 0.2 mmol) 

was added at the start of the 70° period and after ten hr at 85°. The 

viscous solution was precipitated from benzene into anhydrous ether to 

yield 0.5 g (87°) of 31, inherent, 30°, benzene, 0.18; ir (KBr), 3500 

(hydroxyl), 1860 and 1790 (anhydride carbonyl) and 1265 cm ^ (methyl 

silane). 

Anal. Calcd for C^H^O^Si (1:1 copolymer): C, 61.05; H, 6.63; Si, 

8.40. Found: C, 56.73; H, 5.36; Si, 8.35. 

Preparation of Cyclic Trimers and Tetramers (33) 
of Diethoxymethyl-oc-styrylsilane (28) ^ 

A mixture of 28 (58 g, 0.25 mol), water (5.9 g, 0.35 mol), 0.4 

ml of 12 N hydrochloric acid, and 100 ml of 4-methyl-2-pentanone was 

heated at reflux for four days under nitrogen. Water, hydrochloric 

acid, and 4-methyl-2-pentanone were removed under reduced pressure to 

yield 41.0 g (1007>) of 33. Distillation through a Vigreux column 

yielded 34 g (837=): bp 190-270° (1.5 torr); nmr (CC1^),T2.7 (m, 5, 

phenyl), 4.1 (m, 1, vinylidene H cis to phenyl), 4.2 (m, 1, vinylidene 

H trans to phenyl) and 9.7, two at 9.8 and 9.9 (s, 3,'methyl silanes); 

ir (neat), 1600 (vinyl), 1260 (methyl silane), 1080 broad (tetramer) 

and 1020 cm * shoulder (trimer); mol wt, cryoscopic (CCl^) two deter

minations, 580 and 685, tetramer (calcd 650), trimer (calcd 490); uv 

max (methanol), 242 mu (6, 7600). 



Anal. Calcd for CgH1()0Si: C, 66.60; H, 6.22; Si, 17.31. Found: 

C, 67.10, H, 6.30; Si, 17.30. 

Rate of Equilibration of Cyclic 
Trimers and Tetramers (33) of 
D i e th oxyme thy 1 - c(- s ty r y 1 s i 1 ane 

A mixture of 33 (10 g, 15 mmol based on tetramer), cesium hy

droxide (5.0 mg, 0.034 mmol) and dimethyl sulfoxide (0.2 ml, 3 mmol) 

was prepared in a nitrogen-filled dry box, degassed by freeze-thawing, 

purged with nitrogen, heated to 85° and ca. %-ml samples removed at 

times indicated in Table 1.1. The samples were stirred in an ether-water 

mixture for ca. 30 min. The ether layer was dried over anhydrous 

sodium sulfate and ether was removed under vacuum. The viscosities 

were determined in 0.5 g/dl benzene solutions. 

Equilibration of Cyclic Trimers and 
Tetramers (33.) of Diethoxymethyl-
tX-styrylsilane 

A mixture of 33 (4.0 g, 6.2 mmol), cesium hydroxide (2.0 mg, 

0.013 mmol) and dimethyl sulfoxide (0.06 ml, 0.8 mmol) was prepared in 

a nitrogen-filled dry box, degassed by freeze-thawing, purged with ni

trogen, heated at 85° for 5 hr, 0.1 ml (1 mmol) of dimethyl sulfoxide 

added, and the mixture heated for an additional 13 hr. The slightly 

viscous solution was poured into water, extracted in ether, dried with 

anhydrous sodium sulfate and volatile materials removed under vacuum to 

yield 32. The inherent viscqsity of 32 was 0.03, 0.5 g/dl in benzene 

at 25°. The ir spectrum was similar to 33^ except that the peaks were 

not well resolved. 
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Similar treatment of 33 with cesium hydroxide at 100° for 45 

min and 150° for 20 min also resulted in a material with an inherent 

viscosity of 0.03, Treatment of 33 with catalytic amounts of potassium 

hydroxide at 150°, silver oxide at 100° or conc. sulfuric acid at 60° 

resulted in lower viscosity material. 

Hep tame thy l-o(-styrylcyclotetrasiloxane (34) 
TO 

Diethoxymethyl-tf-styrylsilane (4.7 g, 20 mmol), diethoxydi-

methylsilane (17.6 g, 0.119 mol), water (3.6 g, 0.20 mol) containing 

0.3 ml of 12 N hydrochloric acid and 70 ml of 4-methyl-2-pentanone were 

heated at reflux for two days. Volatile materials were removed under 

reduced pressure. Distillation through a Vigreux column at 75-115° 

(0.5 torr) followed by redistillation at 74-85° (0.3 torr) 3rielded 

2.4 g (317») of a yellow liquid (34)s nmr (CCl^), T 2.45 (m, 5, phenyl), 

3.95 (d, 1, J = 2.5 Hz, vinylidene H cis to phenyl), 4.1 (d, 1, J = 

2.5 Hz, vinylidene H trans to phenyl) and 9.85, 9.95, 10.0, and 10.05 

(s, 21, methyl silanes). 

Attempted Equilibration of Heptamethyl-
<*-styrylcyclotetrasiloxane 

Cesium hydroxide (1 mg, 0.01 mmol), 34 (2.4 g, 6.4 mmol based 

on tetramer) and dimethyl sulfoxide (0.2 g, 3 mmol) were degassed by 

freeze-thawing, purged with nitrogen, heated at 90° for 2.5 hr, washed 

with an ether-water mixture, the ether layer dried with anhydrous so

dium sulfate and volatile materials removed under vacuum. No increase 

in viscosity relative to 34 was observed. 
r\ * 



Ethoxydimethy 1 - <x- s ty r y 1 s i 1 ane (35) 

tX-Bromostyrene (117 g, 0.640 mol) in 120 ml of anhydrous 

diethyl ether, magnesium (30.0 g, 1.25 mol) in 125 ml of anhydrous 

diethyl ether and diethoxydimethylsilane (250 g, 1.70 mol) in 100 ml 

of anhydrous diethyl ether were treated in a manner similar to the 

preparation of 28 to yield 50 g (38%) after distillation at 94-99° (3.2 

torr), 42 g (327») after redistillation at 70-72° (1.3 torr), of a pale 

yellow liquid: 1.4988; nmr (CCl^), T 2.8 (s, 5, phenyl), 4.1 (d, 

1, J = 3 Hz, vinylidene H cis to phenyl), 4.3 (d, 1, J = 3 Hz, vinyli-

dene H trans to phenyl), 6.4 (quartet, 2, J = 7 Hz, CH2-CH3), 8.9 (t, 

3, J = 7 Hz, CH3-CH2) and 9.8 (s, 6, methyl silane); ir (CCl^), 1603 

(vinyl) and 1260, 855 and 800 cm * (methyl silane). 

Bis (dime thvl-cl-stvrvDdisiloxane (36) 
/\S • 

Ethoxydimethyl-tf-styrylsilane (20 g, 0.097 mol), water (7 g, 

0.4 mol) containing 1 ml of 2 N hydrochloric acid was stirred for 14 

hr, extracted with ether, dried with anhydrous magnesium sulfate, 

stripped of volatile material under reduced pressure and distilled 

through a Vigreux column at 141-145° (0.7 torr) to yield 10 g (617«) of 

a yellow liquid: bp 136° (0.6 torr); 1.5333; nmr (CCl^), f2.8 

(s, 5, phenyl), 4.2 (d, 1, J = 3 Hz, vinylidene H cis to phenyl), 4.4 

(d, 1, J = 3 Hz, vinylidene H trans to phenyl), 9.8 (s, 6, methyl 

silane); ir (CCl^), 1600 (vinyl), 1260, 855 and 800 cm ^ (methyl 

silane). v 

Anal. Calcd for C^M^OSi^: C, 70.94; H, 7.74; Si, 16.59. Found: 

C, 70.93; H, 7.69; Si, 16.28. 
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l,3-Dxacetoxy-2-phenylpropane 

A mixture of 2-phenyl-l,3-propanediol (71.2 g, 0.468 mol), 

sodium acetate (37.0 g, 0.452 mol), acetic anhydride (107 g, 1.05 mol) 

and 200 ml of benzene was heated at reflux for-four hr. The mixture was 

cooled and 800 ml of ice-water added. A solution of 100 ml of 5°L so

dium carbonate was added and the mixture stirred for six hr. The 

organic layer was separated, washed twice with 200-ml portions of water 

and dried with anhydrous sodium sulfate. Benzene was removed under re

duced pressure. Distillation through a Vigreux column at 126-128° (1.1 

torr) yielded 92.2 g (83.27») of l,3-diacetoxy-2-phenylpropane, 

3-Acetoxy-2-phenylpropene (39) 
(Pyrolysis Method) 

A total of 39.7 g (0.168 mol) of l,3-diacetoxy-2-phenylpropane 

was added dropwise at a rate of a drop/5 sec to a dry, nitrogen-purged, 

glass-bead packed, 3x60 cm column, which was heated to 450°. The 

pyrolysis product was trapped at -78°. After distillation through a 

Vigreux column at 72-74° (0.4 torr), 16.5 g (55.5%) of clear, colorless 

liquid (39) was obtained: nmr (CCl^), T' 2.6 (m, 5, phenyl), 4.5 (d, 1, 

J - 1 Hz, vinylidene H cis to phenyl), 4.7 (d, 1, J = 1 Hz, vinylidene 

H trans to phenyl), 5.0 (s, 2, methylene) and 8 (s, 3, methyl). 

(3-Phenallyl Bromide (37).. 

k solution of 3-hydroxy-2-phenylpropene (63.2 g, 0.472 mol), 

pyridine (7.5 g, 0.095 mol), and 40 ml of anhydrous ether was added 

dropwise over a two-hr period to a solution of phosphorus tribromide 

(56.0 g, 0.207 mol) and pyridine (9 g, 0.1 mol) in 100 ml of anhydrous 
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ether, which was maintained at -3 to -20° under anhydrous conditions 

and a nitrogen atmosphere. The reaction mixture was allowed to warm to 

room temperature over a one-hr period and stirred for an additional 22 

hr. Volatile material was removed under vacuum and 79.6 g (85.77o) of 

37 was obtained after distillation at 68-74° (1.5 torr). Redistilla-

27 tion at 65-68° (1.3 torr) produced a pale yellow liquid: n^ 1.5901; 

nmr (CCl^), T 2.6 (m, 5, phenyl), 4.5 (d, 1, J = 1 Hz, vinylidene H cis 

to phenyl), 4.6 (d, 1, J_ = 1 Hz, vinylidene H trans to phenyl) and 5.7 

(s, 2, methylene). 

Anal. Calcd for CgHgBr: C, 54.85; H, 4.60; Br, 40.55. Found: C, 

54.92; H, 4.50; Br, 40.82. 

Diethoxymethy1-fl-phenallylsilane (38) 

/3-Phenallyl bromide (102 g, 0.518 mol) in 800 ml of anhydrous 

ether was added dropwise at a rate of one drop/3 sec to a mixture of 

magnesium turnings (30 g, 1.2 mol) (which had been activated with 0.1 g 

of iodine), triethoxymethylsilane (173 g, 0.972 mol) and 160 ml of 

anhydrous ether under a nitrogen purge and anhydrous conditions. The 

reaction mixture was periodically refluxed during the addition period. 

Next the mixture was heated at reflux for five min and stirred for an 

additional six hr at room temperature. Anhydrous acetone (50 ml) was 

added, the solution filtered and dried over anhydrous sodium sulfate. 

Volatile material was removed under vacuum. Distillation through a 

Vigreux column at 98-117° (0.5 torr) yielded 50 g (mainly 38). A 

higher boiling fraction of 117-190° (3.5 torr) yielded 22 g (mainly 

2,5-diphenyl-l,5-hexadiene). Redistillation through a spinning band 



column at 114-115.5° (2.2 torr) at a 10:1 reflux ratio yielded 47.0 g 

(39%) of combined fractions of 38, 1.4930; nmr (CCl^), T 2.7 (m, 

5, phenyl), 4.8 (d, 1, J = 2 Hz, vinylidene H cis to phenyl), 5.0 (d, 

1, J = 2 Hz, vinylidene H trans to phenyl), 6.4 (quartet, 4, J = 7 Hz, 

CH2-CH3), 8.0 (s, 1, CH2-Si), 9.0 (t, 6, J = 7 Hz, CH3-CH2) and 10.2 

(s, 3, methyl silane). 

Anal. Calcd for ^7.15; 8.85; Si, 11.21; mol wt 

250. Found: C, 67.41; H, 8.60; Si, 10.49 and 12.20; mol wt 255. 

Reaction of ff-Phenallyl Bromide 
with Ammonia 

6-Phenallyl bromide (39.4 g, 0.200 mol) dissolved in 200 ml of 

dioxane was added dropwise over a six hr period to aqueous 297» ammonia 

(68 g, 4.0 mol) and stirred for four days. A solid phase and two 

liquid phases were formed. The white solid was recrystallized twice 

from carbon tetrachloride to yield 7.5 g (30%) of tri-fl-phenallylamine 

(44): mp, 130.5-132; nmr (CDCl^), T 2.8 (m, 5, phenyl), 4.6 (d, 1, 

J = 2 Hz, vinylidene cis to phenyl) 4.9 (d, 1, J = 2 Hz, vinylidene 

trans to phenyl) and 6.7 (s, 2, methylene); ir (CDCl^), 1625 and 990 

cm ^ (vinyl). 

Anal. Calcd for C^H ?Ns C, 88.72; H, 7.45; N, 3.83; mol wt 365. 

Found: C, 87.65; H, 7.56; N, 4.73; mol wt 360. 

The organic layer was extracted with ether and dried over anhy

drous sodium sulfate. Volatile material was removed under vacuum. 

Distillation at 50-64° (1.1 torr) yielded 2.2 g (7.87o) of a colorless 

liquid assumed to be Q-phenallylamine (42): distillation at 140-145° 
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(1.2 torr) yielded 5.6 g (227«) of a pale yellow-green liquid assumed to 

be di-/3-phenallylamine (43)* ir (CCl^), 3350 (N-H) and 1625 cm ^ 

(vinyl). Liquid 43 turned to a solid gel after standing for long 

periods of time. 

Reaction of 3-Hydroxy-2-phenylpropene with 
Bromotriphenylphosphonium Bromide 
(Wiley Reaction) 

Addition of 3-hydroxy-2-phenylpropene to bromotriphenylphos

phonium bromide according to the procedure of Schaefer and Higgins 

(1967) yielded 637> of bromides after distillation at 73-74° (1 torr). 

The nmr spectrum of the distillation products indicated that 60% of 

2-bromo-l-methyl-l-phenylethene (4J-) and 407° of 37 were present. 

Attempted Polymerizations of Diethoxymethyl-
tX- s tyryIs ilane, Ethoxydimethy 1 - <K- s tyry 1 -
silane, Bis-dimethyl-rt-styryldisiloxane» 
and Diethoxymethy1-g-phenallylsilane 

None of the polymerization catalysts produced polymers. Table 

1.2 lists the conditions which were used. 



TABLE 1.2 

VINYL POLYMERIZATION CONDITIONS 

Monomer 
Grams of 
Monomer 

Catalyst. 
Grams of 
Catalyst Solvent Ml of 

Solvent 
Temp. 
°c 

Time 
in Hr 

28 ns 

28 

28 r~> 

28 

35 

35 

35 
ns 

36 

36 /•v 

36 
a/ 

36 
/V 

36 

5 

3.5 

10 

5 

3 

3 

3 

4 

3 

2 . 2  

2 . 2  

2 . 2  

—"Bu2°2 

SnCl, 

aici3 

n-BuLi 

ABIBN 

Bz2°2 

jt-bu202 

ABIBN 

SnCl, 
4 

ABIBN 

Bz2°2 

—"Bu2°2 

0.1 

0.044 

0.02 

0.02 

0.03 

0.03 

0.03 

0.005 

0.2 

0.022 

0.022 

1 

l:lCCl4:PhN02 

chci3 

Hexane 

22 

25 

36 

1:1 CC1 :PhN0o 20 
4 2 

120 
140 

0 

-60 

-78 

55 
85 

85 

24 

85 

0 

85 

85 

130 

9.5 
7.5 

168 

216 

216 

4 
456 

264 

100 

168 

17.5 

204 

240 

24 



TABLE 1.2. — Continued 

Monomer 
Grams of 
Monomer 

Catalyst 
Grams of 
Catalyst 

c ! ml of Solvent c .. 
Solvent 

Temp. 
°C 

Time 
in Hr 

38 1.0 ABIBN 0.004 mm at 
' 55 
75 

24 
120 

38 /n-/ . 2.4 ABIBN 0.008 - 70 29 

38 2.0 A1C13 0.013 2:1 CC14:CH2C12 37 1 -»
4 

oo
 

126 

38 2.0 Bz202, PhN(CH3)2 0.024, 0.012 - 0 48 

w 
oo 



PART II: BLOCK POLYMERIZATIONS 
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INTRODUCTION 

Block copolymers contain sequences of homopolymers chemically 

bonded to one another, such as the block terpolymer (1) in which A, B, 
(\/ 

and C are homopolymer units. 

-v/v"—A A A A B B B B B C C C C A — A A-'w~ 

( 1 )  
<V 

Several excellent reviews of block copolymers are available 

(Ceresa 1965, Henderson and Szwarc 1968, Smets and Hart 1960). 

Block copolymers can be prepared by several methods, such as 

coupling two or more homopolymers or by using a homopolymer having one 

or two active ends which can initiate the polymerization of another 

monomer. Condensation reactions can be used to couple polymers having 

acid chloride, amine, carboxyl, ester, hydroxyl, isocyanate, and thiol 

endgroups (Cusano, Dunigan, and Weiss 1963). Bracke, Empen, and Marvel 

(1968) have prepared acrylonitrile polymers with chloro, hydroxyl, and 

thiosulfate endgroups by using initiators which contain appropriate 

functionality. 

Blocks of two polymers have been coupled by using functional 

initiators such as 4,4*-azobis(4-cyanovaleric acid) (2) to prepare 
A/ 

homopolymers with functional -endgroups. These polymers (Bamford and 

Jenkins 1955) can be coupled together by condensation reactions. 

40 
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Compounds such as toluene-2,4-diisocyanate can be used to couple two 

homopolymers with the same endgroups as shown in equations 1, 2, and 3. 

0 CH„ 0 CH„ 
. 1 1  I  .  M o n o m e r  A  ^  I  
(HO-C-CH CH C-N^ — > H0-C-CHoCH C-AAA—-w + N equation 1 

2. z | o I L \ 2. 
CN CN 

2 3 rJ pJ 

0 CH3 

2 Monomer HO-C-CH.CH C-BBB-** + N. equation 2 
/v 2 l\ 2 ^ 

CN 

4 

^CH3 *  ̂ " j£Tf 
3 + L ft  ̂ > >A/V-AAA- CCH 0 CH 0 - C -NH H + 2C0 
^ 0=c-n^^n-c=0 2 2 | 2 

6n ch3 r 
i^^BBB-CCH^CH^ equation 3 

cn 

Redox polymerization of monomers using and Fe yields 

polymers with hydroxyl endgroups. Polyesters with hydroxyl endgroups 

can also be obtained by carrying out polyesterifications with slight 

excesses of a diol. In a manner analogous to equation 3, hydroxyl ter

minated polymers may also be coupled using toluene-2,4-diisocyanate. 

Hydroxyl-terminated polymers have also been condensed with polymers 

containing acid chloride endgroups (Ceresa 1965). 

Peroxides have been introduced as endgroups on homopolymers. 

When these polymers are warmed, radicals are formed which can initiate 

the polymerization of another monomer. For example, J:-butyl 
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hydroperoxide and trace amounts of copper(II) compounds (Kern £t al. 

1956) form radicals (equations 4 and 5) which can polymerize certain 

monomers. One monomer can be polymerized in 

(CH3)3COOH + Cu** 5- (CH3)3COO- + Cu+ + H+ equation 4 

(CH3)3C00H + Cu+ > (CH3)3CO* + Cu** + OH" equation 5 

this system to produce polymers with _t-butyl peroxide and J>butyl ether 

endgroups. The peroxide containing polymers can then initiate polymeri

zation of a second monomer to form a block copolymer. However, a maxi

mum of 507. of the endgroups will be peroxides, assuming termination by 

radical coupling. The efficiency of free radical initiators is also 

less than 100% so homopolymers of the first monomer will remain. Perox

ide endgroups can also be formed by using initiators and/or transfer 

agents which contain isopropyl aryl groups (Urwin 1958) as shown in 

scheme 1. 

ch,. n cho j, ch, 
1 °2 I Fe I +++ 

^^-Ar-C-H /w-Ar-C-OOH -=-= > /w-Ar-C-0* + Fe + OH 
| SO | | 
ch3 ch3 ch3 

scheme 1 

Still another method of introducing radical endgroups is to use a multi

functional initiator such as polyphthaloyl peroxide (Smets and Woodward 

1954) (5) which can be cleaved by warming in the presence of a second 

monomer to form blocks. This method also has the disadvantage that 
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-40-c-. ^-c-o}-
,|̂ 7-̂ r., n 

0 

a 

some homopolymers of the peroxide remain. Introduction of oxygen during 

vinyl polymerizations also forms copolymers (Ceresa 1960) which can ther

mally polymerize a second monomer. Again considerable amounts of the 

first polymer remain as homopolymer. 

By trapping radical chain ends in a glassy polymeric matrix, 

followed by addition of a second monomer, some block copolymer forma

tion occurs (Melville 1941), but this process is also not completely ef

ficient and some homopolymer remains. In some cases homopolymers can 

be cleaved by mastication to produce radical chain ends which can react 

with a second monomer to form polymer blocks. For example, the extru

sion of a blend of poly(vinyl chloride) and methyl methacrylate at 190° 

results in most of the methacrylate being incorporated in block polymer 

(Burnett, Ceresa, and Watson 1960). This procedure also has the disad

vantage that a mixture is formed which contains both homopolymers. 

The use of tetraethyl thiuram disulfide ( 6 )  by Otsu (1957) as a 

Et Et 
\ / 
N-C-S-S-C-N • 

/ i i  W \ 
Et S S Et 

% 

thermal free radical initiator for styrene leads to polymers ( 7 )  with 

N,N-diethyl carbamate endgroups. 
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Et 

\[-C- S -f-CH„ - CH 
/ I I  2  I  "  

Et S Ph 

I 
These endgroups are photolytically sensitive to ultraviolet 

irradiation. Methyl methacrylate was used as a monomer for subsequent 

block polymer formation. However, only a maximum of 367\ of block co

polymers was reported. Large amounts of the homopolymers of styrene 

and methyl methacrylate were also present. 

Epoxides (Vaughn, Jackson, and Lunsted 1952) are also useful 

in block polymer formation. Epoxides are polymerized by hydroxyl com

pounds to produce polymers with hydroxyl endgroups. These hydroxyl-

terminated polymers therefore can initiate the polymerization of 

another epoxide to produce a hydroxyl-terminated block copolymer. This 

process can be continued to form multiblock polyepoxides. 

"Living"polymers (Szwarc 1956) are most useful for block poly

mer formation. For example, styrene can be polymerized by electron 

transfer from a solution of sodium and naphthalene in tetrahydrofuran. 

Anion radicals of styrene (8) 

Na® ©CH-CH' 
i 2 ' 
Ph 

£ 
are formed which couple (£) 

Na© ©CH-CH -CH -CH© Na© 
I 2 2 | 
Ph Ph 

I 



and then add more styrene to produce a polymeric dianion. Subsequent 

addition of another monomer which can polymerize anionically, such as 

acrylonitrile, produces block polymers which still are active at both 

ends. This process can be continued repeatedly until the anionic ends 

are terminated by substances such as hydroxylic compounds. 

"Living" polymers can be coupled to polymers which cannot be 

prepared by anionic means by coupling through various condensation re

actions. In these cases, the anionic ends are reacted with compounds 

which contain functional groups. For example, "living" polymers have 

been converted to polymers with acid chloride endgroups (Finaz, Rempp, 

and Parrod (1962) by reaction with phosgene. Living polymers have also 

been converted to polymers containing aldehyde (Uraneck £t al. 1964), 

amine (Rempp and Loucheux 1958), carboxyl (Uraneck e_t aJL. 1964), hy-

droxyl (Uraneck e_t al^ 1964), halo (Uraneck ej; a^. 1964, Finaz et. al. 

1962), mercapto (Uraneck e_t aj. 1964), and nitrile (Uraneck et al. 

1964) endgroups. 

In fact, the use of living polymers offers the best synthetic 

method currently available for the preparation of block copolymers of 

highly accurately known composition free of unreacted homopolymer. 

Experimentally, however, it is by no means a routine matter to prepare 

such polymers. High vacuum techniques must be used to avoid termina

tion reactions with adventitious moisture or oxygen. Obviously mono

mers, solvents, and other reagents must be rigorously purified. Per

haps the principal limiting difficulty in using anionic polymerizations 

is that many monomers are completely unreactive toward anions. 
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The local environments of alternating or random copolymers dif

fer from block copolymers of the same overall composition. In general, 

homopolymers are not compatible with each other and do not form a 

single phase. In many block copolymers the individual blocks may exist 

in different conformations which may result, for example in rubbery do

mains and plastic domains. Because these domains are chemically bonded 

to each other, an improvement of physical properties such as impact re

sistance often results. Styrene-butadiene block copolymers as well as 

styrene-isoprene block copolymers have been utilized to form thermo

plastic rubbers (Holden and Milkovich 1963, Holden and Milkovich 1966). 

The polystrene in these polymers acts like a physical crosslink and 

eliminates the need for vulcanization. The unvulcanized rubbers are 

soluble and are therefore also useful in adhesive and paint applications. 

Scrap thermoplastic rubbers can be reused while scrap vulcanized rubber 

is practically worthless. 

Texas Eastman's polyallomers (Hagemeyer 1962), which are block 

copolymers of propylene and ethylene of high crystallinity, have very 

high impact strengths compared to propylene-ethylene copolymers. 

Shell's styrene-butadiene block copolymers also have high impact 

strengths. Block copolymers also can be used to prevent bacteria 

growth on rubber surfaces by adding 10% or more of block polyisoprene 

(Ceresa 1965, p. 518). The different surface distributions of each 

block in block polymers leads to applications as emulsifying £gents. 

For example, block copolymers of styrene and ethylene oxide (Richards 

and Szwarc 1959) are effective emulsifying agents. Block copolymers 
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also offer potential dye sites for a polymer which is difficult to dye 

(Ceresa 1965, p. 520). 

In this work, we propose preparing alternating radical copoly

mers of vinylene carbonate. This monomer copolymerizes with a wide 

variety of other monomers to produce copolymers such as 10. 

AAM-CH- CH{ CH „ - CH} CH- CH-wv> 
II 2 I n| | 
0V 0 X 0 0 
V V 

II II 
0 0 

10 

By regulating the amount of vinylene carbonate in the feed, the average 

value of n may be controlled. Carbonates are readily hydrolyzed and 

1,2-glycols such as 11 are known to be readily cleaved to aldehydes by 

periodic acid. 

OH 
10 —rr— > ^w\A-CH-CH4CH0-CH>-CH-CH-^vwv 
/N/ H O | I 2 | n | I 

z OH OH X OH OH 

11 

H5I06 

0 0 0 0 
II / 
C-4-CH -ct 

x X 
H0-C(CH2-CH^~C-0H ^ H-C-4-CH2-CH-^C-H 

13 12 
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HOCH -f CH„-CH •)- CH_OH 
2 2 | n 2 

H2NCH2-f CH2-CH >nCH2NH2 

15 
r*/ 

Depending upon the comonomer, the aldehyde endgroups can be 

oxidized to -CO H (13), or reduced to -CH.OH (14), or -CH„NH0 (15). 1 r*J 2/-v 2.1 

The number of possibilities here is vast. A polymer such as 

13 may be allowed to react with polymers such as 14 or 15 in which the 

-CH2 -CH- groups may be different. 

X 



RESULTS AND DISCUSSION 

Styrene and vinylene carbonate have been copolymerized by Judge 

and Price (1959) and by Hayashi and Smets (1958). Vinylene carbonate 

is much less reactive than styrene so that copolymers such as 16 con

tain long blocks of styrene connected via vinylene carbonate. 

-4CH-CHJ— CH — CH 
I 2 n I I 
Ph 0 0 

V 
II 
0 

16 
x 

Poly(vinylene carbonate) and copolymers containing vinylene 

carbonate have been hydrolyzed (Schaefgen and Field 1966, Marder and 

Schuerch 1960) to yield products containing vinylene glycol units. 

Vic-glycols can be cleaved by periodic acid to produce aldehydes 

(Fieser and Fieser 1967). 

Therefore, styrene and vinylene carbonate were copolymerized to 

yield copolymers such as 16, which were hydrolyzed with sodium methoxide 

in a tetrahydrofuran (THF)-methanol mixture to yield the copolymer of 

styreiie and vinylene glycol (17). 

16 
NaOMe, MeOH 

THF 

•4CH —CH-)—CH-CH-
I 2 XL I I 

Ph OH OH 

17 

49 
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Copolymer 16 was not hydrolyzed at any appreciable rate by sodium hy

droxide in water or dioxane-water systems at room temperature. Sodium 

methoxide in refluxing methanol also did not completely hydrolyze 16. 
A' 

Copolymer 17 was cleaved by periodic acid in THF to yield poly

styrene terminated by aldehyde endgroups (18). 

H 10 
17 thp » H-C-fCH-CH A— C-H THF II | 2 n || 

0 Ph 0 

18 

Alternately, cleavage by periodic acid and potassium permanganate in 

THF, containing a trace of water, yielded polystyrene terminated by 

carboxylic acid endgroups (19). 
A/ 

17 
/v 

H_I0., KMnO. 
5 6 4 

THF * HO-^f-CH2V5-OH 
0 Ph 0 

19 

N-Vinylpyrrolidone can also be copolymerized with vinylene 

carbonate (Judge and Price 1959) to yield copolymers (20). 

4CH- CH.-)— CH- CH- -
I 2 n | | 
N 
C=0 

0 0 
\/ c 

II 
0 

X 

20 
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Copolymer 20 was hydrolyzed with 47. aqueous sodium hydroxide to 

form 21. 

20 ^aOH 
HOH -fCH-CH -)— CH—CH-

I 2 n I I XT OH OH 
=0 

21 
r— 

Aqueous periodic acid cleaved 21 to produce aldehyde-terminated poly-

(N-vinylpyrrolidone) (22). 

Hs10fi 
21 „„„ > H-C—(CH-CH •)— C-H HOH || | 2 n || 

0 (V'Nnc=O 

VJ 
22 A/ 

Polymer viscosities are shown in Table II.1. 

TABLE II.1 

VISCOSITIES OF A SERIES OF COPOLYMERS DERIVED FROM VINYLENE CARBONATE 

Run 16, 17 r-s 
18 19 

/V 
20 22 /V 

0.47 

0.92 

0.47 ± 0.01 

0.43 ± 0.01 

0.90 ± 0.02° 

0.265 ± 0.002 - 0.3 

°*lsd n 11 
0.200 ± 0.005e 

0.13 - 0.02 

0.T 

a. Intrinsic viscosity in benzene at 25° except for 20 and 22. 
b. Inherent viscosity in water at 25°. 
c. VL&1>. 
d. 
e. 18 Bb 
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The mol percent vinylene carbonate in the copolymers was de

termined by infrared spectroscopy and/or by elemental analysis. An ir 

absorption at 1800 cm ^ due to both carbonyl carbonate stretching 

(Hales, Jones, and Kynaston 1957) and a phenyl deformation combination 

band and an absorption at 1946 cm * due only to a phenyl deformation 

combination band were utilized. Known mixtures of homopolymers of 

poly(vinylene carbonate) and polystyrene were used to prepare a cali

bration curve (Figure II.1). Copolymer compositions are given in 

Table II.2. 

TABLE II.2 

MOL % VINYLENE CARBONATE IN STYRENE COPOLYMERS 

% by 
CoDolvmer by 7o by 7o hy 0 Neutron % by % by 

y C Analysis H Analysis (by diff) Activation ira Viscosity 
Analysis 

16^A 1.5 1.4 1.5 0.6 1.4 

16^B 2.4 3.0 2.4 - 2.8 2.7b'C 

16 C - - - 4.9 3.9b 

a. Perkin-Elmer 337. 

b. Using 16^A as a reference (1.4 mol 7o vinylene carbonate) and 
assuming that all of the periodate cleavages go to the same degree of 
completion. 

c. Based on 18 Ba. 

The infrared spectra of the hydrolyzed copolymers of styrene and 

vinylene .carbonate (17^B, and I7^C) appeared identical to poly

styrene except that compound (17 C) showed a slight hydroxyl absorption 
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o 
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oo 

0 1 2 3 4 5 

Mol % Vinylene Carbonate 

Figure II.1 Infrared correlation of mol % vinylene carbonate. 



54 

at 3580 cm The infrared spectra of the periodate cleaved polymers 

(18^A, l^^B, and 18^C) differed from polystyrene in that a carbonyl 

absorption occurred at 1725 cm Compound (19) differed from poly

styrene in that a carbonyl absorption occurred at 1720 cm"'''. In the 

case of both the carboxyl (19) and aldehyde (18) terminated polymers, 

the exact position of the carbonyl absorption is somewhat uncertain be

cause it is difficult to resolve the carbonyl band and the polystyrene 

band at 1740 cm •*". The aldehyde-terminated polymers may also be par

tially oxidized by air to the carboxyl-terminated polymer. However, 

sharp carbonyl peaks were detected for both 18^_C and Additional 

evidence for the formation of 18 and 19 is the viscosity decrease from 

the corresponding glycol (1J) (see Table II.1). This viscosity decrease 

is due to the cleavage of 17 at its vic-glycol sites. 

Copolymer (Mv, 21700) (where Mv, viscosity ave. molecular 

weight, is obtained from [)?] = 1.13 X 10 Mv ) (Bawn, Freeman, and 

Kamaliddin 1950) was coupled to an amine-terminated polystyrene (23^A) 

(Jon H. Simpson, unpublished results) (Mv, 41700; Mn, 21700) (where Mn, 

number ave. molecular weight, is determined by titration) in THF using 

a trace of sulfuric acid as a catalyst. 

The resulting polymer (24^A) (Mv, 54000) corresponds to 547- in

crease in average molecular weight and indicates that the reaction indi

cated in equation 6 proceeds to a small but significant extent. 



H„N O trace « aO 
NH2+ £ THF > 

Jfft 

23 
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trace H„SO, 

ĥ n-̂  -̂s—(ch-cĥ -)̂ - s-̂  -̂n-ch q equation 6 

Ph (CH-CH •)—C-H v| 2 m 
Ph 

24 r^y 

Copolymers 18_^Bb, (Mv, 28200) and 23^ (Mv, 28200) (Leland and 

Simpson, unpublished results) were coupled using a trace of £-toluene-

sulfonic acid in benzene, water removed azotropically, to produce 24JB. 

The yield for a 1:1 addition product in forming 24^B, (Mv, 46800) was 

66%. The degree of coupling in these reactions could have been reduced 

due to partial oxidation of both 18_ and 23. Mixing 18_J5a and 23^_A, in 

THF at room temperature for nine days in the absence of a catalyst did 

not result in any measurable increase in Mv. Copolymer (18^Ba) did 

couple, however, with £-phenylenediamine in THF at room temperature to 

yield a polymer (25) (Mv, 30200) which corresponds to each £-phenylene-

diamine coupling with 1.4 molecules of 18 Ba. 

0 0 

H-C-f CH-CH2-^-CH=N-/^\-N=CH-fCH-CH24^-C-H 

Ph Ph 

25 

Dicyclohexylcarbodiimide(Fieser and Fieser 1967) has been used 

to couple carboxylic acids to amines in peptide syntheses. The use of 
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N-hydroxysuccinimide with carbodiimide (Wunsch and Drees 1966, Zimmer

man and Anderson 1967) has been reported to increase yields and de

crease racemization in peptide formation. An attempt to couple a 

carboxyl terminated polymer (19^B) with an amine terminated polymer 

(23^A) utilizing dicyclohexylcarbodiimide and N-hydroxysuccinimide in 

THF did not lead to any coupling after stirring for six days at room 

temperature. 

In conclusion the general feasibility of the method outlined in 

the last paragraph of the Introduction has been verified. Improvements 

in the art of determining very low concentrations of functional groups 

in relatively high molecular weight polymers are clearly objectives for 

future research. The results described here encourage continuing ef

fort in this area. 



EXPERIMENTAL 

Materials 

Styrene and N-vinyl-2-pyrrolidone (Matheson, Coleman, and Bell 

Company) were purified by vacuum distillation. Reagent grade dioxane 

and tetrahydrofuran (THF) (Mallinckrodt Chemical Works) were distilled 

from lithium aluminum hydride. £-Phenylenediamine (Aldrich Chemical 

Company) was recrystallized from benzene. 

Vinylene carbonate was prepared from ethylene carbonate (Mathe

son, Coleman, and Bell Company) by the method of Field and Schaefgen 

(1962) and purified by distillation from sodium borohydride. Vinylene 

carbonate (>997,, purity, Aldrich Chemical Company) was also used after 

vacuum sublimation. 

Azobisisobutyronitrile (ABIBN) (Matheson, Coleman, and Bell), 

dicyclohexylcarbodiimide (Aldrich Chemical Company) and N-hydroxysuc-

cinimide (Aldrich Chemical Company) were used without further purifi

cation. 

Homopolymers of styrene and vinylene carbonate were prepared by 

polymerization with ABIBN at 60°. Polystyrene was purified by precipi

tation from benzene into methanol while poly(vinylene carbonate) was 

precipitated from dimethylformamide into methanol. 

Infrared Spectra 

All ir spectra were determined using a Perkin-Elmer Model 337 

spectrophotometer. 
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Films containing homopolymer mixtures of polystyrene and poly-

(vinylene carbonate) of known content were used to determine the compo

sition of the copolymers of styrene and vinylene carbonate (16^A, J3, 

and C). Solutions of 137o polymer concentration in 73% carbon tetra-
/V 

chloride and 14% dimethylformamide were used to deposit films on a 

metal gauze. Upon drying, ir spectra were obtained from the films. 

The area of the absorption at 1946 cm \ phenyl combination band, was 

used to standardize the area at 1800 cm the latter of which consists 

of an overlap of phenyl overtone and carbonyl carbonate stretching 

bands. 

Elemental Analyses 

Credit is given to Dr. R. F. Boyer, Dow Chemical Company, for 

the neutron activation analysis. Carbon, hydrogen and nitrogen analy

ses were determined by Micro-Tech Laboratories, Inc., Skolcie, Illinois. 

Poly(styrene-co-vinylene Carbonate) (16 A) 

A solution of styrene (23.4 g, 0.225 mol), vinylene carbonate 

(7.21 g, 0.0838 mol), and ABIBN (0.155 g, 0.944 mmol) was degassed by 

freeze-thawing and heated under a nitrogen atmosphere at 60 it 2° for 

17.5 hr. The resulting polymer was reprecipitated twice from benzene 

into methanol (19.2 g, 62.87.) and freeze-dried from benzene. 

Anal. Found: C, 91.65; H, 7.68; 0 (by difference), 0.67; 0 (by 

neutron activation analysis), 0.27. 

The corresponding mol fractions of vinylene carbonate ("12) were 0.015 

(by C), 0.014 (by H), 0.015 (by 0, difference), 0.006 (by 0, neutron 



analysis), and 0.014 (by ir). Intrinsic viscosity, [>7], was 0.47, ben

zene, 24°. Mv, 98000, and DPv, 940, were determined using [)?] = K Mv3 

-4 for polystyrene in benzene at 25 , where K = 1.13 X 10 and a = 0.73 

(Bawn, Freeman, and Kamilidden 1950). The ir (film) spectrum was 

nearly identical to polystyrene except for a larger peak at 1800 cm *" 

due to overlap of carbonyl carbonate absorption with a polystyrene 

band. 

Poly(styrene-co-vinylene Carbonate) (16 B) 

A solution of styrene (13.0 g, 0.0833 mol), vinylene carbonate 

(21.5 g, 0.250 mol), and ABIBN (5.47 mg, 0.0333 mmol) was polymerized 

for four days at 60 i 2°. After 28 hr, styrene (5.0 g, 0.048 mol) and 

ABIBN (0.0031 g, 0.019 mmol) were added. After two hr of polymeriza

tion, a second liquid phase formed. At the end of the polymerization 

period, the upper phase was very viscous and tacky, while the lower 

phase was a fluid material. The lower phase upon pouring into methanol 

yielded only a small amount of precipitate and was discarded. The 

upper layer was worked up in the same manner as 1^_A. The yield was 

4.7 g (13.6% based on initial feed) of polymer; [l?] 0.92, benzene, 25.00 

± 0.05°; Mv, 230000; DPv, 2200; m2, 0.024 (by C), 0.030 (by H), 0.024 

(by 0, difference), 0.028 (by ir). 

Anal. Found: C, 91.27; H, 7.61, 0, 1.12 (by difference). 

Poly(styrene-co-vinylene Carbonate) (16 C) 

A solution of styrene (27.5 g, 0.320 mol) vinylene carbonate 

(8.33 g, 0,0800 mol), ABIBN (3.28 mg, 0.0200 mmol), and 8 ml of benzene 



•was polymerized at 60° for 22 days; styrene (2.0 g, 19 mmol) was added 

after 2, 4, 11, 15, and 19 days. ABIBN (3.30 mg, 0.0201 mmol and 1.00 

mg, 0.00609 mmol) was added after 4 and 15 days, respectively. An 

additional 10 ml of benzene was added after four days to redissolve a 

second phase which appeared after three days. The product was worked 

up as previously described to yield 3.9 g of polymer: [^] 0.47 i 0.01 

(benzene, 25.00 ±0.05°); Mv, 98000; DPv, 940; ir (film): ny 0.049. 

Poly(styrene-co-vinylene Glycol) (17 A) 

A solution of 2.0 g (l,6^A) and sodium (1 g, 0.04 mol), 10 ml of 

methanol and 100 ml of tetrahydrofuran was stirred for three days. The 

polymer (1.8 g, 907», [l?] 0.43 i 0.01) was purified in the same manner 

as (16^A). The ir spectrum (film) indicated no measurable carbonyl 

carbonate band. 

Poly(styrene-co-vinylene Glycol) (17 Ba) 

A solution of (16^B) (3.2 g) and sodium (2 g, 0.08 mol) of 

sodium in 20 ml of methanol, 240 ml of THF, and 260 ml of benzene was 

stirred for five days and worked up in the usual manner. The ir spec

trum (CHCl^) indicated no measurable carbonyl absorption. 

Poly(styrene-co-vinylene Glycol) (17 Bb) 

A solution of 1.0 g of (16^B) and 0.2 g of sodium in 3 ml of 

methanol and 20 ml of THF was stirred for two days. After work up, 1.0 

g (1007.) of polymer was obtained, [<?] 0.90 i 0.02, benzene, 25.00 i 0.05. 
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Poly(styrene-co-vinylene Glycol) (17 C) 

This material was prepared in an analogous manner to 17^.A from 

16^_C. The ir (film) was nearly identical to polystyrene except for a 

slight hydroxyl absorption at 3580 cm 

Preparation of Aldehyde-terminated 
Polystyrene (18 A) 

A slurry of (IT^A) (1.5 g), periodic acid (1.0 g 4.4 mmol), and 

8 ml of THF was stirred for 18 days at room temperature under nitrogen. 

A solution of periodic acid (0.5 g, 2 mmol) and 4 ml of THF was added 

after three days. The color of the' THF solution changed from colorless 

to pale red-brown, and increasing amounts of white insoluble materials 

(HlOg ?) were formed. The precipitate was soluble in water. The solu

tion was filtered and the polymer purified in the usual manner. A total 

of 1.5 g (1007c) of polymer which slowly turns pale pink on standing was 

obtained: [»?] 0.265 + 0.002, 25.00 ± 0.05°; Mv, 42000, DPv, 400; ir 

(film) resembles polystyrene except for a carbonyl shoulder at 1720 

-1 
cm . 

Preparation of Aldehyde-terminated 
Polystyrene (18 Ba) 

A solution of (17^Ba) (2.5 g), periodic acid (0.6 g, 3 mmol), 

and 115 ml of THF was stirred for seven days at room temperature. The 

color of the solution changed from colorless to yellow to orange to a 

deep red, and again a white water soluble precipitate was formed. The 

polymer was worked up in an analogous manner to 18^A: [f?] 0.18, ben

zene, 25.00 + 0.05°; Mv, 21000; DPv, 200; ir (CHCl^) resembles 18^A, 

except for a sharp carbonyl peak at 1720 cm 
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Preparation of Aldehyde-terminated • 
Polystyrene (18 Bb) 

A solution of (J^_J3b) (0.9 g), periodic acid (1.0 g, 4.4 mmol), 

and 20 ml of THF was stirred for three days and treated in an analogous 

maimer to 18^Ba: \yf\ 0.200 i 0.005, benzene, 25.00 + 0.05°; Mv, 28000; 

DPv, 270; ir (film) resembles 18^^except for a separate carbonyl band 

instead of the shoulder. 

Preparation of Aldehyde-terminated 
Polystyrene (18 C) 

Prepared in an analogous manner to 18^ using \p~\ 0.13 i 

0.02, benzene, 25.00 i 0.05°; Mv, 15000; DPv, 140; ir (film) resembles 

18_J3a, except that the carbonyl absorption was stronger than the 

1946 cm * peak. 

Preparation of Carboxyl-terminated 
Polystyrene (19 B) 

A total of 0.3 g of (^i^Ba), 0.3 g (1 mmol) of periodic acid, 

0.3 g (2 mmol) of potassium permanganate (insoluble in THF), 50 ml of 

THF, and sufficient water (ca. 0.2 ml) to cause a slight pink-gray 

coloration was stirred for 25 days. The polymer was precipitated in 

a 4N hydrochloric acid solution, washed twice with a mixture of 30 ml 

of methanol and 10 ml of conc. hydrochloric acid, washed with methanol, 

and vacuum dried. A white polymer, 0.3 g (1007„), was obtained: [»?] 

0.11, benzene, 25.10 + 0.05°; Mv, 12000; DPv, 120; ir film) similar to 

polystyrene except for a carbonyl band at 1720 cm ^ which was the same 

intensity as the 1800 cm ^ band. 



Preparation of Poly(N-vinylpyrrolidone-
co-vinylene Carbonate) (20) 

A solution of N-vinylpyrrolidone (33.9 g, 0.305 mol), vinylene 

carbonate (1.0 g, 1.2 mmol), and ABIBN (0.03 g, 0.18 mmol) was polymer

ized in the same manner as (16^_A) for 14 hr at 60°. The reaction mix

ture was poured into anhydrous ether to yield 25 g (727»)of a very pale 

yellow polymer. After two reprecipitations from an acetone-methanol 

solution into anhydrous ether, the polymer was freeze-dried from 

_t-butyl alcohol: ̂  inherent 0.3, 0.5 g/100 ml, H^O, 25.00 i 0.05°; Mv, 
_ n _ A oc 

40000 (calculated from = 4.1 X 10 Mv * ) (Miller and Hamm 1953); 

ir (CHCl^) resembles poly-N-vinylpyrrolidone with the addition of 0-H 

bands and a carbonyl carbonate absorption at 1830 cm 

Anal. Found: C, 60.24; H, 8.40; N, 10.84; 0 (by difference, 19.93; 

residue, 0.59. 

Even though this compound was dried, the elemental analysis and ir 

spectrum indicate that some water was present. This problem was also 

encountered for 21 and 22. 
/V A/ 

Preparation of Poly(N-vinylpyrrolidone-
co-vinylene Glycol) (21) 

A total of 4.8 g of (20), 2.5 g (63 mmol) of sodium hydroxide, 

and 60 ml of water was stirred for eight days at room temperatures. 

The polymer was insoluble in this medium; therefore, 30 ml of methanol 

was added to obtain a homogeneous solution. The polymer was precipi

tated in an acetone-water solution, filtered, and worked up in the same 

manner as 20 to yield a total of 4.4 g (927.): ir (CHCl^) resembles 20_ 

with the absence of the carbonyl carbonate absorption. 



Preparation of Aldehyde-terminated 
Poly(N-vinylpyrrolidone) (22) 

A solution of 2.8 g of (21), 0.5 g (2 mraol) of periodic acid, 

and 100 ml of water was stirred for seven days at room temperature. 

After work up similar to 21, 2.4 g (867») of a light yellow-orange polymer 

was obtained: V) inherent 0.1, water, 25.00 it 0.05°; Mv, 10000. 

Sulfuric Acid Catalyzed Coupling of 
Aldehyde-terminated Polystyrene (18 .Ba.) 
with Amine-terminated Polystyrene (23 A) 

A solution of 0.25 g of (l8_Ba), 0.50 g of (23^A) (Simpson, un

published results), Mv, 42000, 2 mg (0.02 mmol) of sulfuric acid and 

10 ml of THF was stirred for six days at room temperature. A pale tan 

polymer (24__A) was obtained after the usual work up for polystyrene 

containing polymers: [9] 0.32, benzene, 25.00 ± 0.05°; Mv, 54000; ir 

(film) resembles polystyrene except for a weak absorption at 1700 cm ^ 

(imine ?). 

p-Toluehesulfonic Acid Catalyzed Coupling 
of Aldehyde-terminated Polystyrene (18 Bb.) 
with Amine-terminated Polystyrene (23 B) 

A solution of 0.7 g of (l8^Bb), 1.0 g of (23^) (Leland and 

Simpson, unpublished results), 1.9 mg (0.01 mol) of £-toluenesulfonic 

acid, and 15 ml of benzene was stirred under nitrogen at room tempera

ture for seven days, periodically removing any water azeotropically. 

The reaction medium turned yellow to dark orange at the end of five 

days. The polymer was purified analogously to 24^A. The freeze-dried 

polymer (24^B) was orange-brown: [>9] 0.305 + 0.005, benzene, 25.00 i 

0.05°; Mv, 50000; ir (film), analogous to polystyrene except for a 



residual N-H band at 3480 era ^ and the broadening of a weak polystyrene 

band in the region of 1670 cm 

Coupling of Aldehyde-terminated 
Polystyrene (18 Ba) with 
p-Phenylened iamine 

A solution of 0.5 g of (18^Ba), 2.5 mg (0.023 mmol) of 

£-phenylenediamine and 100 ml of tetrahydrofuran was stirred for 13 

days at room temperature. After ten days an additional 2.5 mg (0.023 

mmol) of £-phenylenediamine was added. A light tan polymer was ob

tained after the usual purification: [/?] 0.21, benzene, 25.00 i 

0.05°; Mv, 30000. 

Attempted Uncatalyzed Coupling of 
Aldehyde-terminated Polystyrene (18 Ba) 
with Amine-terminated Polystyrene (23 A) 

A solution of 0.5 g of (18^Ba)f 1.0 g of (23^A) (Simpson, un

published results), and 85 ml of THF was stirred for nine days at room 

temperature. The solution remained yellow throughout the nine-day 

period. A pale tan polymer was obtained after work up in the usual 

manner: [l9] 0.24, benzene, 25.00 + 0.05°; Mv, 36000, the corresponding 

mixed Mv of Ij^Ba and 23^was calculated to be 35000. Therefore, 

little if any coupling occurred. 

Attempted Coupling of Carboxyl-terminated 
Polystyrene (19 _B) with Amine-terminated 
Polystyrene (23 A) Using Dicyclohexyl-
carbodiimide 

A total of 0.20 g of (19^B), 0.76 g of (23_^A) (Simpson, un

published results), 20 mg (0.1 mmol) of dicyclohexylcarbodiimide, 



9.1 mg (0.1 mmol) of N-hydroxysuccinimide, and 9.2 g of THF was 

stirred for six days at room temperature under nitrogen. The solution 

was filtered and the polymer was worked up in the usual manner: [9] 

0.22, benzene, 25.00 i 0.05°; Mv, 34000. Since the calculated Mv of 

the starting polymers was 35000, no coupling occurred. 
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