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CHAPTER 1

INTRODUCTION

1.1 Pnlymerization witJi Coordination Catalysts

In the early 1950s, Karl Ziegler in Germany discovered

that certain combinations of transition metal compounds and

organometallic compounds polymerize ethylene at low

temperatures and pressures to give polyethylene that has an

essentially linear structure, i Following Ziegler's discovery was

the recognition by Natta in Italy that catalysts of the type

described by Ziegler were capable of polymerizing 1 -alkenes (or

a-olefin) to yield stereoregular polymers. 2 Ziegler's discovery,

together with the ensuing work by Natta and his coworkers,

has given rise to the development of new classes both of

catalysts and polymers. Due to their commercial and scientific

importance Ziegler-Natta and related catalysts have been

extensively reviewed in the scientific literature. 3-9

Most Ziegler-Natta catalysts contain Group IV transition

metals from periodic table. The catalytic systems are very

sensitive to the H2O, and they usually can not polymerize any

polar monomer. Another class of the catalysts containing
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Group VIII transition metals behaves markedly different. Pd

cation complexes with bisphosphine ligand can catalyze the

alternating copolymerization of a-oleftn with carbon monoxide.

The presence of polar monomer, carbon monoxide, and CH3OH

(as coinitiator) don't have any negative effect on the catalytic

activity. In this copolymerization, a-olefin and carbon

monoxide alternately insert into propagating metal-poljoner

bonds. The resulted copolymers have the general structures of

polyketones.

1.2 rnpnl3miprs nf (
[^
-Olefin with Carbon Monoxide

Copolymers of ethylene with carbon monoxide can be

prepared through either a free radical or transition metal

catalyzed copolymerization. The free radical initiators

copolymerized ethylene (E) and carbon monoxide (CO) into

random copolymers with usually low carbon monoxide

content. 10

In 1967, Gaugh patented a method of producing

copolymer of ethylene and carbon monoxide in the presence of

[(Bu3P)2PdCl2l.^^ Since this discovery, several Group VIII

transition metal complexes have been used as catalysts for this

copolymerization. 12-22 The most distinguish character of the

copolymer prepared by using a transition metal catalyst is its
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linear alternating structure as shown in Figure 1.1. The

resulting a-olefin-CO copolymers have a strictly alternating

structure under various copolymerization conditions.

1.3 Stnirture nf Prnpylene-CO Copolyrner

In the copolymerization process of ethylene and carbon

monoxide, neither regiochemistry nor stereochemistry is of

concern. When this catalysis is extended to propylene (P) -

carbon monoxide copolymerization, the issue of regiochemical

mode of insertion, primary (1,2) versus secondary (2,1),

stereochemical mode of enchainment, meso versus racemic,

arise for the microstructure of the product.23-29 Because

propylene is an asymmetric molecule, the sequence structure

of the copolymer is expected to be complicated. Regio-

chemically propylene can insert in both 1,2 mode and 2,

1

mode (Figure 1.2). Straight 1,2 insertion will give regioregular

copolymer; the 2,1 misinsertion will lower the regioregularity.

Stereochemically, meso enchainment competes against racemic

enchainment of the prochiral propylene monomer to form

different stereo-sequence.
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Catalyst ||

CH2=CH2 + CsO ^ -tCH2—CH2— (1)
n

CH3 CH3 o
Catalyst ^ I 11

CH2=CH + C=0 ^ "fCH2-CH-C-)-^ (2)

Figure 1 . 1 Strictiy alternating structures of ethylene-CO
and propylene-CO copolymers produced by
transition metal catalysts.

O CH3 (fH3 ^2
pd_J_CH2—CH-P + CH2—CH

'

» Pd—CH2—CH-C-CH2—CH-P

O <fH3
CH3 CH3

J
CH3

Pd—c-CH,—CH-P + CHo—CH Pd-CH—CH2-C-CH2—CH-P

Figure 1.2 1,2 and 2,1 mode of propylene insertion,
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1.4 Photn-degradatinn nf fx-Olefin-CQ Cnpniymprs

The ketone group C=0 in the copolymers is one of the

most important chromophores from a photochemical point of

view. 30 The real progress of photochemistry of carbonyl-

containing polymers followed the classic studies of Bamford

and Norrish.3^-33 A particular advantage of the ketone

carbonyls is that although they are photochemically labile,

they are thermally stable. Furthermore, they absorb in the

near ultraviolet and hence can be excited selectively in the

presence of large numbers of other chemical groups.

In most simple ketones the highest energy occupied

molecular orbital (MO) is non-bonding (n) and the lowest

unoccupied MO is a n* orbital. The weak absorption usually

observed between 280 and 350 nm in ketones corresponds to

the n-7C* transition. Since the n and n* orbitals are orthogonal,

the n-7i* transition violates both symmetry and orbital selection

rules. This explains the low intensity of these absorptions,

usually z^^, from 10 to 100, in contrast to completely allowed

transition which have e^^ax of the order of 10^.

The random copolymers of ethylene and carbon monoxide

with low content of the latter component have been shown as

photo-degradable materials. These polymers degrade by the so

called Norrish type I and II processes, and they are marketed
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as Ecolyte plastics.^ The efficiency of type I and type II

reactions per photon absorbed has been revealed to depend on

the both chemical and physical natures of the materials. The

strictly alternating propylene-CO copolymers are expected to

exhibit different photochemistry in the areas of degradation

mechanism and quantum yields of the degradation process.

1.5 Overview nf nissertation

This thesis work includes six subjects: synthesis and

determination of sequence structures of alternating

copolymers, mechanism of the polymerization, molecular

mechanics calculation of the regio- and stereo-control energy,

unit cell structure of the crystalline copolymer, photo- and

thermo-degradation of the copolymer, and miscibility and

dynamics of the polymer blends contained P-CO copolymer.

One of goals of this work is to synthesize the P-CO

alternating copolymers with various morphologies and

properties by the control of regio- and stereo-sequences which

can be achieved by using different catalysts of bisphosphine/

palladium complexes. To search the right catalysts, we have

used two approaches which are altering the ring size of the

chelated ring structured catalyst and changing substituent
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groups on phosphorus atoms. The details are reported in

Chapter 2.

Chapter 3 discusses the two possible polymerization

mechanisms expected. First is the conventional mechanism

with monomer forming complex with catalyst, then the

migration taking place. The second one involves dynamic ring

opening. Oligomers and model compounds were analyzed by

both GC-MS and NMR methods on the purpose of revealing the

nature of the polymerization mechanism.

Molecular mechanics calculation has been proved to be

powerful in predicting catalyst regio- and stereo-selectivities.^s

Chapter 4 describes such calculation for the two palladium/

bisphosphine catalytic systems.

The P-CO copolymer is a relatively new polymer. There is

no literature report on its crystal structure yet. E-CO

copol5aner was reported to have the zig-zag structure. With

the presence of additional methyl group in P-CO copolymer, a

helical structure is expected. The disclosure process of unit

cell structure is described in Chapter 5.

The ketone group C=0 contained in the a-olefin-CO

alternating copolymer is a photoactive chromophores as

described previously. Packaging materials fabricated from a

bio- or photo-degradable polymers^ is deemed more friendly to

the environment. The alternating P-CO copolymer has the

7



potential to be served as photo-degradable material. The

photolysis mechanisms of olefin-CO alternating copolymer

have been examined, and the results are shown in Chapter 6.

Another possible application of the P-CO alternating

copolymer is in the field of polymer blends. Poly(methyl

methaciylate) is known as a brittle matericd. The amorphous

P-CO copolymer has been selected to blend with PMMA in the

hope of increasing the impact strength of the PMMA. The glass

transition temperatures of the selected P-CO copolymer and

PMMA are around 20 and 110 ^C. Since two TgS are well

separated, the glass transition temperatures of the blends can

be used as an indicator for the miscibility. Chapter 7

summarizes the various aspects of the blends by the methods

of solid state NMR, FTIR, DSC, DMTA, and DETA.
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CHAPTER 2

SYNTHESIS OF REGIO- AND STEREO-SPECIFIC

ALTERNATING COPOLYMERS OF PROPYLENE

WITH CARBON MONOXIDE

2.1 Tntrndnrtinn

The alternating copolymerizatlon of carbon (CO) and

ethylene (E) was discovered in 1951. > The mechanism had

been investigated by Sen et al.2 and Drent et al.^ The catalyst

system patented by Shell ChemiCcd Co.^ * was formed by the

combination of palladium acetate with a bisphosphine ligand,

a Bronsted acid, and an oxidizing agent. We have found^ that

very high activity catalyst could be obtained with palladium

tetrafluoroborate, bisphosphine ligand, and methanol which

serves as the cocatalyst. The alternating E-CO copolymer is a

high-melting (melting temperature = 257 "C) material which

is difficult to process and not amenable to characterize.

Recently, propylene (P) and CO have been polymerized

into semicrystalline alternating P-CO copolymers, 6 7 as well as

into amorphous copolymers. e s Alternating copolymerizatlon of

1-butene with CO and 1-hexene with CO have also been

12



achieved.6 The semicrystalline P-CO copolymers have much

lower than that of E-CO alternating copolymer and are soluble

in common organic solvent, thus offering ease of both

processing and characterization.

Regiochemically the insertion of P can occur either by the

1,2 (primary) or the 2,1 (secondary) mode. Furthermore, the

prochiral propylene can be enchained in meso or racemic

configuration. NMR methods have been devised to determine

the degree of regio- and stereo-regularity. The structure of the

bisphosphine ligand was varied to study the effect of its

chelation on the regio- and stereo-chemical control in the P-CO

copolymerization. These results are reported in this chapter.

2.2 F.ypprimental

2.2.1 Materials

Propylene (CP grade, 99% minimum), carbon monoxide

(CP grade, 99.0% minimum) and argon (prepurified, 99.998%)

were supplied by Linde Gas Co., U. S. A. Most chemicals were

purchased fi-om Aldrich Chemical Co., U. S. A. Some

bisphosphines were the gifts of Texas Eastman Chemical Co.,

U. S. A.
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Acetonitrile was distilled after being dried with

anhydrous MgS04. Methanol was distilled from magnesium

powder and small amount of iodine. ^ 1,2 dichloroethane was

distilled from P2O5 then refluxed over CaHa-

2.2.2 Synthesis of Catalysts

[PdtCHaClSnjtBFJa (l)^^: In an air bag covered under

argon, Pd sponge (1.064 g, 0.01 mol) and NOBF4 (2.336 g, 0.02

mol) and 50 mL of CH3CN were transferred to a 150 mL flask

along with a stir bar. This reaction mixture was stirred under

a slow flow of argon at room temperature for 24 hours. The

reaction solution was fQtrated through a cannulate tipped with

filtrating paper and precipitated into anhydrous ether. The

pale yellow precipitant was washed with anhydrous ether three

times and dried under vacuum. A yield of 80-90 % was

obtained. Anal. (Calcd for PdC8Hi2N4B2F8): C, 21.7 (21.7); H,

2.8 (2.7); N, 12.3 (12.6).

l(Ph2P(CH2)2PPh2)Pd(CH3CN)2l(BF4)2 (catalyst 2. dppe

ligand): The reaction of (Ph2P(CH2)2PPh2)PdCl2 (5.76 g, 10

mmol) with AgBF4 (3.89 g, 20 mmol) in 150 mL of acetonitrile

was carried out at room temperature for 6 h. The white solid

product was filtered and excess acetonitrile removed with

14



evacuation. The yellow colored 2 was obtained in ca. 95 %
yield.

l(Ph2P(CH2),PPh2)Pd(CH3CN)2l(BF4)2(n = 3-6), catalyst

number/ligand, 3/dppp, 4/dppb, 5/dpppe, 6/dpph: These

catalysts were synthesized by reacting 1 (0.444 g, 1 mmol) with

Ph2P(CH2)nPPh2(l mmol) in 150 mL acetonitrile. The product

was worked up as for 2. Anal. (Calcd for catalyst 4

PdC32H34P2N2B2F8): C. 48.7 (47.8); H. 4.3 (4.2); N, 3.6 (3.9).

[2PPh3»Pd(CH3CN)2l(BF4)2 (7): The catalyst was

synthesized by mixing 1 (0.444 g, 1 mmol) with PPh3 (2 mmol)

in 150 mL acetonitrile. The product was worked up as for 2.

Other catalysts: The same procedure for preparation of

the complex 3 to 6 was employed to synthesize the catalyst 8-

19 using the appropriate bisphosphine ligands shown in Table

2. 1. The synthesis procedures for catalyst 15 and 18 were

reported by Batistini et al.'^

2.2.3 rnpnlymPTizatinn

The standard copolymerizatLon conditions are: catalyst

(0.02 mmol), methanol (1 mL), 1 ,2-dichloroethane as solvent

(150 mL), 60 psig propylene, 720 psig CO. at 50 for 4 h. A

300 mL Paar reactor was dried, purged with argon, the

catalyst, methanol and solvent was cannulated into it, then

15



Table 2. 1 Structures of bisphosphlne ligands.

Cat. No

15

18

>—X—pc;
R

8 X = -eCHj-^ R = -CgHs R' = -0-CH3C6H5
3

Q X = -fCHo-H R and R' = —o-CHgCgHg
" 3

10 X= -eCH2-H R =-C6H5 R' s-o-CHaCeHg
4

11 X= -eCHa-^ R and R' = -o-CHaCgHs
4

12 X= -fCH2-H R and R' =—m-CH2C6H4F
4

13 X= -eCHo-H R and R' = —P-CH2C6H4CI
4

•mym
14 X= Y ^ - "^eHs

X = -eCHo-H R and R' = -<
3

16 X=: -eCHa-H R and R' = -<

17 X= -eCHo-H R and R' =
3

H

R and R' = —

O

.CH

19 X =_
"3C... R and R. ^ —CgHs

^CH
H

'
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propylene was introduced first through a high-pressure hose

followed by carbon monoxide. The mixture was heated to the

polymerization temperature. At the end of a copolymerization

the unreacted monomers were vented, and the copolymer was

purified by precipitation with methanol and dried in vacuo at

ambient temperature for 24 h. Other copolymerization

conditions were used as stated. The overall procedures of both

catalyst and polymer S3mthesis are depicted in Figure 2.1 by

using R+3-membered ring catalyst as an example.

2.2.4 Epimerization

Copolymer was heated to 70 under nitrogen for 5 days

in o-chlorophenol in the presence of sodium o-chlorophenolate

(0.0022 mol/L).io The product was precipitated with methanol

and worked up as above.

2.2.5 Measurement

13C Nuclear magnetic resonance (i^C-NMR) spectra were

recorded on a Varian XL-200 spectrometer using CDCI3 as

solvent. Differeential scanning calorimetiy (DSC) was

performed on a Du Pont 2000 thermoanalysis system with 20

oC/min heating rate . X-ray diffraction pattern of palletized

17



(1) Catalyst Synthesis

Pd + 2NOBF4 ^"^^^

»

[Pd(CH3CN)4](BF4)2

(9H2)n + Pcl*=' (CH2)n^Pd*2

(4)

(2) Polymerization

CH3 CH3O
CHo=CH + C=0 -TTT -eCH2-CH-C-f

MeOH * n

Figure 2. 1 The overall procedures of both catalyst and

polymer synthesis with n+3-membered ring

catalyst.
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copolymer was recorded on a Siemens D-500 diffractometer

using a Ni-filtered Cu-K^ radiation excited at 40 kV. The

ciystallinity was calculated by Ruland's method, n

2.3 Results and nisrns.glnn

2.3.1 i3n-NMR Charartprizatinn

Unlike the alternating copolymers of carbon monoxide

with ethylene, which are very high melting and insoluble, the

P-CO copolymer is either semiciystalline having lower

depending on its micro-structure and molecular weight^ ^ or

amorphous. 6.8 The copolymers are quite soluble in common

polar organic solvents such as chloroform, acetonitrile. The

high molecular weight P-CO copolymer can be precipitated by

cold methanol; the low molecular weight copolymer can be

recovered by evaporation of methanol and solvent.

^3C-NMR spectroscopy is probably the best technique to

determine the regiochemical arrangement and stereochemical

configuration of the P-CO copolymer. Figure 2.2 shows a

typical 13C-NMR spectrum of the alternating copolymer made

by means of catalyst 4. The broad bands above 200 ppm have

been assigned to the carbonyl group. s The resonance at 16

ppm is readily attributed to the side chain methyl groups. We

19



Figure 2.2 laC-NMR spectrum of the alternating P-CO
copol5aner made by catalyst 4 at 0 ^C.
CDCI3 was used as solvent.

20
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applied the Distortionless Enhancement by Polarization

Transfer (DEFT) technique to show that the signal at 44-45

ppm is due to the methylene carbons. The integrated areas of

carbonyl, main chain CH and CH2 and side chain CH3 isq

peaks maintain a ratio of 1: 1: 1: 1. Therefore, these high

molecular weight P-CO copolymers have the alternating

structure.

Propylene and CO were copolymerized with catalyst 3 at

70 °C to produce very low molecular weight products for end-

group analysis by means of i^C-NMR. Figure 2.3 illustrates a

^^C-NMR spectrum of such a copolymer.

Three kinds of end groups were detected. Peaks a, b, c

(at 198.3, 142, and 131.5 ppm) are assigned to the carbonyl

carbon, P- and a-carbon nuclei of an a,p-unsaturated keto end

group, respectively. Peak d at 51.5 ppm is the methyl chemical

shift of methoxycarbonyl end group, peak e at 13.5 ppm is

attributed to the 7-carbon of a linear propylketo end group.

The intensities of these resonances decrease with the increase

of molecular weight of the specimen consistent with their end-

group assignments.

Regioregularity in copolymers arises from different modes

on propylene insertion. The first mode is 1,2 insertion

(primary insertion) that gives a primary alkyl group attached to

the palladium. Second mode is 2,1 insertion (secondary
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