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Abstract : Propylene oxide (PO) was used as sclvent for its copolymerization with CQ using zinc gluta-
rate catalyst, producing high molecular weight pelycarbonate in an exceptionally high vield never
achieved befare. Both the PO used as solvent and the excessive CQ are fully recoverable, respectively,
and re-usable for the next batches of their copolymerization, indicating that this is a clean, green polymer-
ization process to fix CQy into the polycarbonate. The product vield was further improved in the large-
scaled copolymerization. Zinc glutarate was prepared through several synthetic routes and, however, one
from zinc oxide exhibited the highest catalytic activity in the copolymerization.

Introduction

Carbon dioxide {C0») and other gases (meth-
ane, nitrous oxide, eic.) in the atmosphere pro-
duce the greenhouse effect, causing the global
warming which may contribute to climate change
including E! Nino phenomenon.”® Levels of CO;
have jumped 30%, nitrous oxide 15% and meth-
ane 100% since the beginning of the Industrial
Revolution in the middle of the 18th century. The
contribution to the climatic warming is estimated
to be 66% from CO:.* Human activities annually
add about 24 billion tons of CO, to the atmos-
phere, with 22 billion tons coming from the burn-
ing of fossil fuels** About 15 billion tons is
removed by plants, the soil, and the oceans, leav-
ing a net addition of 9 billion tons per year*® The
concentration of CG: is therefore increasing at a
rate of 1 ppmv (parts per million by volume) per
year.”” The present day CO: level is 345 ppmv."*®
If the increasing trend continues, the CO: level is
predicted to be very likely triple by the end of next
century.** As listed in Table I, twelve major coun-
tries are responsible for 65.5% of the total CO,
emissions in the world.® Today, all nations are dis-
cussing how to reduce emissions of C(: and other
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greenhouse gasses. In fact, at the Earth Summit
held in Rio de Janeiro in 1992, they have commit-
ted to cutting national emissions of carbon dioxide
to below 1990 levels by 2000° However, the goal
of the climate agreement forged at the Earth Sum-
mit is seen as wholly inadequate and no longer
possible to achieve anyway.” Thus, delegates
from about 170 nations have again tried to seal a
much stronger climate treaty at the International
Climate Change Conference held in Decemnber,
1997 in Kyoto, Japan.

CO. emissions can be reduced by various
approaches”™ : higher fuel efficiency standards,
energy conservation, more windmills, develop-
ment of more fuel-efficient cars, improving the
energy efficiency of home appliances, installation
of electricity-producing solar panels on house
roofs, using more steamn produced by industry to
co-generate electricity, replacing coal-burning
power plants with generators fueled by cleaner-
burning natural gas, and extending the life of
nuclear power plants. The planting of trees is also
a good way to reduce CO; levels. In addition, CO,
capture and utilization or disposal are actively
investigated in several options™ : i) capture with
utilization (capture refers to power plants and
heavy industry like steel industry); ii) capture with
enhanced oil recovery, iii} capture with geological
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Table I. Major Countries to Produce Carbon Dioxide
Emissions””

Carbon Dioxide Emissions

Country - (relative

{million tons) per cent)
United State of America 5475 229
China 3196 134
Russia 1820 7.6
Japan 1126 4.7
India 910 3.8
Germany 833 3.5
England 539 23
Canada 433 18
Korea 370 1.6
South Africa 360 1.5
Mexico 359 1.5
Brazil 239 1.0
subtotal: 15660 65.5
Other countries 8248 345
total: 23908 100.0

storage, including storage under the ocean, and
iv) capture with ocean storage.

Today, CO: is widely used in the food and bev-
erage industry as well as in soda ash production.
It is also used for the production of urea fertilizer,
methanol, carbonates, and other organic chemi-
cals.

Another profitable utilization approach is to
convert CO; resources to polymeric materials and
use them in industrial fields. For example, ali-
phatic polycarbonates can be synthesized from
CO. with cyclic ethers. Aliphatic polycarbonate
was first synthesized with a high molecular weight
in 1969°: poly(propylene carbonate) (PPC)(see
Figure 1}. Thereafter, the synthesis of polycarbon-
ates from CQ. with cyclic ethers has been widely
studied by several research groups®'** However,
they have found that an efficient catalyst is
needed to activate the inherently low reactivity of
CO;. As a result of research efforts, a number of
catalysts have been reported for its copolymeriza-
tions >1***

Catalyst systems reported for the copolymeriza-
tion of CO; with propylene oxide {PO) are listed
in Table 1. The Zns[Fe(CN)]: catalyst gives the
highest yield in the copolymerization, but the
polymer product includes ether-linkages in the
backbone. Therefore, zinc glutarate is the most
effective catalyst to deliver PPC with a reasonably
high molecular weight. However, the copolymer-
ization yield is still limited to at most, 34 g poly-
mer per gram of catalyst. In addition, these
catalysts are heterogeneous catalysts, so that in
most cases of the copolymerization, organic sol-
vents are ermployed as reaction media. Supercriti-
cal CO; was also investigated as a reaction
medium, but the polymer vield was limited to
only 12 g per gram of catalyst™

Table II. Catalyst Systems for Copolymerization of Carbon Dioxide and Propylene Oxide

Copelymerization Condition” Molar
Catalyst System Catalyst Temp. Time Yield e FraCﬁOTl of Ref.
(mol %)° Solvent cC) (h) (/g of cat.) c COzin
opolymer
ZnEty/H,0 4 Thoe 2080 24288 14134 05 9,10
59 none 60 40 12.6 0.5 11
ZnEty/pyrogallol 4 dioxane 35 44 6.4-14.6 0.5 12-14,15,16
ZnEt/pyrogallol/CO, 4 dioxane 35 44 4.3-8.2 05 13
ZnEt,/pyrogallol/PO 4 dioxane 35 a4 3640 0.5 13
ZnEt/pyrogallol/H.0O 4 dioxane 35-80 844 8697 - 16
ZnEtz/pyrogallol/propionic acid 4 dioxane 35 44 28 0.5 13
ZnEty/pyrogallol/acetic acid 4 dioxane 35 44 46 - 16
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Table II. Continued

Copolymerization Condition” Molar
Catalyst System Catalyst o . Yield e Fractiop of Ref.

Solvent Temp.('C) Time(h) (/g ofcat)” COzin

(mol %) Copolymer
ZnEt/pyrogallol/benzonitrile 4 dioxane 35 44 39 - 14
ZnEty/pyrogallol/thiophene 4 dioxane 35 44 26 - 14
ZnEt/pyrogallol/furan 4 dioxane 35 44 25 - 14
ZnEty/pyrogallol/pyridine 4 dioxane 35 44 trace - 14
ZnEty/pyrogallol/triethylamine 4 dioxane 35 44 0 14
ZnEt/pyrogallol/

N-methylimidazole 4 dioxane 35 44 0.31-11 - 14
ZnEt/pyrogallol/phenal 4 dioxane 35 44 2.16 - 16
ZnEt/acetylacetone 4 benzene 20 168 0 9
ZnEty/resorcinol 2.6-4 dioxane 35 40-168 0.49-10.7 - 13,17-19
ZnEtyfresorcinol/CO- 2.6-4 dioxane 35 44 4.3 - 13
ZnEty/resorcinol/PO 2.64 dioxane 35 44 294 - 13
ZnEty/resorcinol/propionic acid 2.6-4 dioxane 35 44 252 - 13
ZnEty/resorcinol/phenol 4 dioxane 35 48 0.4 - 20
ZnEty/resorcinol/

2-phenoxyethanol 4 dioxane 35 48 1.0 - 20
ZnEty/resorcinol/B-naphthol 4 dioxane 35 48 1.1 - 20
ZnEty/resorcinol/methanol 4 dioxane 35 48 29 - 20
ZnEty/

1,6-dihydroxynaphthlene 4 dioxane 35 136 31 - 20
ZnEty/4,4-(3-hexen-

3,4-ylene)diphenol 4 dioxane 35 44 0.8 - 20
ZnEty/pyrocatechol 4 dioxane 35 43 frace - 20
ZnEty/m-methoxyphenol 4 dioxane 35 48 frace - 20
ZnEt/phloroghucinel 4 dioxane 35 44 23438 - 12,13,21
ZnEts/phloroghucinol/CO: 4 dioxane 20 44 3.25 - 13
ZnEty/phloroglucinol/

resorcinol 4 dioxane 35 14 7.3 - 21
ZnEtsy/naphthalenediol 4 dioxane 35 44 0.24 - 12
ZnEt;/methanol 4 benzene 20 20 trace - 9
ZnEtz/ethanol 4 dioxane 35 44 0.43 - 12
ZnEty/propanediol 4 dioxane 35 44 (.05 - 12
ZnEty/n-butanol 4 dioxane 35 44 trace - 12
ZnEty/glycerol 4 dioxane 35 44 trace - 12
ZnEty/1-phenoxy-2-propanol 4 dioxane 35-80 4-44 frace - 16
ZnEts/catechol 4 dioxane 35 48 trace - 17
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Table II. Continued

Copolymerization Condition” Molar
Yield  Fraction of

Catalyst System Catalyst Solvent Temp.(°C) Time(h) (@aof cat)® COzin Ref.
(mol %) Copolymer

ZnEty/4-tert-butylcatechol/phenol 4 dioxane 35 44 0.35 - 16
ZnEty/4-tert-butylcatechol/ ’

1-phenoxy-2-propanol 4 dioxane  35-100 5-44 0.59-14 - 16
ZnEtyrhydroquinone 4 dioxane 66 116 33 - 17
ZnEty/phenol 4 dioxane 35-80 44-168 frace - 16,17
ZnEty/m-methoxyphenol 4 dioxane 35 43 trace - 17
ZnEty/ or-phenylethylamine 5 dioxane 40 68 16 - 10
ZnEt/diethylamine 5 dioxane 25 71 trace - 10
ZnEty/o-aminophencl 4 dioxane 35 44 0.3-1.0 - 12,13
ZnEt;/m-aminophenol 4 dioxane 35 44 0.2-0.4 - 12
ZnEty/p-aminophencl 4 dioxane 35 44 trace - 12
ZnEty/diethylamine 4 dioxane 35 44 trace - 18
ZnEty/m-phenylene diamine 4 dioxane 35 44 0 - 18
ZnEty/o-phenylene diamine 4 dioxane 35 44 23 - 18
ZnEt/thicresorcinol 4 dioxane 35 44 1.04 - 18
ZnEty/thioresorcinol/thiophenot 4 dioxane 35 44 0.71 - 18
ZnEt/ullerol 0.15 - 20-50 - trace - 22
ZnEty/benzoic acid 35 dioxane 35 44 trace - 23
ZnEt/phthalic acid 3.5 dioxane 35 44 0.28 - 23
ZnEty/isophthalic acid 26-35  dioxane 35 39-44 6.6-88 - 19,23
ZnEty/terephthalic acid 2635 dioxane 35 37-44 1.3-34 - 19,23
ZnEty/o-hydroxybenzoic acid 35 dioxane 35 44 0.09 - 23
ZnEt:/m-hydroxybenzoic acid 35 dioxane 35 44 7.7 - 23
ZnEt/p-hydroxybenzoic acid 35 dioxane 35 44 0.58 - 23
ZnEty/L-mandelic acid 3.5 dioxane 35 277 9.8 - 23
ZnEty/acetic acid 35 dioxane 35 44 0.18 - 23
ZnEty/trifluoroacetic acid 3.5 dioxane 35 93 trace - 23
ZnEtyoxalic acid 3.5 dioxane 35 44 trace - 23
ZnEty/succinic acid 3.5 dioxane 35 44 04 - 23
ZnEt/glutaric acid 35 dioxane 35 44 0.064 - 23
ZnEty/adipic acid 35 dioxane 35 44 0.066 - 23
ZnEty/fumaric acid (trans) 35 dioxane 35 44 0.99 - 23
ZnEty/maleic acid (cis) 35 dioxane 35 a4 1.05 - 23
ZnEtyglutaconic acid 35 dioxane 35 14 0.74 - 23
ZnEty/muconic acid 3.5 dioxane 35 44 0.77 - 23
ZnEty/o-methylated

poly(p-hydroxystyrene) 12 dioxane  50-100 3-50 1.0-4.1 - 24,25
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Table II. Continued

Copolymerization Condition® Molar
Catalyst System Catalyst Solvent Temp.(°C) Timeth) ( g/;:l;lfat)c H?:CS;)?“Of Ref.
{mol %) : Copolymer
ZnEt/crosslinked
poly{p-hydroxystyrene) 1.2 dioxane  50-100 3-50 1.0-12.9 - 24,25
ZnEty/poly(styrene-co-acrylic acid} 1.2 dioxane 60-80 14-84 0.6-3.7 - 26
ZnEt/Y-AlOs 14 goene g 15 0309 : 27
g TheREne g 15 0309 . 27,28
14 DMF 60 15 trace - 27
ZnEty/phenclALOs 0.69 n-hexane 70 168 1.33 - 28
ZnEty/1-phenoxy-2-propanol/AlLO;  0.69 n-hexane 70 168 1.26 - 28
ZnE/ALISOq)s 18H0/ CO, 13 - 50 48 93 - 29
ZnEt/Zn(OH)/CO; 0.1-5 - 40 - - - 30, 31
ZnEt/Cr{OH)/CO; 0.1-5 - 40 - - - 30,31
ZnEtz/Cu{OH)o/CO: 0.1-5 - 40 - - - 30,31
ZnEL/Ni(OH)/CO; 0.1-5 - 40 - - - 30, 31
ZnEt/Al(OH}/CO; 0.15 - 40 - - . 30, 31
ZnMe/HS(CH,}.OH 4 dioxane 35 44 trace - 18
ZnCle/y-AlOs 5 none 60 40 142 - 32
ZnCly/glutaric acid 146 none 60 40 1.57 - 32
ZnCly/sodium glutarate 0.66 none 60 40 1.28 - 32
ZnBrafy-ALO; 4 none 60 40 1.04 - 32
ZnBry/Si0, 2 none 60 40 0.73 - 32
ZnBry/Mg(OH}. q none 60 40 2.05 - 32
ZnBr/Al(OH)s 5 none 60 40 0.49 - 32
ZnBri/glutaric acid 1.3 none 60 40 1.69 - 32
Znly/Y-AlOs 3 none 60 40 0.57 - 32
Znly/glutaric acid 49 none 60 40 3.12 - 32
Zn(OAc), 0.7-2 none 25-60 40-70 0.5-3.8 - 11,33
Zn(0ACc)2/Si0; 0.5-1 none 60 40 9.2 - 11
Zn{OAc)»MgQ 0.5-1 none 60 40 5.0 - 11
Zn{OAc) 1-AEO; 0.5-1 none 60 40 6.2 - 11
Zn{OAc)s/glutaric acid 2136 CHLClL 25-85 4 2-10.8 - 32,34
ZnCO4/glutaric acid 21-36 CH:Cl, 25-85 4 1-10.3 - 32,34
ZnCO; 2 none 70 66 0.16 - 10
Zn{OOCCHs): 0.6 dioxane 80 40 7 05 35
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Table 11. Continued

Copolymerization Condition® Molar
Yield  Fraction of

Catalyst System Catalyst o 1 ent Ternp.(°C) Time(h) (¢/gofcat)’ COzin Ref.
(mol %) Copolymer
Zn{OH)y/oxalic acid 2-3 none 60 a0 0.07 - 11
Zn{OH}z/malonic acid 2-3 none 60 40 trace - 11
Zn(OH),/succinic acid 2.3 none 60 40 1.8 - 11
Zn(OH)/glutaric acid 1.9-36 é‘lj;‘glz 2560 2585  4.23.2 05 11,34
Zn{OH)./adipic acid 2-3 none 60 40 7.6 0.5 11
Zn{OH)z/pimelic acid 23 none 60 40 28 0.5 11
Zn(OH)g/suberic acid 2-3 none 60 40 25 0.5 11
Zn{OH)y/sebacic acid 2-3 none 60 40 29 0.5 11
Zn(OH)./
1,10-decanedicarboxylic acid 2-3 none 60 40 4.2 0.5 11
Zn(OH)»/fumaric acid {trans) 3-6 none 60 40 0.3 0.5 11
Zn{OH)z/maleic acid (cis) 2-3 none 60 40 trace 0.5 11
Zn(OH)x/glutaconic acid 2-6 none &0 40 05 0.5 11
Zn({OH)y/tartronic acid 2-5 none 60 40 0 11
Zn(OH]z/benzoic acid 3-6 none 60 40 0 11
Zn{OH)s/o-terephthalic acid 2-3 none 60 40 1.1 0.5 11
Zn{OH)s/m-terephthalic acid 2-3 none 60 40 0.05 - 11
Zn(OH}./p-terephthalic acid 2-3 none 60 40 0.1 - 11
Zn{OH),/
o-hydroxybenzoic acid 23 none 60 40 0.1 - 11
Zn{OH)./
m-hydroxybenzoic acid 3-6 none 60 40 0.3 - 11
Zn{OH)/
p-hydroxybenzoic acid 24 none 60 40 0.2 - 11
ZnOjoxalic acid 14 CH:Cl 85 4 01 - 34
ZnO/malonic acid 14  CH:.Cl 85 4 0 - 34
Zn0y/succinic acid 14 CH:Cl» 85 4 0 - 34
ZnOfgtutaric acid ota (PO anes 54 17342 05 2 32,36,
4.3 CH:Cl; 60 4 53 0.455 38
43 ggﬁ;‘! 60 4 10 0485 38
4.3 l&%‘:‘(‘gﬁ 60 4 16 0.485 38
0.5-43 COo(L) 40-85 4 0-116 0.36-049 38
ZnOjadipic acid 14 CHChL 85 4 7-19 05 34
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Table 1. Continued

Copolymerization Condition” Molar
Catalyst System Catalyst ] . Yield . Fractiorl of Ref
Solvent Temp.(°C) Timeth) (@gofcat) COzin
(mol %) Copolymer
ZnQO/maleic acid 14 CH.Cl; 85 4 0.7 - 34
ZnQ/isophthalic acid/

propionic acid 26 dioxane 35 >30 9.3 - 19
Zn[SSCN(CaHs).]2 2.4 none 60 40 0.04 - 11
Zn[SSCN{C:Hs):2 2-4 none 60 40 0.02 - 11
Zn[SSC{CHs)NCsHs]» 2-4 nene 60 40 trace - 11
Zns[Fe(CN)s]z 0.1-2 none 35 438 44 0.36 39
Zn"(2 6-diphenylphenoxide),-

(diethylether): 0.035 none 80 69 trace - 40
AlEty 4 benzene 20 28 trace - 9,41
AlEty/H 0/

acethyl acetonate 4 benzene 20 18 trace - 9 41
AlEts/pyrogallol 4 dioxane 35 44 2983 0.12-026 14
AlEt:/PPh. 4 benzene 35 Ly 1228 - 41
AlFty/2, 2" bipyridine 4 benzene 35 44 34 - 11
(5,10,15,20-tetraphenyl-

porphinato)aluminum
chiloride/EtPh:PBr (or Et.NBr) 0.625 CH:Cl> 20-25  288.552 <19 0.35 42,43
(cligomer)
(5,10,15,20-tetraphenyl-

porphinato)aluminum

chloride/methanol (or HCI or

water or carboxylic acid) 05 CH:Clz 20-25 48 - 0.35 30, 44

(oligomer}
Co(OAc) 0517 O 2580 70 0824 05 33,3545
Col(DAC) /acetic acid 1.7 dioxane 80 45 0.7-1.0 0.5 45
Co(OAc)/benzoic acid 1.7 dioxane 80 45 0.07 0.5 45
Co(DAc)/CHCICOOH 1.7 dioxane 80 45 04 05 45
Co{0OAc)/CHCL.COOH 1.7 dioxane 80 45 0.35 0.5 45
Co(OAc)/CCl,COOH 1.7 dioxane 80 45 0.14 0.5 45
CdEtz/pyrogallol 4 dioxane 35 44 22 0.5 14
Cr{OAc), 05 none 80 47 21 0.12.025 32,33, 35
Ni{OAc)e 0.5 none 80 130 34 0.16 32, 33,35
Sa(OAC), 0.3 none 80 104 25 0 32, 33,35
Mg(OAc), 1 none 80 144 4.5-10.7 017 32, 33,35
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Table Il. Continued

Copolymerization Condition” ' Molar
Yield Fraction of

Catalyst Sysiem Catalyst ¢ )oent Temp.(°C) Time(h) (@gofcat)’ COzin ftef
(mol %) Copolymer

Mg(n-butyl), 4 ethyl ether 20 21 0 9
Mg-isoprene complex 0.1-3 THF 50 144 225 0.5 46
Mg-isoprene/ammonia 0.1-3 THF 50 30 0.5 0.5 46
Mg-isoprene/ethylene diamine 0.1-3 THF 50 30 0.5 0.5 46

CaZnEts 4 benzene 20 67 0 9
RE(P04)s-Al(i-Bu)y-R(OH), 0.0175 S‘(’fl‘:;’:; 60 17 (13 005015 47
Y (Paoa)s/ ZnEto/glycerine’ 0.13°  toluene 60 6 0.04 - 48
Y(CF.CO,)yZnEt/glycerine 013 VY 60 6 01211 048 48
0.13 toluene 60 6 frace - 48

Y{CF2COz)/ZnEt/PO 0.13° toluene 60 6 trace - 48
Y(CF:CQ:)a/ZnEt, 0.13° toluene 60 6 trace - 48
Y(CF:COs)y/glycerine 0.13° toluene 60 6 trace - 48
Y(CF:CO:)y¥ZnEty/glycerine 0.13° toluene 60 6 frace - 48

NEf; 4 benzene 20 24 0 9

*Pressure of CO; is in the range of 20-60 atm, depending on the research groups.

* Mol% of catalyst with respect to mof of propylene oxide (PO) monomer used: that is, [catalyst] X 100/[PO).

“ Grams of copolymer abtained per gram of catalyst used,

“Benzene, dioxane, and n-heptane.

® Pressure of CO; is 81.7 atm: supercritical fluid of carbon dioxide.

"Pressure of CO; is 98.0 atm: supercritical fluid of carbon dioxide.

?Pressure of CO; is < 81.7 atm: supercritical fluid of carbon dioxide.

JL’Dioxane, methylene chloride, tetrahydrofuran (THF}, n-heptane, and no solvent.

'RE = La, Nd, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Sc¢, and Y: Pzoy = (CHa(CH,):CH(C.Hs)CH,).P(0)0-; R(OH), =
water, methanol, ethylene glycol, propylene glycol, glycerine, 2-prapancl, n-butanol, etc,

/ benzene, THF, ether, 2-butancne, DME cyclohexane, toluene, methylene chloride, dioxane/benzene (1/1), and dioxane /
toluene (4/1}.

kY(sz)a = 0.13 mol% ; ZnEt, = 2.57 mol% ; glycerine = 1.28 mol%. Here, mol% of each catalyst component is
with respect to mol of propylene oxide (PO).

JY(CF3C02)3 = 0.13 mol% ; ZnEf; = 2.57 mol% ; glycerine = 1.28 mol%. Here, mol% of each catalyst component is
with respect to mol of propylene oxide (PQ).

"™Toluene, dioxane, and benzene

"Y(CF,CO:)s = 0.13 mol%: ZnFEt. = 2.57 mol% i PO = 1.28 mol%. Here, mol% of each catalyst component is with
respect to mol of propylene oxide (PO).

“Y(CF:COs)s = 0.13 mol% ; ZnEt, = 2.57 mol% ; Here, mol% of each catalyst component is with respect to mol of
propylene oxide (PO).

PY(CFCOs)s = 0.13 mol% : glycerine = 1.28 mol%. Here, mol% of each catalyst component is with respect to mol of
propylene oxide (PO).

TY(CH:CQ:)s = 0.13 mol% ; ZnEt= 2.57 mol% ; glycerine = 1.28 mol%. Here, mol% of each catalyst component is
with respect to mol of propylene oxide (PO}.
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Here, we report a highly efficient synthetic pro-
cess for the production of polycarbonate from
CO; with PO using zinc glutarate as a catalyst. In
this new copolymerization process, PO is used as
a comonomer as well as a reaction medium, so
that no organic solvent is involved in the copoly-
merization, consequently producing no organic
solvent waste, In this study, zinc glutarate was pre-
pared from four different zinc sources and then
used for the copolymerization. PPCs were synthe-
sized in high molecular weight, and their chemical
structures and properties were characterized.

Experimental

Materials. CO; (purity more than 99.8%) was
obtained from both Aldrich Company and BOC
(Gases Company (Korea). PO was supplied from
SK Company (Korea), and purified by distillation
over calcium hydride under dry nitrogen gas
before use. Other chemicals were purchased from
Aldrich. Organic solvents (toluene, benzene, etha-
nol, 1 4-dioxane, and tetrahydrofuran) and glu-
taric anhydride were purified by usual methods
before use. All other chemicals were used as
received without further purification. However,
zinc oxide (ZnO; purity 99.99%) and zinc hydrox-
ide (Zn{OH)z; >98% purity) were ground using a
mortar to fine powders, respectively, before use.

Preparation of Catalysts. Zinc glutarates
(Cat.1, Cat.2, Cat.3, and Cat.4) were synthesized
by four different methods (see Table IIl). Cat.1
was prepared from ZnO and glutaric acid (GA) as
described elsewhere® GA {purity better than

99%) of 98 mmol was dissolved in toluene (150
mL) in a round bottom flask {250 ml.) equipped
with a Dean-Stark trap and a reflux condenser
with a drying tube. Then, ZnO of 100 mmol as a
fine powder was added to the GA/toluene solu-
tion, followed by vigorous stirring at 55 °C for 4 h.
After being cooled to room temperature, the reac-
tion mixture was filtered and washed with acetone
several times, giving powdery Cat.1. The reaction
yield was estimated from the amount of unre-
acted GA obtained after removal of toluene and
acetone from the filtrate: 98% vyield based on zinc
oxide. In a similar manner, Cat.2 was prepared in
70% vyield from the reaction of equimolar
Zn{OH); and GA in ethanol for 48 h at 60°C.
Cat.3 was synthesized by slowly adding zinc
nitrate {20 mmol; purity better than 98%) in 20
mL of tetrahydrofuran (THF) into 120 mmol of
glutaric anhydride {GAn) in THF (120 mL). Dur-
ing the reaction for 12 h at 67 °C, the byproduct,
nitric acid gas was trapped in a flask filled with
water which was connected to a condenser
attached to the reaction flask with a rubber tube.
Cat.3 was obtained in 100% vyield. Finally, Cat.4
was prepared as follows. GA in 1,4-dioxane was
slowly added with vigorous stirring into equimolar
ZnEt; in 1,4-dioxane at 0°C. After the addition
was completed, the reaction mixture was stirred
continuously for 12 h at room temperature. The
product was filtered and washed several times
with 1,4-dioxane: the vield was 100%. All the
obtained catalysts were dried in a vacuum of 1x
10° torr at 100 °C for 2 days. The dried catalysts

~were ground into the fine powders of 2-3 um size.

Table III. Preparations of Zinc Glutarate from Various Zinc Compounds and Glutaric Acid Derivatives

G compunt Domaive S e Tl )
! (105 rr:nonnor) Gflgusta :;nacﬁl)d (Elg?ﬁ) 55 4 98
2 50 romal) S0 o) 60 a8 70
° Zn((goo;)‘;?)lgzo Glu(t?gg ?T?r:?:ll)ﬁde (11511;1) 67 12 100
4 Commel Gommy oen s oz 1
¢ Tetrahydrofuran.
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Figure 1. Synthesis of poly(propylere carbonate} from
carbon dioxide and propylere oxide.

Copolymerization. Copolymeriations of CO;
and PO (see Figure 1) were conducted using Parr
autoclave reactors (500 mL and 2000 mL capaci-
ties) equipped with a sealed mechanical stirrer
and a programmable temperature controller. Both
the cleaned reactor body and catalyst were dried
at 100 °C for 3 days in a vacuum at 1x10° torr,
followed by charging with dry nitrogen gas just
before transfer. Then the dried reactor body and
catalyst were quickly transferred into the dry
glove box where the reactor head was stored, fol-
lowed by drying further for 4 h under vacuum.
The dried catalyst {1.00 g) was added to the reac-
tor, followed by adding a desired amount of puri-
fied PO with a syringe. Then, the reactor was
capped with the reactor head and the entire
assembly was taken from the glove box. The reac-
tor was pressurized with CCe. Then, the copoly-
merization was catried out at a chosen condition.
After the reaction was complete, unreacted PO
was recovered from the reactor into a flask under
a low vacuum, The polymer product was col-
lected and dried further in a vacuum oven at
room temperature, followed by weighing to deter-
mine gross yield. The dried product was dissolved
in ca. 400 mL of methylene chloride and trans-
ferred to a separatory funnel. The catalyst residue
was extracted from the product solution by add-
ing a diluted hydrochloric acid of ca. 400 mL.
The extraction was repeated three times. The
product solution was subsequently washed twice
with distilled water (ca. 400 mL), and was con-
centrated to a proper volume using a rotary evap-
orator. Then the concentrated solution was
poured into excess methanol. The polymer pre-
cipitate was collected, followed by drying at room
temperature in a vacuum oven. The solvents used
were removed from the filtrate by distillation, giv-
ing the polymer product which was soluble in
methanol.

Measurements. For the catalysts, FT.IR spec-
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troscopic analysis was carried out using an ATl
Mattson FT-IR spectrometer (Research Series II).
Surface areas were determined by the Brunauer-
Emmet-Teller {BET) technique using a Micromet-
rics BET analyzer (ASAP 2010), as described
elsewhere.” Here, nitrogen gas was used as the
absorbed molecule. Thermogravimetric analysis
(TGA) was conducted using a Perkin-Eimer TGA7
thermogravimeter. During the measurement, dry
nitrogen gas was purged at a flow rate of 100 mL/
min and a heating rate of 5.0 K/min was
employed. Wide angle x-ray diffraction (WAXD)
measurements were performed at room tempera-
ture using a Huber 4-circle diffractometer which
was set at the 3C2 x-ray diffraction beam line of
the Pohang Accelerator Laboratory. The wave-
length of x-ray radiation was 1.608 A, All the
measurements were carried out in 8260 mode.
The 28 scan data were coliected at 0.04° intervals
over the range of 4-90° and the acquisition time
was 1.0 sec/step. The WAXD patterns were
deconvoluted in the following manner. An inter-
active curve-fitting technique based on a nonlin-
ear-least-squares estimation algorithm was used
to fit a collection of pseudo-Voight functions and
one linear baseline to the WAXD profile™ For a
deconvoluted peak, coherence length (Lc) was
estimated from its full width at half-maximum
with an instrtumental broadening of 0.15 using
the Scherrer equation.™

For the copolymerization products, spectro-
scopic analyses were performed using the Matt-
son FT-IR spectrometer and a Bruker NMR
spectrometer (ASPECT 300 MHz) with 'H and
“C probes. In the NMR spectroscopic measure-
ments, chemical shifts were calibrated with the
chemical shifts of the solvents used: chloroform-d,
and benzene-ds. Number average molecular
weight (M) and polydispersity of the polymer
product were estimated using a gel permeation
chromatography {GPC) system (Polymer Labs
PL-GPC 210) with a set of 4 columns (Alltech
Jordi 100, 1000, 10000, and 100000 A). The
GPC systern was calibrated with a series of poly-
styrene standards (weight average molecular
weight, M,, = 2800-1260000) with polydispersi-
ties of <1.01 which were supplied by Poly-
sciences Inc. THF (HPLC grade) was used as
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eluent. In addition, intrinsic viscosity [17] mea-
surements were carried out in benzene at 35.0°C
using an Ubbelohde viscometer as described pre-
viously in the literature™**"** All the solutions
were filtered through 0.5 um Fluoropore filters
{Millipore Co.) before measurement. The thermal
stability was measured in a nitrogen atmosphere
by TGA. The glass transition temperature {T,;) was
meastired using a Seiko differential scanning calo-
timeter {DSC-220CU). During the measurement,
dry nitrogen gas was purged at a flow rate of
80 mL/min and a ramping rate of 10.0 K/min was
employed. Mechanical properties of the polymer
films were measured at room temperature, using
an Instron mechanical tester (Mcdel 4206). The
width of sample specimens was 6.0 mm and the
cross head speed was 500 mm/min.

Results and Discussion

Synthesis and Characierization of Zinc
Glutarate Catalysts. For the polymerization,
zinc glutarate was synthesized in four different
ways (see Table Ill). Zinc oxide and zinc hydrox-
ide are insoluble in toluene and ethanol, respec-
tively, so that their glutarate products have been
obtained via slurried reactions with glutaric acid.
On the other hand, zinc nitrate and diethylzinc are
soluble in THF and 1,4-dioxane, respectively.
Thus, their glutarate products were prepared
through homogeneous reactions with glutaric acid
and glutaric anhydride, respectively. In the reac-
tions, zinc glutarate products always precipitated
because of the inherent insolubility in the solvents
used. After the reactions were compiete, the pow-
dery products were filtered and washed several
times with proper solvents, followed by drying
under vacuum. All the zinc glutarate catalysts,
except for Cat.2, were synthesized with very high
yields. However, Cat.2 was obtained in only 70%
vield.

Figure 2 shows the IR spectrum of Cat.1. The
other catalysts revealed IR spectra basically simi-
lar to that of Figure 2. In the IR spectrum, the
coordination characteristics of zinc carboxylate
were apparent : FI-IR (KBr), 1585 em® (COO"
anti-symmetric stretching), 1536 ecm’ (COO" anti-
symmetric stretching), 1405 cm™ (COO™ symmet-

Korea Polym. J., Vol. 7, No. 6, 1999

100

-Wﬂ

= o @
5 8 3

Transmittance{%)
[
?

4000 3500 3000 25Q0 2000 1500 1000 500

Wavenumber {cm'l)

Figure 2. FT-IR spectrum of zinc glutarate prepared from
zinc oxide and glutaric acid.

ric stretching). In addition, CH stretching and CH:
scissoring peaks were observed at 2957 and
1458 cm”, respectively. Here, the vibrational
peaks were assigned in accordance to the results
reported for zinc butyrate.® In contrast, carbonyl
(C=0) stretching of 1697 cm’l, which is a vibra-
tional characteristic peak of glutaric acid and glu-
taric anhydride, was not detected.

For the dried catalysts, surface areas were mea-
sured by the BET technique.”” The results are
listed in Table IV Cat.4 has the highest surface
area, 34.09 m’/g, whereas the others have surface
areas in the range of 19.38-22 43 nf/g. For pur-
pose of comparison, the surface area is in the
increasing order of Cat.1= Cat.3<Cat.2<Cat 4.

Figure 3 shows WAXD patterns obtained from
the catalysts. The diffraction pattern of Cat.1
apparently is identical to those of Cat.3 and
Cat.4, except for some differences in both intensi-
tles and broadness of the diffraction peaks. On
the other hand, the diffraction pattern of Cat.2 is
identical to that of Cat.1 over the range of 4-
30°(28) but some differences are observed over
30-70°. The differences may result from morpho-
logical structure generated by both zinc glutarate
and unreacted zinc hydroxide: as mentioned,
Cat2 was obtained in a relatively low vyield.
These WAXD patterns indicate qualitatively that
zine glutarate has the same crystal structure,
regardless of the synthetic routes. However, both
portion of amorphous halos and broadness of
peaks in the diffraction pattern varied with the
synthetic routes. These indicate that both overall
crystallinity and crystal quality (namely, size and
perfection of crystals) are dependent upon the
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Table IV, Surface Area and X-Ray Diffraction Results of Zinc Glutarates Synthesized

Cat.1 Cat.2 Cat.3 Cat.4
Surface area (m%/g) 19.78 2243 19.38 34.09
X-ray diffraction

Peak g

20 (degree) 12.68 12.67 12.99 12.95

d-spacing (A) 7.28 7.28 7.11 7.13

Lo (A) 376.7 256.8 4278 182.7
Peak b

20 (degree) 22 .50 22.56 23.25 23.25

d-spacing {A) 4,12 411 399 3.95

Lo (A) 4254 2776 258.4 169.5
Peak ¢

28 (degree) 2251 2295 23.25 23.67

d-spacing (A) 4.05 4.04 3.92 3.92

Lc (A) 232.7 2203 238.7 164.0
Peak d

20 (degree) 26.74 26.79 27.58 27.65

d-spacing (A) 3.48 347 3.37 3.36

Le(A) 3161 202.3 2955 131.7

Owerall crystallinity {relative) highest medium high low

synthetic routes. In comparison, the portion of
amorphous halos in the diffraction pattern is in

e © e (A) Zn0+GA (B) Za(OH)+GA
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Figure 3. Wide angle x-ray diffraction patterns of zinc
glutarates prepared from vatious zinc sources and glu-
taric acid derivatives. Measurements were carried out in
the reflection geometry with a synchrotron x-ray radia-
tion source of 1.608 A wavelength.
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the increasing order of Cat.1 < Cat.3 < Cat.2 <
Cat.4, indicating that the overall crystallinity is in
the decreasing order Cat.] > Cat.3 > Cat2 > Cat4.
In the diffraction pattern, four peaks below 30
were selected and then denoted byq, b, ¢, and d
{see Figure 3). For these peaks, L's were esti-
mated from the peak broadnesses using the
Scherrer equation.” The results are summatized
in Table IV. L. values of the peaks g and ¢ are in
the increasing order of Cat4 < Cat.2 < Cat.1
< Cat.3, respectively. On the other hand, L¢ of
the peaks b and d are in the increasing order of
Cat.4 < Cat.2 < Cat.3 < Cat.1, respectively.

From these results, it is suggested that the crys-
tal quality is in the increasing order of Cat.d <
Cat.2 < Cat.3 < Cat.1. Unfortunately, the crystal
structure of zinc glutarate is not yet determined.
Currently, the investigation of its morphology is in
progress in our laboratory. This structural investi-
gation will be published separately in the near
future.

In addition, thermal stabilities of the catalysts
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Table V. Copolymerization of Carbon Dioxide and Pro
Prepared from Various Zinc Compo

pylene Oxide (PO) Using Zinc Glutarate Catalysts

unds and Glutaric Acid Derivatives °

Catalyst Volume Reaction Yield . MAT/PDIC ) T
No. of PO {mL) Time (h} (g per g of cat.)
1 100 40 64.0 143k /343k /2.4 0.988 86.5k
2 100 40 8.8 22k /65k/ 3.0 - -
3 100 40 154 45k / 315k / 7.0 - -
4 100 40 25 11k/124k/11.3 - -
1 160 32 57.0 136k / 345k /25 - -
1 100 24 340 - - -
1 100 16 29.0 - - -
1 24 40 14.5 120k / 355k / 3.0 - -
1 39 40 36.7 138k / 363k /2.6 - -
1 50 40 445 - 0.577 44 1k
1 60 40 458 - 0.905 77.5k
1 75 40 54.6 - 0.746 60.9k
1 150 40 43.7 - 1.243 115.2k
1 200 40 419 - 0.644 50.6k
1 1000 40 7007 210k/265k/1.3 - -

* Polymerization was conducted at 60 °C under 51.5 atm of CO, using 1.00 gram of catalyst.
* Yield of alternating poly(propylene carbonate) insoluble in methanal,

* Measured by GPC calibrated with polystyrene standards.
“ Measured in benzene at 35 °C.
* Estimated using [7] = 1.11x10 (M " (dL/g).

"The Cat.1 of 10.00 g and CO; of 25.7 atm were used for the polymerization.

were examined by TGA. For Cat.1, weight loss
started at 387 °C and then increased drasticaily
with increasing temperature. Similar weight loss
behavior was observed for the other catalysts,
The TGA results indicate that all the zinc glutarate
catalysts are thermally stable up to 387°C.
Copolymerization Using Zinc Glutarate Cat-
alysts. According to the previous studies, 577 454752
both yield and molecular weight in the copoly-
merization depend upon CO, pressure, tempera-
ture, and time. In general, both vield and
molecular weight increase with increasing CQ,
pressure up to 15-20 atm and then became insen-
sitive to further increase. The yield increases with
increasing temperature, but levels off around
60 °C, whereas the molecular weight drops with
increasing temperature. On the other hand, the
vield increases with increasing reaction time up to
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about 40 h and then levels off,

However, the molecular weight also increases
with increasing reaction time, reaches a maximum,
and thereafter decreases with increasing time.

Based on these data, all the copolymerizations
in the present study were carried out at 60°C for
40 h under a CQ, pressure of 51.5 atm.

However, in the present study the copolymer-
izations were conducted in bulk without using
organic solvents (the PO comonomer was always
used in excess). Here, poly(propylene carbonate)
was found to be soluble highly in PO, so that we
believe the excessively loaded PO can play an
important role as the reaction solvent to mix the
reaction medium efficiently during the copolymer-
ization, consequently providing a high product
vield. After the completion of copolymerization,
the excess of PO and unreacted C(: were easily
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recovered and reused in the next batches of the
copolymerization. Consequently, no organic sol-
vent waste was produced.

The copolymerization was conducted using zinc
glutarates prepared from various routes as men-
tioned before. Using each catalyst (1.00 g), the
copolymerization of CQx with PO in excess (100
ml) was carried out for 40 h at 60°C as illus-
trated in Table V. In general, it has been known
that the copolymerization of CQ, and PO is
accompanied by the formation of cyclic propyl-
ene carbonate as a by-product. Thus, after the
copolymerizations, the reaction products were
sampled and the unreacted PO was removed
under a low vacuum, The sampled reaction prod-
ucts were dissolved in CDCl; and examined by
"H-NMR spectroscopy. If cyclic propylene carbon-
ate was formed, its NMR characteristic peaks
should appear : 'H-NMR {8, CDCly), 4.89 (b, 1H,
CH), 4.56 (t, 1H, CH:(a)), 4.03 (t, 1H, CH:(b)),
1.50 {d, 3H, CH:). However, these chemical shifts
were not detected on the measured 'H-NMR
spectra, indicative of no formation of cyclic pro-
pylene carbonate in the copolymerizations.

For each copolymerization, a polymer insoluble
in methanol was obtained with > 99% total vield.
In contrast, the methanol soluble product, which
is poly(propylene etherco-carbonate), was ab-
tained in a very small amount, € 1% of the total
yield. For a typical example, Figure 4 shows 'H
NMR and “C NMR spectra for the methanol
insoluble polymer obtained by copolymerization
using the Cat.1: 'H NMR (8, CDCl), 1.56 (d, 3H:
CHs), 4.20 (2H ; CH-.CH), 5.00 (1H: CH.CH);
“C NMR {8, CsDe), 16.9 (CH,), 70.1 (CH:CH),
73.5 {CH:CH}, 155.7 (OCOOQ). These spectro-
scopic results confirm that the methanol insoluble
polymer is the alternating poly(propylene carbon-
ate) (PPC) which does not contain ether-linkages
on the polymer backbone.

The copolymerization of CO:» and PO was
found to depend strongly upon the history of the
zinc glutarate catalyst used. The polymerization
with Cat.1 produced PPC with 143000 M, and
2.4 polydispersity (PDI, M,/M,, ) in a yield of 64 g
per gram of catalyst. This yield is marked as the
highest value among the copolymerization vields
which have been reported so far. However, the
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Figure 4. 'H NMR and *C NMR spectra of the metha-
nol insoluble copolymer product (that is, alternating
poly(propylene carbonate}) obtained from the copoly-
merization of carbon dioxide and propylene oxide: (top),
'H NMR spectrum; (bottom), **C NMR spectrum.

other catalysts provided PPCs of relatively low
molecular weight and large polydispersity in a low
vield of 2.5-15.4 g per gram of catalyst.

In comparison, Cat.1, which exhibits a rela-
tively low surface area but the relatively highest
crystallinity, was more effective in the copolymer-
ization, delivering high molecular weight PPC in
an exceptionally high yield. In contrast, despite
the largest surface area Cat.4 with the lowest crys-
tallinity was not effective for the copolymeriza-
tion, resulting in low molecular weight PPC in a
very low vield. Therefore, for the copolymeriza-
tion, the catalytic activity of zinc glutarate seems
to be attributed primarily to the morphological
structure (which includes crystallinity and crystal
size and perfection) rather than the surface area.
In conclusion, the zinc glutarate, which was syn-
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thesized from ZnO and GA, is the most active cat-
alyst for the copolymerization of CO and PO,

To cut down the reaction time, the copolymer-
ization with Cat,1 was performed for varying
reaction time over 16-40 h under a CO; pressure
of 51.5 atm and a fixed temperature of 60°C,
The results are summarized in Table V. Qverall,
the polymer vield increases with increasing reac-
tion time and then reaches the highest vield, 64 g
per gram of catalyst at 40 h. Consequently, the
reduction of reaction time to below 40 h brings a
sacrifice in the polymer vield.

Using Cat.1 (1.00 g) exhibiting the highest cata-
lytic activity, the copolymerization of CO, with PO
was carried out with variation of the loading of
PO comonomer. Here, all the copolymerizations
were conducted for 40 h at 60°C under a CO,
pressure of 51.5 atm. As illustrated in Table V, the
polymer vield increases with increasing PO load-
ing and then reaches a maximum at loading of
100 mL. Thereafter, the yield decreases slightly
with further increase. For all the copolymeriza-
tions with various PO loadings, PPCs were
obtained with a high molecular weight. In conclu-
sion, it has been found that in the copolymeriza-
tion, the highest yield is achieved by loading 100
mL PO per gram of catalyst.

As described above, PPC with a high molecular
weight and a narrow polydispersity was obtained
in an exceptionally high vield (up to 64 g per
gram of the catalyst), using excessive PO comone
mer as a reaction solvent in the polymerization.
This is a great achievement in the research and
development of utilization or fixation of CO,
resources, including man-made byproducts and
natural resources, In addition, this CQ fixation is
a clean, green process to produce PPC because
both CO; and PO are used first to rnake their
polymers and the unreacted monomers are fully
recovered without any contribution to the global
warming.

As an alternative approach, the utilization of
supercritical CO; as a reaction solvent was
recently investigated for the polymerization of
CO: and PO with the zinc glutarate catalyst?
However, PPC was obtained in a relatively low
vield of < 11.64 g per gram of catalyst and cyclic
propylene carbonate, as a byproduct, was addi-
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tionally synthesized in a vield of < 14% of the
total reaction products. This result suggests that
supercritical CO, is not a good solvent for its
copolymerization with PO, In fact, it is very diffi-
cult to examine directly the solubility of PPC in
CO;. Thus, carbon disulfide (CS;), which is
known to have chemical properties similar to
CO;, was chosen as a substitute for CQ,, and
used as a solvent for PPC. However, PPC was
not soluble in CS,. Based on the insolubility of
PPC in CS;, it is expected that PPC is not soluble
in CO;. Therefore, it is suspected that the low
copolymerization vield is attributed to the poor
solubility of PPC in supercritical CO, during the
copolymerization, In contrast, PPC is highly soly-
ble in PQ, leading to a polymer with a high
molecular weight in a high vield,

The copolymerization was attempted in 1000
mL. of PO keeping a ratio of 100 mL PO/gram of
catalyst, using a 2000 ml pressure reactor. The
results are shown in Table V. In the larger process,
CO: could not be pressurized to 51.5 atm which
was employed for the relatively small scale of
copolymerization using a 500 ml. pressure reac-
tor. The CO, pressure was only 25.7 atm. How-
ever, their polymerization was very successful,
producing 700 g of PPC: the vield was 70 g per
gram of catalyst. The molecular weight was also
enhanced and the polydispersity was narrowed,
compared to those of PPC prepared from copoly-
merization on a small scale.

Properties. The obtained PPCs were amor-
phous at room temperature as reported previ-
ously in the literature The glass transition
temnperature (T,) was measured to be 38°C, while
the thermal degradation temperature (T,) appear-
ed at 252°C under a nitrogen atmosphere. A
density of 1.27 g/cm® was measured at 25°C by
the density-gradient column technique. Reason-
ably good mechanical broperties were obtained :
1.9 GPa Young's modulus, 29 MPa tensile
strength, and ca. 2% strain at break, Considering
these properties, the PPC may have potential
applications in industry as binder resins, substi-
tutes of thermoplastic polymers (for example,
polyethylene and polystyrene), and hydrolytically
and/or biologically degradable polymers.
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Conclusions

Zinc glutarates were synthesized from various
zinc sources and glutaric acid derivatives and their
catalytic activities were examined for the copoly-
merization of CO, and PO. It turns out that zinc
glutarate from zinc oxide and glutaric acid was
found to be the most active catalyst. The catalyst
was determined to have a relatively high crystal-
linity and low surface area. Thus, the catalytic
activity seems to be attributed to its morphologi-
cal structure rather than the surface area.

Using zinc glutarate synthesized from zinc oxide
and glutarate, we have demonstrated the synthe-
sis of PPC with a high molecular weight in a rela-
tively high yield, 64-70 g polymer per gram of the
catalyst, using the excessively loaded PO mono-
mer as the reaction solvent in the polymerization.
The formation of PPC copolymer with a high
molecular weight and a high vield was confirmed
in a scaled-up copolymerization process using a
2000 mL of reactor. The high polymer yield
achieved in the present study is marked by the
highest vield among all the polycarbonate yields
reported so far: that is, the polymer vield of this
study is twice as much as the maximum vield
(34 g polymer per gram catalyst} reported previ-
ously. The results confirm that the excessively
loaded PO, which is a good solvent to PPC, plays
an important role to improve the efficiency of
mixing the reaction medium during the copoly-
merization and consequently to enhance the
polymerization yield. In comparison, for this
copolymerization the excessively loaded PO is a
better reaction medium than any other solvent
appeared in the literature.

In the copolymerization process, both unre-
acted CO; and PO are fully recovered after the
completion of reaction and then reused for next
batch of the copolymerization process.

The polymers showed a T, of 38°C, a T, of
252°C, a density of 1.27 g/en’, and reasonably
good mechanical properties : 1.9 GPa Young's mod-
ulus, 29 MPa tensile strength and ca. 2% strain at
break. Based on the properties, the PPC copoly-
mer is considered to have potential applications
in industry as binder resins, substitutes of thermo-
plastic polyolefins, and degradable polymers.
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