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Copolymerization of Carbon Dioxide and Epoxide: 
Functionality of the Copolymer 

SHOHEI INOUE 

Department of Synthetic Chemistry 
Faculty of Engineering 
University of Tokyo 
Tokyo, Japan 

A B S T R A C T  

Carbon dioxide and epoxide copolymerize in the presence of 
some organometallic catalyst systems under moderate conditions 
to  give aliphatic polycarbonates of high molecular weight. Some 
metalloporphyrins of aluminum and zinc were found to ac t  a s  
novel catalysts for the polymerization of epoxide and for  the 
copolymerization of carbon dioxide and epoxide, though not 
alternating. The polymers a r e  characterized by the narrow 
molecular weight distribution and the unusual stereoregularity. 
Starting from the copolymerization of carbon dioxide and t r i -  
methylsilyl glycidyl ether with diethylzinc -water catalyst sys- 
tem, a readily degradable polycarbonate having hydroxyl group 
was obtained. 

I N T R O D U C T I O N  

Chemical fixation of carbon dioxide is of much importance in 
connection with resource utilization. Recent interest  in organic and 
bio-organic chemistry of carbon dioxide has led to the development 
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652 INOUE 

of new synthetic reactions using carbon dioxide a s  a direct  material, 
especially in Lhe field of polymer synthesis. 

We have been studying the alternating copolymerization of carbon 
dioxide and epoxide to form aliphatic polycarbonate with high molecu- 
l a r  weight [ 1, 21. The reaction proceeds under moderate conditions 
such a s  room temperature and atmospheric pressure by using some 
organometallic catalyst systems. 

CHR-CHR' + C 0 2  (-CHR-CHR'-O-C-O-)x 
\ /  II 

'0 '  0 

Among the catalyst systems so far examined, the systems based 
on diethylzinc, coupled with water [ 3, 41, primary amine [ 3, 41, 
dihydric phenol [ 5, 61, aromatic dicarboxylic acid [ 71, o r  aromatic 
hydroxycarboxylic acid [ 71 , a r e  effective. Diethylzinc-trihydric 
phenol or aniinophenol systems were reported also to exhibit high 
catalytic activity [ 8-10]. Aging of diethylzinc-water [ 111 or 
-polyhydric phenol 101 system in the presence of carbon dioxide 
enhances the catalytic activity of these systems. Although organo- 
aluminum systems a r e  known to be effective for the homopolymeriza- 
tion of epoxide, they tend to give homopolymer of epoxide even in the 
presence of carbon dioxide. Triethylaluminum-triphenylphosphine 
system gives the copolymer though not alternating [ 121. Nonorgano- 
metallic catalysts such a s  zinc carbonate [ 31 and acetates of zinc o r  
cobalt 1131 a r e  also effective to some extent. 

The copolymerization reaction with organozinc catalyst systems 
is general for epoxides, substituted and unsubstituted. In the cases  
of ethylene oxide and propylene oxide, alternating copolymers with 
carbon dioxide having molecular weights of 50,000- 150,000 may be 
obtained. On the other hand, four- and five-membered cyclic ethers, 
e. g., 3,3-bis(chloromethyl)-oxetane and tetrahydrofuran, do not 
copolymerize with carbon dioxide with the organozinc catalyst 
system. However, the triethylaluminum-water-acetylacetone system 
gave the copolymer of carbon dioxide and oxetane with carbonate as 
well a s  ether linkages [ 141. 

The ring-opening mode of epoxide in the copolymerization with 
carbon dioxide by the diethylzinc-water system has been studied 
in detail. Cyclohexene oxide(cis) when introduced into the copolymer 
chain is converted to trans-diol structure,  indicating the inversion 
of configuration at  the carbon atom where the ring opening takes 
place [ 151. Ring opening of propylene oxide takes place predomi- 
nantly at the methylene-oxygen bond [ 161, while styrene oxide ring 
is cleaved selectively at  methine-oxygen linkage [ 171. Cyclohexyl- 
ethylene oxide 181 and benzylethylene oxide [ 191 behave similarly 
to  propylene oxide. 
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CARBON DIOXIDE-EPOXIDE COPOLYMER 653 

The tacticity of the copolymer of carbon dioxide and racemic 
monosubstituted epoxide remains unknown. In the ternary copolym- 
erization of carbon dioxide, (R)-propylene oxide and (R)- or (S)- 
styrene oxide, both enantiomers of styrene oxide, may be incorporated 
into the same copolymer chain with carbon dioxide and (Rf-propylene 
oxide [ 201. 

The copolymerization reaction is considered to proceed by the 
repetition of the attack of a zinc alkoxide towards carbon dioxide to 
form a zinc alkyl carbonate Eq. (2)1, followed by the reaction be- 
tween the latter and epoxide to regenerate a zinc alkoxide [ Eq. (3)]. 

XHR-CHR'a-Zn- i COZ - -CHR-CHR'-O-C-O-Zn- (2) 
It 
0 

-CHR-CHR'4-C-O-Zn- + CHR- 
It \ 0 /CHR' 
0 

- -CHR-CHR14-C-O-CHR-CHRf-0-Zn- (3) 
I I  
0 

The possibility of the copolymer formation via cyclic carbonate 
may be excluded, since the latter does not polymerize under the 
relevant conditions. 

Thermal degradation of carbon dioxide-ethzlene oxide or carbon 
dioxide-propylene oxide copolymer at  170- 180 C gives the co r re -  
sponding cyclic carbonate in a high yield, while hydrolysis, e. g., in 
boiling water, takes place by random scission [ 211. Carbon dioxide- 
ethylene oxide copolymer is degradable by enzyme pronase [ 221. 
Some other physicochemical properties were reported [ 1, 211. 

ments from our laboratories; (1) nietalloporphyrins a s  a novel 
catalyst system for the polymerization of epoxide and the copolym- 
erization with carbon dioxide, and ( 2 )  synthesis of a polycarbonate 
having hydroxyl group starting from carbon dioxide and epoxide a s  a 
functional polymer. 

In the present paper a r e  described some of the recent develop- 

M E T A L L O P O R P H Y R I N S  A S  N O V E L  C A T A L Y S T  

C O P O L Y M E R I Z A T I O N  
S Y S T E M  F O R  C A R B O N  D I O X I D E - E P O X I D E  

In the course of our studies on the reaction between carbon dioxide 
and organozinc [ 231 or organoaluminum [ 241 compounds, we have 
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6 54 INOUE 

made a very interesting finding that a, & y ,  6 -tetraphenylporphinato- 
(ethyl) aluminum (Ia) reacts  with carbon dioxide in the presence of 
1-methylimidazole only in visible light [ 251. On the other hand, 
tetraphenylporphinatoaluminum methoxide (TPPAlOMe, Ib) r eac t s  
readily and reversibly with carbon dioxide in the presence of 1- 
methylimidazole even in the dark [ 261. Carbon dioxide in this reac-  
tion product is activated enough to react  readily with propylene oxide 
to give the corresponding cyclic carbonate a s  the main product. In 
the absence of 1-methylimidazole, the reaction of TPPAlOMe, carbon 
dioxide, and propylene oxide proceeds more  slowly, the product 
being a copolymer containing both carbonate and ether linkages, but 
not cyclic carbonate. In this connection, some other metalloporphyrins 
have been examined a s  catalyst for the polymerization of propylene 
oxide and the copolymerization with carbon dioxide. The systems 
examined were prepared according to the reactions shown in Eqs. (4)- 
(7). 

( . t i <  
I M e O H /  65 C 

TPPAlOMe 
E t 3 A 1  

H20/100"C - I c  

E t *A1 C 1  
TPPI-12 ) I d  

(6 ) 
FS03Me 

Et Zn 2 > l l a  (6111 

(7 ) 

6 H  5 

8 5  

MTPPH 

Among these, the main component of systems Ic, Id, and IIa are con- 
sidered to be tetraphenylporphinatoaluminum hydroxide and chloride 
and N-methyltetraphenylporphinato (ethyl)xinc, respectively. 
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CARBON DIOXIDE-EPOXIDE COPOLYMER 655 

M o l e c u l a r  W e i g h t  D i s t r i b u t i o n  

Metalloporphyrins examined exhibited catalytic activity for the 
copolymerization of carbon dioxide and propylene oxide, but in some 
cases only the homopolymer of the epoxide was formed even in the 
presence of carbon dioxide (Table 1). These sytems were also 
effective for the homopolymerization of the epoxide (Table 2). 

Carbon dioxide-propylene oxide copolymer and the homopolymer 
of propylene oxide obtained with these catalyst systems a r e  charac- 
terized by the very narrow molecular weight distribution as shown in 
Tables 1 and 2. Fox  example, poly(propy1ene oxide) obtained with 
the system IIa had M w m n  = 1.15, whereas the polymer with diethyl- 

zinc-water (2 : l )  system has Mwmn = 3 [ 281. The system Id gave 
the polymer with Mwmn = 1.10, while diethylaluminum chloride 

gave the polymer with Mwmn = 1.70. 

T a c t  i c i t y  

Poly(propy1ene oxide) obtained with the metalloporphyrin 
catalysts have a much different tacticity from those by usual organo- 
metallic catalyst systems (Table 1). The diethylzinc-methanol (1:2) 
system is  known to give a polymer rich in isotactic sequences, the 
tacticity being described in terms of "enantiomorphic catalyst site 
control" mechanism [ 29, 301. In contrast, the system IIa gave a 
polymer rich in syndiotactic sequences, and the tacticity conforms 
rather to a "growing chain end control" mechanism. While diethyl- 
aluminum chloride gave polymer with head-to-tail a s  well as head-to- 
head (or tail-to-tail) linkages, the polymer obtained with the system 
Id is composed only of head-to-tail linkages (Fig. l), and the tacticity 
conforms to the growing chain end control mechanism, although the 
polymer was rich in isotactic sequences. 

The observed characteristics of these catalyst systems in the 
molecular weight distribution and the tacticity of the polymer a re  
considered to be due to the reaction occurring on the metal isolated 
from others by a rigid planar porphyrin ring. 

F o r m a t i o n  of L i n e a r  a n d  C y c l i c  C a r b o n a t e s  

The copolymerization of carbon dioxide and propylene oxide with 
organozinc catalyst systems i s  usually accompanied with the forma- 
tion of cyclic carbonate. However, the correlation between these 
reactions remains yet unsolved. 
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6 58 INOUE 

la 

l b  

- 1  - 2  - 3  - 4  -5 
ppm from chloroform 

13 FIG. 1. C-NMR spectra of poly(propy1ene oxides) obtained with 
the catalyst system (a)  Id and (b) EtzAlCl, in chloroform at  50°C 271. 

As described above, the reaction of TPPAlOMe (Ib), carbon dioxide, 
and propylene oxide gave a copolymer having carbonate a s  we l l  as 
ether linkages. In this case, however, the formation of cyclic ca r -  
bonate was not observed, a s  indicated by the absence of the corre-  
sponding band (1805 c m - ' )  in the infrared spectrum of the reaction 
mixture (Fig. 2A). 

After lhe removal of unreacted carbon dioxide and epoxide from 
the reaction mixture, followed by the addition of 1-methylimidazole, 
linear carbonate linkage of the copolymer (1750 c m  ' ) was converted 
gradually to cyclic carbonate (Fig. 2B). 
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CARBON DIOXIDE-EPOXIDE COPOLYMER 659 

(A) ( B) 

1900 1800 1700 1600 1800 1700 1600 

Wave Number (cm-’) Wave Number (cm-’) 

FIG. 2. Infrared spectra of the reaction mixture of TPPAlOMe 
(Ib), COz , and propylene oxide: (A) a-e, increase of linear carbonate; 
(B) f-k, increase of cyclic carbonate at the expense of linear carbonate, 
when 1-methylimidazole was added after removal of COz and epoxide. 

Therefore, in other catalyst systems a s  well, there is the possi- 
bility that cyclic carbonate a s  the by-product be formed, at  least 
partly, via the copolymer. 

SYNTHESIS  AND P R O P E R T I E S  O F  
P O L Y C A R B O N A T E S  WITH HYDROXYL G R O U P  

With high concentration of carbonate linkage along the main chain, 
carbon dioxide-epoxide copolymer is considered to have potential use 
a s  a functional polymer. 

Although the possibility of enzymatic degradation of carbon dioxide- 
ethylene oxide copolymer was indicated [ 221, the extent of water 
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660 INOUE 

absorption of carbon dioxide-ethylene oxide or carbon dioxide- 
propylene oxide copolymer is low [ 1, 211, and the synthesis of more 
hydrophilic copolymer is desirable. 

Although the copolymerization of carbon dioxide and glycidol was 
attempted by use of the diethylzinc-water system a s  catalyst, only 
cyclic carbonate was obtained [ Eq. (8)j. 

CHzOH CHzOH 
I ZnEt z/HzO I 

CHz-CH + coz * CHz-CH 
I I 

\ /  
C 
I I  
0 

‘0’ 0 0 

The hydroxyl grou of glycidol was next protected with the t r i -  
methylsilyl group [ 315 [ Eq. (g)]. 

CHzOH CH z OSiMes 
I Et3N I 

+ MesSiCl - CHz -CH CHz-CH ‘ 0’ \O’ (9) 

The protected monomer, triinethylsilyl glycidyl ether, could be 
copolyinerized with carbon dioxide to give alternating copolymer of 
high molecular weight (Table 3). 

The removal of trimethylsilyl group from the copolymer may be 
carr ied out by the addition of HCl/methanol to a benzene solution 
of the copolymer 1 Eq. ( lo) ] .  

CHzOSiMeS CHzOH 
I I 

Hz-CH- 0-C-O 
I I  
0 

III 

x HC1/MeoH - H z -C H-O-C-0 
I I  
0 

The benzene-insoluble product III dissolves in water, methanol, 
and pyridine, but dissolution is accompanied by degradation to cyclic 
carbonate (Fig. 3). The degradation took place also in the solid state 
in nioist atmosphere, a s  indicated by the appearance of infrared 
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1900 1800 1 700 cm- I 

FIG. 3. Infrared spectra of polycarbonate 111 containing hydroxyl 
groups in methanol. 

absorption at about 1800 cm- '  at  the expense of that at 1750 cm- ' .  
Upon heating 111 at about 80°C, a similar degradation was observed 
[Eq. ill)]. 

CHzOH CHzOH 
I I 

I I 
0 0 

CH2-CH-O-C-O - CH2-CH 
II x 
0 

I11 
\ I  

C 
II 
0 

Much easier degradation of I11 compared to carbon dioxide- 
ethylene oxide or carbon dioxide-propylene oxide copolymer may be 
due to intramolecular attack of the pendant hydroxyl group towards 
the carbonate linkage, 

In order to obtain polycarbonate with various amounts of hydroxyl 
group, the ternary copolymerization of carbon dioxide, trimethylsilyl 
glycidyl ether, and propylene oxide was carried out. A s  shown in 
Table 3, ternary copolymer of high molecular weight could be obtained, 
though the reactivity of trimethylsilyl glycidyl ether was  lower than 
that of propylene oxide. 

The treatment of the ternary copolymers with HCl/methanol gave 
the copolymers with various amounts of hydroxyl group. Preliminary 
examination has revealed that the materials of various degradative 
properties may be obtained by such a procedure. Since various 
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functional groups may be introduced at the hydroxyl group (or by the 
direct reaction with trimethylsilyloxy group), these products would be 
useful a s  biodegradable, functional polymer. 
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