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Polyketones : Alkene-Carbon Monoxide Copolymers

« ]
Paveena Khansawai

Introduction

Polyketones are linear copolymers of
alkene and carbon monoxide. The first example was
reported in 1964 by Mortenson, who prepared
random ethene-carbon monoxide and ethene-propene-
carbon monoxide copolymers using diethyl peroxide
as an nitiator. Later, the free radical initiated
copolymerisation was described in 1950 by Brubaker
using a variety of alkenes such as ethene, propene,
l.3-butadiene, tetrafluoroethylene and vinyl acetate
as co-monomers. Since then considerable interest
in polyketones has developed for several reasons.
Firstly, carbon monoxide is an inexpensive
monomer which cannot usually be polymerised to a
homopolymer, but can be copolymerised with
alkenes. Secondly, polyketones are more photode-
gradable than the corresponding polyalkenes
because the carbonyl groups in the polymer
backbone can absorb ultraviolet light and induce
scission of the polymer chain. Thirdly, their
excellent chemical resistance, physical, mechanical
and barrier properties place them in the broad class
of materials known as Engine&ring thermoplastics
which are widely used in industrial, automotive,
appliance and electrical applications. Finally, the
reactive carbonyl groups provide the opportunity for
modification thus affording access to other classes

of functionalised polymers.

Perfectly alternating polyketones of carbon
monoxide, ethene and propene have recently been
put on the market by Shell under the trade name of
Carilon. Also, BP Chemicals is manufacturing

polyketones on a pilot-plant scale.

Polyketone Formation

Polyketones can be produced by using
free radical initiators, Y-rays or transition metal
compounds. The structure of the resulting polymer
depends on the method employed. They can be
divided into two broad groups: random polyketones
containing less than 50 mol% of carbon monoxide
(Figure 1) (x < 0.5, y > 0.5) and alternating
polyketones containing 50 mol% of each monomer
(x =y = 0.5). Early work in this area mainly
mnvolved the random copolymers, while in the last
20 years more attention has been paid to the
synthesis, properties and reactions of the

alternating copolymers.

I
CH—CH
X y

O
]|
C

Figure 1 Structure of alkene-carbon monoxide

copolymers
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Random alkene-carbon monoxide copolymers

Random polyketones, having a carbon
monoxide content less than 50 mol%, have been
obtained mainly via free radical polymerisation or,
occasionally, initiated by 7Y-ray irradiation. The
process can be carried out in bulk or in an inert
solvent such as benzene, cyclohexane or other
aliphatic hydrocarbons.

The first random polyketone was prepared
by free radical copolymerisation of alkenes (ethene
and propene) with carbon monoxide (Mortenson,
1946). In a subsequent paper by Brubaker (1950)
a variety of alkenes such as ethene, propene,
1,3-butadiene, vinyl monomers (CH =CHR; R = Cl,
OAc, CN) and tetrafluoroethylene were used.
In addition, terpolymers of carbon monoxide,
ethene and a second alkene such as propene,
isobutylene, butadiene, tetrafluoroethylene and vinyl
acetate were also prepared (Figure 2). Various
peroxides, hydroperoxides and even oxygen have
been used as initiators. In a subsequent paper,
Brubaker et al. (1952) described in detail their
procedure for the free radical polymerisation of
carbon monoxide and ethene. The polymerisations
were carried out under high pressure (103 MPa) and
at high temperature (120-165 C) using di(tert-butyl)
peroxide as a typical initiator. Random polyketones
with molecular weights of up to 8000 were
obtained. The molecular weight and the percentage
of carbon monoxide in the copolymer were found to
depend on the temperature and pressure used and on
the composition of reaction mixture. The carbon
monoxide content in the polyketone increased with
increasing total pressure and concentration of
carbon monoxide in the reaction mixture, but
decreased with increasing temperature. By increasing

partial pressures, carbon monoxide incorporation

approached the limiting value of 50%. However, In
all cases the resultant polyketones had random
structures with the carbon monoxide content being

always less than 50%.

&7 T 1T R
|
CH,—CH,+—CH,—CH

O=0

d

Figure 2 Structure of alkene-carbon monoxide

terpolymers

Y-Rays induced copolymerisation of
carbon monoxide with ethene was first reported
in the 1960s (Colombo et al., 1966; Russo and
Murani, 1967). The procedure i1s similar to that
using free radical initiators, but can be carried out
at lower temperature (20°C rather than 120-165 C).
A copolymer product containing 41 mol% of carbon

monoxide with a molecular weight of greater than

20000 was observed.

Alternating alkene-carbon monoxide
copolymers

The first example of an ethene-carbon
monoxide alternating copolymer was reported in 1951
by Reppe and Magin, who used a nickel(Il) catalyst
in water at 100-200°C and 200 atm. In the 1970s,
a number of group VIII transition metal compounds
were found to catalyse the copolymerisation of
alkenes and carbon monoxide. The original
transition metal catalyst systems employed either
Ni(IT) and Pd(IT) cyanides, i.e. Ni(CN) , [Ni(CN)q]‘E'
/acid (acid = CF}COIH, p—CHjCﬁH‘*SO}H) (Fenton,
1970), Pu::I(CN)2 (Fenton, 1978), Pd(CN)EfRCOEH
(R = CHCIE, CHICI, CFH), HPd(CN)3 (Nozaki, 1975),
or neutral tertiary phosphine complexes of Pd(Il)
such as Pd(PPh3)4 and (l:’lz‘h?;)th:iClE (Nozaki, 1972).
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These catalysts were effective at 100-140 C and
pressures of 5.5-12.4 MPa.

Sen and Lai (1982, 1984) showed that the
copolymerisation can be carried out under mild
conditions (25 C and pressure as low as 2 MPa)
in non-coordinating solvents such as chloroform
and dichloromethane using a series of cationic
Pd(Il) catalysts, [Pd(PPh})"(CH}CN)H]I{BFJ}E
(n = 1-3). The resultant polyketones were high
melting solids (>200 "C) and have a perfectly

alternating structure.

The mechanism proposed by Lai and Sen
(1984) for the copolymerisation of alkene and
carbon monoxide is shown in Scheme 1. It involves
the alternate insertions of the alkene and carbon
monoxide into a palladium-carbon bond. In the
proposed mechanism, the insertion of carbon
monoxide into the palladium-alkyl bond is favoured
over the insertion of alkene, due to the higher
binding ability of carbon monoxide. On the other
hand, the insertion of carbon monoxide nto
palladium-acyl bond has never been observed and

insertion of the alkene i1s favoured.

O O O
Pd‘/\\EO-PdJ\/Eﬁim/\/”\/EQ. JWK\
O

n

l CsHy4

2 " . mJ\/\’(\)k/‘c_om/\/k/\(\
] O O

Scheme 1 Mechanism for the copolymerisation of ethene with carbon monoxide

A great advance in the application of
Group VIII-transition metal catalyst systems for the
production of perfectly alternating copolymers of
carbon monoxide with alkenes was accomplished in
the 1980s when Drent (1985) and van Broekhoven
(van Broekhoven and Drent, 1987; van Broekhoven
et al. 1988) at Shell discovered that the replacement
of monodentate ligands by a bidentate ligand,
together with the presence of a strong acid, resulted
in a significant rate enhancement. The new catalysis
systems consist of three components: (1) a
palladium salt of a carboxylic acid such as Pd(OAc}?_,
(2) a bidentate ligand, R' R°"MZMR'R* where M = P,

As or Sb, Z i1s a divalent organic group containing
> 2C in the bridge and R'-R* are hydrocarbon
groups, e.g. PPh](CHE)HPPhj, and PPhE(CHEJEPPhE,
(3) an anion of an organic acid with pKa < 2, B
p- CHECﬁHdsﬁsl-l and CF3COEH. The use of
chelating bidentate ligands, especially 1,3-
bis(diphenylphosphino)propane accounts for the high
copolymerisation rates and long catalytic life times
(Drent et al., 1991). A standard high productivity
catalyst is typically formed in situ by the reaction
of Pd(Il) salts, 1.e. [Pd(OAc}j], with a bidentate
phosphorus chelating ligand, in the presence of a

strong nonhydrohalogenic acid, i.e. p-toluenesulfonic
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acid or trifluoroacetic acid. The active complexes of
such catalysts are bidentate palladium complexes
with phosphorus ligands which are believed to have
a structure as shown in Figure 3 (Sommazzi and
Garbassi, 1997). Buijsingh and Lindhout at Shell
(1993) also reported a similar catalysis system, Pd
acetate/1,3-bis[bis(2-methoxyphenyl)phophinopropane
/trifluoroacetic acid, for polymerisation of carbon

monoxide with ethene.

X = p—CH}ChH4501' or CF}CO;
R = H or CH30

Figure 3 Structure of high productivity Shell

type catalyst

In a recent paper, Koid and Barron (1996)
reported that the alternating polyketones could be
produced under mild conditions (60°C, 100-400 psi)
using either (dppp)Pd(OAc)  or (dppp)Pd[CO'Bu]Cl
in the presence of the ftert-butyl alumoxane
[(r-Bu)AlO]ﬁ as a co-catalyst, [dppp = 1,3-
bis(diphenylphosphino)propane]. Terpolymers,
[RCHCHECO]m[CHECHECO]H, were also prepared
using l-octene or 4-phenyl-1-butene in addition to
ethene and carbon monoxide. The maximum level
of incorporation of a second olefin is m:n = 1:24
(~4%) and this was attributed to the steric hindrance

of the substituted olefin.

Properties and Applications of

Polyketones

Polyketones are new thermoplastic
materials with interesting properties. Among these
are a strong ngidity, high impact strength, good
chemical resistance to acids, bases and solvents,
as well as high resistance and stability against
electrolytic corrosion. Polyketones are therefore
considered to be superior in some respects 1o
polyolefins, polyamides and polyacetals (Sommazzi
and Garbassi, 1997; Ash, 1995).

The chemical resistance of polyketones
can be attributed to their low solubility in many
common organic solvents because of their high
crystallinity. They are only soluble in solvents
having high polarity and acidity like m-cresol,
o-chlorophenol, hexatluoroisopropanol, and in strong
acids such as trifluoroacetic acid. Their excellent
barrier properties to hydrocarbons and gases make
them attractive for applications which require
combined chemical resistance and low permeability,
together with high mechanical resilience and
abrasion resistance.

Polyketones also have potential in
food-packaging applications and are reported to
satisfy food-preservation requirements. Their high
impact resistance, dimensional stability under
heating, compatibility with other polymers used
in food packaging, e.g. nylon, polycarbonate,
ethylene-vinyl alcohol copolymers, and the barrier
properties are similar to those of poly(ethylene
terephthalate) (PET), which is widely used for
manufacturing bottles for mineral water and
carbonated drinks. Their high melting temperature

(E-CO copolymer T = 250°C) may also lead to
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applications in the automotive industry, e.g. parts of
vehicles that are in permanent or temporary contact
with fuel above room temperature.

Polyketones are more photodegradable than
the corresponding polyalkenes because the carbonyl
groups in the polymer backbone can absorb
ultraviolet light and induce scission of the polymer
chain by Norrish type I (1) and type 11 (2) processes
(Scheme 2) (Xu and Chein, 1993; Kuzina et al.,
2000). Photolysis of polyketones 1s reported to
result in weight loss, crosslinking and the formation

of hydroxide and terminal vinyl groups. At room

g
wwe CH C CH hv
ZHCl:H.-' HCH/ ‘-n.cm —_—
1
CH; O
Hi
0 CH,
e CH : CH hv
IE(EH.# MCH{ H?“ s
i
CH; O
' -
wee CH C.
2"“fl:h[--" ScH, + PG
CHs O
5
wove CH
CHj

temperature, chain cleavage can be induced by UV
radiation and follows Norrish type II process with
the formation of methyl and vinyl end groups.
Since the Norrish type Il reaction requires the
presence of 7Y-hydrogens, the alternating
polyketones which lack these hydrogens, e.g.
ethene-carbon monoxide alternating copolymers,
are substantially more stable towards photolysis at
room temperature. At elevated temperature, the
acyl radicals formed in the reaction (1) are expected
to decarbonylate with evolution of carbon

monoxide.

?H
- CH-—{? — (I:Hz
(EH} CH,-CH_

Scheme 2 Norrish type 1 (1) and type 1l (2) processes
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Polyketones, both random and alternating,
have two reactive sites, i.e. the Ol-methylene
and carbonyl groups (Figure 4). However, the
alternating polyketone has two significant
attractions over the random polyketone. Since
carbon monoxide cannot be homopolymerised, the

alternating polyketone comprises the highest

carbony! group

possible concentration of carbonyl groups in the
polymer backbone. Additionally, the carbonyl groups
in the alternating polyketones can either react as
1,4-dione units or as isolated ketone groups.
In particular, the regular 1,4-dione unit in the
alternating polyketone can lead to incorporation of

heterocyclic components in the polymer backbone.

a-methylene group

Ne

1,4-dione unit

Figure 4. The reactive sites of alternating ethene-carbon monoxide copolymer

Derivertisation Reactions

Because of the reactive carbonyl groups,
the polyketones, both random and alternating
polyketones, provide excellent starting materials
for preparation of other types of functionalised
polymers. Historically, early work concentrated on
random polyketones, but recently there has been

a particular interest in alternating polyketones.

Reactions of random polyketones

More than twenty types of functionalised
polymers such as polyalcohol (1) (Morishima et al.,
1973), polycyanohydrin (2), polyethylene dicarboxylic
acids (3), polyoxime derivative (4) (Brubaker et al.,
1952), polyamides (5), tetrazole derivatives (6) (Michel
and Murphey, 1961) and poly(primary amine) (7)
(Coffman et al., 1954). have been produced starting
with the random polyketones. Some of these are
shown in Scheme 3. Typical reactions of the
random polyketones are associated mainly with

the reactivity of isolated carbonyl groups.
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Scheme 3 Some reactions of random polyketones

Reactions of alternating polyketones

The carbonyl groups in the alternating
polyketones can react as isolated carbonyl groups,
1,4-dtone units and 1,4,7-trione units. Examples of
such reactions are outlined below and in Schemes

4 and 5.

Reactions of the isolated carbonyl groups

Polydioxolane derivatives (8) have
been prepared by acid catalysed condensation of
alternating ethene-carbon monoxide copolymer
(E-CO) and ethene-propene-carbon monoxide
terpolymer (EP-CO) with 1,2-diols (Green et al.,
1994). These polydioxolane derivatives have also
been used as starting materials for preparing

dithiolane-, dithiane- and oxathiolane-containing

polymers [(9), (10), (11)] via transketalisation by
reacting with ethane-1,2-dithiol, propane-1,3-dithiol
and 2-sulfanylethanol, respectively. Because direct
condensation of the alternating E-CO copolymer with
| ,2-dithiol and 1,3-dithiol is unsatisfactory and the
resultant polymers are insoluble, this is attributed to
crosslinking.

Polyketoximes (12) have been prepared
by oximation of the alternating E-CO and EP-CO
copolymers with hydroxylamine under neutral
conditions (Lu et al., 1996). The reaction occurred
exclusively at the individual carbonyl groups and
the resultant polymers exhibited a high conversion
of the carbonyl groups to ketoximes. These
polyketoximes showed much improved solubility and

moderate thermal stability.
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HS(CH;);SH | | HS(CH,);SH
TsOH TsOH
(8)
) J R
></K\ HOCH,CH,0H )</]\
TsOH J
. n 2 n
(10) 9)X=Y=S
7’/ (11)X=S,Y=0
HS(CH;);SH 1 HS(CH;);SH
AL
n H; / Raney nickel
NHHV \ -
or LiAlH;
NOH R OH R |
/K)\\ /]\/l\\
In ' n
(12) (13)

Scheme 4 Some reactions of the isolated carbonyl groups

Polyalcohol derivatives (13) have been
prepared from the alternating E-CO and P-CO
copolymers by catalytic hydrogenation with Raney
nickel catalyst or reduction with a metal hydride
(XYH4 where X = Li, Na or K and Y = Al or B)
(Wong et al., 1989; Lommerts and Sikkema, 2000).

The catalytic hydrogenation 1s carried out by using
hydrogen and Raney nickel catalyst in THF at 60 C
(Jiang et al., 1994). Under these conditions, 60%
of the carbonyl groups were reduced. Furthermore,
using a more powerful reducing agent (LiAlH4, at
room temperature) 85% of the reduction of the

carbonyl groups was achieved.

Reactions of 1,4-dione units

Poly(ethylene-2,5-thiophenediyl)
derivative (14) has been prepared from the
alternating E-CO copolymer using Lawesson s
reagent or phosphorus pentasulfide (Jiang et al., 1994).
About 15-75% of the carbonyl groups were

converted to thiophene units.
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Lawesson's reagent
or PsSs

(14)

Lawesson's reagent:

2,4-bis(4-methoxyphenyl)-1,3-dithia-

2,4-diphosphetane-2 4-disulfide

S
IS,
CH30 —{ )P o E—Q— OCHj
S

(16)

R'= n-Pr, n-Bu,
n-CgH 3,
Ph, Bn

Scheme 5 Some reactions of 1,4-dione units

The alternating P-CO copolymer has been
modified to poly[propylene-(3-methyl-2,5-furandiyl)]
(15) by using phosphorus pentoxide in chlorobenzene
under nitrogen atmosphere at 115-135 C (Jiang
et al., 1994). About 70-90% of the carbonyl groups
were converted to furan units.

Poly(ethylenepyrrole) derivatives (16) have
been produced by condensation of the alternating
E-CO, CO-styrene and CO-(p-tert-butyl)styrene
copolymers with primary amines (RNHE, R = i-Pr,
t-Bu, n—CEHH, Ph, PhCHE, p—ClCﬁHd, p—MeCﬁHd)
upon boiling under an inert atmosphere (Sen et al.,

1989; Chen et al., 1989). Typically 86% of the

carbonyl groups were converted to pyrrole units.
Poly(ethylenepyrrole) derivatives were found to

become electronic conductors upon doping with

lodine (Jiang and Sen, 1992)

Reaction of 1,4,7-trione units

A polymer containing a unique
spirofused group [1,2,7,8-tetraazaspiro[5.5] undecane]
in the backbone has been prepared from the
alternating E-CO copolymer by reacting with
hydrazines in methanol at 60 C (Scheme 6) (Sen
et al., 1989). Almost 100% of the carbonyl groups
reacted. The resultant polymers showed superior

solubility when compared with the starting copolymer.
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R = H, CHj
Scheme 6 Reaction of trione unit with hydrazine
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#include <stdio.h>
#define MaxSize 40
struct Stack {

int data[MaxSize];
int Eop;
};

typedef struct Stack Stack;
void push(Stack * ps, int x);
int pop (Stack * ps, int * Xx);
int isOverflow(Stack s);
int isEmpty (Stack s) ;
void main{() {
int d=0, t=0;
Stack s;
s.top =
push(&s, 5);
push(&s, 3);
push (&s,2) ;
while (! isEmpty(s)) {

_1;

t = popl(&s, &d) ;
if (t==-1)
printf ("End\n") ;
else

prantf(rsaxnv ., qa) ;
} /*end while*/
} /*end main */

void push(Stack * ps, int x) {
if( isOverflow(*ps))
printf ("Stack Overflow") ;
else { ps->top++;
ps->data[ps->top] =

)
} /* end push */

A i

int pop (Stack * ps, int * x){
if (ps->top == -1)
return -1;
*x = ps->data(lps->topl]l;
ps->top--;
return 1;

} /* end pop*/

int isEmpty (Stack s) {
return (s.to -1) ;

} /* end isEmpty*/

int isOverflow(Stack s) {

return (s.top MaxSize) ;

)
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//File name: Stack.java
public class Stack{
public Stack(){ //comnstructor
top = -1;
data = new int [MaxSize];
}
public void push(int x) {
if (top < MaxSize-1)
data[++top] = x;
else
System.out.println (
"Stack Overflow\n") ;
} //end push
public int pop()
if (isEmpty()) {
System.out.println(
"Stack is empty.");
return Error;

}

return datal[top--1];
} //end pop
public boolean isEmpty () {
return (top == -1);
} //end isEmpty
private final int MaxSize=40;
private final int Error = -9;
private int []data;
private int top;
}; //end class

//File Name: StackTest.java

class StackTest {

public static void main/(
String[] args)

{

System.out .println(
"Stack class Testing");

Stack s= new Stack();

s.push (5) ;

s.push(3) ;

s.push(2);

s.push(l);

while (! s.isEmpty())

system.out.println

| R | SRS E-Pﬂp{}] ;

} //end main

} //end class
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Animal myPet;

myPet = new Cat();
myPet.speak(); //output
myPet = new Dog():
myPet.speak(): // output

14

bl
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11
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Abstract

The hydrogenation of polyisoprene using p-toluenesulfonylhydrazide (TSH) as a reagent in xylene
was studied. Irganox 1010 was also used as an antioxidant to deminish a side reaction. The effects of
reaction times, concentration of TSH and temperature on the degree of hydrogenation were investigated. The
degree of hydrogenation of hydrogenated polyisoprene was determined by a nuclear magnetic resonance
spectrometer (‘'H NMR). It was found that the degree of hydrogenation increased with reaction times,
concentration of TSH and temperature of the reaction. The hydrogenation reaction was completed after 3
hours with [TSH]:[C=C] of 5:1 at 140°C. Rate equation can be expressed as rate = 0.1756 [TSH] " mol/l-hr.
In addition, the activation energy of hydrogenation of polyisoprene is 53.61 kJ/mol. Molecular weight of
polyisoprene and hydrogenated polyisoprene were determined by gel permeation chromatography (GPC).
It was found that molecular weight of hydrogenated polyisoprene decreased after hydrogenation due to the

chain scission activated by co-product, p-toluenesulfinic acid.
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Abstract

Thermal properties of some organic materials were analyzed by differential scanning calorimetry
(DSC). Optimum conditions for recognizing any phase change and/or chemical interaction of a solid sample
under the influence of heat from room temperature up to 300°C were obtained. It was found that cholesterol
(1449 * 0.57 C), non-dairy cream (199.9 & 1.23°C), white refined sugar (181.8 & [].SQQC) and different
kinds of typical starch (from 191.7 + 1.48 to 1959 £ 2.50 C) exhibited an intrinsic single endothermic peak
with various melting temperatures and their enthalpy changes were found to be 64.5 + 2.04, 109.6 + 1.24,
120.3 *+ 3.76 and from 182.7 * 2.20 to 200.0 £ 1.15 J/g, respectively.
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Abstract

Studies were conducted on tissue culture of Kaempferia galanga L. and the component of its
essential oils. Shoot buds were cultured on Murashige and Skoog (MS) medium supplemented with benzyladenine
(BA) at 0, 3, 6 or 9 mg/l. The medium with 9 mg/l BA gave the highest average number of leaves/plant
(6.5), shoots/plant (4.3) and shoot length (3.34 cm). GC-MS analysis of the essential oil obtained from
water distillation of the leaves derived from tissue culture revealed that it mainly contained ethyl

3-(4-methoxyphenyl)-2-propenoate (57.96%), methyl hexadecanoate (3.52%), borneol (2.89%) and

methyl octadec-8-enoate (2.53%).
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Abstract

This research was the first cytogenetic study of Javan pond heron (Ardeola speciosa) in Thailand.
Six specimens of birds were obtained from Khoa Kheow Open Zoo. Blood samples were collected from the
birds and lymphocytes of the whole blood were cultured in the RPMI 1640 medium at 41°C for 72 hours.
The results showed that the Javan pond heron has the chromosome number of 2n = 52%. The chromosomes
have 2 sizes. Twelve pairs of macrochromosomes were observed. They consisted of a pair of large
metacentric chromosomes, a pair of large submetacentric chromosomes including Z chromosome, 6 pairs of
small metacentric chromosomes and 3 pairs of small submetacentric chromosomes including W chromosome.
Fourteen pairs of microchromosomes were observed as small dots which could not be classified. The
sex-determination system of the bird was ZW. in which the ZZ chromosomes were characterized as male
and the ZW chromosomes as female. Sex-chromosomes Z and W were classified as large submetacentric
and small submetacentric chromosomes, respectively.
The karyotype formula for the male bird 1s as follows :
Diploid (2n) = 52t= Lr"z+ L“'“E+S"*IE+SR'"EJ + Microchromosomes _ + 77 or
= LmE+L”"4+S'"IE+Smh + Microchromosomes
The karyotype formula for the female bird is as follows :
Diploid (2n) = 52%= Lm3+L5mz+SmH+S”"ﬁ + Microchromosomes  + ZW or

= L"”+L“"‘1+ST“P+S”"’? + Miﬂfﬂchfﬂmﬂﬁﬂmﬂﬁw
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