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Abstract 

A variety ofNi(II) and Pd(II) based catalysts have been synthesised and 

used in homopolymerisation of ethylene and 1-hexene at room temperature. 

These catalysts are of the type (R-DAB)MRX, where R-DAB = dimine 

ligand, such as glyoxal-bis (2,6-diisopropylphenyl)imine or diacetyl-bis(2,6-

diisopropy I pheny I )imine, glyoxal-b is(2, 6-dimethy I pheny )imine and 

diacetyl-bis(2,6-dimethylphenyl)imine, M = transition metal, such as Ni(II) 

or Pd(II), R = akyl group, and X = halide. These complexes were 

characterised by IH and 13C NMR and elemental analysis and the results are 

discussed. All these complexes were known compounds, we only modified 

the synthesis methods of other complexes. 

These complexes were then used as catalysts in the polymerisation of 1-

hexene and ethylene at room temperatures. All the nickel based catalysts 

polymerised 1-hexene and ethylene to produce polymers in good yields. In 

the case of palladium based catalysts, only the glyoxal derivatives managed 

to polymerise ethylene and in very low yields. The polymers produced were 

subjected to I H, 13C and I3C APT NMR for structural information and DSC, 

OT A, TGA for their thermal behaviour. 
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ABBREVIATIONS 

AcacH = acetyl acetone 

COD = 1,5-cyclo-octadiene 

Cp 

D-(iPr)PI = Diacetyl-bis(2,6-diisopropylphenyl)imine 

D-MPI = Diacetyl-bis(2,6-dimethylphenyl)imine 

DME = 1 ,2-dimethoxy ethane 

DSC = differential scanning calorimetry 

DTA = differential thermal analysis 

G-(iPr)PI = glyoxal-bis(2,6-diisopropylphenyl)imine 

G-MPI = glyoxal-bis(2,6-dimethylphenyl)imine 

M = transition metal 

MAO = methylalumoxane 

MMAO = modified methylalumoxane 

NMR = nuclear magnetic resonance 

PE = poly( ethylene) 

PH = poly(l-hexene) 

R = alkyl group 

R-DAB = I 4-dlaza-1 3-diene , , 
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RT 

TGA 

X 

= room temperature 

= thermogravimetric analysis 

= halides 

VI 
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Chapter 1. 

1. Introduction 

1.1. Review of recent developments in olefin polymerisation 

Polymerization of a large variety of unsaturated hydrocarbons is catalysed 

by organometallic compounds. Polymerisation of olefin (such as ethene, 

propene, and other a-olefins) may be effected using homogeneous or 

heterogeneous catalysts. Both catalytic systems have their advantages and 

disadvantages. Homogeneously catalysed reactions are generally more 

efficient, stereoselective, specific, and reproducible than the heterogeneous 

ones. 

However, heterogeneous catalysts are chemically and thermally more stable 

and also obviate the separation problem encountered in homogeneous 

catalytic systems 1.2.3. The stimulus in the polymerisation of ethylene was 

provided by pioneering studies of Ziegler in the early 1950s.). Ziegler 

explored the use of organometallic compounds which consisted of transition 

metals in combination with reducing agent or Lewis acid (such as 

TiCI 3.Et2A1Cl), in the polymerisation of ethylene . G.Natta who was a 
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consultant for Montecatini extended Ziegler's work to polymerisation of 

propene and higher a-olefins. 

In 1955, Natta announced the preparation and equally important, the 

characterisation of stereoregular polymers of a-olefins produced usmg a 

Ziegler type of catalyst based on titanium5
.
6

. Since the pioneering days of 

Ziegler-Natta catalysis, the thrust of catalyst development in propene 

polymerisation was aimed almost exclusively at improving the catalyst 

productivities reflected by low content of transition metal in the polymer, 

and high stereoselectivity with respect to exclusive formation of highly 

stereoregular polypropylene, reflected by low content of extractable low 

stereoregular fractions· . 

In 1997, Randall pointed out that, despite very high stereoselectivities, 

polypropylene macromolecules are seldom 100% isotactic, but posses long 

isotactic sequences interrupted by stereo and regio-irregularities8
. However, 

many conventional supported Ti-based catalysts gave mixtures of highly 

isotactic, high molecular mass polypropylene with low stereoregular 

polypropylene exhibiting much lower molecular masses. 
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This was associated with the presence of multiple catalytic active sites, 

which exhibit different stereoselectivities9
. The advantage of the modern 

metallocene catalysts, often referred to as single site catalysts, is the 

presence of exclusively one type of catalytic active site. 

This means that variation of catalyst structure gIves control of 

stereoselectivity and translate into controlled variation of the contents of 

stereo-irregularities in the polypropylene backbone. As a consequence, 

metallocene' catalysts can be designed to tailor polypropylene molecular 

h· 10-18 arc Itectures . 

Conventional multi-site catalysts failed to produce ethene copolymers over 

the ethene/propene/octene range of comonomer. With modern metallocene 

catalysts such as rac-dimethylsilenyl bis(2-methyl benz[ e] indeny 1) zirconium 

dichloride(MBI) (see Figure 1), excellent control of comonomer 

incorporation over the entire range was achieved 19-23, including 

homopolymers of polyethylene as well as isotactic polypropylene. Also the 

stereoblock polypropylene, consisting of alternating isotactic and low 

stereoregular segments was obtained with special metalloecene catalysts 

such as MAO-activated [I-IMe(f nd)Me4Cp: TiCI:!, repol1ed by Chien and 
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coworkes24 and MAO-activated (2-Ph-Ind)2ZrCI2, reported by Waymouth 

d k 2526 Th I" an cowor ers '. ese copo ymensatlOn metallocene catalysts are 

displayed in Figure 1.1 below. 

Figure 1.1 Comparison of various metallocenes in ethene/oct-ene copolymerisation 

.~ ". Si 'T' ... 0 I . 

;' "-N -- -CI 
1 

CGC CP MI 

[CGC = dimerhylsi lenyl(tetramethy1cyc lopt:ntadit:nyl)-(N-tert-butylamido )titan ium( !V)dich loride], 
[CP = zirconocent: dich!orideJ.[MI = rac-dimethylsilenylbis-(2-methylindenyl)zirconium dichloride]. 
[MB! = rac-dimethy!silenylbis-(2- methylbenz[ c:Jindc:nyl)zirconium dichloridt: l 

These single site metallocene catalysts were used to achieve short branched 

polyethylenes, by two strategies (i) copolymerisation of ethylene with 1-

alkene such as oct-l-ene using the single site metallocene catalysts and (ii) 

migration insertion polymerisation producing methyl- and alkyl-branched 
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polyethylene. Similar to the formation of regio-irregularities, ~-hydride 

transfer combined with rotation and migration insertion can account for the 

formation of methyl branches during ethene polymerisation. When insertion 

takes place exclusively at the chain ends, methyl-branched or linear 

?7-J I polyethenes are formed- (see Scheme 1.) 

Scheme.l Migratory insertion polymerisation of ethene to produce polymers 

M0- polymer 

~ 

M = Ni(II), Pd(II) 
R = alkyl group 

r nsert ion 
.. \I[ ~polymer 

polymerism ion 
~ _polymer 

(Iin.:ar) 

11 

J 1 

J 

poly mt:risat ion 
-'--'------_~ -CH _polym.:r 

poly merisat ion 
~ 

I 
CH3 

(m.:thy I branches) 

-CH _pulymt:r 

~ 
(alkyl branches) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Insertion of transition metal alkyl, located somewhere in the polymer chain, 

gives short alkyl and alkyl side chains. This rather unusual behaviour was 

observed by Brookhart and coworkersJ2
, when he introduced bisimine co-

ordinated nickel or palladium catalysts which are activated with MAO or 

borane to form cationic transition metal alkyl bonds as catalytically active 

intermediates. 

After Brookhart's breakthrough in late transition metal (such as Pd(II), 

Ni(II)) catalysis, Gibson came up with a new strikingly active family of 

ethylene polymerisation catalysts based on iron and cobalt bearing 2,6-

bis(imino )pyridylligands33,J4(see Figure. 1.2 ) 

RI = Me, H 

R2 = iPr, Me 

R3 = iPr, Me 

R4 = H, Me 

M = Fe, Co 

Figure .l.2 The general structure of bis(imino )pyridyl 
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For these new late transition metal catalysts simple variation of pressure 

temperature and ligand substituents allows access to ethylene 

homopolymers with a structure that vary from highly branched, completely 

amorphous to linear, semicrytalline high density materials35
.36. 

The Brookhart catalysts are cationic metal complexes that incorporate 

bulky aryl diimine ligands. Once these complexes are activated and exposed 

to ethylene, propylene or l-hexene, they produce high molecular weight 

polymers that are isolated as amorphous materials (Scheme 2.)37. 

Scheme.2 Ni(II) and Pd(II) based catalysts used olefin polymerisation 

- I + 

©f VjQ> ff ~ R = Me, i Pr o N.:N 0 tv! = Pd(II-). Ni(II) 
'M X = ivIe, Br. CI 

R /" R 
X X 

The fact that these complexes produce high molecular weight polymer is a 

consequence of slow chain transfer relative to chain propagation. In these d~ 
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square planar systems(Ni(II) ,Pd(II)), chain transfer is proposed to occur by 

associative olefin displacement (Scheme 3) and is hindered by the axial bulk 

provided by the ortho-substituents of the aryl ring (Scheme 3.i8
. 

Scheme.3 Mechanism for olefin polymerisationloligomerisation 

resting state 

(linear P) ~p 

Where: P = Polymer 
R = Me, H 

+ 

II 

j 

III 

= tranter 
assoc. 1 

chain 

disp 

j V 

-• 
chain 
isomerisation 

F\ 
(branched P) R P 

IV 

j 
VI 

o = vacant site 
new propagating chain new propating chi.lin 

, R' = Me. iPr 
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In 1997, it was shown that by eliminating the ortho-substituents of the aryl 

rings, rates of associative chain transfer should be substantially increased, 

resulting m oligomerisation rather than polymerization reaction 

Scheme 4. Catalyst systems for ethylene oligomerisation 

\-3 

~ 
N N 

+ 

3. 

lvuvIAO 
toluene 

Where: R = CH 3 

X= Cl 
MMAO = Modified Methyl alwnoxane 

1.2. The chemistry of diimine compounds 

This section deals with the background chemistry and properties of diimine 

ligands. Diimine compounds have attracted much interest because of both 

their versatile co-ordination behaviour and the properties of their metal 

complexes. They are particulal'ly fascinating since they have a tlexible 

l) 
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N=C-C=N skeleton, whose flexibility is attributed to the ability of the C-C 

sigma bond to rotate. These molecules appear to have unusual donor and 

acceptor properties and they can potentially act in a variety of co-ordination 

modes. These co-ordination modes do not only involve nitrogen lone pairs 

but also the pi-C=N bonds4o.A few of the bonding modes are displayed 

below: 

Scheme 4. Bonding modes of 1 ,4-diaza-l ,3-diene and number of electrons donated 

t-Bu Cl 
" . 

N -Pd -PPh) 

H~ cf 
ff-H 
N 

\ 
t-Bu 

2e donated to the metal 

CI 
t-Bu 

. I 
Bu)P_ PI_ N 

J J-H 
CI H~ . CI 

N -PI -PBuJ 
I J 

I-Bu CI 

2e donated to each metal 

t-Bu 
Cl I 
:'/Nt=--- H 

II-JPt"-.... -/ H 
Cl N 

I 
t-Bu 

4e donated to the metal 

8e donated to t\Vo metals 

10 
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1.3. Properties of Ni and Pd complexes with diimine as ligand 

Some diimine compounds are either not known as free molecules or have 

only a very limited stability. The metal complexes of 1 ,4-diaza-l ,3-

butadiene show unusual stability and a characteristic colour being ascribed 

to the presence of pi-bonding between the metal and nitrogen atom41
. 

A consistent structural feature of these diimine metal complexes appear to 

be the chelate system of diimine ligands. Since the free 1 ,4-diaza-l ,3-

butadiene exists in the trans conformation, this implies that upon co­

ordination to the metal center, rotation around C-C has to take place to give 

the cis-conformation. 

1.4 Scope of this thesis 

The work described in this thesis deals with synthesis of Ni(II) and Pd(II) 

complexes bearing diimine ligands. Most of the complexes have been 

prepared before and few of them are new complexes. The complexes were 

fully characterised by IH NMR and melting points were determined. The 

metal complexes were tested in the polymerisation of I-hexene and ethylene 

at room temperature and MAO was used as cocatalyst. The IJC and If--{ NMR 

and thermal analysis(DSC, DTA and TGA) of the polymers are reported. 

I I 
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Chapter Two 

Synthesis of diimine ligands and their transition metal complexes 
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Chapter 2: Synthesis of diimine ligands and their metal complexes 

2.1. Introduction 

2.1.1 Diimine ligands 

The diimine ligands are molecules containing 1 ,4-diaza-1 ,3-butadiene(R-

DAB)42 in their backbone. They have general formulae of the form R-

N=CR'-CR'=N-R. These ligands may be prepared by condensation reactions 

involving either diacetyl or gloxal with a primary aromatic amines as 

displayed in Scheme 2.1: 

Scheme 2.1 Synthesis of dimine ligands(R-DAB) by condensation reactions 

Yz0 
H H 

MeOH, RT 

R = Me, iPr 

R' = Me, H 
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2.1.2 Metal complexes 

Some diimine ligands are unstable as free ligands but more stable as metal 

complexes. In most cases they are synthesised by an in situ preparation as 

illustrated in Scheme 2.2: 

Scheme. 2.2 : The in situ preparation of diirnine complexes 

+ 
glacial AcOH 

refiux 

The stability and the characteristic colour of diimine metal complexes are 

attributed to the presence of pi-bonding between the metal and the nitrogen 

atoms43
-
45

. In this thesis we report on very stable diimine compounds which 

can be obtained as free ligands and they are also obtained as very stable 

, 

metal complexes. The focus of this thesis will only be on nickel and 

palladium complexes of these diimine compounds. 

Starting with nickel complexes, there are three synthetic routes that can be 

followed to synthesize nickel complexes bearing the diimine ligands : 

(i) ligand substitution route where the starting material is Ni(CO)4' this 

reaction occurs at elevated temperatures and it can not be used for thermally 

1-1 
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unstable compounds like diimines and it sometimes stops at the stage of 

Ni(CO)2L 46-48 as showed in Scheme 2.3: 

Scheme 2.3 Synthesis of nickel complexes by ligand substitution 

-4CO ,...------- Ni(R-DABh + 4CO 

x==l 
Ni(CO)4 + 2x(R-DAB) 

x == 1/2 
L-_-__ Ni(COh(R-DAB) + 2CO 

-2CO 

Where R-DAB == dimine ligand 

(ii) reductive route, starts with Ni(acac)2 as a source of nickel. The Ni(acac)2 

is reacted with the diimine ligand and RMgX or R2Mg at -78°C in an in situ 

reaction. We attempted this reaction but was unsuccessful. The physical 

response in terms of colour was positive till the stage of separation of the 

product where it decomposed to form a black substance instead of a greenish 

material according to the literature49
,50. The reaction equation is illustrated 

below in equation (A). 

2MeMgl diethyl ether -78 DC ... (R-DAB)Ni(Me' + 2M g(acac) I 
Ni(acac)2 + R-DAB + .. f2 v 

N2 

(A) 

(iii) ligand substitution route, it starts with (DME)NiBr2 reacted which was 

with diimine ligand to produce (R-DAB)NiBr2 according to the reaction 

equation below: 

l'i 
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Scheme 2.4 Synthesis of diimine ligands by substitution reaction 

1. DME + NiBr2 triethyl orthoformate, EtOH 
~ 

(DME)NiBr2 

2. (DME)NiBr2 + R-DAB 

reflux, N2 

_C_H2_C_12,_R_T -_~ (R-DAB)NiBr2 + DME 
N2 

The synthesis of palladium complexes bearing diimine ligands occurred by 

ligand substitution reactions. The substitution reaction occurred via a three 

step process. The first step involved the reaction of COD with Na2PdCl4 to 

produce (COD)PdCh51 , which was then methylated by reaction with one 

equivalent of methyllithium at -78°C to give (COD)PdMeCl52-54 this was 

then reacted with diimine ligands to produce (R-DAB)PdMeCl as'illustrated 

in Scheme.2.5: 

Scheme 2.5 Synthesis of palladium complexes bearing diimin~ ligands 

MeOH, RT (COD)PdCl2 + 2NaCI 

2. (COD)PdCI2 + MeLi (COD)PdCIMe + LiCl 

3. (COD)PdClMe + R-DAB Et,O, RT • (R-DAB)PdClMe + COD 
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2.2 Results and discussion 

2.2.1 Diimine compounds 

All the diimine ligands reported in this thesis were synthesised according to 

the methods outlined by tom Dieck and coworkers49 
. The ligands were fully 

characterised by l3C and IH NMR and their melting points were observed 

under a hotstage microscope. The IH NMR spectroscopy results of the 

diimine ligands correlated very well with those reported in the literature. The 

DC NMR spectra and the melting points of the diimine compounds were not 

reported in the literature49
. All their details will be reported in the next 

sections. The experimental methods for the synthesis of these ligands will 

be reported in Chapter 4. 

I I .' 
This present chapter will deal with discussion of 3C and H NMR spectra 

results of the diimine ligands. 

17 
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2.2.1.1. G/yoxa/-his(2,6-diisopropy/phenylimine){G-(iPr)Plj 

The [G-(iPr)PI] compound was obtained as a yellow powder stable in air and 

at room temperature with a melting point in the range 100-1 04°C. Another 

glyoxal derivative, i.e glyoxal-bis(2,6-dimethylphenyl)imine [G-MPIJ was 

obtained as a pale yellow powder with melting point with range of 115-

120°C. These compounds differ as result of having different substituents on 

the aryl ring. G-(iPr)PI has isopropyl substituents on the aryl rings whereas 

G-MPI has methyl substituents on the aryl ring. These compounds were both 

subjected to NMR spectrometry to obtain structural information. The 

schematic representation of G-(iPr)PI structure is shown in Figure 2.1 with 

assignation a,b,c,d,e, for the protons and 1,2,3,4,5,6,7 for the carbon atoms. 

c 2 

d c 2 

c 

G-(i-Pr)P I 

Figure 2.1 Structure of glyoxal-bis(2,6-diisopropylphenylimine )[G-(iPr)PIJ 

I~ 
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IH NMR of G-(iPr)PI and G-MPI 

The correlation of the protons a,b,c,d,e in Figure 2.1 with corresponding IH 

NMR chemical shifts are given in Table 2.1 below. The IH NMR spectra for 

the two ligands is shown in Figure 2.2. 

Table 2.1: The IH NMR spectrum designations 

Proton Chemical shifts(ppm) for G-(i-Pr)PI 

a,b 7.12-7.16 (m) 

c 1.15-1.19 (d) J = 8.22 Hz 

d 3.00 (sept) 

e 8.18 (s) 

Discussion 

The IH NMR spectrum (Figure 2.2(a)) and chemical the shifts in Table 2.1, 

both give the structural information ofG-(iPr)PI (see Figure 2.1). The peak 

that appears at 8 = 7.26 ppm is CDCh peak. The peaks in the region 8 = 

7.12-7.16ppm arise from hydrogens a,b of the aryl ring. The peak at 8 = 

8.18ppm is associated with of hydrogen e attached to the carbon of the C=N 

group. The doublet peak in region 8 = 1.15-1.19ppm is associated with 

hydrogen c of the methyl group of the isopropyl group. And the septet peak 

at 8 =3.00ppm is associated with hydrogen d attached to the tertiary carbon 

19 
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of the isopropyl group. In the case of G-MPI, the spectrum is similar to the 

one of G-(iPr)PI except for the absence of the septet at 8 = 3.00 ppm and the 

doublet at 8 = 1.15-1.19 ppm because those peaks were due to the isopropyl 

groups on the aryl rings of G-(iPr)PI. In the place of isopropyl group, G-MPI 

has methyl groups attached on the rings which appear at 8 = 2.1 Oppm in the 

IH NMR spectrum (see Figure 2.2(b)). 

c 

d 
; 

__ '-~"-"--~ __ ----r_~~ 
.It I" '110" I'" '9" , ij , "1'8 i II 1"'1 II " I I'" i~' III' ilig II /j 1 , i 41 " , I " , '1' Ii I " , '~. , , ," , T • ~~:;.; 

Figure 2.2(a) 1 H NJ:vIR spectrum (in CDCl3) of G-(i-Pr)PI 
(see Fjgure 2.1 for atom lettering schemp ) 
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I 
!I 

JU! 
.. .... J . ,J 'l , .... ... .. .. ,. .. . . . . 1 , " 

~ i.1'.~·fi O.r J" ,:> 1 p 1111 t i.i . I:"n j, '( t'1'J b ~1!1.~r'i.i ,. i Li Ii t'l"!(]vlt) l.{&r.z*«t(if "jf.'j\d "' ... 1 i-·- d .d i i . • r 1, I I C I 
1u ' '9 ' 8 · · · · " 7 y· t~' -f)" . 5 ' " ' 4 j 2 1 ppm 

Figure 2.2(b) 1HNNlR spectrum (in CDC13) ofG-:MPI 

Be NMR of G-(iPr)PI and G-MPI 

The chemical shifts corresponding to the assignments of carbon atoms 

labelled 1,2,3,4,5,6,7 (see Figure 2.1) are displayed in Table 2.2 below. The 

13C NMR spectra of the two ligands is shown Figure 2.3. 

Table 2.2. 13C NMR Chemical shifts 

Carbon Chemical shifts(ppm) for G-(i-Pr)PI 

1 28.05 

2 23.99 

3,4 136.75-148.18 

5,6 123.18-125.11 

7 163.10 

1 1 
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Discussion 

The l3C NMR spectrum of G-(iPr)PI (Figure 2.3(a)) and the chemical shifts 

listed in Table 2.2 confirm the structural information obtained from the IH 

NMR spectrum for G-(i-Pr)PI. The peaks that appear in the region 8 = 76-

77.6ppm is a CDCb peak. The peak at 8 = 28.05ppm is attributable to the 

response of carbon 1, the tertiary carbon of the isopropyl group. The peak 

at 8 = 22.99ppm is associated with carbon 2 of the methyls of the isopropyl 

groups. The peaks in the region 8 = (135.05-146.18)ppm are associated 

carbon atoms 3,4 of the aryl ring with no hydrogen attached to them. The 

peaks in the region 8 = (122.98 -123.72)ppm are associated with carbon 

atoms 5,6 of the aryl ring carbon with one hydrogen per carbon. The peak at 

8 = 168.17ppm is attributable to carbon 7 of the C=N group. In the case of 

G-MPI spectrum, the peaks at 8 = 28.04ppm and 22 .99ppm for carbon 1 and 

2 respectively do not appear because they are due to the isopropyl groups on 

the aryl rings of G-(iPr)PI. For G-MPI, in the place of those peaks there 

are peaks at 8 = 18.19ppm for methyl groups on the aryl rings(see Figure 

2.3(b )). 
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Figure 2. 3 (a) 13e:: N"MR spectrum (in CDC13) ofG-(iPr)PI 

(see Figure 2.1 for atom numbering scheme) 
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Figure 2. 3(b) 13e: NJvfR sp ectrum (in CDC13) of G-lvIPI 
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2.2.1.2. Diacetyl-bis(2, 6-diisopropylphenylimine) [D-(i-Pr) PI] 

The D-(i-Pr)PI compound was obtained as a light yellow crystalline 

material. It is stable in air and at room temperature with a melting point in 

the range 90°C- 92°C. Another diacetyl derivative, i.e diacetyl-bis(2,6-

dimethylphenyl)imine [D-MPIJ, a dimethyl substituted diimine compound 

was obtained as a pale yellow crystalline material with a melting point range 

of 90°C-93°C. The NMR spectra of both compounds will be displayed but 

only one spectrum will be fully discussed. A schematic representation of the 

structure of D-(i-Pr)PI is displayed in Figure 2.4 with assignments a,b,c,d,e 

for protons and 1,2,3,4,5,6,7,8 for carbon atoms. 

d 

a 

D-(i-Pr)PI 

Figure 2.4 Structure of diacetyl-bis(2,6-diipropylphenylimine) [D-(iPr)PIJ 

2-1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

IH NMR of D-(iPr)PI and D-MPI 

The chemical shifts corresponding to the designations a,b,c,d,e(see Figure 

2.4) are displayed in Table 2.3. The IH NMR spectrum D-(iPr)PI is 

displayed in Figure 2.5(a). 

Table 2.3 IH NMR chemical shifts 

Proton Chemical shift(ppm) for D-(i-P)PI 

a 1.17-1.20(d) J = 6.80 Hz 

b 2.80-2 .95 sept 

c,d 7.16 m 

e 2.15 s 

Discussion 

The IH NMR spectrum (Figure 2.5(a» below and the corresponding 

chemical shifts of D-(i-Pr)PI are listed in Table 2.3. The peak at 8 = 

7.26ppm for CDCl3. The peak in the region 8 =(2.88-2.95)ppm is associated 

with proton b of the tertiary carbon of the isopropyl group. The peak at 8 = 
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1.17 -1.20ppm is associated with proton a of the methyl groups of the 

isopropyl substituents. The singlet peak at () = 2.15ppm is attributable to the 

response of proton e of the methyl group bonded to the C=N group. In the 

case of D-MPI spectrum, For D-MPI, the methyl protons attached to the aryl 

ring are observed at () = 2.04ppm (see Figure 2.5(b) ) and the septet peaks 

and doublet peaks at () = 2.80-2.95ppm and () = 1.19ppm due to the 

isopropy 1 protons do not appear. 

~ 

__ ~_---,U~~t'"-------~-'------,~ L....-.. ___ 
i 1'0 ~' I ., 1 I'-'~' I I "",' If' '," I I I 'J" I", I I '~" . i, i I. 'J" ~ "1" I" ',"'~"';" i j 'I ' ppm fi 

31.3 0) 867 

Figure 2.S(b) lH NIVIR spectrum (in CDC1-~) ofD-MPI 

26 
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l3e NMR of D-(iPr)PI and D-MPI 

The designations 1,2,3,4,5,6,7,8 (Figure 2.4) and the corresponding chemical 

shifts in Table 2.4 below refer to the 13C NMR spectrum of D-(i-Pr)PI in 

Figure 2.6(a). 

Table 1.4 Chemical shifts of 13C NMR spectrum 

Carbon Chemical shifts(ppm) for D-(i-Pr)PI 

1 22.99 

2 28 .50 

4,3 146.18 and 153.10 

5,6 123.70 and 122.98 

7 168.17 

8 16.55 

27 
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Discussion 

The l3C NMR spectrum (Figure 2.6) can be correlated with the structural 

assignments for D-(iPr)PI (see Figure 2.4). The peaks in the region 8 = 

(76.36-77.63)ppm are due to CDCh peak. The peak in the region 8 = 

(22.67-22.99)ppm is associated with the response of carbon 1 of the methyl 

of the isopropyl group. The peak at 8 = 28.50 is attributable to the response 

of carbon 2 , the tertiary carbon of the isopropyl group with one hydrogen 

attached to it. The peaks in the region 8 = (146.18 and 153.50)ppm are 

associated with the response of carbon 4 and 3 of the aryl ring with no 

hydrogen attached to them. The peaks in the region 8 = (123. 70and 

, 

122.90)ppm are associated with the response of carbon 5 and 6 of the aryl 

ring with one hydrogen attached to each of them. The peak at 8 = 

168.18ppm is attributed to the response of carbon 7 of the N=C group and 

the peak at 8 = 16. 55ppm is associated with carbon 8 of the methyl groups 

attached to C=N group. In the case of D-MPI, the peak at 8 = 17.75ppm is 

due to methyl carbons on the aryl ring (see Figure 2. 6(b) )and the peaks at 8 

= 22.67 and 22.99ppm and at 8 = 28.50ppm due to the isopropyl substituents 

do not appear. 
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Figure 2.6(a) 13C NN1R spectrurn(in CDCI3) of D-(i-Pr)PI 

(see Figure 2.4 for atom numbenng scheme) 

_~J~_'J_----
24'0 '2'20' 1, ~OO' I., 'l'sb""'ltsO'14'O' " 1~'6"16bl'8'Of,"6d" 41d I !'li6" "6' ppl~" 

Figure 2.6 (b)13C tThffi spect1l.lfrl (in CDCI3) o)f D-lvIPI 
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2.2.2. Ni(II) and Pd(II) metal complexes 

The nickel and palladium complexes are strongly coloured complexes, a 

property that helps to confirm the formation of that particular complex 

during the synthesis process. 

2.2.2.1 Ni(II) complexes 

Synthesis of nickel complexes bearing diimine ligands have been reported 

but no full characterisation of nickel diimine dihalides have been reported. 

In this thesis, nickel complexes are fully characterised and modified methods 

of their synthesis are reported. The full experimental details are reported in 

Chapter 4 of this thesis. These nickel complexes have been prepared via a 

ligand substitution route which involved the reaction of (DME)NiBr2 with a 

diimine (R-DAB) to produce (R-DAB)NiBr2 under nitrogen atmosphere. 

Reported methods32
.
94

,95 of their synthesis were difficult to rep'roduce ,hence 

it necessary to modify them in order to obtain the required products in good 

yields. 

2.2.2.1.1. {l,2-Dimethoxyethane)nickeldibromide 

This compound was obtained as a salmon pink powder, stable at room 

temperature but very sensitive to moisture. It has to be stored under an inert 
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atmosphere. This compound was synthesised by modifying the methods 

outlined in two different references94
•
95

. The IH NMR spectral results are 

reported below. This complex was used as a starting material for ligand 

substitution reactions in the synthesis of nickel diimine dihalide complexes. 

The structural representation of this complex is displayed in Figure 2.7 

Br Br 
'" / Ni 

a / ~ a 
CH3-O O-CH 3 

~ 
b b 

(DME)NiBr2 

Figure 2.7 Structure of (l ,2-dimethoxyethane )NiBr2 

'H NMR spectrum of (DME)NiBr2 

The chemical shifts corresponding to the assignations a and b in Figure 2.7 

are displayed in Table 2.8. The lH NMR spectrum of this complex is 

displayed in Figure 2.8 

3! 
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Table 2.8 IH NMR chemical shifts for (DME)NiBr2 

Proton Chemical shifts(ppm) 

a 3.53s 

b 3.38s 

a 
b 

I 

____ --.....-._;' ~._vL 
{ _( 'i ·, . r i.' i ,J {.~i j"i ii -I' ii' i (~ f t'i .j - iii t f . if it 1 f~f.'.I; ¥ iii i i . " ~.i 'l) '.r: 
8 7 6 5 4 3 ppm 

Figure 2,8 .1H NMR spect:rum(in CDC13) of (DlvIE)NiBr2 
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Discussion 

The assignations m Figure 2.7 and the corresponding chemical shifts in 

Table 2.8 both refer to the 'H NMR spectrum in Figure 2.8. The peak at [) = 

3.S3ppm arises from proton a of the methoxy groups and the peak at [) = 

3.38ppm is associated with proton b attached to the carbon of the ethane 

backbone. The influence of NiBr2 to the NMR spectrum is only observed as 

a broadening of the peaks. 

2.2.2.1.2 Glyoxal-bis(2,5-diisopropylphenylimine)nickeldibromide 

[( G-(l-Pr)P /) NiBr2 J 

This nickel diimine dihalide complex was obtained as a red-brown powder, 

which decomposed at 17SoC when observed under a hotstage microscope. 

The dimethyl substituted diimine nickel complex (G-MPI)NiBr2 was also 

obtained as a red-brown powder with a decomposition point of 170°C. Both 

complexes are very air sensitive. They have to be stored under a nitrogen 

atmosphere. The 'H NNIR spectra of these complexes Jre very similar to 

') 
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the spectra of the free ligand but show broader peaks compared to those of 

the free ligand. The NMR spectra for both compounds will displayed 

because of their similarity only one will be discussed. The structural 

representation of (G-(iPr)PI)NiBr2 is displayed in Figure 2.9 below with 

proton designations and interpertation of the I H NMR spectrum. 

a Br Br 
b '" / 

c a Ni 

d /'" 
\Li 

c e 
b a 

a 

(G-( iPr )PI)NiBr 2 

Figure 2.9 Structural representation of (G-(iPr)PI)NiBr2 

IH NMR of (G-(iPr)PI)NiBr2 and (G-MPI)NiBr2 

The chemical shifts corresponding to the designations a,b,c,d,e in Figure 2.9 

are given in Table 2.9 below. The 'H NMR spectrum is displayed in Figure 

2.10. 
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Table 2.9 IH NMR chemical shifts 

Proton Chemical shift(ppm) for (G-(i-Pr)PI)NiBr2 

a 1.19-1.22( d) J = 6.00Hz 

b 2.85-3.09(sept) 

c,d 7.01-7.32(m) 

e 8.01(s) 

I 
e I 

.t' cl: c 
II 

__ __ ~ -_J t---.- -.. 
b 

Figure 2.1 O(a) lH NNIR spectrum (in CDC13) of (G-(i-Pr)PI)NiBr2 

(see Figure 2.9 for atom lettenng scheme) 

a 
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Discussion 

The designations in Figure 2.9 and the corresponding chemical shifts in 

Table 2.9 both refer to the spectrum in Figure 2.1 O(a) above. The peak in the 

region 8 = (l.19 - 1.22)ppm arises from the response of proton a of the 

methyls of the isopropyl group. The septet peak in the region 

8 = (2.85 - 3.09) ppm is associated with proton b attached to the tertiary 

carbon of the isopropyl group. The peaks at 8 = 7.01ppm to 8 = 7. 32ppm are 

associated with proton c and d of the aryl ring. The singlet peak at 8 = 

8.10ppm is associated with proton e attached to the carbon of C=N group. In 

the (G-MPI)NiBr2 IH NMR spectrum, the septet peak and the doublets at 8 

= 2.85-3.09ppm and at 8 = 1.19-1.22ppm do not appear because there are no 

isopropyl substituents. The complex has methyl substituents attached to the 

aryl rings that give the resonance at 8 = 2.1 Oppm (see Figure 2.1 O(b). The 

spectrum is very similar to the obtained for the free ligand except for the 

broadening of the peaks due to the presence of nickel(II) bromide. 
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Figure 2.10(b) lHNJvlRspectrum(in CDC13) of (G-JvlPI)NiBr2 

2.2.2.1.3. Diacetyl-bis(2,6-diisopropylphenylimine)nickeldibromide 

(D-(i-Pr)PI) NiBr2 

The nickel diimine dihalide complex (D-(iPr)PI)NiBr2 was obtained as an 

orange-brown powder, stable in air and at room temperature with a 

decomposition temperature at 300°C. The dimethyl substituted nickel 

diimine dihalide (D-MPI)NiBr2 was also obtained as a greenish brown 

powder stable in air and with a decomposition temperature at 295°C. Similar 

to the glyoxal nickel derivatives , the ]\;~R spectra of these complexes 
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showed broad peaks when compared to those of the free ligands. The 1 H 

NMR spectra for both complexes will be displayed below but only one will 

be discussed. The structural representation of the complex is displayed in 

Figure 2.11. 

a Br Br 
b a '" / 

Ni 

/'" 
d N N 

"H a 

(D-(iPr)PI)NiBr2 

Figure 2.11 Structural representation of (D-(iPr)PI)NiBr2 

lH NMR of (D-(iPr)PI)NiBrz and (D-MPI)NiBrz 

The chemical shifts corresponding to the designations in Figure 2.11 are 

displayed in Table 2.10 below. The proton NMR of the ligands is shown in 

Figure 2.12. 
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Table 2.10 lH NMR chemical shifts 

Proton Chemical shifts(ppm) for (D-(i-Pr)PI)NiBr2 

a 1.17-1.19(d) J= 6.24Hz 

b 2.S9-2.89(sept) 

c,d 7.1S(m) 

e 2.06(s) 

Discussion 

The designations in Figure 2.11 and the corresponding chemical shifts in 

Table 2.10 refer to lH NMR spectra shown in Figure 2.12. The peak at 

.' 
8 = 7.26ppm is a CDCb peak. The peak in the region 8 = (1.17 -1.19)ppm 

arise from proton a of the methyl groups of the isopropyl groups. The septet 

peak in the region 8 = (2.S9-2.89)ppm is associated with proton b of the 

tertairy carbon of the isopropyl group. The peaks at 8 = 7.1Sppm are 

associated with the protons c and d of the aryl ring. The singlet peak at 8 = 

2.04ppm is attributable to proton e of the methyl attached to the carbon of 

C=N group. 
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figure 2. 12(a) lH NlVlR spectrum (in CDC!3 ) of (D -(i-Pr)PI)NiBr2 

(see F'1ooure 2.11 for atom letttering scheme) 

\ 
1 
1 

~ 

e a 

\..:r.--f~ 

F~ure 2. 12(b) 1H m 'LR spectt11m (in CDCl?) o)f CD -1:yfPr.)l"Tt.Br.~, 
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2.2.2.2. Pd(II) complexes 

The synthesis of palladium complexes bearing diisopropyl substituted 

diimine ligands is reported in the literature32 but the synthesis of palladium 

complexes bearing dimethyl substituted diimine ligands is not reported in 

the literature . To synthesize dimethyl substituted diimine palladium 

complexes, the procedure32 similar to the one used for diisopropyl 

substituted diimine palladium complexes was followed. In this thesis, these 

complexes were synthesised and fully characterised by NMR spectroscopy 

and their decomposition temperatures are also observed under a hotstage 

microscope. These complexes were synthesised by ligand substitution route, 

starting with (COD)PdMeCI as a source of palladium methyl chloride. 

2.2.2.2.1. (l,5-Cyclo-octadiene)palladiumdichloride [(COD)PdCI2] 

.. 

This complex was obtained as a yellow powder which is very stable in air 

and at room temperature. It was synthesised according to the method 

outlined by Chatt, Vallarino and Venanzi 51
. These authors started with 

Na2PdCl4 which was reacted with cyclo-octadiene in methanol at room 

temparature. It was a very simply and convenient reaction to reproduce and 

gain product in a 90% yield. The schematic representation of this complex is 

I i 



Univ
ers

ity
 of

 C
ap

e T
ow

n

displayed below and the elemental analysis results are reported 10 

experimental section. 

Figure 2.13 Structural representation of (l ,5-cycio-octadiene )PdCh 

(COD)PdC12 

Table 2.11 (COD)PdCl2 elemental analysis 

C% H% 

(COD)PdCb calculated 33.81 4.30 

Experimental 1. 33.92 4.44 

I 

-I' 
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2.2.2.2.2 {l,5-Cyclo-octa-diene)palladiummethylchloridef(COD)PdMeCIJ 

This compound was synthesised by Rulke et aZS2
-
54 starting with 

(COD)PdCh (prepared as described above) and using tetramethyltin as a 

methyllating agent. It was obtained by the above authors as an off-white 

powder stable in air but no further characterisation information was reported. 

The method outlined by RudIe-Chauvin and Rudler52 was attempted but it 

failed. A method similar to the one reported by Calvin and Coates5
] in 1960 

for synthesis of (COD)PdMe2 was followed successfully. 

The [H NWIR spectral data obtained for (COD)PdMeCl were compared with 

the results reported by Rudler-Chauvin and Rudler. The data compared very 

well, except for the colour which was greyish instead of an off-white colour 

reported. The greyish colour was due to the decomposition of (COD)PdMe2 

which was in competition with our product. The (COD)PdMe2 is only stable 

at temperatures below -10°C and is very air sensitive, whereas 

(COD)PdMeCI is stable in air and at room temperature (for a short time). 

The proton NMR spectrum for this complex is discussed below. The 

structural representation of this complex is displayed Figure 2.14. 
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a 
c 

?~ /Mee 7I:Pd

'--cl 
d 

c 

d 
(COD)PdMeCI 

Figure 2.14 Structural representation of (1 ,S-cyclo-octadiene )PdMeCI 

IH NMR of (COD)PdMeCI 

The chemical shifts corresponding to the assignations in Figure 2.14 are 

displayed in Table 2.11. The IH NMR spectrum of the compound is also 

displayed in Figure 2.1S. 

Table 2.11 IH NMR chemical shifts for (COD)PdMeCI 

Proton Chemical shift (ppm) 

a (S.94-S.90)(m) 

b (S.16- S.l O)(m) 

c,d (2 .64-2.4S) (m) 

e l.l8(s) 
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Discussion 

The chemical shifts in Table 2.11 and the corresponding designations in 

Figure 2.14 both refer to the IH NMR spectrum shown in Figure 2.15. The 

resonances in the region 8 = ( 5.94- 5.90)ppm are associated with proton a , 

the two hydrogens attached to alkene carbons. The peaks the region 8 = 

(5 .16-5.10)ppm are associated with proton b , the two hydrogens attached to 

two carbon of the the alkene group. The multiplets in the region 8 = (2.64-

2.45)ppm are associated with protons c and d, the hydrogens attached to the 

alkyl carbons. The singlet peak at 8 = 1.18ppm arises from proton e, the 

hydrogens of the methyl group attached to palladium. 

I..' 'Jl .. 
10 9 + I 6 

Figure 2.15 1H }'DvIR spectrum (in CDC1
3
)of (COD)Pdlvie Cl 

(~~ee Figure 2.14 for atom lettermg scheme) 

e 

r • 
1 ppm 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2.2.2.2.3 Glyoxal-bis(2,6-diisopropylphenylimne)Palladiummethylchloride 

f(G-(iPr) PI) PdMe CIJ 

This (G-(iPr)PI)PdMeCl complex was obtained as a pale orange-brown 

powder, which was found to be very stable in air and at room temperature 

with a decomposition temperature at 230°C. The dimethyl substituted 

palladium complex (G-MPI)PdMeCl was obtained as a pale orange-brown 

powder with decomposition temperature of 210°C also stable in air. The free 

ligand of these complexes is a symmetric molecule. The co-ordination of 

palladium methylchloride to the ligand created a non-equivalent 

environment for which resulted to changes in the proton NMR chemical 

shifts compared to the proton NMR spectrum of the free ligand. The 'H 

~ 

NMR spectra of these complexes will be displayed but only one will be 

discussed. The structural representation of this complex is displayed in 

Figure 2.16 below. 

.-l(j 
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d 

a Cl Me I 
b a" / 2 

Pd 

/ '" N N 
\LJ/ 
e 5 

b a ') 

- 1 

(G-(iPr)PI)PdMeCl 

Figure 2.16 Structural representation of (G-(i-Pr)PI)PdMeCl 

IH NMR of (G-(iPr)PI)PdMeCI and (G-MPI)PdlVleCI 

The chemical shifts corresponding to the designations in Figure 2.16 above 

are given in Table 2.12. The IH NMR spectra for these complexes are 

displayed in Figure 2.17. 

Table 2.12 IH NMR chemical shifts 

Proton Chemical shifts(ppm) for (G-(iPr)PI)PdMeCl 

I 

a,l (1.16-1.19)(d)J = 6.00Hz, (1.34-1.37)(d)J = 6.75Hz 

b,2 (3.17 -3.33 ),(3.46-3 .49)(sept) 

c,d,3,4 (7.20-7.45)(m) 

e,5 (8.09-8.29)(s) 

f 0.85(s) I 
I 

-17 
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Discussion 

The designations in Figure 2.16 below and the corresponding chemical shift 

in Table 2.12 both refer to the proton NMR spectrum in Figure 2.17(a) 

below. The resonance peaks in the region 8 = (1.16-1.19)ppm and 8 = (1.34-

1.37)ppm arise from protons a,l both of methyls of the isopropyl group but 

in a slightly different environment because of the influence of 

palladiummethylchloride group. The septet peaks in the region 8 = (3.17-

3.33)ppm and 8 = (3.46-3.49)ppm are associated with proton b, 2 both of 

the tertiary carbon of the isopropyl group but experiencing the influence of 

palladiummethylchloride group. The mUltiplet peaks at 8 = (7.20-7.45)ppm 

are associated with proton c,d,3 and 4 of the aryl ring. The singlet peaks at 8 

, " 

= 8.09ppm and 8 = 8.29ppm both arise from proton 5 and e attached to the 

of C=N but experiencing the influence of palladium methy1chloride. The 

singlet peak at 8 = O.85ppm arise from proton f of the methyl of palladium 

methy1chloride group. The results correspond very well with literature 

results32
. A similar IH NMR spectrum was obtained for (G-MPI)PdMeCl 

except for absence of isopropyl substituents. The spectrum of (G-
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MPI)PdMeCl show peaks at 8 = 22.29ppm and 8 =2.24ppm that are due 

to the presence of methyl protons on the aryl rings (see Figure 2.17(b )). 

~,d,3,4 
,.'-, 

a,l 
t-''-.. 

f 

f ll'l'l l l '1 ~ .'I"J . I .. i.lliijfJ ,tii " ,.~" j . ii .. i:Jlliio!i <p!'plmlli 0:" Ijjl JOII'!J · '''191 .,I . ;t.I'' '~' '!. I ' j l ll.'1l.ill. j, , ' .!~~~nl ' ::> . I 4 :) ~ . 1 

Figure 2. 17 (a) 1H N1YlR spectrum (in CDCl~) of (G-(i-Pr)PI)PcilvIeCl 

(s e e FJ.gUfe 2. 16 f6r atom It:ttenrtg scheme), 
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Figure 2. 17 (b) lH NNIR spect:rum(in CDC13) of (G-lvIPI)PcilvIeCl 

2.2.2.2.4 Diacetyl-bis(2, 6-diisopropylphenylimne) palladiummeth ylchloride 

I (D-(i-Pr) P I)PdM eel] 

The (D-(iPr)PI)PdMeCI complex was obtained as a yellow brown powder, 

stable in air and at room temperature with decomposition temperature of 

24S0C. The dimethyl substituted palladium complex (D-MPI)PdMeCI was 

obtained as greenish brown powder with a decomposition temperature of 

24S0C. Similar to glyoxal derivatives, the free ligands of these complexes 

are symmetric molecules but co-ordination of palladium methylchloride to 

the ligand created a non-equivalent environment for which resulted to 
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changes in the proton NMR chemical shifts compared to the proton NMR 

spectrum of the free ligand. The structural representation of (D-

(iPr)PI)PdMeCl complex is displayed in Figure 2.18 below. 

(D-(iPr)PI)PdMeCl 

Figure 2.18 Structure of (D-(i-Pr)PI)PdMeCl 

IH NMR of (D-(iPr)PI)PdMeCI and (D-MPI)PdMeCI 

The chemical shifts corresponding to the designations in Figure 2.18 are 

displayed in Table 2.13 below. The 'H NMR spectrum is displayed in Figure 

2.19. 

Table 2.13 'H NMR chemical shifts 

proton Chemical shifts (ppm) for (D-(i-Pr)PI)PdMeCl 

l,a (1.15-1.19)( d) J = 6.50Hz, (1.33-1.37)( d) J = 6.70Hz 

2,b 2.98-3.l5(sept) 

-
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/4,3,c,d 7.24-7.28(m) 

5,e 2.05-2.02(s) 

f 0.52(s) 

Discussion 

The chemical shifts in Table 2.13 and the corresponding designations in 

Figure 3.8 both refer to the IH NMR spectrum in Figure 3.9(a) below. The 

doublet peaks in the regions 8 = (1.15-1.19)ppm and 8 =(1.33-1.37)ppm are 

associated with proton a, 1 both from the methyls of the isopropyl groups 

but experiencing the influence of palladiummethylchloride. The septet peak 

in the region 8 =(2.97-3 .15)ppm is associated with proton b, 2 of the tertiary 

carbon of the isopropyl group. The multiplets at 8 = (7.24-7.28)ppm arise 

from proton c,d,3 and 4 of the aryl ring. The singlet peaks in the regions 8 

=(2.05-2.02)ppm is associated with proton e and 5 both from the methyl 

group attached to the carbon of C=N group. The singlet peak at 8 = 0.52ppm 

arises from proton f of the methyl group attached to palladium of palladium 

methylchloride. The (D-lVIPI)PdMeCl I H NNIR spectrum is very to that of 

(D-(iPr)PI)PdMeCl except for the absence of the septet peaks at (5 = 2.98-



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.15ppm that were associated with the isopropyl group. In the of these 

isopropyl protons the (D-MPI)PdMeCl spectrum showed peaks at 

8 =1.54ppm and 8 = 2.29ppm that are attributed to the methyl groups on the 

aryl rings of (D-MPI)PdMeCl. 

4 
3, c d 

5 e 
f 

a 
1. 

2J·tb I ' 
" L l" L __ ~ ____ ._ ._ .~ ._~________ ____ - .~ ~_ 

j "\! 0' Ii Ii" 6 Ii i Ji ' , T Ii II " '~' Ii 'I " Ii 6' Ii jI " '~" Ii Ii " 4 i "I'" i 5" " I i Ii 3 " Ii i, i, j l' ipp~ 
Figure 2.19(a) lH NIVIR spectrum (in CDC13) of (D-(i-Pr)PI)PdIVleCl 

(see FJgure 2.18 for atom lettering scheme) 
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Figure 2.19(b) lHN11R spect:rum(in CDC13) ofCD-lvrPI)PdNIeCl 

Conclusions 

All diimine ligands were prepared and stored at room temperature and they 

are very in stable in air. The diisopropyl substituted diimine ligands were 

obtained in good yields compared that is attributed to impurities to the 

starting material. All the yields are reported in the experimental chapter. 

Palladium complexes bearing diimine ligands showed better stabilities in air 

and at room temperature than nickel complexes. Both nickel and palladium 

complexes bearing diimine ligands gave good yields even better than the 

yields reported in the literature. The preparation of palladium complexes 

bearing dimethyl substituted diimine ligands was not reported in literature, 
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so they were prepared similarly to the methods used to prepared palladium 

complexes bearing diisopropyl substituted diimine ligands. Their preparation 

produced good yileds and also gave convincing IH NMR results and a colour 

similar to the diisopropyl substituted palladium complexes. In the next 

chapter all complexes including these palladium complexes bearing 

dimethyl substituted diimine ligands will be tested(used as catalysts) In 

homopolymerisation reactions of ethylene and I-hexene. All the 

polymerisation results will be discussed in the next chapter. 
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Chapter Three 

Polymerization of ethylene and I-hexene by Ni(II) and Pd(II) based 

catalysts 
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Chapter 3: Polymerization of ethylene and I-hexene by Ni(II) and 

Pd(II) based catalysts 
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3.1. Introduction 

3.1.1. Polymerization of a-olefins by metallocenes 

Olefin polymerization by metallocene catalysts lS a co-ordination 

polymerization. Co-ordination polymerization is a chain addition reaction 

that usually involves a propagation step in which an olefin monomer is held 

in a co-ordinated way on the active site of the metallocene catalyst. The 

catalytic activity of the metallocene catalysts can only be exploited when a 

Lewis base cocatalyst such as methylalumoxane(MAO) or a borate 

compound such as B(C6F Sr4 is usedss,s6. 

There are two main classes of activated metallocene catalyst: 

(i). a bicomponent catalyst system consisting of a metallocene and 

methylalumoxane( cocatalyst) , e.g. bicyclopentadienyl zirconium dichloride 

(Cp2ZrClzIMAO)S7. 

(ii). and a single component catalyst system such as { [Cp2MRtB(C6Fs)4}S8 

5S 
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In this chapter, we will be investigating catalytic polymerisation using Pd(II) 

and Ni(II) based catalysts bearing diimine ligands and methylalumoxane 

(MAO) as cocatalyst. 

3.1.2. Mechanisms in olefin polymerization 

There are four general mechanisms that have been proposed for the insertion 

the olefin monomer into a catalyst59
-
63

: 

(i) The first mechanism proposed by Rooney et ar4
, involves the 

oxidative l,2-hydrogen shift from the a-carbon of the polymer chain 

to generate a metal-alkylidene hydride complex. This species then 

reacts with an olefin to generate a metallacyclobutane, and reductive 

elimination completes the propagation sequence. 

(ii) The second mechanism involves the transfer of the long alkyl chain to 

the coordinated olefin(monomer). This results in the formation of a 

new transition metal carbon bond. This mechanism is known as 

Cossee-Arlman mechanism65
-
67(Scheme 1). 

(iii) The third mechanism proposed by Green et al68 involves a hydrogen 

on the a-carbon of the growing chain interacts with the metal center 

during the catalytic cycle. This three-centered system is termed an 

59 
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agostic interaction when the hydrogen is simultaneously bonded to 

both a carbon and a metal atom. 

(iv) The last mechanism involves the olefin insertion, in which an u-

hydrogen interacts with the metal center only during the transition 

state of the C-C bond forming step. 

Scheme 1. Cossee mechanism for Ziegler-Natta polymerization 

~ 
M---o + 

1 

1 __ - __ _ ______________ __ _ 

The mechanisms above indicate that at some point in the catalytic cycle, the 

metal atom will be coordinated to a n-ligand and the alkyl group of the 

growing chain. During polymerization, the monomer will coordinate with 

the metal center of the cationic complex followed by insertion of a monomer 

in the metal-carbon bond to extend the polymer chain. The migration of 

60 
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polymer chain and the formation of the metal-carbon bond occur 

simultaneously, through a four centered transition state. This result in the 

creation of a vacant coordination site, at site originally occupied by the 

polymer chain. This process continues until the polymer chain is terminated. 

Furthermore, in metallocene catalyzed olefin polymerization, the termination 

of the propagating polymer chain occurs through a chain transfer involving 

both ~-H elimination69
-
71 and ~-CH3 eliminationn

,73. The termination of the 

polymer chain propagation may also occur due to the chain transfer to 

I ., th 7475 a ummlUm, or e monomer ' . 

In our of polymerization process, the chain termination is proposed to occur 

by ~-H elimination chain transfer, but this type of chain transfer is hindered 

by the presence of bulky groups in metallocene catalysts which leads to 

slower rate of chain transfer than chain propagation32
. 

3.1.3. MAO and its role in olefin polymerization 

Methylalumoxane, normally called MAO, is a poorly characterized, glassy 

polymeric substance, usually of molecular weight 900-1200 and composition 

of {MeAIO}n and consists of linear cyclic and crosslinked compounds76
.
77

. 
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This compound is readily dissolved in hydrocarbon solvents such as toluene, 

in which, due to the facile ligand exchange in aluminium complexes it 

establishes a solution equilibria. 

This MAO and other alumoxane compounds are synthesized by controlled 

reaction of trimethylaluminium with water molecules contained in the 

by this compound in the polymerization can be describe as follows: 

(i). In the metallocene dihalide system, the function of MAO is to complex 

and alkylate the metallocene halide complex, replacing one halide atom with 

an alkyl group removing the second halide creating a co-ordinatively 

unsaturated cationic complex. This gives rise to the catalytically active 

species and propagation ensues. 

-
(ii). MAO helps to maintain the catalyst complex in a cationic state by acting 

as a non-co-ordinating anion. 

(iii). MAO can also help to scavenge impurities that may poison the catalyst. 

The main role of these MAO cocatalysts, in summary, is generally thought 

to be facilitated by the formation of electron-deficient Icoordinatively 

unsaturated cationic metallocene species (see eq 1) which are the actual 

catalysts8o . 

62 



Univ
ers

ity
 of

 C
ap

e T
ow

n

---------------------_._----------------_ ._-----

+ A 

M = Pd,Ni,Zr,Ti, or Hf 

A = cocatalyst 

R' = alkyl or halide 

3.1.3. Characterization methods 

(1) 

Cp = cyclopentadienyl-type ligand 

R = alkyl 

This section briefly describes the main methods used in characterization of 

the polymers formed in this study. 

Differential Scanning Calorimetry(DSC) 

Melting point determinations on the polymers were obtained from a Perkin-

elmer Differential Scanning Calorimetry(DSC) interfaced to a PC7 Series 

Thermal analysis system. The DSC traces were recorded at a scan rate of 

10°C/min. This machine collects energy flow rate data as a function of 

temperature and time. The energy response of the DSC was calibrated using 

the enthalpy of fusion of indium and the temperature measurement was 

calibrated using the melting point of ultra-pure metals (indium, tin or lead). 

63 
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The sample was place in an aluminum pan and an empty pan was used a 

reference. 

Thermogravimetric analysis (TGA) and Differential thermal analysis 

(DTA) 

The study of the degradation of linear macromolecules is of major interest 

since in many cases it determines the upper temperature limit of use of a 

polymeric material. Thermogravimetric analysis (TGA) is a system whereby 

the thermal stability of a polymeric material is measured. In this process the 

weight loss of the polymer is measured as a function of temperature. TGA 

can be used with DTA in order to understand if the polymer melts before 

degradation or the melting of a polymer is accompanied by degradation81
-
85

. 

The TGA trace and DT A trace of our polymers were recorded on a 

ST A409C DT AlTG machine at a heating rate of 20°C/min under an argon 

purge. For TGA measurement the sample was placed in an aluminium pan 

and an empty pan was used as a reference. 
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IH, J3C, and J3C APT NMR spectroscopy 

The NMR spectra were recorded on a Varian XR200 or 400 Unity 

spectrometer using tetramethylsilane as an internal standard. 

The I3C APT NMR spectroscopy is a l-modulated spin echo method that can 

be used as an aid to signal assignment, as it enables one to quickly detelmine 

from a single experiment whether the number of hydrogen atoms attached to 

each carbon is odd (lor 3) or even (0 or 2). 

3.2. Results and discussion 

All nickel complexes were activated by MAO before they were used as 

catalysts In the homopolymerization of I-hexene and ethylene. 

The homopolymers produced were sUbjected to lH , 13C and 13C APT NMR 

spectroscopy studies to detennine structural infonnation and DT AlTG and 

DSC studies were used to investigate the thennal stability and melting points 

of the polymers. Interestingly, both homopolymers of ethylene and I-hexene 

exhibited very similar lH ,13 C and I3C APT NMR results. The similarity of 

the NMR spectral results might be an indication of the same pattern of 

branching in these homopolymers. The DSC and DT A/TG results showed 

different behaviour for each polymer made. This can be ascribed to a 

65 



Univ
ers

ity
 of

 C
ap

e T
ow

n

difference in the degree of branching, chain length and chain packing. The 

characterization results of these polymers is discussed below. 

The synthesis and characterization of these polymers were reported in the 

literature. 

3.2.1. Poly(1-hexene)(PH) polymers 

A schematic representation of a general structure of 1-hexene unit of a 

poly(1-hexene) polymer is displayed in Figure 3.1 below with assigments 

1,2,3,4,5 and 6 for the protons and carbon atoms. 

n 
4 

5 
6 

.vvvvv = Polymer 

Figure 3.1 A general structure of 1-hexene unit in poly(1-hexene) 

3.2.1.1. Poly(J -hexene) polymers by nickel catalysts 

The polymer PH 1 obtained from the polymerisation catalyzed by (0-

(iPr)PI)NiBr2 IMAO from a lOml of I-hexene monomer was a colourless 

66 
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; . 

plastic like polymer produced in the yield of 1.70g . This polymer showed a 

melting point of 65-69°C when observed under a hotstage microscope. 

Similar to the polymer PH2, produced from the reaction catalyzed by (G­

(iPr)PI)NiBr2, showed a melting of 68-79°C. Polymer PH2 was produced as 

an amorphous colourless material with in a yield of 3,70g. Both polymers 

exhibited similar lH, l3C and l3C APT NMR results as expected. Polymer 

PHI results will be discussed. The TGA results will be displayed for both 

polymers. 

3.2.1.1.1/H NMR of nickel catalysedpoly(1-hexene) polymers 

The chemical shifts corresponding to the assignments in t~e general 

structure of poly( I-hexene)( Figure 3.1) are displayed in Table 3.1 below 

and the lH NMR spectrum is shown is Figure 3.2 below. 

Table 3.1 The IH NMR chemical shifts for PHI measured in CDCh 

Proton Chemical shifts(ppm) 

6 0.82-0.91 

5,4,3,1 1.22-1.25 

2 1.55 
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Figure 3. 2 1H NlIIR spectrum for PHl (in CDCl3) at room temperature 

Discussion 

The IH NMR spectrum of PHI (Figure 3.2) was recorded at room 

temperature in CDCl3 as a solvent. The spectrum shows a small broad peak 

at 8 = 1.55ppm which is associated with the methine proton 2. The broad 

peak at 8 = (1.22-1.25)ppm arises from the methylene protons(3,4,5 and 1) 

which are u, ~ and y to the methyl group of the chain branch and the 

in-chain methylene protons. 
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13 . 
C NMR spectra of poly(l-hexene) polymers from nickel catalysed 

reactions 

To determine the structure of the PHI polymer 13C NMR and I3C APT 

NMR spectra were recorded. The results are displayed in Figure 3.3(a) and 

(b). The peaks at 8 = (23.l3-30.13)ppm are associated with methylene 

carbons (CH2) of butyl or longer chain branches such as octyl branches. The 

peaks at 8 = 33.67ppm are associated with in-chain methylene 

carbons(carbon 1, a to the tertiary carbon 2 (see Figure 3.1» . The peak at 8 

= 37.08ppm is associated with methine carbon atoms, i.e the tertiary carbon 

at the branching point of the chains( carbon 2 in the general structure). The 

peaks at 14.l1ppm and 19.65ppm are attributed to methyl carbon atoms at 

main chain end or methyl carbon atoms at the end of long chain branches 

such as octyl branchs. The peaks at 32.48ppm and 34.69ppm are associated 

with methyl carbon atoms of short branches such as ethyl branches. These 

methyl carbons were further confirmed by I3C APT NMR spectrum shown 

in Figure 3 .3(b) where the methyl carbon atoms are pointing down (-) while 

other carbons pointing in the normal direction (+). The same type of NMR 

response was obtained for other polymer as expected because they are also 

poly( I-hexene)s and they should have at least same pattern of micro-
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structural make up in tenns of chain branching but the degree of branching 

should differ resulting to different properties. 

90 80 70 60 50' 4b 30 20 10ppm 

Figure 3. 3 (a)13C Nlv1R spectrum for PH1 (in CDC13) at room temperature 

I 

., ."n,,!, it. Jtu . ' . 
.. __ ... ..1-1 ._.~ , '. ' ~ . ., " I 1 . ....'.-1 

45 40' 3
1 

30 ' ---:;s . ·t ·, 15 . lo-ppm 

Figure 33(b) 13C MT l.\f11R spectrum for PH1 (in CDC13) ;at room temperature 
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3.2.1.1.2 Thermal behaviour of poly(l-hexene) polymers from nickel 

catalysed reactions 

These polymers showed very low melting points and poor thermal stabilities 

as already mentioned above. The TGA trace shows that, the polymers started 

to lose mass at a temperature and the mass loss continued until the total 

decomposition (see Figure 3.4 and 3.5). 

95 

85 

Figure 3.4 TGA for PHl temperature 
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Figure 3.5 TG A for PH2 temperature 

3.2.1.2. Poly(1-hexene) polymers obtained using palladium catalysts 

The poly(1-hexene) polymers PH3 and PH4 were obtained from the reaction 

catalysed by (G-(iPr)PI)PdMeCI and (D-(iPr)PI)PdMeCI respectively. Both 

polymers were obtained as greyish powders (O.24g of PH3 and O.13g of 

PH4). The poly(1-hexene) polymer PH4 was the only that showed a melting 

point of 98°C from (DSC measurement). Thermal analysis results will be 

discussed below. The N1v1R spectra of these polymer were very similar to 

the N1v1R spectra of I-hexene polymers obtained from nickel catalysts as 
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expected. The only difference that will be expected for all polymers is the 

degree of branching and the molecular weights that will be reflected by 

thermal stabilities of each polymer. 

3.2.1.2.1 The NMR spectral data: for palladium catalysed poly(1-

hexene) polymers 

The lH NMR spectrum of PH3 shown in Figure 3.6, was recorded at room 

temperature in deuterated chloroform. The small(low intensity) singlet peak 

at 8 = 1.54ppm is associated with methine protons(CH). The peak at 8 = 

1.25ppm arise from the in chain methylene protons(Cfu) and also methylene 

protons at the chain branches included. The small broad peak at ,8 = (1.06 -

1.09)ppm are associated with methyl protons at methyl or ethyl chain 

branches. The peaks at 8 = (0.82-0.87)ppm arise from the methyl protons at 

the butyl branches or main chain ends. The spectrum is exactly the same as 

those of poly(1-hexene)s from nickel catalysed reactions above and also for 

13C ~ and 13C APT ~ the same results as those polymers were 

obtained (see Figure 3.7(a) and (b) below). 
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Figure 3. 6 1H NJ:vIR spectrum for PH3 (in CDC13) at room temperature 

80 fu 60 50 40 30 20 ppm 

Figure 3.7(a) 13C :N"":tIffi spectrum for PH3( in CDC13) at room temperature 
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Figure3.7(b)13C APT NNIR spectrum for PH3 (in CDC13) at oom temperature 

3.2.1.2.2 Thermal behaviour of the palladium catalysed pol(l-hexene) 

polymers 

These polymers showed poor thermal stabilities when compared to the 

polymer obtained from the nickel catalysed reactions. For both polymers 

from the nickel catalysed reactions DSC information could not be recorded. 

The polymer PH4 from palladium catalysed reactions was the only poly(1-

hexene) polymer that showed a melting point of 98°C. However, the 

polymer exhibited early weight loss, starting before the melting point as 
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shown Figure 3.8(b). The polymer PH3 could not give DSC results and the 

TGA in Figure 3.9 showed very early decomposition. The DSC and TGA 

thermo grams are displayed below in Figures 3.8(a) and (b) and Figure 3.9 

below: 

20·r~~----~--~------------------------~r 

15 

5 

o 40 .00 70.00 100.00 130.00 rruoo nm:oo 220 .00 250 .00 280.00 3 0.01 

Figure 3.8(a) DSC thermogram for PH4 TEMPERATURE (9::;) 
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Figure 3.8(b) TGA forPH4 temperature (oC) 
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Figure 3.9 TGA for PH3 

77 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.2.2. Poly(ethylene) polymers 

A schematic representation of a general structure of poly( ethylene) 

homopolymers with assignment 1 for proton and carbon atoms is displayed 

in Figure 3.10 below: 

JVvVVV' = Polymer 

Figure 3.l0 A structure of an ethylene unit in poly(ethylene) polymer 

The structure in Figure 3.10 above shows that poly( ethylene) homo 

polymers are made up of mainly linear chains composed of methylene units 

(CH2) in the chain backbone and with methyl groups at the chain ends. 

According to this suggested view, polyethylene homopolymers should be 

crystalline polymers. 

However, the ethylene homopolymers that are experimentally produced are 

branched and amorphous polymers. The degree of branching of these 
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polymers is inversely proportional to the crytallinity of the polymeric 

materiaf6
,27, and differs for each polymer depending on the methods and 

conditions of synthesis. 

This difference in degree of branching in ethylene homopolymers leads to 

different types of polymers with different applications. There are four main 

different types of polyethylene polymers that are available commercially. 

These are: 

(i). Ultra-pure poly(ethylene) polymers 

(ii). High density poly(ethylene) (HDPE) 

(iii). Low linear density poly(ethylene) LLDPE and 

(iv). Low density poly(ethylene) LDPE. 

All these types of polymers above differ according to the methods and 

conditions of synthesis. This can give rise to the degree of branching and 

crystallinity85-87. In this thesis, we produced polymers from reactions 

catalysed by diimine complexes at room temperature under 1 atm pressure of 

ethylene monomer. 

The polymers produce were characterized by IH and l3C NMR spectroscopy 

supported by l3C APT NMR spectra for structural information and they were 

subjected to DSC and DT A/TG thermal studies. 
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3.2.2.1. Poly(ethylene) polymers produced by nickel catalysts 

The polymer PEl was obtained from the reaction catalysed by (D­

(iPR)PI)NiBr2IMAO at room temperature under 1 atm pressure of ethylene 

monomer as a colourless amorphous polymer in yield of 2.43g . The 

polymer PE2, obtained from the reaction catalysed by (G­

(iPr)PI)NiBr2IMAO under the same conditions as PEl, was a white powder 

in yield of O.253g. The polymer PE2 exhibited better thermal stability than 

PE 1 as determined by TGA . Both polymers showed very similar NMR 

spectra and the NMR results corresponded very well with that reported by 

Brookhart and his coworkers32
• The polymer PE3 obtained from t~e reaction 

catalysed by (D-MPI)NiBr2IMAO under the same same condition as the 

other two polymer mentioned above was a colourless amorphous polymer in 

2.l0g. The polymer PE4 from the reaction catalysed from by (G­

MPI)NiBr2IMAO under the same conditions as the other polymers was 

above obtained as a milky solid polymer. PE4 showed better thermal 

stability than PE3. With both PE3 and PE4 more thermally stable than PEl 

and PE2. All these polymers showed very similar NMR spectra although 

other polymers such as PE3, PE2 and PE4 showed very poor solubility in 
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many solvents such as 1,2 dichlorobenzene, benzene, dichloromethane and 

slightly soluble in chlorofonn. 

3.2.2.1.1 1 H NMR for nickel catalysed poly (ethylen e) polymers 

L 
.' ij ' i " 1 ';t , i • ; . ; . , I. . . , , , ., . '.e. , : , ( i .. , S! 

4.0 3.'5 3.0 2.5 ' 2.0 , 0'.5 ppm 1.5 1.0 

Figure 3. 11 lHNMR for PEl (in CDC13) at room temperature 

Discussion 

In Figure 3.11, the lH NMR spectrum of PE 1 shows a small peak at 8 = 1.52 

ppm which is associated with a methine (CH) proton, the proton attached to 

the tertiary carbon at the chain branch. There is a broad peak at 8 = (1.19-

1.26)ppm arising from the in chain methylene protons(Cfu) The resonance 

peaks at 8 = (0.83 - 0.84)ppm are associated with methyl protons at the 

81 



Univ
ers

ity
 of

 C
ap

e T
ow

n

chain ends. Similar spectra were obtained for other polymers such as 

PE3(see Figure 3.12), to avoid repetition, other spectra are not displayed 

I 

1\ 
----....~J _~~~.u uJt-------+ 

.. 

8 6 S 4 3 ppm 0 

Figure 3.12 lH NMR for PE3(inCD9h: ) at room temperature 
L-~ ________________ ~~~ ____ ~~~ ____________________ ._ 

3.2.2.1.2 13 C and l3C APT NMR spectra for poly(ethylene) polymers 

produced from nickel catalysed reactions 

The !3C NMR and 13C APT NMR spectra for PE3 were recorded at room 

temperature. The results are displayed in Figure 3.13(a) and (b) below. The 

peaks at 19.72ppm and 19.86ppm are associated with methyl carbons on the 

chain and also at the chain ends of long branches such as butyl or hexyl 

branches. The peaks at 32.78ppm to 33.07ppm are associated with methyl 

carbons on the shortest branches such as methyl branches (that means 
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carbons a or ~ to the tertiary carbons in the main chain). These peaks can 

also be observed in the l3C APT NMR spectra in the same region but 

pointing down. The peaks at 26.73ppm to 30.l8ppm are associated with 

methylene carbons on the long chain branches and on the chain backbone. 

But the peaks at 33.13ppm to 34.78ppm are associated with in chain 

methylene carbons a to the tertiary carbon( or in between the two tertiary 

carbon in the chain backbone). The peak at 37.2Sppm is associated with 

methine ,peak (the 3°carbon at the branching point). Looking at the 

intensities of the peaks especially in l3C APT NMR it can be observed as 

expected that the peak at 37.25ppm and the peak 19.72ppm for 1 ° carbon are 

in a 1: 1 ratio which means for every methine ( 3° carbon ) tqere is one 

methyl carbon(1 ° carbon) 

at the chain end. And also the methylene peaks (2° carbon) at 34.38ppm 

have low intensities compared to the methylene peaks at 
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80 70 60 5D 40 30 20 10 ppm 

Figure 3. 13 (a) 13C NMR spectrum for PEl (in CDC13) at room temperature 

40 38 36 34 32 30 28 26 24 22 2 18 ppm 

Figure 3.13(b )13c APT NMR spectrum for PE 1 (in CDC13) at room temperature 
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26.72ppm to 30.l8ppm meanmg that there is low population of the 

methylene groups at the a position to tertiary carbon of the branching point. 

The same discussion holds for other polymers because these have very 

similar NMR spectrum as explained in the sections above. 

3.2.2.1.3 Thermal behaviour of nickel catalysed poly(ethylene) polymers 

(i) Differential Scanning calorimetry (DSC) 

Melting points 

The melting points of poly( ethylene) homopolymers produced usmg 

different Ni(II) catalysts with the same concentration and synthesized under 

the same reaction conditions are displayed below. 

Table 3.2 DSC melting point endotherms for poly(ethylene) polymers 

Polymer CatalystlMAO Melting points determined by 

-
DSC 

PEl (D-( iPr )PI)NiB r2 70°C 

PE2 (G-(iPr)PI)NiBr2 92°C 

PE3 (G-MPI)NiBr2 129°C 

PE4 (D-MPI)NiBr2 116°C 
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Discussion 

The Figures 3.14, 3.15 and 3.16 below show the DSC thermograms of the 

poly(ethylene) polymers mentioned in Table 3.2. These DSC thermograms 

are characterized by broad peaks which is the indication either (i) of the 

amorphous nature of these polymers or (ii) of the degree of branching of 

the polymer. The DSC trace for PE2 in Figure 3.14 show a broad endotherm 

centered at 92°C, associated with the melting of the polymer. 

There is also an exothermic peak at 245°C which is attributed to the 

structural rearrangements before decomposition. The DSC thermograms of 

PE3 in Figure 3.15 shows a peak centered at 129°C which is associated with 
, 

melting point of the polymer. The thermogram ofPE4 in Figure 3.l6 shows 

an endotherm centered at 116°C which is attributed to the melting of 
~ . 

polymer. In order to see if the melting of the polymer was accompanied by 

decomposition these results were further confirmed by DT AlTO in the next 

section. 
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Figure 3.14 DSC thermogram for PE2 
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temperature (0C) 
Figure 3.16 DSC thermogram for PE4 

(ii) Thermogravimetric an alysis(TGA) and Differential Thermal 

Analysis(DTA) 

The TGA and DTA trace of the polymers were recorded on a STD409C 

DT AlTG machine at the heating rate of 20°C/min under an argon purge. All 

the polymers were heated up to 600°C. The overlays of DTAITG 

thermo grams for all polymers are displayed after the discussion section. 
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Discussion 

DTA interfaced to TG thennograms will help us to see wheter the thennal 

events are accompanied by decomposition of the polymer during heating. 

The DTAITG traces for PEl are shown in Figure 3.l7(a). The polymer PEl 

showed an onset weight loss at about l8SoC after it has melted at l08.4°C 

and there was major offset degradation at 430°C. The polymer PE2 in Figure 

3.l8(a) and(b) showed a melting point centered at 112°C, higher than that of 

PEl but immediately followed by gradual weight loss until the major offset 

decomposition at 426°C. 

The DT AlTG and TG thennograms of PE3 shows the polymer melted at 

127°C followed by onset decomposition at 149°C and a major degradation at 

441°C whereas PE4 shows an onset weight loss at 236°C and major 

decomposition at 437°C. 
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Figure 3.17 DTAITG thermogram for PE 1 
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Figure 3,18 DTAITG thermogram for PE2 
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Figure 3. 19 DT.AJTG thermogram for PE3 
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Figure 3.20 DTA/TG thermogram for PE4 
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From DSC and DTAITG data, it can be observed that polymers PE3 and 

PE4 exhibit better thermal stability than PE land PE2. But polymer PE2 

shows better thermal stability than PEl same as PE4 shows better thermal 

stability than PE3. Polymers PE3 and PE4 are produced from dimethyl 

substituted diimine catalysts and polymers PE2 and PE I are produced 

diisopropyl substituted diimine catalysts. This means that the substituents on 

the aryl rings of diimine catalysts had an effect on thermal of the polymer 

produced. 

3.2.2.2. Poly(ethylene) polymers prepared using palladium catalysts 

The palladium catalysts showed very poor catalylic activity. Four catalysts 

were used for polymerization studies and only two catalysts consistently 

produced polymers, in very low yields and the third catalyst produced a 

polymer(PES) only in the first run. The NMR spectra of these polymers were 

very similar to poly( ethylene) polymers produced by the nickel catalysts. 

These polymers showed poorer thermal stability than polymers produced 

from nickel catalysed reactions. The polymer PES was obtained from the 

reaction catalysed by (D-(iPr)PI)PdMeCl under the same conditions as the 

nickel catalysed reactions, as a greyish powder in yield of O.19g. The 
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polymers PE5 and PE6 were respectively produced from the reactions 

catalysed (G-(iPr)PI)PdMeCI and (G-MPI)PdMeCI . 

1 H NMR results of poly(ethylene) polymers by palladium catalysts 

As was mentioned above, the polymers gave very similar NMR results to 

polymers produced from the nickel catalysed reactions. To avoid repetition, 

one NMR spectrum for PE5 will be displayed in Figure 3.21. 

_________ -.,..,.-~ ............... ~~-----u ...... A. .: I 

',u ' .:!) , 'I .. ' . (i:' . :' ··;:.,,'l .'P(." .. ,H'Ei,p, · ... "' ··c. ' i . .... , ',, : , 'ii i 

9 8 · 7 6 5 · 4 3 2 1 0 ppm 

Figure 3.211 H NMR of PE5(in CDCl3) at room temperature 

93 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.2.2.2 Thermal behaviour o/palladium cataslyed Poly(ethylene) polymers 

The polymers from the palladium catalysed reaction were also subjected to 

DTA/TG analysis and spectra of the PES and PE6 are displayed in Figures 

3.22 and 3.23 respectively. The DTA results shows that polymer PES melted 

at 103°C and a TG thermogram showed that the melting of the polymer was 

accompanied by mass loss. 

The DT A results for PE6 shows that this polymer has a melting point of 

1 1 SoC which is higher than that of PES but that at the melting point of PE6 

there was major decomposition. When comparing these results with DT A . 
and TG results of the nickel catalysed poly(ethylene), it can be observed that 

although these polymers prepared from palladium catalysed reactions show 

-
high melting points they have poor thermal stability according to the TG 

analysis. 
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3.2.3. Degree of crystallinity 

Polymers are only partially crystalline but the degree of crystallinity,Xc, 

reflects their history, i.e crystallisation temperature, time, annealing 

temperature85,88etc. Physical and mechanical properties vary markedly with 

Xc and can limit their commercial and technological exploitation. Most 

approaches to the measurement of crystallinity adopt a two phase model, 

made up of crystalline and amorphous regions. The Degree of crystallinity 

can be detennined by many experimental procedures but each adopts 

different definitions of crystallinity and measure different values for Xc. 

The DSC detennines Xc from the ethalpies of fusion or crystallisation ,i1Hx., 

by measuring the area under the melting curves82, i.e: 

Xc = i1Hxl i1tr' x 

Where i1tr' x refers to the enthalpy of fusion or crystallisation of the totally 

crystalline polymer. 

In our case, i1tr' x, will be that of 100% pure crystalline poly( ethy lene), with 

a value of 293,13cal/g89-91 . All the values of the degree of crystallinity of our 

experimentally produced poly(ethylene) are displayed in Table 3.3. 
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Ta ble 1.3 Degree of crystalliy of poly( ethylene) polymers 

CatalystIMAO polymer Enthalpy (~Hx)cal/g Crystallinity(% ) 

(G-( iPr )PI)NiB r2 PE2 134,3 50 

(l)-~I)NiBr2 PE3 8,8 3 

I (G-~I)NiBr2 PE4 73,3 25 

(G-( iPr )PI)PdMeCl PES 79,0 27 

(G-~I)PdMeCl PE6 143,6 49 

pure crystalline PE 293,13 100% 

poly( ethylene) 

3.3 Conclusion 

3.3.1 Poly(1-hexene) polymers 

As it was mentioned in the discussion all these polymers gave very similar 

NNlR spectra and these NNlR results corresponded very well with the results 

obtained by Brookhart and the coworkers32
. The only difference was 

observed when the polymers were subjected to thermal analysis. Each 

polymer exhibited different thermal behaviour. The nickel catalysed 
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polymers showed better thermal stability than the palladium catalysed 

polymers according to TG analysis. 

3.3.2 Poly(ethylene) polymers 

Similar to the poly(1-hexene) polymers these polymers gave very similar 

NMR spectra that can attributed to similar pattern of structural make up in 

terms of branching. They are all poly(ethylene)s but the degree of branching, 

molecular weight and the chain length will be different for each polymer. 

This can be reflected in the thermal behavior of the material. Looking at the 

thermal stabilities of these polymers especially the polymers produced from 

nickel catalysed reactions, it can be observed that each polYD;ler shows 

independent thermal behaviour. There is however a pattern in their 

behaviour. That means the polymers produced from reaction catalysed by 

glyoxal derivatives of nickel diimine catalysts exhibited better thermal 

stability.The dimethyl substituted catalysts such as G-MPINiBr2 also 

produced polymers of better thermal stability than the diisopropyl 

substituted catalysts such as (G-(iPr)PI)NiBr2. This means that the overall 

structure of the ligand played a role in the thermal stability of these 

polymer. The activity of the catalysts served as a measured of the effect of 

the metal. The palladium catalysts showed very low activities observed also 
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from very low yields of polymers produced. As it was mentioned the results 

correlated very well with the results reported by Brookhart and coworkers32 

Future work 

These catalysts especially all the diimine nickel dihalide catalysts have a 

great potential in a-olefin polymerisation reactions. Thus there is scope for 

further research on them. The polymers produced by these catalysts, also 

need thorough investigation in terms of their application and processibility. 
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Chapter Four 

Experimental 
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Chapter 4: Experimental 

Materials 

Formic acid, 2,6-dimethyl aniline, 2,6-diisopropyl aniline, Na2PdCI4, 

1,5-cyc1o-octadiene, triethyl orthoformate, 1,2-dimethoxy ethane, methyl 

lithium, and methyl alumoxane(MAO), were purchased from Sigma Aldrich. 

Glyoxal, diacetyl and I-hexene were purchased from Merck N.T. 

Nitrogen and ethylene gases purchased from Afrox. 

Solvents: Toluene was purchased from Continental lab Suppliers, diethyl 

ether, methanol and dichloromethane were purchased from Merck N.T, 

hexane was purchased from B & M Scientific, acetone and ethanol were 

purchased from Kimix Chemicals 

Purification of solvents and other reagents92
,93 

Diethyl ether: 

Was purified by distillation over sodium benzophenone ketyl under nitrogen 

atmosphere. 
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Hexane: 

\Vas purified by distillation over sodium benzophenone ketyl under nitrogen 

atmosphere 

4.1. Diimine ligands 

All products were air stable, reactions were conducted in the fumehood 

especially handling of 2,6-dimethyl aniline which is very toxic. The 

experimental detail follows in the sections below. 

4.1.1. Synthesis of glyoxal-bis(2, 6-diisopropylph enyl) imine[ G-(iPr)P IJ 

A solution of 2,6-diisopropylaniline (l.OOg, 5.64mmole) in methanol (20ml) 

was mixed with fonnic acid (1 ml) as a catalyst and the mixture was stirred at 

ooe for 5 minutes before the dropwise addition of glyoxal (0.16g 2.82mmol) 

solution. The reaction mixture was allowed to stir for 2.5 hours" at ooe and a 

yellow precipitate fonned during stirring. The yellow precipitate was 

filtered-off, washed with cold methanol and dried. This product was purified 

by addition of hexaneUust enough to dissolve the solid) and recrystallised 

from methanol. The product was isolated as a yellow powder stable in air 

and in 0.696g (60% yield). 
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4.1.2. Synthesis of Diacety-his(2,6-diisopropylphenyl)imine[D-(iPr)PI] 

A solution of 2,6-diisopropyl aniline (l.OOg, 5.64mmol) in methanol (30ml) 

was mixed with formic acid (1 ml) as catalyst and stirred at room 

temperature for 2 minutes before the slow addition of diacetyl (0 .25g, 

2.82mmol) solution. The reaction mixture was allowed to stir for 25hours at 

room temperature and the light yellow precipitate formed. The precipitate 

was filtered-off the solution and washed with methanol (2x 1 Oml) then dried. 

The product was isolated as an air stable light yellow powder in 0.625g 

(50% yield). 

4.1.3. Synthesis of glyoxal-his (2, 6-dim e thy lp h enyl) imin e[G-MPI] 

A solution of2,6-dimethyl aniline (3.00g, 0.02mol) in methanol (30ml) was 

mixed with formic as a catalyst and the mixture was stirred at O°C for 5 

minutes before the slow addition of glyoxal ( 0.71 g, 0.01 mol). The resulting 

mixture was stirred for 2.5 hours at O°C and pale yellow crystalline 

precipitate was formed. The precipitate was filtered-off the solution and 

washed with cold methanol (3x 1 Oml) then dried. The product was isolated as 

an air stable pale yellow crystalline powder in 1.93g (52% yield). 
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4.1.4. Synthesis of diacetyl-bis(2,6-dimethylphenyl)iminefD-MPIJ 

A solution of2,6-diimethyl aniline (3.00g, 0.02mol) in methanol (35ml) was 

mixed with formic acid (1 ml) as a catalyst and stirred at room temperature 

for 2 minutes before the dropwise addition of diacetyl (1.03 g, 0.01 mol). The 

reaction mixture was allowed to stir for 25 hours at room temperature and 1 

day in the fridge before the light yellow crystals were formed. The crystals 

were filtered-off and washed with methanol (2x 1 Oml) then dried . The 

product was isolated as light yellow crystals in 1.61 g (40% yield). 

4.2. Ni(II) and Pd(II) complexes bearing diimine ligands 

The synthesis of these metal complexes involves very air sensitive steps and 

some steps were conducted at -7SoC. Most of the products were air stable. 

,. 

All the manipulation of air sensitive compound were performed using 

standard schlenk techniques. All glassware were oven-dried at 150°C before 

use. 
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4.2.1. Synthesis of 1,2-dimethoxy ethane nickel(II) bromide94
.
95 

f(DME) NiBr21 

A two necked round bottom flask equipped with a reflux condenser and a 

magnetic stirrer bar was charged with dehydrated nickel(II) bromide 

(NiBr2.3H20) (S.26g, 0.20mol) salt in freshly distilled ethanol (lOml) and 

freshly distilled triethyl orthoformate (7.99g, O.OSmol). The mixture was 

stirred at reflux for 2 hours under nitrogen atmosphere and the solvent of the 

resulting mixture was evaporated to the stage of incipient crystallisation at 

the boiling point and then diluted with freshly distilled 1 ,2-dimethoxy ethane 

(0.16g, OAmol) . The resulting salmon pink solid was collected under 

nitrogen in a schlenk frit then rinsed with freshly distilled 1,2-dimethoxy 

ethane and dried in a current flow of nitrogen. The product was finally 

isolated as a salmon pink powder in 4.73g (90% yield). 

4.2.2. Synthesis of glyoxal-bis(2,6-diisopropylphenyl)imine nickel(II) 

bromide f(G-(iPr)PI)NiBr21 

A IS0ml schlenk flask equipped with a magnetic stirrer bar was charged 

with (DME)NiBr2(OA94g, 1.60mmol) suspended in a freshly distilled 

CH2Cl2 (20ml) and G-(iPr)PI (0.600g, 1.60mmol) dissolved in a freshly 
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distilled CH2Ch (10ml) under nitrogen atmosphere. The resulting red/brown 

mixture was stirred at room temperature for 20 hours under nitrgen 

atmosphere. After the solvent has been evaporated, the resulting red/brown 

powder was collected and washed with distilled hexane (3x 1 Oml) then dried 

under reduced pressure. The product was isolated as a redlbrown powder in 

0.875g (80% yield) and stored under nitrogen. 

4.2.3. Synthesis of diacetyl-bis(2,6-diisopropylphenyl)imine nickel(l/) 

bromide [(D-(iPr)P/)NiBr2J 

In a two-necked round bottom flasks was placed a suspension of 

(DME)NiBr2 (0.467g, 1.49mmol) in a freshly distilled CH2Ch (20m I) and a 

solution of D-(iPr)PI ( 0.61 Og, 1.49mmol) in CH2CI2 (1 Oml) under nitrogen. 

atmosphere. The resulting orange/ brown mixture was stirred at room 

temperature for 22hours under nitrogen atmosphere. After evaporating the 

solvent, the resulting orange/brown powder was collected and washed with 

distilled hexane (3x 1 Oml) then dried under reduced pressure. The product 

was isolated as an air orange/brown powder in 0.249g (75% yield). 
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4.2.4. Synthesis of glyoxal-bis(2,6-dimethylphenyl)imine nickel(II) 

bromide[(G-MPl)NiBr21 

A solution ofG-MPI 0.870mmol) in a freshly distilled CH2Ch(10mI) 

was added to a suspension of (DME)NiBr2 (0.267g, 0.870mmol) in a freshly 

distilled (20ml) room temperature under nitrogen atmosphere. The 

resulting solution reddish-brown mixture 

20 hours. 

powder was 

evaporating solvent, the 

and washed with 

at room temperature for 

reddish-brown 

10ml) then dried 

under pressure. The product was isolated as a red-brown powder in 

0.249g (50% yield) and stored under 

4.2. Synthesis of diacetyl-bis(2,6-dimethylphenyl)imine nickel(II) 

bromide [(D-MPI)NiBr2] 

oven dried two H....,'Jl"-...., .... ~L bottom flask with a magnetic 

was with D-MPI (0.200g, 0.685mmol) and (DME)NiBr2 (0.21 

solid form followed by addition of freshly distilled 0.685mmol) in 

CH2Ch (40ml) and 

The 

at room .An' ..... A .. '" 

brown was 

atmosphere. 

for 20 hours room 

temperature. The solvent was then evaporated and the powder was 

collected and washed with distilled (3x 1 OmI) then dried under 
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reduced 

powder in 

product was isolated as an air stable greenish brown 

(60% yield). 

4.2.6. Synthesis of 1,5-cyclo-octadiene palladium dichloride [(COD)PdCI:z] 

A 250ml round bottom equipped with a 'H"'J~H"" stirrer bar was 

charged with a (0.24g,2.23mmol)) Na2PdCl4 (0.500g, 2.23mmol) 

in methanol (25ml). A yellow precipitate was formed almost at once and 

reaction was allowed to stir for 1 hour at room temperature. The yellow 

precipitate was filtered-off and washed with methanol (2xlOml) then dried. 

The product was as an stable powder (90% 

yield). 

4.2.7. Synthesis of 1,5-cyclo-octadiene palladium methylchloride 

[(COD)Pd MeCI] 

A two necked-round bottom flask equipped with a '''_I~~'_ bar was 

with (COD)PdCb (0.300g, 1.05mmol) suspended in a freshly 

distilled diethyl ether and cooled to using CO2/ethanol bath 

1 0 at that temperature ......... ,.,. 

the addition (L6M)methyliithium (0.91 1.05mmol) diethyl ether. 

The mixture was allowed to 1 hour warmed to 

1 20minutes. solvent was 
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evaporated under reduced pressures and the resulting blackish material was 

dissolved distilled CH2C12 filtered. solvent was 

evaporated from the powder was washed with 

distilled hexane then dried under reduced product was 

isolated as greyish powder 0.099g 3% yield) and stored under nitrogen. 

4.2.8. Synthesis of (glyoxal-his(2,6-diisopropylphenyl)imine palladium 

methylchloride [(G-(iPr)PI)PdMeClj 

A Shlenck equipped with a Au ..... 5u ..... stirrer bar was with 

(COD)PdMeCl (0.1 OOg, 3.84mmol) In a distilled diethyl 

(I5ml) and G-(iPr)PI (O.l40g, 3.84mmol) in diethyl ether (lOml) at 

room temperature WJ.A ......... A The resulting orange brown mixture was 

at room temperature for 1 8 hours under nitrogen atmosphere. 

solvent was evaporated and resulting orange brown powder was washed 

with distilled diethyl (Ix10ml) then with ..... .., .. AUV ,,,,,,,u,u,", (I x 1 OmI). 

The product was isolated as an air 

(90% yield). 

orange-brown powder in 0.216 

109 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4.2.9. Synthesis of diacetyl-bis(2,6-diisopropylphenyl)imine palladium 

methychloride [(D-(iPr)PI)PdMeCI] 

A Schlenk equipped with a magnetic bar was with 

(COD)PdMeCl (O.IOOg, 3.84gmmol) suspended in diethyl ether (l and 

D-(iPr)PI (0.1 3.84mmol) in diethyl (lOml) at room temperature 

under The resulting yellowish brown mixture was stirred 18 

hours room temperature \.ULuvL was evaporated 

resulting a yellowish brown powder was washed with distilled diethyl ether 

(lxlOml) and then distilled .,,"' ..... '" (lxlOml) then dried reduced 

pressures. The product was isolated as yellowish brown powder in 17 g 

(850/0 yield). 

4.2.10. Synthesis of glyoxal-bis(2,6-dimethylphenyl)imine palladJum 

methylchloride [(G-MPI)PdMeC] 

A Schlenk tube equipped with a stirred bar was charged with 

(COD)PdMeCl (0.080g, 0.308mmol) oJ .... .."!-.. "." .. "",, ..... in a freshly diethyl 

(20ml) and G-MPI (0.081 0.308mmol) in freshly distilled diethyl 

(10mI). reddish brown was room 

temperature under nitrogen atmosphere. solvent was the 

brown was with distilled diethyl (lxlOml) 
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and then distilled hexane (1 x 1 OmI) then dried under reduced pressure. The 

product was isolated as an air stable reddish brown powder in 0.064g (400/0 

yield). 

4.2.11. Synthesis of diacetyl-his(2,6dimethylphenyl)imine palladium 

methyichloride [(D-MPI)PdMeCI] 

A Schlenk equipped with a stirrer bar was charged with 

(COD)PdMeCI (0.080g, 0.308mmol)) in freshly distilled diethyl ether 

(20ml) and D-MPI(0.090g, 0.308mmol) in freshly distilled diethyl ether 

(10mI). The resulting brownish mixture was stirred 18hours at room 

brownish powder was 

distilled and then dried. 

solvent was evaporated and the 

.... ..,AH" .... with diethyl ether (1 x 1 OmI) then 

product was isolated as an air stable 

brownish powder in 0.1 09g (64% yield). 

4.3 Poiymerisation Reactions 

1. Polymerisation of I-hexene hy (D-(iPr)PI)NiBr2IMAO. [PHI] 

An oven dried Schlenck tube equipped with a stirrer bar was 

with 1-hexene (lOml) in freshly distilled (36ml) and 
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(D-(iPr)PI)NiBr2 (lO.Omg, L60xlO·5mol) in toluene (lOml) was stirred at 

room temperature for 10 minutes the addition of 10% MAO (100eq 

1.6ml) toluene. resulting deep-green reaction mixture was stirred for 

1 hour at room temperature nitrogen atmosphere. During the 

polymerisation reaction there was a in temperature to 40°C. The reaction 

was quenched with methanol(8mI) and the polymer was precipitated with 

acetone(ll) and then the precipitate was filtered off solution and 

vacuum for Iday. The final polymer was isolated as a colorless plastic-like 

material in yield of 1 (26%). 

4.3.2. Polymerisation of I-hexene by (G-(iPr)PI)NiBr:/MAO 

An oven dried round bottom flask equipped with a stirrer bar 

with 1 (lOml) in freshly distilled toluene (35ml) and 

(G-(iPr)PINiBr2) (9.55mg, 1.60xlO-5mol) in freshly distilled (lOmI) 

and stirred for 10 minutes at room temperature before the addition 10% 

MAO (lOOeq, L6ml) in toluene. The resulting deep-purple solution was 

stirred for 1 hour at room 1".:>",'".:>ra under nitrogen atmosphere 

quenched with methanol. The resulting polymer was precipitated in 

acetone(800)ml was filtered off, washed with acetone (3xl Oml) then 
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... u ........... vacuum 1 day. final polymer was isolated as a colorless 

amorphous material in yield of3.70g (55%). 

4.3.3. Polymerisation of l-hexene by (G-(iPr)PI)PdMeCIIMAO 

. polymerisation was conducted the similar manner as .1 

above under the same conditions. I-hexene (1 Oml) in freshly 

distilled (35ml) and (G-(iPr)PI)PdMeCl (8.53mg, 1.6x1 O,smol) in 

distilled toluene followed by addition of 10% MAO (1 OOeq, 1 

toluene and stirred for 1 hour at room temperature under nitrogen 

polymerisation was quenched by methanol and precipitated 

with acetone(lL). precipitate was filtered and washed with acetone 

(3x10m) and 10% HCl (lOOml) then dried. final polymer was obtained. 

as a greyish powder in yield ofO.18g (2.8%). 

4.3.4 Poiymerisation of l-hexene by (D-(iPr)PI)PdMeClIMAO 

This polymerisation was conducted in the similar manner as above 

~u~_. the same conditions. After mixing 1 

toluene and (D-(iPr)PI)PdMeCl (8.98mg, 1 

toluene (lOmI) followed 10% 

stirred for 1 hour at room temperature under a 

(10mI) in freshly distilled 

10,smol) in freshly distilled 

(lOOeq, 1.6 ml) and 

atmosphere, the 

polymerisation was quenched methanol and precipitated with 
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The precipitate was then and washed with acetone 10% HCI 

(lOOmI). 

(3%). 

polymer was isolated as greyish powder yield of 0.20g 

Polymerisation of ethylene by (D-(iPr)PI)NiBr2IMAO 

An oven-dried three necked round bottom flask fitted with a septum (for 

monomer inlet), a glass tap (for monomer outlet), a glass stopper 

equipped with a bar was charged with freshly distilled 

toluene (45ml) 

room temperature. 

with constant flow ethylene at 1 atm pressure 

toluene was stirred at constant purged with ethylene 

for 15 minutes before the addition (D-(iPr)PI)NiBr2 (lOmg, 1.60xlO·5mol) 

and resulting suspension was stirred for 10 minutes at constant flow of . 

ethylene followed by addition of 10% MAO (1 OOeq, 1.5ml) toluene. 

resulting deep-green polymerisation reaction mixture was allowed to stir 

40 minutes room constant flow of ethylene. During 

this was 

methanol. 

was a temperature increase from room temperature to 45°C, 

to cooled down before the reaction was quenched with 

polymer with precipitated from acetone and filtered-off then 

washed with 10% (100ml) and dried under vacuum for Iday. The final 
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polymer was isolated as colourless amorphous polymer in 2.43g with 

activity of 13 103g/h.molldm3
• 

4.3.6.Polymerisation of ethylene by (G-(iPr)PI)NiBr2IMAO 

This polymerisation was conducted the similar manner as 4.3.5. the 

same conditions. the addition of (G-(iPr)PI)NiBr2 (9.53mg, 

toluene by a constant flow ethylene the 

reaction was stirred for 15 minutes at room temperature under ethylene 

followed by addition of 100/0 MAO ( 100eq, 1.5m1) toluene. 

resulting deep-purple was for 40 at room 

under a constant flow of ethylene. The polymerisation was 

quenched with methanol and polymer was precipitated acetone then 

~. 

filtered and washed with 10% (lOOmI) and dried under vacuum for 1 
, 

final polymer was h"JH."~"'''''' as white yield with 

activity of 1.41 xl03g1h.molldm3
. 

4.3.7. Polymerisation of ethylene by (G-MPI)NiBr2IMAO 

This polymerisation was carried on the same manner as 4.3.5 After 

addition of (G-MPI)NiBr2 (7.73mg, 1.6xlO-5mol) toluene saturated by 
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a flow at latm was 15 

10% MAO (lOOeq, 1.5ml) in 

mixture was at room temperature 

40minutes constant tlow of 

addition methanol and precipitated from ethanol then 

washed with 10% HCl (50ml) and dried under vacuum for 1 day. The final 

was isolated as a hard 

activity of9.51 xI03g/h.mol/dm3. 

polymer; yield 1.69g with 

4.3.8. Polymerisation of ethylene by (D-MPJ)NiBr/MAO 

This polymerisation was also conducted the same manner as .5. After 

addition of (D-MPI)NiBr2IMAO (8.1 1.60xlO-5mol) to the toluene 

saturated by a constant flow of at 1 the suspension was stirred 

10 followed by addition of 10% MAO (lOOeq, L5ml) and stirred 

for 40 minutes under a flow of The 

deep-green polymerisation was quenched with methanol 

and the polymer was precipitated in ethanol with 100/0 HCI 

(lOOml) and vacuum for Iday. The product was isolated as 

amorphous colourless '; yield 2.01g with activity 11.3 xl03 

g/h.mol/dm3. 
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4.3.9. Polymerisation of ethylene by (G-(iPr)PI)PdMeClIMAO 

polymerisation was conducted the same way as 4.3.5 

After addition of (G-(iPr)PI)PdMeCl (8 1.60xlO·smol) to the 

toluene saturated with a constant flow of ethylene at 1 the 

was 15 minutes """"T"""" the 

addition 10% MAO (lOOeq, 1.5ml) stirred for another 40 at 

room temperature. resulting colourless homogeneous was 

quenched by methanol and the was precipitated from The 

precipitate was filtered off then washed with 10% HCl (lOOml) and dried 

under vacuum. The polymer was isolated as a yield 

0.1 with of 1.07 xl03gfh.mol/dm3
• 

4.3.10. Polymerisation of ethylene by (D-(iPr)PI)PdMeClIMAO , 

was conducted in exactly the same way as the above 

reaction 4.3 and the were the same no was 

...... u"""''-' in the run, only was isolated. run 

a sticky colourless was and in third run powder 

was isolated; 0.18g with activity of 1.01 xl03gfh.molldm3' 
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4.3.11. Polymerisation of ethylene by (G-MPI)PdMeCIIMAO 

polymerisation 

All other steps 

was conducted in the same way to 4.3.5. 

those mentioned 4.3.10. But when 

methanol was added to quench the solution turned black and 

after trying to precipitate this black product from or ethanol and 

mixture two and also the solution in the fridge no precipitate was 

obtained. So no polymer was obtained from this 

4.3.12. Polymerisation of ethylene by (G .. MPI)PdMeClIMAO 

polymerisation was in the same way as 4J above. 

polymerisation corresponded exactly to the reaction .9 above. The 

final polymer was isolated as a 

8.44 xl 02glh.mol/dm3 

powder; yield 0.1 with activity of 
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