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ABSTRACT: Ethylene-methyl methacrylate alternating copolymer, which could not be obtained directly 
from ethylene and methyl methacrylate monomers, was synthesized by reducing vinyl bromide-methyl 
methacrylate alternating copolymer. Among several reduction experiments studied, radical-initiated reduc- 
tion with tri-n-butyltin hydride at -20 "C was successful and yielded ethylene-methyl methacrylate alter- 
nating copolymer with only 2% lactone units formed by a side reaction. The ethylene-methyl methacry- 
late alternating copolymer was atactic and amorphous. It was soluble in several organic solvents and was 
a soft and rubbery material. 

We reported earlier' the synthesis of an ethylene-eth- 
ylene-methyl methacrylate periodic copolymer by hydro- 
genating a butadiene-methyl methacrylate alternating 
copolymer. This periodic copolymer was a soluble, par- 
tially crystalline, soft and tough material. Crystalline struc- 
ture should come from its ordered sequence. Several other 
two ethylene-one acrylate periodic copolymers were also 
reported.'S2 Some were crystalline and others were not. 

Our next interest is to compare this periodic copoly- 
mer (1) with ethylene-methyl methacrylate alternating 
copolymer (2); the latter has one ethylene unit less than 
the periodic copolymer 1. 

COOCH, COOCH~ 
I 2 

Attempted alternating copolymerization of ethylene and 
methyl methacrylate in the presence of Lewis acid, how- 
ever, was unsuccessful under several experimental con- 
ditions. Even with a large excess of ethylene feed, which 
led to  a successful synthesis of ethylene-methyl acrylate 
alternating ~ o p o l y m e r , ~ ' ~  2 was not obtained, apparently 
because of a-methyl substitution in the acrylate unit and 
poor donor character of e t h ~ l e n e . ~  

The present paper describes the synthesis of 2 by reduc- 
ing a vinyl bromidemethyl methacrylate alternating copol- 
ymer (3). 

Experimental Section 
Materials. Commercial extra-pure vinyl bromide and methyl 

methacrylate were used. Gaseous vinyl bromide was con- 
densed and measured before use. Methyl methacrylate was 
washed with saturated sodium hydrogen sulfite, 5% sodium 
hydroxide, and saturated sodium chloride and dried over anhy- 
drous sodium sulfate. Disttlled monomer was stored over cal- 
cium hydride in a refrigerator and again distilled before use. 
Toluene for copolymerization and tetrahydrofuran (THF) for 
reduction experiments were extra-pure reagents, purified as usual 
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and dried over sodium. Ethylaluminum sesquichloride (EASC) 
from the Ethyl Corp. was distilled under vacuum and dissolved 
in toluene (4 mol/L). Reducing reagents, sodium cyanoboro- 
hydride, sodium hydride, 55% hydroiodic acid, and tri-n- 
butyltin hydride were commercial extra-pure reagents and used 
as received. Recrystallized benzoyl peroxide (BPO) and a,a'- 
azobis(isobutyronitri1e) (AIBN) were radical initiators. 

Copolymerization. In a nitrogen-purged and cooled 100- 
mL pressure-reaction vessel, methyl methacrylate was taken and 
degassed. The volume of EASC solution was calculated, and, 
if necessary, a radical initiator or a solvent toluene was added 
also at dry-ice temperature. Finally, vinyl bromide was con- 
densed at -20 "C into the reaction vessel. All procedures were 
carried out under nitrogen. The vessel was placed in a temper- 
ature-controlled bath for a given time with occasional shaking. 
After copolymerization, the vessel was again cooled at dry- ice 
temperature, and excess methanol containing 1 % hydrochloric 
acid and a trace of hydroquinone was slowly added. The super- 
natant solution with copolymer precipitate was left standing 
overnight in a hood to remove unreacted vinyl bromide. The 
collected copolymer was reprecipitated three times from chlo- 
roform solution into methanol and dried under vacuum. Copo- 
lymerization of vinyl chloride and methyl methacrylate was also 
studied with similar procedures. 

Reduction. Four reduction experiments were carried out. 
A copolymer sample prepared under the conditions of run 9 of 
Table I (see below) was subjected to the most experiments. 

(1) A dimethyl sulfoxide (20 mL) solution of copolymer (0.60 
g) and sodium cyanoborohydride (0.5 g) was stirred at room 
temperature. After 50 h, the product copolymer was precipi- 
tated into methanol, reprecipitated from chloroform solution 
into methanol, dried in vacuo, and weighed 0.40 g. 

(2) Into a stirred solution of copolymer (0.22 g) in THF (5 
mL)-sulfolane (5 mL) was added portionwise sodium hydride 
(0.43 9). After 170 h, workup was the same as in experiment 
(1). The product copolymer weighed 0.10 g. 

(3) A mixture of copolymer (1.0 g), red phosphorus (0.5 g), 
and 55% hydroiodic acid (5 mL) was refluxed for 130 h at 130 
"C. The product copolymer was precipitated into methanol, 
reprecipitated from hot acetic acid solution into methanol, dried 
in vacuo, and weighed 0.61 g. 

(4) A solution of copolymer (1.0 g), tri-n-butyltin hydride, 
and AIBN in THF was prepared in a reaction vessel at dry-ice 
temperature. The vessel was maintained at a reaction temper- 
ature with or without tungsten lamp irradiation. Detailed reac- 
tion conditions will be given in the Results and Discussion. After 
a given time, a small volume of methanol was slowly added to 
the reaction mixture at dry- ice temperature to decompose tin 
compounds. Further workup was the same as in experiment 
(l), and the product copolymer weighed 0.58 g in run 7 of Table 
111. 
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Table I 
Copolymerization of Vinyl Chloride or Vinyl Bromide and Methyl Methacrylate 

monomer feed," mol % copolymer compositn," mol '70 

run vc VB Lewis acidb initiator" temu, "C time, h yield,d 70 vc VB 
1 80 EASC -20 28 1.3 0 
2 80 BC1, -20 50 4.1 0 
3 80 BCI, BPO -20 50 0.7 0 
4 80 EASC BPO -20 24 58.2 41.6 
5 90 EASC BPO -20 21 26.3 45.3 
6 95 EASC BPO -20 20 15.8 46.9 

ao EASC 0 50 7.5 35.6 
8 80 EASC BPO 0 4 36.9 40.6 
9 90 EASC BPO 0 2 51.4 50.2 

r 

VC, vinyl chloride in runs 1-6; VB, vinyl bromide in runs 7-9. ' Equimolar to methyl methacrylate and BPO was added. 2 mol % based 
on methyl methacrylate was added. Yield based on methyl methacrylate. 
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Figure 1. 200-MHz IH and 50-MHz 13C NMR spectra of vinyl 
bromide-methyl methacrylate alternating copolymer in CDCl,. 

Measurement. 'H (200-MHz) and 13C (50-MHz) nuclear 
magnetic resonance (NMR) spectra were recorded on a Varian 
XL-200 spectrometer. The pulse sequence for 13C NMR was 
as follows: 18-ps pulse width (90" pulse angle), 0.8-9 acquisition 
time, and 1-s interval. Generally, 800 scans were accumulated 
for a 12 500-H~ spectral width. 'H (60-MHz) NMR spectra were 
also recorded on a Hitachi R-24A spectrometer. Most deter- 
minations were carried out for 5-10% deuterochloroform solu- 
tions at room temperature. Infrared (IR) spectra were recorded 
on a Jasco IR-E spectrometer for film samples. Differential 
scanning calorimetry (DSC) study was carried out on a Rigaku- 
Denki Thermoflex with a low-temperature unit. Molecular weight 
was estimated by using a Tosoh gel permeation chromatograph 
HLC 803D with reference to polystyrene standards. The sol- 
vent was THF, and its flow rate was 1 mL min-'. 

Results and  Discussion 
Alternating Copolymerization. Table I, runs 1-6, 

shows copolymerization of vinyl chloride and methyl meth- 
acrylate in the presence of EASC or boron trichloride 
with or without BPO at -20 "C. Even with the largest 
excess of vinyl chloride (run 61, the vinyl chloride con- 
tent in the product copolymer was 46.9%, which was a 
somewhat, but certainly less, value than the value (50%) 
requisite for an alternating copolymer. A lactonization 

Table I1 
'H NMR Absorptions. of Vinyl Bromide and Methyl 
Methacrylate Homopolymers and Their Alternating 

Cop o 1 y m e r 
-CH, -CH,- -CHBr- -COOCH, 

poly(viny1 bromide) 1.8-3.0 4.1-5.0 
alternating copolymer 0.9-1.5 1.5-2.6 3.8-4.2 3.8 
poly(methy1 methacrylate) 0.6-1.5 1.5-2.4 3.7 

tions. 
In ppm from hexamethyldisiloxane (HMDS) in CDCl, solu- 

experiment (as in eq 2 for a vinyl bromide copolymer) in 
which this run 6 copolymer sample was heated a t  100 "C 
showed a constant 70.4% lactone unit content after 3 
days. Theoretically (see below), a perfectly alternating 
copolymer should show 86.5% lactone unit. Both results, 
on the copolymer composition and lactonization, show 
the copolymer is not pure enough as to the alternating 
structure for the reduction reaction (eq 1). 

The results of copolymerization with a stronger donor 
monomer, vinyl bromide, are shown in Table I, runs 7-9. 
Under the conditions of run 9 witha 90 mol % of vinyl 
bromide feed, a copolymer containing almost 50 mol % 
vinyl bromide units was obtained in good yield. Its 'H 
and 13C NMR spectra are shown in Figure 1, and the 'H 
NMR absorptions are compared with those of both 
homopolymers in Table 11. Each of the 'H absorptions 
of the copolymer more or less shifted from that  of 
homopolymers. Especially, the copolymer's absorptions 
due to COOCH, and CHBr groups were readily distin- 
guishable from the homopolymers' absorptions. In the 
copolymer's spectrum, any appreciable absorption was 
not observed at  where these two groups in homopoly- 
mers gave absorptions. This is evidence for the alternat- 
ing structure of the copolymer. Further evidence is given 
by a lactonization experiment. When a solid sample of 
the copolymer was heated at  70 "C, a reaction between 
neighboring C-Br and -COOCH, groups (eq 2) occurred 

-CHpCH-CHpC - -CH2CH-CHpC + CH3Br (2) 

Br ' L o  J-LO 

LCH, 

and a lactone unit was formed. The extent of lactoniza- 
tion can be predicted according to Flory's A 
perfectly alternating copolymer should lead to 86.5% lac- 
tone formation in the heated copolymer. After 20 h at  
70 "C, the heated copolymer showed new C=O absorp- 
tion at 1760 cm-' in its IR spectrum, as well as new 
CHOCO and weakened COOCH, and CHBr absorptions 
in its 'H NMR spectrum (Figure 2). Both indicate lac- 
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Sodium hydride, which was described as a dehydroha- 
logenating reagent for haloesters,'O brought about 20% 
of intended reduction, but with 15% dehydrobromina- 
tion and 35% lactone formation. Figure 3 shows identi- 
fication of these side reactions as well as intended reduc- 
tion by spectroscopic methods. 

Refluxing with hydroiodic acid in the presence of red 
phosphorus, with reference to an early study on the reduc- 
tion of poly(viny1 chloride),'' gave 39% of intended reduc- 
tion and ester hydrolysis a t  the same time. The major 
reaction (61 % ), however, was again lactone formation. 
Attempted lactone ring opening and reduction of the result- 
ing hydroxyl group by further refluxing with an excess 
of hydroiodic acid was unsuccessful. 

Reduction by using tri-n-butyltin hydride, which was 
applied to the partial reduction of poly(viny1 bromide),', 
seemed hopeful as shown by runs 4-6 of Table 111. The 
only side reaction observed was lactone formation, and 
it was expected to be suppressed by carrying out the reac- 
tion at  low temperature. Thus in run 7 all procedures, 
copolymerization, isolation and drying of the copolymer, 
and its reduction, were carried out a t  -20 "C. The reac- 
tion with a large excess of tri-n-butyltin hydride was ini- 
tiated by irradiating with a tungsten lamp in the pres- 
ence of AIBN. With such precautions, a copolymer 2 
containing only 2 %  lactone unit was obtained in 94% 
yield. Figure 4 shows 'H NMR and IR spectra of this 
copolymer sample. Absorptions due to the lactone unit 
are very weak, as shown, and other absorptions are rea- 
sonably assigned to the structure 2. Figure 5 shows its 
13C NMR spectrum. Assignment was carried out by refer- 
ring to a standard chemical shift table and a DEPT (dis- 
tortionless enhancement by polari~ation,transfer'~) spec- 
trum. Two CH, absorptions observed instead of three 
CH, groups present in one formal repeating unit strongly 
support the structure 2, and hence the alternating struc- 
ture of the parent vinyl bromide-methyl methacrylate 
copolymer. 

Tacticity of the  Copolymers. The 'H and I3C a- 
CH, NMR absorptions and 13C CHBr and C=O NMR 
absorptions of vinyl bromide-methyl methacrylate alter- 
nating copolymer were all split. These splittings were 
considered as due to methyl methacrylate centered triad 
configurations. Tentative assignments and intensity ratios 
of the clearly split three 'H and 13C a-CH, peaks were 
as follows. 'H a-CH, absorption: 1.02 ppm (cosyndio- 
tactic, 32.0%), 1.20 ppm (coheterotactic, 56.5%), 1.27 ppm 
(coisotactic, 11.5%). 13C a-CH, absorption: 16.0 ppm 
(cosyndiotactic, 31.0%), 17.6 ppm (coheterotactic, 58.5%), 
21.2 ppm (coisotactic, 10.5%). The coisotacticity, u, was 
defined as below; i.e., the probability by which the left 
diad configuration appeared was defined as coisotactic. 

H COOCH, 
I I  

- C H + C H & -  
'i' FH3 

-CH2CCH+ 

Br I LOOCH, i r  AH3 

U 1-0  

Assuming a Bernouillian model on the steric course of 
cross-propagation, an averaged coisotacticity, u = 0.393, 
was calculated from the above intensity ratios. 

When this copolymer was reduced by using tri-n-bu- 
tyltin hydride at  -20 OC, the product ethylene-methyl 
methacrylate alternating copolymer showed split peaks 
of the 'H a-CH,, I3C a-CH,, quaternary C, and C=O 
NMR absorptions. These splittings were considered as 
due to methyl methacrylate centered pentads. Jo et  aI.l4 
defined an t-tacticity, which referred to the configura- 
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O C H 3  CH2 HMDS 

CHOCO n 
I 
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Figure 2. 60-MHz 'H NMR and IR spectra of heated and lac- 
tonized vinyl bromide-methyl methacrylate alternating copol- 
ymer. E and L in the IR spectrum indicate ester and lactone 
C=O stretching absorptions, respectively. 

tone formation, and the lactone unit content estimated 
from the 'H NMR spectrum was 85.7% in agreement 
with the prediction. This is further evidence for the highly 
alternating structure of the Run 9 copolymer before heat- 
ing. 

Reduction. Four reagents were studied for the reduc- 
tion of vinyl bromide-methyl methacrylate alternating 
copolymer: (1) sodium cyanoborohydride, (2) sodium 
hydride, (3) hydroiodic acid with red phosphorus, and 
(4) tri-n-butyltin hydride with a radical initiator. 

Besides the intended reduction, some unfavorable side 
reactions occurred: methylol (-CH,OH) formation and 
dehydrobromination yielding a C=C bond (eq 3), as well 
as lactone formation (eq 2). Side reactions could be iden- 
tified and estimated through the IR and 'H NMR spec- 
tra of the product copolymers. 

CH3 I 
-CHzCH-CH&- - 

8, hOOCH3 

(3) 
CiH3 FH3 

-CH&H-CH2C- + -CHzCH= CHC- 

8r L,OH iOOCH3 

dehydrobromination methyld 

Table I11 summarizes reduction experiments on the run 
9 copolymer of Table I. Sodium cyanoborohydride, which 
was reported as a selective reducing reagent for a carbon- 
halogen gave the methylol group unexpectedly. 
Lactone formation also occurred to a large extent, and 
the intended reduction was not detected. The received 
sodium cyanoborohydride reagent was extra-pure grade 
but the supplier (Nakarai Chemicals, Ltd., Kyoto) guar- 
anteed only 95% purity. A possible impuritye was sodium 
borohydride, and although this impurity might be respon- 
sible for the methylol formation, this reagent was con- 
sidered unsuccessful and not studied further. 
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OCH3 

Table 111 
Reduction of Vinyl Bromide-Methyl Methacrylate Alternating Copolymer by Several Reducing Reagents 

reagent-copolymer reaction %" 
run reducing reagent mol ratio solvent temp, O C  time, h R L M D  
1 NaBH,CN 2.6 DMSO 23 50 0 40 27 
2 NaH 10 THF-sulfolane 23 170 20 35 15 
3 HI-P 7 
4 (n-C,H,),SnHb 1.5 THF 
5 (n-C4Hg),SnHC 1.5 THF 
6 (n-C,H,),SnH' 6.2 THF 
7d (n-C4H,),SnHc 7.7 THF 

130 35 39 61 
40 27 84 16 
0 27 86 14 

-20 36 94 6 
-20 50 98 2 

' R, reduction; L, lactone formation; M, methylol formation; D, dehydrobromination. 17 mol % AIBN based on copolymer was added. 
17 mol 70 AIBN based on copolymer was added, and the mixture was irradiated by a tungsten lamp. All procedures, from copol- 

ymerization to reduction, were carried out at -20 "C. 

I 

by NaBH3CN 

OCH3 I I 
CH3 I 

'S I  

I 
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Figure 4. 200-MHz 'H NMR and IR spectra of ethylene-me- 
thy1 methacrylate alternating copolymer. Peak L in 'H NMR 
spectrum is due to CH, group in lactone units. Peak due to 
lactone CH group is too weak to be observed. 

tional relationship between the a-carbon and the t-car- 
bon. Thus, according to their definition, the below three 

200 160 I20 80 40 0 

6 P P m  
Figure 5. 50-MHz 13C NMR spectrum of ethylenemethyl meth- 
acrylate alternating copolymer. 

types of pentad could be designated as t-coisotactic, c- 
coheterotactic, and ecosyndiotactic. When we define a 
probability, u, (e-coisotacticity), by which the two suc- 
ceeding methacrylate units have the same configuration 
and again assume a Bernouillian model on the forma- 
tion of the pentads, their fractions will be given by the 
equations in the brackets. 

From the split peak intensity ratios of 13C quaternary 
C and C=O absorptions, an averaged u, could be calcu- 
lated to be 0.230. Assignments and intensity ratios were 
as follows. Quaternary C absorption: 44.8 ppm (e-coiso- 
tactic, 10.1%), 46.0 ppm (e-coheterotactic, 27.4%), 46.8 
ppm (6-cosyndiotactic, 62.5%). C=O absorption: 179.6 
ppm (e-cosyndiotactic, 62.1 %), 179.8 ppm (t-coheterotac- 
tic, 28.8%), 180.0 ppm (t-coisotactic, 9.1%). In the course 
of tin hydride reduction, rotation of the main-chain C-C 
bonds of a radical intermediate 

occurred so as to place the two polar -COOCH, groups 
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apart and gave the c-coisotacticity = 0.230. Retention 
or inversion a t  the reaction site does not give such a value. 

Copolymer Properties. The ethylene-methyl meth- 
acrylate alternating copolymer obtained above (run 7, with 
2% lactone unit) had a number-averaged molecular weight 
of 32 000 and a weight-averaged molecular weight of 48 OOO 
as determined by GPC with reference to  polystyrene stan- 
dards. Another sample of copolymer 3 with a number- 
averaged molecular weight of 24 000 (a degree of poly- 
merization of 116) gave a copolymer 2 with a number- 
averaged molecular weight of 14  000 (a degree of 
polymerization of 109) after the reduction. Thus no sig- 
nificant degradation occurred during the tin hydride reduc- 
tion. The copolymer 2 formed a transparent soft and 
rubbery film. It was soluble in chloroform, benzene, ace- 
tone, THF, and N,N-dimethylformamide. A cooling DSC 
experiment showed no crystallization peak but showed 
a glass transition temperature a t  19 OC. Ethylene-eth- 
ylene-methyl methacrylate periodic copolymer (1) in the 
previous paper' was partially crystalline and had a glass 
transition temperature of 45 "C. 
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ABSTRACT Well-defined polymers amino functionalized at their chain ends were synthesized by the 
reactions of either anionic living polystyrenes or polyisoprenes with a-halo-o-aminoalkanes with a pro- 
tected amino functionality. The reactions generally proceeded well in THF at -78-25 O C  to afford the 
aminated polymers in good yields. Careful analyses of the resulting polymers by a combination of acid- 
base titration (HClO,), size-exclusion chromatography (SEC), and thin-layer chromatography (TLC) indi- 
cated that these polymers had high degrees of amination (>95%) at their end groups as well as predictable 
molecular weights and narrow molecular weight distributions. The usefulness of applying the TLC/ flame 
ionization detection technique to quantitative analysis of the resulting polymers was discussed. 

Introduction 

The synthesis of chain end functionalized polymers (or 
the so-called telechelic polymers) is still of great inter- 
est because they have practically and potentially numer- 
ous applications. Anionic living polymerization is the pre- 
ferred method for preparing such polymers because it 
leads to predictable polymer molecular weights and nar- 
row molecular weight distributions. Many possible end 
functionalizations of anionic living polymers have been 
reported and well reviewed.'-' Widely studied and suc- 
cessful examples are hydroxyl and carboxyl end function- 
alized polymers that can be synthesized by the reaction 
of an anionic living p o l p e r  with either ethylene oxides" 
or carbon dioxide.12-15 The resulting polymers have well- 
defined structures (e.g. molecular weight and molecular 
weight distribution as well as degree of end functional- 
ization). 
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On the other hand, a general method for introducing 
primary amino groups to the terminals of living polymer 
has not been well established yet, although a couple of 
new methods have been reported so far. For example, 
Schulz and Halasa prepared the polyisoprenes and poly- 
(1,3-butadienes) with amino groups at  their polymer chain 
ends by using the initiator p-lithio-N,N-bis(trimeth- 
ylsily1)aniline which had a primary amine protected 
group.16 The method appeared to be excellent for prep- 
aration of mono aminated polymers. However, it is rel- 
atively difficult to prepare aminated polymers a t  both 
chain ends by this system because they are prepared only 
by the coupling reaction which requires a very high pre- 
cision in the stoichiometry of the living polymer and cou- 
pling agent, e.g. dimethylsilane dichloride. 

We have recently developed a new aminating reagent, 
N-(phenylmethylene)trimethylsilanamine, which reacts 
efficiently with a variety of organolithium compounds to 
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