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Abstract: Synthesis of 5-Halo-3-Methoxy-Salicylaldiminato Nickel Catalysts and their Use
for Ethylene Polymerization in Organic and Aqueous Media

In the present work, we have synthesized nickel salicylaldiminato catalysts based on a 5-halo-3methoxy ligand framework. The structures of the 5-chloro analog and the 5-bromo analog were
successfully confirmed using NMR spectroscopy and X-ray crystallography. These syntheses
have the advantage that starting materials are commercially available and only two steps are
required to obtain the targeted catalysts. Both catalysts have been applied for polymerization of
ethylene in organic media (toluene) and aqueous media. For polymerization in organic medium,
the effectiveness of the catalysts was evaluated under different reaction conditions such as
different temperatures and catalyst concentrations. The appearance and structure of the polymers
changed from amorphous to rubbery with increase in temperature. The polymers obtained were
found to be branched, as determined by NMR spectroscopy. Distinct methyl doublets were
observed in the H NMR spectra. As the polymerization temperature increased, the branching also
increased with an accompanying decrease in melting point. Remarkably, as the temperature of
the polymerization was increased between 30 and 50oC, the molecular weight of polymer
obtained was found to increase. This was accounted for the catalyst activity increasing as well in
this temperature range. As the temperature is increased from 50 to 70oC, the molecular weight
decreases as expected for coordinative polymerizations. The optimum temperature to obtain
high activity, high molecular weight and relatively low branching was determined to be 50oC.
When tried in aqueous medium, the percentage of polyethylene formed seemed to be very low
(1-2 %). This is due to the low solubility of ethylene at the relatively low pressures we could
apply in the glass reactor. We also applied a known nickel enolate catalyst bearing a CF3-ligand
for the aqueous emulsion polymerizations to determine how the polymerization parameters
influence the particle size. We found that in particular an increase in the stirrer speed helped to
reduce the particle size.
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Chapter I
Introduction

1

During the 16th century, miners in the area of Annaberg in Sachen recovered what they
had thought to be copper from an ore, which in reality contained nickel and arsenic. Soon in
1754, Cronstedt, isolated the new element and named it “Nickel” which means “bad boy” in
German Language and who knew that this metal would later play such a significant role in
industrial catalysis. The discovery of first carbonylnickel complex [Ni(CO)4] by Mond in 1888,
boosted a great deal of research in the field of organonickel chemistry. With the reports of nickel
catalyzed hydrogenation of carbon monoxide to methane, a common industrial method to
remove carbon monoxide, Sabatier in 1906 showed the importance of nickel in catalysis [1].
In 1920, Hermann Staudinger introduced the concept of high molecular weight
macromolecules, which are monomer molecules linked together by means of covalent bonds.
Although in 1933, high pressure free radical polymerization of polyethylene was discovered it
had its drawbacks. It required high temperature and very high pressure to initiate the reaction.
With these disadvantages, many research groups were focusing on better catalytic systems that
could carry out low pressure polyethylene polymerization. During the 1930’s, Marvel and
Friedrich were successful to polymerizing ethylene to low molecular weight in the presence of
lithium alkyls [2] . Max Fischer, about the same time, also reported that mixture of aluminum
powder and titanium tetrachloride produced high molecular weight liquid and a solid polymer
byproduct. After World War II, Karl Ziegler and his group were researching a new class of alkyl
metal compounds and its application in the formation of a C-C bond by adding alkali alkyls to
olefins and dienes. In 1943, Ziegler pioneered the method of converting lithium alkyls to
corresponding higher straight chain lithium alkyls [3].

2

By reacting the LiAlH4 with ethylene Ziegler et al. found out that it not only reacted with the
lithium but also with the aluminum and hydrogen to form aluminum triethyl thus forming an
oligomer. In 1952, by sheer coincidence traces of nickel had been left over from another reaction
in the reactor. This trace of nickel caused the dimerization of ethylene forming 1-butene instead
of the usual oligomerization thus causing a so called “Nickel effect” [2]. (Refer to Scheme.1)

C 2H 5

C2H4

C2 H5

+

Al
C 2 H5

C2H4

Al

C 2H4

C 2 H5

C2H4

C 2H 5

C 2H 5

C 2 H5

Ni

+

3 H 2C

CH

C2 H5

Al

C 2H4

C 2H 5

C 2H 5

Scheme 1: Formation of the dimer 1-butene due to presence of nickel.

Ziegler then investigated other transition metals especially Zr and Ti with the aluminum alkyl
and reported the formation of high molecular weight and high density polyethylene using TiCl4
and AlEt3. Based on Ziegler’s discovery, Giulio Natta was successful in polymerizing the poly
(propylene) and also explained the tacticity of the polymer. During this period, the mechanistic
properties of Zeigler –Natta catalyst were unavailable and an extensive research was carried out.
In 1964, Cossee and Arlman were successful in explaining the actually mechanism of the
catalyst [3].
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The following scheme 2 shows the basic mechanism. :

TiCl4 + Al (C2H5)3  TiCl3C2H5 + Al (C2H5)2Cl

Scheme 2: Cossee-Arlman mechanism for Ziegler Natta catalyst [3].

4

After the alkyl exchange between the aluminum triethyl and titanium tetrachloride, the active
catalyst is formed which reacts with the monomer. The first step is the “complexation”, in which
the monomer attaches to the metal center. In this step, the d-orbital of the metal center overlaps
with the π-bonds of the olefin. This step is a quick step and the bonds formed during this step are
relatively weak. The next step is the formation of the transition state, in which a the metal, the
carbon atom initially connected to it and the carbon atoms forming the monomer’s double bond
form an electron deficient four membered ring. The third step is the “insertion” step in which a
rearrangement of the atoms lead to a breakage of the bond between the metal and the carbon
atom it originally was connected to. Simultaneously the two carbon atoms bearing the double
bond of the monomer are inserted between the metal atom and the previously connected carbon
atom. Consequently a vacant site is created at the place of the position of the original alkyl or
polymeryl. The final step is the “migration” step in which the vacant site goes back to its primary
position [3]. During the same time frame, in 1960, Wilke’s studied the Ziegler’s catalyst with a
slight change in the nickel compound. He used nickel acetylacetonate and AlEt2OEt.The reaction
between these two compounds resulted in mixture of products: (E,E)-1,5-cyclooctadiene 25%
(COD),4-vinylcyclohexene(VCH) and (E,E,E)-1,5,-cyclododectriene(CDT). He also observed
that when these products were used in a different ratio along with phosphine ligands this had a
substantial influence on the reaction. The addition of phosphine ligand actually controlled the
distribution of oligomers thus defining the new concept of ligand tailoring. Based on this theory,
Keim pioneered the Shell Higher Olefin Process with the formation of nickel hydride being the
active species and the importance of β hydrogen elimination using his nickel enolate phosphine
catalyst as seen in Figure 1 [1, 2]. The mechanism of the catalytic ethylene oligomerization
which forms the basis of Keim’s SHOP process is given in Scheme 3.

Figure 1: Nickel enolate phosphine.

5

Scheme 3: Mechanism for catalytic ethylene oligomerization.
During this period it was evident that the 1-olefin polymerization was based on heterogeneous
catalyst which worked well with aliphatic olefins to form isotactic polymers but proved to be
unsuccessful for other monomers with heteroatoms. In 1970’s, Sinn and Kaminsky, studied the
mechanism and kinetics of Ziegler’s catalysts [4,5]. During one of their experiments they
observed higher activity and soon realized the possibility of some water in the reaction. They
then isolated the product of triethylaluminum with water as methylaluminoxane or commonly
known as MAO. It not only boosted the activity of metallocene catalyst but also was able to
produce uniform polyethylene. This discovery led to massive development in the field of finding
new activators which are cheaper than the MAO based activators [3-5]. By the 1980s a lot of
research was done on the metallocene catalyst which helped to develop new and improved
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catalysts

which

were

used

to

manufacture

isotactic,

syndiotactic

and

stereoblock

poly(propylene)s on industrial scale.
Ziegler –Natta catalysts and the metallocene catalyst were industrially applied and the
production of many polymers is done with these catalysts. However, they have their own
drawbacks. Most of these catalysts were based on the early transition metals and the key to their
success was the formation of cationic metal center, which is coordinately saturated as well as
highly electrophilic. Both Ziegler – Natta polymerization catalysts and cationic metallocenes
suffer in presence of heteroatoms such as O, N and S, which poison the catalyst and cocatalyst
like MAO as mentioned above [6]. This drawback proved to be the impetus needed for the
search of more functional group tolerant catalysts, which could also produce functionalized
linear polyolefin materials.
Klabunde, Ittel and Ostoja-Starzewski researched one-component Nickel compounds
with weakly coordinated phosphine and pyridine ligands [8-10]. In order for the catalyst to
polymerize removal of the strong donor ligands from the coordination sphere was must. Starting
with the SHOP catalyst and including a catalysts promoter, which will be able to scavenge the
ligand from the solution, the β-hydrogen elimination could be prevented thus polymerizing
higher and continuous polymers. Effective promoters like bis(cyclooctadien)nickel [also known
as Ni(COD)2 ] or rhodium species like Rh(acac)(ethylene)2 were used to bind the phosphines
more strongly than the nickel(II) catalyst thus removing the phosphines from the solution. On
comparison of the two phosphine scavengers, it was also observed that the Ni(COD)2 provided a
greater catalyst life than the Rhodium scavenger. Coordination of a strong ligand to the nickel
catalyst was the primary factor limiting the molecular weights of the product, and so the catalysts
without any donor ligand should give the highest molecular weight polymer. Klabunde and Ittel,
worked on a lightly ligated complexes based on a nitrogen donor ligand and also found that
pyridine complexes met the requirement and were isolable and stable [8-10]. (Refer to Figures
2,3,4)
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Figure 2: Two component catalyst system with Rh Acetylacetonate scavenger.

Figure 3: Two component system with Ni(COD)2 scavenger.

Figure 4: One component system with weakly coordinated ligands.
During 1990’s , Brookhart concentrated on the synthesis of cationic α-diimine
complexes of nickel and palladium and reported a successful synthesis of catalyst in 1995 as
reported in the literature[11,12]. Catalysts consisted of bulky substituents in ortho-position,
which diminish the chain transfer. Nickel thus has a square planar coordination and substituents
8

are placed above and below this planar assembly. These catalysts are activated with a
methylaluminoxane (MAO) and gave a high activity (Refer Figure 5). Polymer obtained was
branched polyethylene [13]. The presence of bulky groups tends to reduce the β-hydrogen
elimination thus giving a good catalyst activity and a high molecular weight polymer.

R

R'
N

CH 3
M

N
R

MAO

+
Cl

(Cocatalyst)
R'

R

R’

CF3

H

CF3

CH3

C6F5

H

C6F5

CH3

CH3

H

CH3

CH3

iPr

iPr

M = Ni or Pd

Figure 5: Brookhart’s α-diimine catalysts [13].
Brookhart was able to explain the reason behind the branching in the obtained product.
The general mechanism of the polymerization was explained with the Scheme 4 which predicted
the following two routes 1) leading to linear polyethylene and 2) leading to branching. Brookhart
observed that as the pressure is increased the branching decreases but as the temperature is
increased the branching increases with correspondence to melting point. Also, introduction of the
trifluoromethyl group (CF3-) gives better activity than a methyl group. One of the key
observations was that the bulk of the ortho aryl substituents on the α-diimines ligand increase the
molecular weight of the polymer. The polymer obtained was colorless and rubbery [13].
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C2H4
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N
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+
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P
Ni
N

H

H3C

+
N

P
Ni

N

Site for C2H4

Linear + Methyl
Branching

Methyl Branching

Scheme 4: Proposed mechanism for formation of branched polymers by Brookhart [13].
As seen in scheme 4, Complex A is the resting stage and is the alkyl olefin complex.
Intermediate cationic alkyl complex B, is formed due to the migratory insertion reaction, which
is a turnover limiting step. This step is supposed to form β-agostic hydrogen as shown in the
scheme. If the migratory reaction and ethylene trapping cycles follow then alkyl olefin complex
leads to a linear polymer instead of branching. It has been observed that, as the pressure
increases the branching gets reduced which has also been accounted by Fink for 1-hexene
oligomers with certain Ni(II) catalyst [14]. This branching phenomenon is named “chain
10

walking”. A simple way of explaining chain walking is that, if each step of migration is
reversible then the nickel catalyst complex not only moves forward (linear polymer direction)
but also backward direction towards the start of the polymer. The following Scheme 5 explains
the forward and backward motion of the metal center [13-15].

Scheme 5: Chain Walking as explained by Fink [14].

Grubbs reported the easy synthesis of nickel salicylaldimine complexes with labile
dissociating ligand [7,16,17]. He explained the importance of different ligand size on catalyst
stability, its activity and also the yield of polymer [17]. By using organometallic complexes
based on Schiff bases, he introduced bulkier substituents on the ketimine nitrogen and the
phenolic ring thus blocking the axial faces of metal center (refer Scheme 6 for ligand synthesis).
Bulky substituents in the 3-position of salicylaldiminato ring proved to enhance the activity of
the catalyst and lower the amount of branching. Also with addition of electron withdrawing
groups in the 5-position, they observed that catalyst activity was increased. Grubbs’ first catalyst
(Figure 6) were two component catalyst which need Ni(COD)2 or B(C6H5)3 as the phosphine
scavengers and used NiClPh(PPh3)2 as the nickel source with sodium salt of the ligand [16]. In
the 2003, publication Grubbs [17] also showed a successful synthesis of single component
“phosphine free” catalysts. He used free phenolic ligands and treated it with Ni(tmeda)Me2
(tmeda= N,N,N,N- tetramethylethylenediamine) in acetonitrile and achieved a phosphine free
mono ligated complex (Figure 6- single component) which was able to give an activity of 6x103
kg PE mol-1h-1[17]. This activity was attributed to the lability of the acetonitrile ligand thus
gaining a candidacy for our research.
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Scheme 6: Synthesis of the salicylaldimine ligand by Grubbs [16].
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CH3
CH3CN
TPhen
CH3
CH3CN

R' iPr

L
Ni
O
R

N
iPr

Figure 6: Nickel salicylaldiminato catalysts by Grubbs [18].
Late transition metal catalyst did prove to be excellent catalysts for olefin polymerization
and with Brookhart’s and Grubbs’ contribution it was very clear that these catalyst could give
excellent activity as well as that they can be made into single component catalyst using labile
ligands like pyridine and acetonitrile or by increasing the steric bulk in the ortho position. These
catalysts were developed for non aqueous polymerizations only but due to the low oxophilic
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nature and more tolerance to the polar monomers, late transition metal complexes of Ni and Pd
were also tried with aqueous systems with water as solvent forming an emulsion.
Emulsion polymerization is amongst the most important and versatile polymerization
processes, which have really captured a spot in the polymer chemistry research. The main
advantage of emulsion polymerization is that polymer latexes can be obtained with variation in
the particle size, type of polymer and amount of yield. About 10 million tons of polymer latexes
are used annually for variety of applications especially coatings and paints. Polymer latexes are
in demand in the coating and paint industry because of the film formation upon evaporation of
the dispersing medium thus rendering aqueous dispersions especially environmentally benign
[19]. The industrial synthesis of polymer dispersions by emulsion polymerization is carried out
using radical polymerization (50% of total polymer dispersions) with organic solvents or water
as the dispersed medium. More than 50% of these radical polymerizations use water as the
solvent due to enormous advantages [23].
First, environmental considerations lead to preference of water over organic solvents.
Second, high heat capacity is much more favorable to sustain the heat exchange in the very
exothermic polymerization reaction. Third, the dispersed medium polymerization viscosity of
polymer is drastically lower than the viscosity of the polymer dissolved in the solvent. Fourth,
the polymers formed in the dispersed medium don’t foul the reactor as the typical elastomers
which are sticky. Finally, mixing of additives is really easy and less costly as compared to
mixing with dried polymer. With all these advantages one of the main concerns and a topic of
interest is the particle formation process, the structure of particles and its control, and the
structure formation from dispersions. The industrially employed radical polymerization cannot
give a particle size control and also is highly exothermic. Controlled radical polymerization
techniques, such as Atom Transfer Radical Polymerization (ATRP) or Reversable AdditionFragmentation Transfer (RAFT) polymerization can allow the synthesis for polymer with narrow
molecular weight distribution and can also be applied to aqueous emulsion polymerizations. The
Ziegler catalysts based on the early transition metals like Ti, Cr, Zr and V are very oxophilic and
reactive towards water, which hampers there use in aqueous emulsion polymerizations. On the
other hand, as mentioned before, late transition metals like Ru, Co, Rh, Ni and Pd are much less
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oxophilic. For the past two decades extensive research has be put into these metals and
successful discoveries have been accounted by many research groups[19-21].

Most research groups related with emulsion polymerization employ mini-emulsion
polymerization to achieve better particle size and good polymeric structure. Mini-emulsion
polymerization differs from the conventional emulsion polymerization. If the monomer droplet
size in a conventional emulsion polymerization can be reduced sufficiently (ca 0.5 µm) and the
loci of polymerization become the monomer droplet, then that system is referred to as miniemulsion polymerization. Mini-emulsions are produced by the combination of a high shear to
break up the emulsion into submicron monomer droplet and surfactant and co-stabilizer system
to retard monomer diffusion from the submicron monomer droplet. Figure 7, below represents
the mini-emulsion mechanism.

Micelle of Surfactant:
Sodium dodecasulfate

Solvent:
Water
Micelle of Surfactant containing
Monomer: Ethylene
Catalyst, e.g. Salicyl aldiminato Me Pyr Ni
Co-surfactant: Hexadecane
Polymer: Polyethylene

Figure 7: Dispersion of catalytic organic phase in water.
Surfactants and co-stabilizers play a very important role in mini-emulsion polymerization
and can affect the yield, the polymer structure as well as the particle size of the polymer.
Surfactants are used to slow down the droplet coalescence caused by Brownian motion, settling
or Stokes law creaming or settling. Most emulsion polymerizations are stabilized using anionic
14

surfactants due to their compatibility with the neutral or anionic monomers and initiators.
Sodium dodecyl sulfate is one of the most common anionic surfactants used by many industries
and also research groups like ours. The main aim of the co-stabilizer is to prevent Ostwald
ripening by retarding the monomer diffusion from the smaller droplets to the larger. Costabilizers are suppose to be highly soluble in aqueous medium and it is found that using a costabilizer enhances the life period of the emulsion for up to 6 months and more [22].As
mentioned above, late transition metals were tried in emulsion polymerizations. Claverie et al.
made use of P,O- chelated nickel complexes based on the complexes developed by Keim (SHOP
catalysts) and Klabunde [20]. The catalyst preparation is in-situ and is achieved by combination
of nickel(0) source, commonly Ni(COD)2 and a phosphine ligand. The mini-emulsion
polymerization was done at a higher temperature and is necessary because the catalyst is active
above 50°C as mentioned in one of the articles [23]. Sodium dodecylsulfate (SDS) and
hexadecane were used as surfactant and co-stabilizer, respectively. It was observed that catalyst
activity in water decreases as compared to that of organic solvent. This decrease is attributed to
the solubility of ethylene and the catalyst deactivation. Figure 7 above describes the miniemulsion polymerization and formation of polyethylene inside the micelle achieved with SDS.
The ultrasonication proved to be helpful to achieve polymer particle size of 100 to 500 nm. In
comparison to normal emulsion system, mini-emulsion proved to give stable emulsion of
polyethylene. Strikingly good results were obtained with fluorinated P,O-chelated nickel
complexes in the homopolymerization of polyethylene [20, 21, 23].
Mecking et al. [24] also worked with late transition metal catalyst and their use in
achieving emulsion polymerization especially Ni and Pd. They made use of the α-diimines,
salicylaldiminato and enolates based on nickel as catalysts for emulsion polymerization (Figure
8). Salicylaldimine ligand was synthesized using formic acid catalyzed condensation of 2,6diisopropylaniline with 3,5-diiodosalicylaldehyde[24]. Using both water soluble and organic
solvent soluble catalysts, Mecking et al were able to report the synthesis of high molecular
weight semi crystalline polyethylene (Mn= 105 g/mol , Mw= 2.1 x 105 g/mol) . The polymer
latexes prepared were observed to be stable for 30 days and more and the catalysts were also
seem to be active for several hours.
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Figure 9 shows the step advancement of the nickel catalyst starting with Keim catalyst to
Mecking catalyst.

Figure 8: Polymerization catalysts used by Mecking et al. [24]
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Figure 9: Evolution of nickel based polymerization catalysts.

17

Chapter II

Problem Setting
&
Thesis Goals
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Goals and Aims:
We set up the following three major goals for this research project.

1.

To develop a salicilaldiminate nickel catalyst with new ligands, which would be highly
active for ethylene polymerization in toluene.

2.

To get better control of the effect of particle size in aqueous mini-emulsion
polymerizations with an existing, highly active, CF3-bearing nickel enolate catalyst
resulting in low molecular weight polyethylene.

3.

To run aqueous mini-emulsion polymerizations of ethylene with the newly synthesized
salicylaldiminate catalysts.
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Chapter: III

Experimental Part
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Chemical Preparation:
The targeted catalysts are extremely air and moisture sensitive and care was taken that no
oxygen or moisture would get in the reaction. Every synthesis was carried out under argon
environment and every chemical used for the synthesis was anhydrous and was also degassed to
remove all the traces of oxygen. Argon (99.98%) used was obtained from Airgas. Most reagents
were obtained from SigmaAldrich except for (tmeda) nickel dimethyl which was purchased from
MCAT GmbH, Germany.
Note: Vacuum Argon Cycle is abbreviated as V/A.
Purification of methanol (solvent for ligand synthesis):
1. Methanol was obtained from the Sigma-Aldrich with purity of 99.99% anhydrous.
2. A three neck (500 mL) flask was treated with 3 V/A (vacuum/argon) cycles and under
argon flow methanol was transferred from the methanol bottle to the 3 neck flask using a
needle. A stir bar was also added to the flask for stirring.
3. Vacuum was pulled with the stirring on and oxygen was pulled out typically three times
alternating with argon purges. Argon was introduced to the flask. A Schlenk flask (500
mL) was prepared because of its best leak proof assembly and reduction of exposure to
grease. Methanol was then transferred to the flask using needle for storage.
4. The Schlenk flask was then kept in the freezer with the opening wrapped with an
aluminum foil.
Purification of pentane (solvent to wash the catalyst):
1. Pentane was used to after the synthesis of the catalyst complex to dissolve impurities and
crystallize catalyst.
2. Anhydrous (99.8%) pentane was purchased from the Sigma-Aldrich.
3. A 500mL, 2 neck flask was prepared using 3 VA cycles and pentane was transferred from
the bottle using a needle under argon equipped with a stir bar.
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4. Vacuum was pulled on stirring anhydrous pentane (3 times) followed by introduction of
argon to the flask. A 500 mL Schlenk flask was prepared alongside and pentane was
transferred with a needle.
5. Schlenk flask was kept in the freezer.

Purification of diethyl ether (solvent for catalyst synthesis):
Chemicals used for purification of Diethyl Ether, 500 mL.
a) Sodium Metal : 2.5 g
b) Benzophenone : 3.8 g
c) Tetraethylene glycol dimethyl ether or Tetraglyme : 50 mL
Procedure:
1. Diethyl ether was used as a solvent for synthesis of the catalyst. It is one of the important
ingredients for the synthesis of catalyst and care was taken that it didn’t consist of any
oxygen or moisture.
2. A distillation apparatus was set up for purification of ether. Degassing was not needed
since it was being distilled with Na/benzophenone.
3. A 1 liter, 3 neck flask was connected to a 2 neck receiver flask using a condenser. The
condenser was equipped with inlet and outlet for water.
4. Three V/A cycles were performed on the assembly with the grease on. After the cycles
were completed the grease was removed on the reflux flask and was replaced with Teflon
sleeves. This was done because ether would otherwise deteriorate the grease and
evaporate out.
5. A silicone oil bath or water bath was used to heat up the reflux flask. Diethyl ether has a
boiling point 34°C so the temperature of the bath was maintained at 48°C.
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6. Ether was transferred to the reflux flask from the bottle using a needle followed by the
specified about of sodium metal along with benzophenone and tetraglyme. The mixture
was stirred for 2 hours before it was collected in the receiver flask.
7. The distillation was started with a steady drip and about 400 mL of diethyl ether was
collected.
8. Immediately after the distillation diethyl ether was transferred to a 500 mL V/A treated
Schlenk flask which was secured and kept inside the freezer.

Purification of pyridine:
1. Pyridine was used as one of the reactants in the synthesis of complex. A 250 mL 3 neck
flask was set up with a stir bar.
2. Flask was prepared under argon with 3 V/A cycles and pyridine was introduced using a
needle.
3. Vacuum was pulled on the flask 3 times followed by introduction of argon thus removing
oxygen from pyridine.
4. The degassed pyridine was then transferred to a Schlenk flask and was kept in the
flammable cabinet.
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Purification of toluene (slvent for polymerization, after initial drying at about twice the
amount of drying agents):
Chemical used:
a) Toluene anhydrous (99.98%):- 1 L
b) Sodium Metal :- 1 g
c) Benzophenone:- 1.5 g

Procedure:
(Refer Figure: 10)
1. Toluene was used in polymerization runs as well a solvent for dissolving the catalyst. To
dissolve catalysts toluene was distilled and then used.
2. A two-liter, three-neck flask was used as reflux flask with a one liter three neck flask as
the receiver flask. A straight up reflux condenser was attached to the reflux flask.
3. About 1 L of toluene (1.5 L the first time the flask had been filled) was introduced to the
reflux flask followed by the specified amount of sodium metal and benzophenone.
4. Heat was provided using a heating mantel hooked up to a mantel minder which controls
the temperature. The power for the heating mantel is provided by the Variac transformer.
5. The mantel minder was set to about 150°C and a bubbler was connected to the condenser
so all the pressure would be released if any was created. Care was also taken that the
temperature was constant because excessive bumping of the mixture would have been
hazardous.
6. The whole apparatus was then set to run for a night and after 18 hours of refluxing the
pure 1 liter toluene was collected in the receiver flask which was then transferred to the
Schlenk flask due to its best leak proof assembly.
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Figure 10: Toluene distillation apparatus [29].
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Synthesis of 5-chloro-3-methoxysalicylaldimine ligand:
Chemicals used:
a) Chloro-2-hydroxy-3-methoxybenzaldehyde: 2 g or 10.7186 mmol.
b) 2, 6-diisopropylaniline: 2.47 g or 2.63 mL or 13.9342 mmol.
c) Methanol : ca. 50 mL
d) Formic Acid : 2 drops

Scheme 7: Synthesis of 5-chloro-3-methoxysalicylaldimine ligand [16]
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Procedure:
1. A 100 mL, 3 neck flask was cleaned thoroughly. One adapter and a stopper were
connected to two of the necks and the third opening was connected with a drop funnel as
seen in the Figure 21. Three to four V/A cycles were performed on the whole apparatus.
2. Under argon, the dropfunnel was added, 15 mL of degassed methanol, 2 g or 2.63 mL of
diisopropylaniline and 1 to 2 drops of formic acid.
3. 1 g 5-chloro-2-hydroxy-3-methoxybenzaldehyde and 10 mL of degassed methanol was
added to the 3 neck flask under argon. Occasionally, the substance was stirred till the
solid was dissolved. A water bath was also used to slightly heat the mixture to max. 50oC.
4. The mixture was stirred for ca. 30 min.
5. The solution from the drop funnel was then added to the solution in the 3 neck flask with
a steady drip.
6. When the solution from the drop funnel was added, the yellow mixture changed color to
an orange transparent solution. The complete mixture was then heated and stirred for
about half an hour at 50°C.
7. The mixture was stirred for 24 hours. The apparatus was also wrapped in an aluminum
foil for the whole night. This was done to protect the solution in case the ligand would be
light sensitive.
8. Next day, the 3 neck flask was placed in the freezer for two days.
9. After two days the 3 neck flask was taken out of the freezer and a filtration apparatus was
set up to get the solid ligand.
10. An airless filter (medium size) was subjected to 3 V/A cycle and using a connector the
mixture was transferred to the filter.
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11. The yellow solids in the filter were washed with cold degassed methanol. The entire
methanol was then removed using vacuum and the dried solid was then secured, weighed
and kept in a dark vile under argon.
12. The same procedure was used to make the other candidate ligands. Refer Scheme 8 for
the synthesis of 5-bromo-3-methoxysalicylaldimine ligand.
13. The color of the 5-bromo-3-methoxysalicylaldimine ligand was also observed to be
yellowish brown during the reaction and also after filtration the solids obtained were
yellowish brown since the starting material is the same color i.e. Yellowish brown.

Figure 11: Appearance of 5-bromo-3-methoxysalicylaldimine ligand during synthesis.
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Synthesis of 5-bromo-3-methoxysalicylaldimine ligand.
Chemicals used:
1. 5-bromo-2-hydroxy-3-methoxybenzaldehyde :10 g or 43.28 mmol
2. 2,6-diisopropylaniline : 9.97 mL or 56.264 mmol
3. Formic acid : ca 2 or 3 drops
4. Degassed Anhydrous Methanol: 45 mL total.

Scheme 8: Synthesis of 5-bromo-3-methoxysalicylaldimine ligand.
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Synthesis of catalyst complexes.
Synthesis of 5-chloro-3-methoxysalicylaldiminato methyl pyridine nickel catalyst.
Chemicals Used:
a) [Ni(tmeda)(CH3)2] : 0.398 g or 1.944 mmol
b) 5-chloro-3-methoxysalicylaldimine ligand : 0.670 g or 1.944 mmol
c) Pyridine : 1.56 mL or 19.44 x 10-2 mol
d) Diethyl Ether (degassed,distilled): 60 mL (reaction + filtration)

Scheme 9: Synthesis of 5-chloro-3-methoxysalicylaldiminato methyl pyridine nickel catalyst.
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Procedure:
Note: The [Ni(tmeda)(CH3)2] or Ni(tmeda) is very sensitive to air . The usually active
and pure compound is yellow greenish; the inactive compound is greenish grey to black. The
complex is not stable above -20°C for a longer than 10 min, even if kept under argon. Therefore
all operations were carried out using this parameter in mind.
1. A 3 neck 100 mL flask is used for this reaction which is thoroughly cleaned and is then
washed with acetone and is heat gunned. This is done to remove all the moisture from the
flask.
2. The connector on the left side was connected to the mercury bubbler and the right side
was connected to the argon. The middle opening is fitted with a thermometer and the stir
bar is added to the flask.
3. Using the glove box, 400 mg of [Ni(tmeda)(CH3)2] is then added to the 3 neck 100 mL
flask. Care was taken that it remained under argon all the time.
4. A 50 mL long neck flask was used to dissolve the 670 mg of 5-chloro-3methoxysalicylaldimine ligand, ca. 15-20 mL of dry diethyl ether and 1.56 mL pyridine.
This mixture is then stirred for 15-30 min at -30 to – -35 °C using an acetonitrile and dry
ice bath. Care was taken that the temperature was maintained.
5. The above mixture was then added to the 3 neck, 100 mL flask under argon. The ice bath
was then transferred to the 3 neck flask. The mixture turned to instant dark reddish brown
and was stirred for an hour at -30°C (see Figure 12).
6. The ice bath was removed after an hour and the whole mixture was stirred for 5 hours.
7. After 5 hours, the red solution was then filtered using an airless filter under argon with
¼” inch of dry Celite added to the filter. The use of celite was used to purify the solution.
8. The Celite filer cake is washed with about 15-30 mL of diethyl ether so as to get all the
solution as the filtrate at the bottom flask. Remove the diethyl ether by blowing argon on
it continuously until all the diethyl ether is removed. Some oily reddish brown sludge is
observed at the bottom.
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9. To this thick oil, add about 50 mL of dry pentane which should dissolve the impurities,
and secure the flask and is kept in the freezer for 2-4 days for crystallization.
10. After 4-5 days, the pentane is removed and the catalysts is isolated, weighed and is kept
inside the specially made Teflon tube. The catalyst is dark red in color. The catalyst is
then kept inside the glove box at -30°C.

Figure 12: Appearance of 5-chloro-3-methoxysalicylaldiminato methyl pyridine nickel catalyst
during the reaction.
11. The color of the solution for 5-bromo-3-methoxysalicylaldiminato methyl pyridine
nickel catalyst was also observed to be dark reddish brown and was also isolated in the
same fashion as that mentioned above. The chemical scheme for the synthesis of 5bromo-3-methoxysalicylaldiminato methyl pyridine nickel catalyst is the same and can be
seen on the next page. The bromo analog catalyst is redbrown in color (Refer Scheme
10).
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Synthesis of 5-bromo-3-methoxysalicylaldiminato methyl pyridine nickel catalyst.
Chemicals used:
1. [Ni(tmeda)(CH3)2] : 0.223 g or 1.089 mmol
2. 5-Bromo-3-methoxysalicylaldimine ligand : 0.424 g or 1.089 mmol
3. Pyridine: 0.89 mL or 10.89 x 10-2 mol.
4. Diethyl Ether (degassed , distilled) : 75 mL (reaction + filtration)

Scheme 10: Synthesis of 5-bromo-3-methoxysalicylaldiminato methyl pyridine nickel catalyst
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Polymerization processes
Polymerization of ethylene using toluene as solvent.
Chemicals and Conditions:
1. Toluene (degassed, dried and distilled) : 190 mL + 10 mL to dissolve the catalyst.
2. 5-chloro-3-methoxysalicylaldiminato methyl pyridine nickel catalyst : 5 to 30 mg (in
different runs)
3. Ethylene: 7.6 bars
4. Temperature : 60°C
Procedure:
1. A high pressure glass reactor was used for polymerization of ethylene. The reactor is
from Buchi and can withstand upto 8 bars of pressure. The reactor is jacketed for the
water cooling and heating.
2. The reactor along with the agitator, temperature probe and the surface plate are cleaned
thoroughly using methanol, acetone and steel wool. Care was taken to check if there was
any green residue left inside or on the above mentioned parts.
3. The water bath was set to 70°C and the reactor was subjected to 3-5 VA cycles to remove
water adhering to the glass. The bath was then lowered to 60°C which is the usual run
temperature.
4. Using the manifold (refer Figure.14), the 190 mL of dried toluene was transferred to the
measuring cylinder and then to the reactor.
5. Lab view was switched on which monitored the amount of ethylene consumed via a mass
flow meter from Matheson and also the temperature of the reaction with respect to time.
6. Using a glove box, ca. 20 mg of 5-chloro-3-methoxysalicylaldiminato methyl pyridine
catalyst was then transferred to a long neck 50 mL flask which was equipped with a
stirrer.
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7. This flask was then taken out of glove box and to the manifold where, 10 mL of toluene
was added to it under argon.
8. The mixture was stirred for about 5-10 min and then transferred to the Buchi, using a
pipette. The Figure 13 below shows the color (yellow color due to addition of catalysts)
of the solution.
9. Ethylene gas was then allowed into the reactor and a care was taken that the temperature
remained steady at 60°C.
10. After an hour the reaction mixture was transferred to a beaker with 400 mL methanol and
about 10 mL of concentrated hydrochloric acid. This mixture was then stirred for a day
and the polymer was then filtered using a filter paper and Buchner funnel.
11. Filter paper 41 was used which was weighed .The filtered polymer was then kept in an
oven to dry which was then weighed to check the yield of polymer.
12. The same procedure was followed for the 5-bromo-3-methoxysalicylaldiminato methyl
pyridine nickel catalyst.

Figure 13: Ethylene polymerization in toluene.
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Standard operating procedure for mini emulsion polymerization using 5-halo-3methoxysalicylaldiminato nickel catalysts.
1. The same high pressure reactor was used for the mini-emulsion polymerization. A
pressure of 7.6 bar was maintained using a pressure gauge. The reactor is jacketed and
can be heated from outside. The water bath is set to 70°C and care is taken that the
reactor is thoroughly cleaned before use.
2. Four V/A cycles are performed on the reactor using the manifold (refer Figure 14). Argon
was pumped in and the temperature was lowered to 60oC.
3. A 3 neck, 250 mL round bottom flask was prepared using 3-4 V/A cycles, and under
argon, about 190 mL of distilled water was transferred to it with a stir bar.
4. This was followed by the addition of 4.32 g of (surfactant) sodium dodecyl sulfate and
5.25 mL of degassed hexadecane as cosurfactant. The whole mixture was the stirred at
60°C which is the polymerization temperature for about 15-30 min.
5. Using a Branson Digital Sonifier, the above mixture was sonicated for 2 min at 90 %
amplitude and was then transferred to the reactor under argon.
6. Approximately 30 mg of 5-chloro-3-methoxysalicylaldiminato methyl pyridine nickel
catalyst was transferred to a 50 mL long neck flask in the Braun Glove box and was then
transferred to the hood.
7. Under argon, 5 mL toluene was added to the flask and this mixture was stirred for 5-10
min.
8. The catalyst solution was then transferred to the emulsion in the reactor and stirred.
Ethylene gas was then pumped in and the flow curve was observed.
9. The temperature was maintained at 60°C, and the polymerization was carried out for one
hour.
10. 10 mL methanol was then added to the emulsion at the end of the hour and was kept in a
dark bottle.
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11. A small vial was weighed and about 10 mL of this emulsion is added to it, which is then
left to dry in the oven to measure the solid content.
12. Vacuum is pulled on the vial at ca. 60oC, thus to remove the hexadecane. The white
polymer left behind is then weighed and characterized.
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Figure 14: Manifold used in the lab [29].
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Standard operating procedure for Miniemulsion polymerization using Fluorinated Ni(II)
Ylide catalysts.
Procedure:
Miniemulsion polymerization with Ni(COD)2 and CF3 ligand follows the same procedure as
the salicylaldiminato Ni catalysts with few changes.
1. The same Buchi’s glass reactor was thoroughly cleaned and at 70°C 3-4 VA cycles were
performed on it so as to keep an inert environment inside the reactor. (No oxygen or air).
The temperature was then reduced to 60°C which is the reaction temperature.
2. A 500 mL 3 neck flask was used for mixing the emulsion. Under argon, 284 mL of
distilled and degassed water was added to the flask followed by the 6.08 g of surfactant
sodium dodecyl sulfate and 7.9 mL of cosurfactant hexadecane. The above emulsion was
then stirred for 30 min at 60°C. Meanwhile catalyst was being prepared.
3. Ni(COD)2 being highly sensitive to air , was kept in the glove box. Approximately 61.5
mg of Ni(COD)2 was added to a 50 mL long neck , round bottom flask with a side arm.
The flask was then taken to the manifold and under argon CF3 ligand ca. 45.75 mg was
introduced. About 10.5 mL of degassed and distilled toluene was then added to this flask
and the whole mixture was stirred for about 15 min.
4. After 30 min of stirring the emulsion mentioned above, it was then sonicated using a
Branson digital sonicator. The sonication was done for 2 min at 90 % amplitude and the
sonicated emulsion was then transferred to the reactor under argon.
5. Lab view was switched on to monitor the temperature and ethylene flow during the
reaction. The catalyst solution was then introduced to the reactor and ethylene gas was
pumped in.
6. The polymerization reaction was done 60 min and at 600 rpm. After one hour, the
mixture was transferred to a beaked followed by addition of 10 mL of methanol to
quench the solution. About 10 mL of sample was transferred to a previously weighed vial
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which was then kept inside the oven to isolate the solid so as to calculate the yield as well
as activity of the solid.
Standard procedure of polymer characterization techniques.
NMR Spectroscopy:
1

H Proton NMR spectrum was acquired for all the polymers and the catalysts

synthesized. A Bruker Avance 300 DRX is a 300 MHz with a 7 mm coil. Catalysts and ligands
synthesized were also characterized using deuterated chloroform as solvent. For 1H NMRs of
polymers, about 10-20 mg of polymer was dissolved in a 40:60 ratio of 1,2,4-trichlorobenzene
(TCB) and d2-1,2,2,2-tetracholoroethane. A 16 scan and a 128 scan with 5 seconds delay was
performed on the polymer with the temperature elevated to 120 °C.
Differential Scanning Calorimetry
DSC 2010 by TA Instrument was used to determine the thermodynamic properties of
polymers. The first cycle was done with 10 °C/ min to 165°C then the temperature were it was
kept isothermal for 2 min and then it was reduced to -150°C and then raised again to 165°C.
The second cycle was recorded at 20 K/min.
Thermogravimetric Analysis:
Thermogravimetric Analysis was performed on TA Instrument 2050 to determine the
percentage decomposition of weight and the onset temperature at which the decomposition
starts. Under nitrogen, the temperature was raised to 650°C and was kept isothermal for 2 min.
Fourier Transform Infrared Spectroscopy:
A Shimatzu IR Prestige-21 ATR was used to obtain a FTIR spectrum for every polymer
to determine and confirm the composition which was then compared to a known sample.
GPC Data: The molecular weight and molecular number average data was provided by Dow
Chemical Corporation.
Particle Size: Particle size data was obtained from Xerox Research Center Canada.
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Chapter IV
Results and Discussion
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Part – 1
Ligand and catalyst
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The less oxophilic nature and the tolerance towards the polar group has boosted the value
of late transition metal catalyst over the past decade. It’s evident from many research groups that
late transition metal two component catalyst has be transformed into 1 component catalyst i.e
use of a scavenger is no longer needed thus reducing considerable steps for synthesis. Brookhart
et al, with his catalyst has proved that by increasing the bulk on ortho aryl substituents of αdiimine ligand a higher molecular weight polyolefin is achieved [13]. Expanding on the bulky
substituent idea Grubbs was able to synthesize a series Ni(II) salicylaldmine catalysts [17]. Using
a labile ligand like acetonitrile , Grubbs was able to obtain a phosphine free single component
catalyst. Mecking during the same period also experimented with electronegative halo groups at
the ortho and para positions w.r.t the phenolic oxygen. A successful synthesis of 3,5diidosalicylaldiminato methyl pyridine nickel catalyst, Mecking reported formation of high
molecular weight polyethylene in organic as well as inorganic aqueous medium.

Our research group has concentrated on the synthesis of salicylaldiminato catalyst due to
the metal complexes being more resistant to polar compounds than other single-site catalysts.
Our main goal was to use these types of catalysts to prepare a high density polyethylene in
organic solvent as well as use it in aqueous mini-emulsion to make polyethylene latex. The use
of water as a solvent in manufacturing emulsion has been pioneered by Clavierie et.al [20, 23] as
well as Mecking et.al. [32], and our research group has used Fluorinated Ni(II) Ylide catalyst to
achieve an average particle size close to 200 nm. The synthesis of our catalysts is basically done
by ligand tailoring. We have tried to achieve synthesis by either changing the labile ligand
weakly bonded to the nickel or by changing the ortho and para substituents on the phenolic ring.
The candidates that we have used for synthesis of salicylaldiminato nickel catalyst are given in
Table 1.
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N

Me
Ni

X

O

L

Y

Table: 1 Candidates for nickel salicylaldiminato catalysts.
Catalyst Salicylaldehyde
Reactants
#1

#2

Ligand

Physical
Appearance

Yield

Percentage

(g)

Yield (%)

1.67g

44.8

7.36 g

43.52

5-chloro-2hydroxy-3methoxy-b.a.

Chloromethoxy

Yellow solid

Salicylaldimine.

(crystalline)

5-bromo-2hydroxy-3methoxy-b.a.

Bromomethoxy

Yellowish
brown solid
(amorphous)

Salicylaldimine.

b.a :benzaldehyde.
One advantage of our method is that it involves only two steps and therefore is simpler
than most other syntheses mentioned in the literature. The chloro and bromo aldehydes listed
above are available commercially (Sigma-Aldrich). The solvents and other reactants purification
procedure was followed as described in the experimental part. Late transition mechanism
Brookhart [13] suggests that the metal center should have a vacant site which serves as a site for
the olefin polymerization. The vacant site is created by the dissociation of labile ligand in our
case we chose it to be pyridine or acetonitrile. On the para position to the phenolic oxygen we
have tried to incorporate halogens like chlorine and bromine which are more electronegative as
compared to Meckings diiodo group. The halogen groups added on the para position to the
phenolic oxygen like chlorine and bromine have a lower atomic weight than iodine thus
decreasing the molecular weight of the catalyst molecule. The halo groups are electron pulling
groups which keeps the molecule stable and also makes the catalyst more reactive in
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polymerization as was mentioned by Grubbs [16, 17]. The methoxy group on the ortho position
to the phenolic oxygen is an electron donor but it’s a bit larger than having a single hydrogen or
halogen atom which will also affect the activity of catalysts.

Analysis of Ligands:
The yield on the several attempts to synthesize the two ligands which differed in the
halogen atom in the 5 position has been between 44.8 and 43.52 %. This percentage has seen to
be varying based on the purity of reactants and the physical parameter changes like temperature
change. The compounds were analyzed by 1H NMR spectroscopy.

Figure 15: Predicted 1H NMR spectrum of the 5-chloro-3-methoxysalicylaldimine ligand
based on Chemdraw.
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The above predicted spectrum was compared to the actual spectrum and it was concluded that,
the synthesized ligand was the one that we had aimed for. (Refer Figure 15 and 16)

Figure 16: 1H NMR spectrum for 5-chloro-3-methoxysalicylaldimine ligand
The distinctive peaks around δ=7 ppm represent the hydrogens of aromatic rings. There is
a distinctive methyl peak at around 4 ppm with a complex multiplet ranging from 1-2.5 ppm
including the methyl peaks of the isopropyl groups of the aniline ring along with a peak between
2.5-3 ppm for the methylene protons. The proton at the double bond between C and N is visible
at the peak 8.3 ppm. All these peaks are in correlation to the peaks observed in the predicted
NMR which confirms that our synthesized ligand is as expected. In a similar manner 5-bromo-3methoxysalicylaldimine ligand was also characterized and reported as seen in the Figures 17 and
18. Both the ligands have halo group and so the NMR spectrum for both ligands is virtually the
same.
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Figure 17: Predicted 1H NMR spectrum of the 5-bromo-3-methoxysalicylaldimine
ligand.

Figure 18: 1H NMR spectrum for 5-bromo-3-methoxysalicylaldimine ligand.
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The above two ligands were used to synthesize the salicylaldiminato catalysts. Both
ligands are not air-sensitive but still care was taken to store them in dark vials with argon. The
yield for the synthesis of the complexes is about 60-65 % which could be attributed to slight
procedural changes and a possible decomposition of the TMEDA. An immediate elemental
analysis was performed on the catalyst prepared. Bruker 300 NMR was used for the analysis and
CD3Cl was used as a solvent. Before the actual NMR was performed a comparison spectrum was
generated using ChemDraw software (Refer Figure 19).

Figure 19: Predicted 1H NMR spectrum of the 5-chloro-3-methoxysalicylaldiminato methyl
pyridine nickel catalyst (based on Chemdraw).
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Figure 20: 1H NMR Spectrum of the 5-chloro-3-rmethoxysalicylaldiminato methyl pyridine
nickel catalyst.
The actual 1H NMR spectrum, as seen above (Figure 20) is approximately the same as the
predicted one (Figure 19). Two peaks at δ = 7.13 and 7.15 ppm represents the H on the aniline
and salicyl group. Another two peaks at 7.31 represent 2H on the pyridine group. δ = 4.01 ppm
indicates the CHMeMe’. Both synthesized catalyst were analyzed and more over the 1H NMRs
for both of them is the same. The predicted NMR using Chemdraw and the actual NMR
spectrum for 5-bromo-3-methoxysalicylaldimanto methyl pyridine nickel catalyst is shown in
Figures 21 and 22, respectively.
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Figure 21: Predicted 1H NMR spectrum of the 5-bromo-3-methoxysalicylaldiminato methyl
pyridine nickel catalyst.

Figure 22: 1H NMR spectrum of the 5-bromo-3-methoxysalicylaldiminato methyl pyridine
nickel catalyst.
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X-ray crystallography was carried out to determine the crystal structure of 5-chloro-3methoxysalicylaldiminato

methyl

pyridine

nickel

catalyst

and

5-bromo-3-

methoxysalicylaldiminato methyl pyridine nickel catalyst (Refer Figures 23 and 24).
Crystallography data was provided by University of Rochester. Both catalysts are isomorphic i.e.
the crystal structure of both is the same except for the volume of cell (Refer Appendix A and B
for detailed crystallographic data).

Figure 23: X-ray crystal structure of 5-chloro-3-methoxysalicylaldiminato methyl pyridine
nickel catalyst.

Figure 24: X-ray crystal structure of 5-bromo-3-methoxysalicylaldiminato methyl pyridine
nickel catalyst.
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The crystal system for both catalysts is triclinic. The presence of pyridine in both catalysts
crystal structure indicates that the dissociation of the labile ligand takes place during
polymerization. Comparison of bond lengths indicates that as the halogen atom becomes bigger
the bond length between the halogen and the carbon increases. The bond important bond lengths
are summarized below in the Table 2.
Table 2: Selected bond lengths (Å) for synthesized catalysts.
Cl-Me.Cat

Br-Me Cat

Mecking’s
Catalyst [34,35]

Ni-N1

1.8841(10)

1.8834(11)

1.900(7)

Ni-O

1.9030(9)

1.9025(9)

1.949(7)

Ni-C1

1.9320(13)

1.9302(13)

1.991(9)

Ni-N2

1.9054(10)

1.9033(11)

1.890(7)

Cl1-C5

1.7499(12)

N/A

N/A

Br1-C5

N/A

1.9028(13)

N/A

N/A

N/A

2.128(8)

C15-I2

Cl-Me Cat: 5-chloro-3-methoxysalicylaldiminato methyl pyridine nickel catalyst; Br-Me Cat.: 5-bromo-3methoxysalicylaldiminato methyl pyridine nickel catalyst.

Similar to some of Grubbs’ salicylaldiminato catalysts [17], we also tried to incorporate
acetonitrile as one of the labile ligands with the two principle ligands. The 5-chloro-3-methoxy
nickel acetonitrile complex (0.15 gm) was obtained by similar synthesis. The physical
appearance of this catalyst is similar to the other catalyst (dark red solid). However with this
catalyst there was no activity observed during the polymerization with no polymer formation.
Similar observations where noted for 5-bromo-3-methoxysalicylaldiminato methyl acetonitrile
nickel catalyst. The polymerization activity was almost zero with no formation of any polymer.
The 5-chloro-3-methoxysalicylaldiminato methyl pyridine nickel catalyst and bromo analog
catalysts were very active in polymerization and were instantly our choice for polymerizations.
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The summary of catalysts is given below. :
Table 3: Summary of catalyst yield, appearance and activity.
Sr.No

Catalyst

Physical

Yield

Polymer

Appearance

%

Yes/No

1

5-chloro-3Red Solid
methoxysalicylaldiminato
methyl pyridine nickel (crystalline)
catalyst.

62.39

Yes

2

5-bromo-3Red Solid
methoxysalicylaldiminato
methyl pyridine nickel (amorphous)
catalyst

64.88

Yes

3

5-chloro-3Red Solid
methoxysalicylaldiminato
methyl acetonitrile nickel (powdery)
catalyst.

34.3

No

4

5-bromo-3No Solid
methoxysalicylaldiminato
methyl acetonitrile nickel
catalyst

N/A

N/A
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Part – 2
Polymerization of ethylene in organic medium (Toluene).
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Polymerization of ethylene in organic medium.
Polymerization of ethylene was carried using the two 5-halo-3-methoxysalicylaldiminate
nickel catalysts mentioned above. The procedure was followed as given in the experimental
section. As described in the previous above, the two catalysts were found to be air sensitive and
so care was taken for the introduction of these catalysts at the point of insertion. The catalysts
were well soluble in toluene and catalyst solutions were added to the reactor.
In the following we will discuss the results of both catalysts, the 5-chloro-3methoxysalicylaldiminate methyl pyridine nickel catalyst and the 5-bromo analog, so that they
can also be compared regarding different quantities of interest. The polymerizations parameters
yield and activities are given in Table 4.
Table 4: Ethylene polymerization runs using 5-chloro-3-methoxysalicylaldiminato methyl
pyridine nickel catalyst and the bromo analog catalyst in toluene.

Sr.

Cat

Cat.

Temp

Run

Yield

Act.

No

Type

Amt.

°C

Time

(g)

kg Polymer
/ (mol cat * hr)

min

µmol/L

1

M

350.63

60

60

3.83

55

2

A

50.28

60

60

1.27

126

3

A

100.57

60

60

1.27

125

4

A

150.85

60

60

2.51

136

5

A

281.58

60

60

4.28

95

6

A

301.70

30

60

4.01

7

7

A

321.81

30

60

0.46

4
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Sr.

Cat

Cat.

Temp

Run

Yield

Act.

No

Type

Amt.

°C

Time

(g)

kg Polymer
/ (mol cat * hr)

min

µmol/L

8

B

308.32

30

60

0.15

2

9

B

310.17

40

60

0.45

7

10

B

313.86

50

60

6.15

98

11

B

461.56

60

60

6.00

65

12

B

332.32

60

60

5.40

81

13

B

332.32

70

30

4.90
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Run conditions : Vol : 200 mL ; Pressure : 7.6 bars ; Speed of Agitation : 800 rpm ; M: 3,5diiodosalicylaldiminato methyl pyridine nickel catalyst (Mecking’s) used for comparison; A: 5-chloro-3methoxysalicylaldiminate nickel pyridine methyl catalyst, B: bromo analog catalyst.

Experiment 1 was performed to check the consistency of the previously made catalyst
made by Mecking et.al. The activity on Mecking’s catalyst that is with 55 kg polymer per mole
of catalyst per hour lower than the literature value but could be attributed to the polymerization
process parameter change [33]. The pressure used by that group was about 50 bars which is 6
times higher than the pressure used in our polymerization. The reaction time was also about an
hour more in their case. Experiments were 2-7 were carried out using 5-chloro-3methoxysalicylaldiminato methyl pyridine nickel catalyst. It is clear that the activities with this
catalyst are higher than those with the reference given in row 1. As we can see from the data in
experiments 2 to 5, as the amount or concentration of catalyst increases mostly the activity of the
polymerization decreases. This is quite typical for polymerizations with coordinative catalysts
since the activity is by definition referred to the amount of catalyst and the catalyst is more
efficient at lower concentrations. Also from the pairs of activities in Table 4 we can conclude
that the polymerization activities are slightly higher with the chlorine catalyst than with the
bromine catalyst.
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Two of the main parameters that influence the activity of the polymerization are pressure
and temperature.
Temperature Effect:
Varying temperature in a polymerization process has always been interesting because it is
one of the most important polymerization parameters. We ran a series of polymerizations with
the Br- based catalyst. Usually late transition metals are active between 25-75°C. It’s been
proposed that above 60°C, the life time of some nickel based single-site catalysts is 20-30 min
which can have a significant impact on the yield of polymer [13]. Other research groups have
shown a promising polymerization activity at 30°C with very high molecular weight and a good
yield [16, 17, 24-26,] with the 5-bromo-3-methoxysalicylaldiminato methyl pyridine catalyst we
observed that the polymerization activity increased as the polymerization temperature increased.

120
Activity (kg PE / mol cat x h)

Activity ( kg PE/mol cat x h)
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Temperature (°C)

Figure 25: Effect of temperature on the activity using 5-bromo-3-methoxysalicylaldiminato
methyl pyridine nickel catalyst.
From the graph above it is evident that, as the temperature increases the activity
increases. The first two data points at 30°C and 40°C show lower activity and above 50oC the
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activity stabilizes. This decrease in activity above 50oC may be indeed a result of the lower
concentration of ethylene above this temperature.
Table 5 shows the data we obtained after characterization of the polymers.
Table 5: Characterization data for polyethylene made using the 5-chloro-3methoxysalicylaldimnato methyl pyridine nickel catalyst and the bromo analog catalyst.
Sr.

Cat

Cat.

Temp

Mw

Mn

PDI

Methyl

No

Type

Amt.

°C

g/mol

g/mol

=Mw/Mn

Branches

Tm
o

C

Per 1000 C

µmol/L
1

M

350.63

60

13563

5885

2.30

n.d.

n.d.

2

A

50.28

60

15220

7357

2.07

51.1

88.5

3

A

100.57

60

14598

7056

2.07

56.8

87.9

4

A

150.85

60

14858

7803

1.90

50.8

89.5

5

A

281.58

60

12613

6897

1.83

64.0

76.3

6

A

301.70

30

6654

4157

1.60

27.7

113.4

7

A

321.81

30

7041

4285

1.64

30.8

111.8

8

B

308.32

30

5436

3882

1.40

26.7

114.0

9

B

310.17

40

10994

8501

1.29

24.1

108.1

10

B

313.86

50

21570

13481

1.6

47.8

97.5

11

B

461.56

60

14933

5049

2.96

54.7

90.6

12

B

332.32

60

14009

7926

1.76

52.0

91.1

13

B

332.32

70

9705

4804

2.02

71.8

114.0

Run conditions: Vol : 200 mL ; Pressure : 7.6 bars ; Speed of Agitation : 800 rpm;

M: 3,5-

diiodosalicylaldiminato methyl pyridine catalyst (Mecking’s), A: 5-chloro-3-methoxysalicylaldiminate
methyl pyridine nickel catalyst, B: bromo analog catalyst.; Y*: Methyl Branching/1000C.; n.d. :not
determined.
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Effect on Molecular Weight of Polyethylene
The molecular weight properties were provided by DOW Chemical. The polymers have a
relatively narrow molecular distribution with Mw/Mn ranging between 1.4 and 2.3.

The

molecular weight of the polymers does not depend significantly on the type of halogen atom in
the catalyst. In Figure 26 a typical graph for the molecular weight distribution from GPC data is
shown (Entry 2 in Table 5).This is typical of many single-site catalyzed polymers and reflects
that predominantly one type of catalyst species produces the polymer.
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Figure 26: Molecular distribution of [Entry 2] in Table 5.
Figure 27 shows the effect of the catalyst concentration on the molecular weight.
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Figure 27: Effect of catalyst concentration on molecular weight with 5-chloro-3methoxysalicylaldiminato methyl pyridine nickel catalyst.
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As we can see from Figure 27, the molecular weight of polyethylene decreases with
increase in concentration of catalyst. A larger number of active metal centers lead to a drop in
average chain length of the polymer as is typical for chain addition polymerizations.
Experiment 2 in the Table 5 does show that at the molecular weight is about 15000 g/mol
which is moderately high. Comparing concentration of catalyst with the PDI of polyethylene
obtained, we see that as the concentration increases the PDI slightly decreases. .
Effect of Polymerization Temperature on the Molecular Weight of Polyethylene.
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Figure 28: Polymerization temperature (Tp) effect on molecular weight.
Contrary to our expectations and quite interesting was that the molecular weight also
increased with increasing temperature between 30 and 50oC (Refer Figure 28). For typical chain
addition polymerizations, the molecular weight should decrease as the temperature is increased.
This is primarily due that at higher temperature more chain transfer reactions occur and also
disproportionation is favored over combination as mode of chain termination. The increase of
the molecular weight with the increase in temperature is even more surprising since we applied
the same pressure for these runs at different temperatures. It is known, that the solubility of
ethylene decreases as the reactor temperature is increased. Based on the theories of chain
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addition polymerization the molecular weight therefore should have decreased at higher
temperature besides the effect of the direct temperature on the chain transfer reactions. We
believe that this effect is caused by the main active catalyst species being present at 50oC and at
least 70oC. The appearance of the polyethylene was also different with different polymerization
temperature. Polymers obtained close to 60oC were slightly transparent and rubbery. The
appearance of the polyethylene made at 30°C is not rubbery; rather it’s more amorphous and
flaky.
Based on these observations it was clear that polyethylene formed higher polymerization
temperatures is branched. To verify the branching we characterized the polymers using DSC,
TGA and 1H NMR and C13 NMR, which is discussed in the section ahead. As we can see from
the Figure 29, the four prominent peaks at around 719, 1473, 2850 and 2920 cm-1, confirms that
the polymer made is polyethylene.

Figure 29: Typical IR spectrum for polyethylene using 5-bromo-3-methoxysalicylaldiminato
methyl pyridine nickel catalyst.
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The methyl groups resulting from branching can be slightly detected from the sharp peak
at ca. 1373 cm-1. Similar IR spectrums were obtained for polyethylene made using 5-chloro-3methoxysalicylaldiminato methyl pyridine nickel catalyst.
To confirm the formation of polyethylene we also applied 1H Proton NMR spectroscopy
as an analyzing method. Figure 30 below show the NMR spectra for polyethylene obtained at
30°C and 60°C (Entry 2 and 6 ). The doublets observed at δ = 0.89 ppm , δ = 0.85 ppm and δ
=0.9 ppm , δ =0.88 ppm are assigned to methyl branches and δ = 1.3 ppm is assigned to
methylene resonance respectively. The methine resonance can be seen δ = 1.17 ppm.

Figure 30:

1

H NMR spectra for polyethylene run at 30oC (top) and 60°C (bottom) using 5-

chloro-3-methoxysalicylaldiminato methyl pyridine nickel catalyst
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A similar, 1H NMR spectrum was also obtained for polyethylene made using 5-bromo-3methoxysalicylaldiminato methyl pyridine nickel catalyst. (See Figure 31)
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Figure 31: 1H NMR Spectrum for polyethylene made using 5-bromo-3methoxysalicylaldiminato methyl pyridine nickel catalyst.
As we can see in Figures 30 and 31, the methyl resonance is split into a doublet, indicating
the presence of branching in our polyethylene, mainly methyl branches (CH3). The doublet has a
shorter peak with a lower ppm value which indicates that there are other longer branches also
present in the structure. All the polymerization entries in Table 5 have similar NMR spectra with
such doublets.

A similar branching effect was also observed using Brookhart’s catalyst with

increased steric bulk [13].We also calculated, the number of branches using the 1H NMR
spectrum. Methyl branches per 1000 C-atoms = ICH3/3 / (CH2/2+ CH) x 1000. The type of
branches are mostly methyl groups due to the doublet at ca. 0.8 ppm and we refer to 1000 C atoms in the main chain (not including C-atoms of branches) [13].
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Figure 32: C13 NMR for polyethylene made using 5-bromo-3-methoxysalicylaldiminato
methyl pyridine nickel catalyst.
We carried out C13 NMR so as to confirm the formation of polyethylene and the amount
of branching present in the polyethylene made. As we can see from the Figure 32 above that,
there is a doublet visible δ = 23.23 and 23.09 ppm which indicates the methyl peak, the peak
with high intensity δ= 28.78 ppm indicates the methylene peak and at δ=28.49 ppm there is a
methine peak visible. The two methyl peaks indicate that two different types of branching exist.
As we know that our polyethylene obtained using both of our catalysts was branched and
in a way showed the same characteristics as Brookhart’s findings [13], we also compared the
branching with respect to catalyst concentration using 5-chloro-3-methoxysalicylaldiminato
methyl pyridine catalyst and temperature using 5-bromo-3-methoxysalicylaldiminato methyl
pyridine catalyst.

64

Figure 33: Effect of catalyst conc. on branching using 5-chloro-3-methoxysalicylaldiminato
methyl pyridine nickel catalyst.

Figure 34: Effect of polymerization temperature on branching using 5-bromo-3methoxysalicylaldiminato methyl pyridine nickel catalyst.
Between, the two effects observed, the temperature effect on the methyl branches/1000C
looks more promising. As we can see, with increase in temperature the branching in the polymer
also increases. Brookhart for his catalyst, quotes “The branching numbers are observed to
increase dramatically with increase in temperature with a corresponding decrease in Tm
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values” [13], which proved to be true for our polyethylene also. Also we can see that as the
melting point increases, the branching decreases. (Refer Figure 35)

Figure 35: Correlation between melting point and branching.
Figures 36 and 37 below are the DSC spectra of polyethylene obtained at polymerization
temperatures of 30°C and 60°C. It is evident that at lower polymerization temperature, the
melting of the polyethylene is higher (113.42°C) whereas at higher polymerization temperature
the melting point of polyethylene is lower (89.12°C). This indicates that at lower polymerization
temperatures more crystalline polyethylene is obtained than at high polymerization temperature.

Figure 36: DSC Spectrum of the polyethylene made at 30°C.
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Figure 37: DSC spectrum of the polyethylene made at 60°C.
Figure 38 shows the TGA spectrum obtained for polyethylene made using 5-bromo-3methoxysalicylaldiminato methyl pyridine nickel catalyst at 50°C. This polymer was quenched
in 400 mL of methanol with 10 mL of HCl. Usually the polyethylene should start decomposing
between 350-400°C which is what we can see from the diagram in Figure 38.

Figure 38: TGA spectrum of polyethylene made at 50°C
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All the runs , showed the same type of TGA , with polymer decomposition starting
between 300°C – 400 °C.
Pressure Effect:
The literature indicates that most of salicylaldiminato based catalysts polymerization in
organic medium has been carried out above 13 bars pressure. Mecking’s group has always used
50 bars ethylene pressure where as Grubbs’ group has varied from 100-300 psi [16, 17, 24-26].
Our research group has a high pressure glass reactor with pressure capacity of 8 bars, so it was
difficult for us to determine the effect of pressure over a wider range. Brookhart reported that,
the branching decreases with increasing in ethylene pressure [13].
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Part – 3
Emulsion Polymerization
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Aqueous Emulsion polymerizations:
A. Emulsion polymerizations with existing CF3-bearing Nickel Enolate Catalyst
As mentioned in the introduction, the synthesis and applications of polymerization
catalysts have been in a constant stage of advancement for the last two decades. An
environmental concern over the past couple of decades has changed the outlook for every
polymer chemist to synthesize catalysts, which are also active in water as a medium and lead to
emulsion polymers. Emulsion polymers are used in floor paints and inks and could be
manufactured using free radical polymerization, but this type of polymerization is costly and
limited. The two main research groups working extensively on emulsion polymerization using
water as a solvent, Claverie et al. [20] and Mecking et al.[33], have reported successful synthesis
of polyethylene latex with high yield. Mecking et al. used initially a palladium diimine cationic
complex based on Brookhart’s catalyst and achieved a high molecular weight but branched and
rubbery polymer [33]. Claverie and Soula, chose fluorinated groups like CF3 and C6F5 with
Ni(0), i.e. Ni(COD)2, with in-situ preparation of catalyst [20]. They were successful in making
polyethylene latex and reported that the catalyst is active only above 50°C and pressure doesn’t
have that much of an effect on the distribution of the particle size. Hexadecane helped in
increasing the activity of catalyst and reducing the coagulation effect and the amount of SDS
would not really affect the whole process.
The change in the type of co-stabilizer did show a drastic improvement in the particle
size of polyethylene. Hexadecane incorporation was as expected really low but it did produce
linear polyethylene with less branching. The molecular weight was really low (ca. 1900-3000).
With hexadecane a branched polymer was produced and the particle size never dropped below
200 nm. The best reported particle size for hexadecane as a co-stabilizer is 210. We decided to
better determine the effect of polymerization parameters on particle size. We set as our target to
obtain a particle size of 200 nm using hexadecane as the co-stablizer. The CF3 ligand was made
in the lab and Ni(COD)2 was ordered commercially[32] .
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Table 6: Polymerization results with Fluorinated Ni (II) Ylide catalyst.
Sr.

Activity
Catalyst

No

(kg PE/
Precursor Ligand Solvent Toluene SDS Co-Surf. Speed Solid
Ni(COD)2

1

2

3

4

5
6

7

8

CF3

Water

Conc

(mol

Particle

Cat*hr)

Size

mg

mg

mL

mL

gm

mL

rpm

%

nm

40.3

30.4

188

6.7

4.04

5.25

300

10.92

357.67

(2806),356

80.2

61

376

13.4

8.08

10.5

300

2.8

46.08

243

60.15

45.75

282

10.05

6.06 7.875

300

5.8

127.28

246

120.3

91.5

282

20.1

6.06 7.875

300

10.96

120.25

469

60.15

45.75

274.2

10.05

12.1 15.75

300

7.46

163.71

262

60.15

45.75

284

10.05

6.06 7.875

600

14.87

326.32

202

60.15

45.75

284

10.05

6.06 7.875

300

6.57

144.17

235.6

60.15

45.75

284

10.05

6.06 7.875

300

2.95

64.73

236.5

Ligand : CF3 ; Solvent : Water ; Pressure : 7.6 bars , Temperature : 60-70°C;Co-Surfactant : Hexadecane
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Our findings are represented in the Figure 39.When amount of SDS is compared with the
particle size obtained it indicates that there is no significant effect of the amount of SDS on the
particle size. It appears that only at very low concentration of SDS the particle size increases.
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Figure 39: Effect of SDS on the particle size.
When the effect of catalyst and ligand amount was compared to the particle size, it was
observed that the optimal range for catalyst amount is between 60.1-60.16 mg and the ligand,
which is the limiting reagent, works very well at around 45 mg. For the experiments reported in
Table 6, optimal range of co-stabilizer is between 7-8 g/L. (Refer Figure 40)
A significant effect on the particle size was caused by the stirring speed. In contrast to
the previous work by Soula and Claverie [23] we found that doubling the stirrer speed from 300
to 600 rpm reduced the particle size from ca. 240 to 200 nm. Entry 6 in the table shows that, at
600 rpm and other optimal conditions, we were able to achieve a particle size of 202 nm.
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Figure 40: Effect of amount of catalyst ligand on the particle size.
DSC spectra were also obtained for the polymer lattices (Figure 41). For the sample
(entry 2) the melting point is found to be 107.58 ° C. This value is about 20 % lower than the
melting point values in the literature for HDPE [30].

Figure 41: Representative DSC spectra for the polyethylene latex.
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TGA does show that SDS decomposes at around 200°C and the polymer starts to
decompose at around 400°C with polymer being 70% out of total amount. (See Figure 42)

Figure 42: TGA spectrum for polyethylene made using Ni(COD)2 and CF3 catalyst
In Figure 43 a 1H NMR is shown confirming formation of polyethylene latex using Ni(COD)2
and CF3 catalyst.

Figure 43: 1H NMR Spectrum for polyethylene formed using Ni(COD)2 and CF3 catalyst
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B. Emulsion polymerizations with 5-chloro-3-Methoxysalicylaldiminate methyl pyridine
nickel catalyst.
One of the goals for our group was to use our 5-halo-3-methoxy salicylaldiminato nickel
pyridine catalysts to produce polyethylene latex and compare the activity. Literature reports that
Mecking’s , 3,5-diiodosalicylaldiminato nickel catalyst was able to achieve high molecular mass
polyethylene with Mw of up to 4 x 105 g mol-1 with a narrow molecular mass distribution [28].
We used mainly our 5-chloro-3-methoxysalicylaldiminato methyl pyridine catalyst to obtain
polyethylene latex. The table below summarizes the runs performed by our group.
Table 7: Emulsion Runs using 5-chloro-3-methoxysalicylaldiminato methyl pyridine catalyst.
Exp.

Catalyst

Cat.Amt

Surfactant

No.

Type

(µmol)

(g)

Co-

Temp

Yield*

(°C)

(g)

Y

Surf

%

Tm

PE
(°C)

(mL)
1

A

60.34

4.32

5.25

30

5.6

92.81

2

91.5-103

2

A

60.34

4.3

5.25

40

3.5

58.01

2

91.65-102.8

3

A

60.34

4.32

5.25

50

4

66.29

1

90.1-103.33

4

A

60.34

4.3

5.25

60

4.6

76.24

2

90.3-102.7

5

A

87.66

4.32

5.25

30

4

33.15

3

91.65-102.27

6

A

31.58

4.29

5.25

60

4.8

152.01

ND

91.5-103.25

7

A

60.34

5.2

5.25

60

9.8

162.42

ND

90.5-102.80

8

A

60.34

2.15

2.63

60

2.2

36.46

0

103.4-117.14

9

B

64.6

4.32

5.25

30

5.4

77

<1

90.4-117.43

A: 5-chloro-3-methoxy salicylaldiminato nickel pyridine catalyst; b: (kg PE / mol Cat x hr); Pressure: 7.6
bars; Sonication: 2 min.*: Including SDS and HD; Y: Activity (kg PE/ (molCatxhr); ND: Not determined.
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It appears that the yield doesn’t really remarkably change when compared with change in
temperature, thus indicating that temperature is not the controlling factor. The graph below
shows the relation of yield, percentage of polyethylene formed and amount of SDS used.

Figure 44: Comparison of Yield, Percentage of polyethylene formed and amount of SDS used.

From Figure 44, with our catalyst, even the temperature variation does not affect the yield when
it comes to emulsion polymerization; this is not the same effect as seen in the previous sections.
Characterization of the obtained latex indicated that only traces of polyethylene had formed and
the errors in polymerization yield could be too large to make a definitive conclusion. Using
infrared spectroscopy we were able to confirm the formation of some polyethylene shown in
Figure 45.
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Figure 45: IR Spectrum of polyethylene emulsion using 5-chloro-3methoxysalicylaldiminato methyl pyridine nickel catalyst.

The methylene stretches between 2920 cm-1 and 2850 cm-1 and the methylene deformations
1464 and 719 cm-1 indicated that the there is formation of polyethylene.
Also 1H NMR spectra were generated for emulsions using the procedure mentioned in the
experimental part. The hexadecane was taken out by subjecting the sample to vacuum for 24
hours. The problem with 1H Proton NMR spectrum was that there was too much overlapping,
caused by the presence of hexadecane and SDS. One of the main parameters that seem to affect
the polyethylene yield is the pressure. Our group used 7.6 bars of ethylene pressure whereas
Mecking’s group uses 40 bars of pressure [24-26]. This effect is also seen when it comes to the
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basic toluene polymerization at 30°C. GPC data was obtained one of the samples from Table 6
(entry 1). Figure 46 shows the GPC distribution graph. Two peaks were observed at two different
intensities and at two different retention units.
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Figure 46: GPC distribution data for emulsion run at 30°C
The same was observed when a DSC spectra was obtained for the same sample. Figure
47 shows that there are two melting points observed in the spectra. DSC Spectra for every
sample in Table 6 showed 2 different melting points. This indicates that there are two different
fraction of polyethylene formed during the polymerization with different branching.
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Figure 47: DSC spectra of polyethylene emulsion at 30°C
The very low percentage of polyethylene was also indicated by the TGA spectra as seen
in Figure 48. Thermo gravimetric analysis was done on every sample and every TGA diagram
was compared. The onset point of decomposition for all the samples is around 200 °C. If there
was a sufficient amount of polyethylene present then, it should have showed up at around 400 °C
as seen in the previous results sections (Refer Figure 40). There is a small bump around that
region and after calculating the amount of decomposition it can be concluded that very little
amount of polyethylene is formed and is less than 1-2% .The component of emulsion that
actually starts decomposing at ca. 200°C is SDS and is confirmed using TGA (Refer Figure 49) .
Figures 48 and 49 clearly show that, the emulsions had more of SDS and less polyethylene.
Based on this data is it evident that the catalysts are active in water but glass reactor, which
limited us in increasing the pressure sufficiently, might have kept us from obtaining reasonably
high yields of polyethylene.
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Figure 48: TGA spectrum for polyethylene in emulsion using 5-chloro-3methoxysalicylaldiminato methyl pyridine catalyst.

Figure 49: TGA spectrum for sodium dodecyl sulfate (SDS).
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Chapter V

Conclusions
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Two new nickel-based single site catalysts were successfully synthesized. NMR
spectroscopy was used to confirm the formation of catalysts. X-ray crystallography data was also
obtained on both catalysts, indicating that the compounds form triclinic crystal structures. The
catalysts follow the coordinative mechanism and were applied in both organic and aqueous
media. In toluene these catalysts are highly active compared to previously described similar
catalysts. Polyethylene obtained with these catalysts is branched and as the temperature of
polymerization increases, the branching also increases. The branches represent mostly methyl
goups in the NMR spectrum, as indicated by the doublet at ca. 0.8 ppm. Using GPC the
molecular weight was also determined and is relatively low with Mw not exceeding 20,000
g/mol. A surprisingly phenomenon was observed, when the molecular weight was compared
with a change in polymerization temperature. As the polymerization temperature was increased
from 30 to 50oC, the molecular weight also increased. This effect may be due the higher activity
of these catalysts above 50oC. The optimal temperature in regard to crystallinity and molecular
weight of the obtained polymers is 50oC.
One of the other goals of our research was investigate the main factors that influence
particle size using the in situ CF3 bearing nickel enolate catalyst . A particle size of 202 nm was
obtained. The new salicylaldimnato nickel catalysts were also used in emulsion polymerization.
These catalysts are not as active in aqueous medium and only trace amounts of polyethylene are
formed (ca. 1-2%). This is likely caused by the very low concentrations of ethylene in the
aqueous phase at the low pressures used. DSC spectra of polyethylene indicate that there might
be formation of two different fractions of polyethylene with different branching. This issue could
be alleviated in the future by using steel autoclave and applying ethylene pressures close to 50
bar.
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Chapter VI
Future Work
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Parameters like temperature and concentration of catalyst have been experimented with
and results are reported in the previous sections. One of the most important parameters which
still remain unstudied is pressure. Pressure does influence the activity of the catalyst and also
affect the physical and chemical properties of the polymer. Research groups working with
salicylaldiminato catalysts use more than 15 to 50 bar of pressure. Brookhart [13] states that,
pressure has a direct effect on branching of polymer i.e. branching decreases with increase in
ethylene pressure. Mecking et al. has reported the use of ethylene under 40 bars of pressure
which is about 5 times higher than what we used in this work [33, 34].

Another parameter that can be experimented with is to continue with the ligand tailoring.
By changing the ligands further a new catalyst can be synthesized based on our framework..
Incorporating bulky groups like used by Grubbs’ will lead to an interesting area of catalyst
complexes. Aniline aryl group which is chosen for their steric and electronic effect could be
introduced using Suzuki coupling.

The 5-halo-3-methoxysalicylaldiminato methyl pyridine nickel catalysts were used in
organic medium (toluene) and aquoues medium (water). These catalysts can be tested in
synthesizing copolymers and polymer blends. The new era of sustainability has also encouraged
many research groups to synthesize biopolymers by incorporating starch and carbohydrate in the
polymer chain. Salicylaldiminato catalysts being tolerant to polar medium are excellent
candidates for this research.
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Chapter VII
Appendix

85

Appendix A:
Crystallography data for 5-chloro-3-methoxysalicylaldiminato methyl pyridine nickel
catalyst.
Crystal data and structure refinement information.
________________________________________________________________________________
Empirical formula

C26 H31 Cl N2 Ni O2

Formula weight

497.69

Temperature

100.0(1) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a = 8.8179(8) Å

α = 74.098(2)°

b = 11.2289(10) Å

β = 76.925(2)°

c = 13.4483(12) Å

γ = 82.990(2)°

Volume

1244.86(19) Å3

Z

2

Density (calculated)

1.328 Mg/m3

Absorption coefficient

0.911 mm-1

F(000)

524

Crystal color, morphology

orange, block

Crystal size

0.22 x 0.20 x 0.16 mm3

Theta range for data collection

1.89 to 35.63°

Index ranges

-14 ≤ h ≤ 14, -18 ≤ k ≤ 18, -22 ≤ l ≤ 21

Reflections collected

27779

Independent reflections

11280 [R(int) = 0.0360]

Observed reflections

8732

Completeness to theta = 35.63°

98.2%

Absorption correction

Multi-scan

Max. and min. transmission

0.8679 and 0.8247

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

11280 / 0 / 295

Goodness-of-fit on

F2

1.015

Final R indices [I>2sigma(I)]

R1 = 0.0373, wR2 = 0.0867

R indices (all data)

R1 = 0.0550, wR2 = 0.0947

Largest diff. peak and hole

0.550 and -0.260 e.Å-3
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Bond lengths [Å] and angles [°]
___________________________________________________
Ni(1)-N(1)

1.8841(10)

C(13)-C(14)

1.3790(19)

Ni(1)-O(1)

1.9030(9)

C(13)-H(13)

0.9500

Ni(1)-N(2)

1.9054(10)

C(14)-H(14)

0.9500

Ni(1)-C(1)

1.9320(13)

C(15)-C(16)

1.3993(16)

Cl(1)-C(5)

1.7499(12)

C(15)-C(20)

1.4015(16)

O(1)-C(8)

1.2891(14)

C(16)-C(17)

1.3967(16)

O(2)-C(7)

1.3537(14)

C(16)-C(21)

1.5191(16)

O(2)-C(9)

1.4295(15)

C(17)-C(18)

1.3877(17)

N(1)-C(2)

1.3093(15)

C(17)-H(17)

0.9500

N(1)-C(15)

1.4476(14)

C(18)-C(19)

1.3858(18)

N(2)-C(10)

1.3440(16)

C(18)-H(18)

0.9500

N(2)-C(14)

1.3450(16)

C(19)-C(20)

1.3970(16)

C(1)-H(1A)

0.9800

C(19)-H(19)

0.9500

C(1)-H(1B)

0.9800

C(20)-C(24)

1.5156(17)

C(1)-H(1C)

0.9800

C(21)-C(22)

1.5283(17)

C(2)-C(3)

1.4277(16)

C(21)-C(23)

1.5323(17)

C(2)-H(2)

0.9500

C(21)-H(21)

1.0000

C(3)-C(8)

1.4108(16)

C(22)-H(22A)

0.9800

C(3)-C(4)

1.4222(16)

C(22)-H(22B)

0.9800

C(4)-C(5)

1.3607(17)

C(22)-H(22C)

0.9800

C(4)-H(4)

0.9500

C(23)-H(23A)

0.9800

C(5)-C(6)

1.4076(17)

C(23)-H(23B)

0.9800

C(6)-C(7)

1.3754(17)

C(23)-H(23C)

0.9800

C(6)-H(6)

0.9500

C(24)-C(25)

1.5236(18)

C(7)-C(8)

1.4435(16)

C(24)-C(26)

1.5309(19)

C(9)-H(9A)

0.9800

C(24)-H(24)

1.0000

C(9)-H(9B)

0.9800

C(25)-H(25A)

0.9800

C(9)-H(9C)

0.9800

C(25)-H(25B)

0.9800

C(10)-C(11)

1.3852(18)

C(25)-H(25C)

0.9800

C(10)-H(10)

0.9500

C(26)-H(26A)

0.9800

C(11)-C(12)

1.381(2)

C(26)-H(26B)

0.9800

C(11)-H(11)

0.9500

C(26)-H(26C)

0.9800

C(12)-C(13)

1.384(2)

N(1)-Ni(1)-O(1)

93.60(4)

C(12)-H(12)

0.9500

N(1)-Ni(1)-N(2)

170.39(4)
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O(1)-Ni(1)-N(2)

84.79(4)

O(1)-C(8)-C(3)

123.72(10)

N(1)-Ni(1)-C(1)

93.63(5)

O(1)-C(8)-C(7)

118.84(10)

O(1)-Ni(1)-C(1)

169.91(5)

C(3)-C(8)-C(7)

117.42(10)

N(2)-Ni(1)-C(1)

89.21(5)

O(2)-C(9)-H(9A)

109.5

C(8)-O(1)-Ni(1)

128.86(8)

O(2)-C(9)-H(9B)

109.5

C(7)-O(2)-C(9)

116.86(10)

H(9A)-C(9)-H(9B)

109.5

C(2)-N(1)-C(15)

112.45(9)

O(2)-C(9)-H(9C)

109.5

C(2)-N(1)-Ni(1)

124.82(8)

H(9A)-C(9)-H(9C)

109.5

C(15)-N(1)-Ni(1)

122.13(7)

H(9B)-C(9)-H(9C)

109.5

C(10)-N(2)-C(14)

117.98(11)

N(2)-C(10)-C(11)

122.24(12)

C(10)-N(2)-Ni(1)

121.19(9)

N(2)-C(10)-H(10)

118.9

C(14)-N(2)-Ni(1)

120.55(8)

C(11)-C(10)-H(10)

118.9

Ni(1)-C(1)-H(1A)

109.5

C(12)-C(11)-C(10)

119.37(13)

Ni(1)-C(1)-H(1B)

109.5

C(12)-C(11)-H(11)

120.3

H(1A)-C(1)-H(1B)

109.5

C(10)-C(11)-H(11)

120.3

Ni(1)-C(1)-H(1C)

109.5

C(11)-C(12)-C(13)

118.57(13)

H(1A)-C(1)-H(1C)

109.5

C(11)-C(12)-H(12)

120.7

H(1B)-C(1)-H(1C)

109.5

C(13)-C(12)-H(12)

120.7

N(1)-C(2)-C(3)

127.49(10)

C(14)-C(13)-C(12)

119.03(13)

N(1)-C(2)-H(2)

116.3

C(14)-C(13)-H(13)

120.5

C(3)-C(2)-H(2)

116.3

C(12)-C(13)-H(13)

120.5

C(8)-C(3)-C(4)

121.11(10)

N(2)-C(14)-C(13)

122.80(12)

C(8)-C(3)-C(2)

121.29(10)

N(2)-C(14)-H(14)

118.6

C(4)-C(3)-C(2)

117.41(10)

C(13)-C(14)-H(14)

118.6

C(5)-C(4)-C(3)

118.92(11)

C(16)-C(15)-C(20)

122.33(10)

C(5)-C(4)-H(4)

120.5

C(16)-C(15)-N(1)

119.41(10)

C(3)-C(4)-H(4)

120.5

C(20)-C(15)-N(1)

118.25(10)

C(4)-C(5)-C(6)

122.15(11)

C(17)-C(16)-C(15)

117.59(10)

C(4)-C(5)-Cl(1)

119.79(9)

C(17)-C(16)-C(21)

121.33(10)

C(6)-C(5)-Cl(1)

118.05(9)

C(15)-C(16)-C(21)

121.09(10)

C(7)-C(6)-C(5)

119.58(11)

C(18)-C(17)-C(16)

121.30(11)

C(7)-C(6)-H(6)

120.2

C(18)-C(17)-H(17)

119.3

C(5)-C(6)-H(6)

120.2

C(16)-C(17)-H(17)

119.3

O(2)-C(7)-C(6)

125.21(11)

C(19)-C(18)-C(17)

119.85(11)

O(2)-C(7)-C(8)

114.00(10)

C(19)-C(18)-H(18)

120.1

C(6)-C(7)-C(8)

120.79(11)

C(17)-C(18)-H(18)

120.1
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C(18)-C(19)-C(20)

121.01(11)

C(24)-C(26)-H(26A)

109.5

C(18)-C(19)-H(19)

119.5

C(24)-C(26)-H(26B)

109.5

C(20)-C(19)-H(19)

119.5

H(26A)-C(26)-H(26B)

109.5

C(19)-C(20)-C(15)

117.85(11)

C(24)-C(26)-H(26C)

109.5

C(19)-C(20)-C(24)

119.58(10)

H(26A)-C(26)-H(26C)

109.5

C(15)-C(20)-C(24)

122.57(10)

H(26B)-C(26)-H(26C)

109.5

C(16)-C(21)-C(22)

112.50(10)

C(16)-C(21)-C(23)

111.18(10)

C(22)-C(21)-C(23)

109.92(10)

C(16)-C(21)-H(21)

107.7

C(22)-C(21)-H(21)

107.7

C(23)-C(21)-H(21)

107.7

C(21)-C(22)-H(22A)

109.5

C(21)-C(22)-H(22B)

109.5

H(22A)-C(22)-H(22B)

109.5

C(21)-C(22)-H(22C)

109.5

H(22A)-C(22)-H(22C)

109.5

H(22B)-C(22)-H(22C)

109.5

C(21)-C(23)-H(23A)

109.5

C(21)-C(23)-H(23B)

109.5

H(23A)-C(23)-H(23B)

109.5

C(21)-C(23)-H(23C)

109.5

H(23A)-C(23)-H(23C)

109.5

H(23B)-C(23)-H(23C)

109.5

C(20)-C(24)-C(25)

111.13(11)

C(20)-C(24)-C(26)

111.04(11)

C(25)-C(24)-C(26)

110.41(11)

C(20)-C(24)-H(24)

108.0

C(25)-C(24)-H(24)

108.0

C(26)-C(24)-H(24)

108.0

C(24)-C(25)-H(25A)

109.5

C(24)-C(25)-H(25B)

109.5

H(25A)-C(25)-H(25B)

109.5

C(24)-C(25)-H(25C)

109.5

H(25A)-C(25)-H(25C)

109.5

H(25B)-C(25)-H(25C)

109.5
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Torsion angles [°]
________________________________________________________________________________
N1-Ni1-O1-C8

-3.39(10)

C2-C3-C8-C7

-174.96(10)

N2-Ni1-O1-C8

-173.89(10)

O2-C7-C8-O1

2.58(15)

C1-Ni1-O1-C8

132.3(3)

C6-C7-C8-O1

-176.68(11)

O1-Ni1-N1-C2

1.39(10)

O2-C7-C8-C3

-179.12(10)

N2-Ni1-N1-C2

81.4(3)

C6-C7-C8-C3

1.61(17)

C1-Ni1-N1-C2

-171.57(10)

C14-N2-C10-C11

0.14(19)

O1-Ni1-N1-C15

-169.07(8)

Ni1-N2-C10-C11

174.07(11)

N2-Ni1-N1-C15

-89.0(3)

N2-C10-C11-C12

-1.1(2)

C1-Ni1-N1-C15

17.97(9)

C10-C11-C12-C13

0.9(2)

N1-Ni1-N2-C10

-127.8(2)

C11-C12-C13-C14

0.1(2)

O1-Ni1-N2-C10

-47.06(10)

C10-N2-C14-C13

0.9(2)

C1-Ni1-N2-C10

124.82(11)

Ni1-N2-C14-C13

-173.02(12)

N1-Ni1-N2-C14

46.0(3)

C12-C13-C14-N2

-1.1(2)

O1-Ni1-N2-C14

126.72(10)

C2-N1-C15-C16

90.79(13)

C1-Ni1-N2-C14

-61.41(11)

Ni1-N1-C15-C16

-97.68(11)

C15-N1-C2-C3

173.76(11)

C2-N1-C15-C20

-88.70(13)

Ni1-N1-C2-C3

2.50(17)

Ni1-N1-C15-C20

82.83(12)

N1-C2-C3-C8

-5.45(18)

C20-C15-C16-C17

2.39(17)

N1-C2-C3-C4

179.39(11)

N1-C15-C16-C17

-177.08(10)

C8-C3-C4-C5

-1.29(17)

C20-C15-C16-C21

-177.57(11)

C2-C3-C4-C5

173.87(11)

N1-C15-C16-C21

2.96(16)

C3-C4-C5-C6

1.00(18)

C15-C16-C17-C18

-0.57(17)

C3-C4-C5-Cl1

-178.17(9)

C21-C16-C17-C18

179.39(11)

C4-C5-C6-C7

0.61(19)

C16-C17-C18-C19

-1.66(18)

Cl1-C5-C6-C7

179.80(9)

C17-C18-C19-C20

2.16(19)

C9-O2-C7-C6

3.38(18)

C18-C19-C20-C15

-0.40(18)

C9-O2-C7-C8

-175.85(10)

C18-C19-C20-C24

-179.88(11)

C5-C6-C7-O2

178.89(11)

C16-C15-C20-C19

-1.92(17)

C5-C6-C7-C8

-1.94(18)

N1-C15-C20-C19

177.55(10)

Ni1-O1-C8-C3

1.49(17)

C16-C15-C20-C24

177.55(11)

Ni1-O1-C8-C7

179.68(8)

N1-C15-C20-C24

-2.99(17)

C4-C3-C8-O1

178.22(11)

C17-C16-C21-C22

-37.24(15)

C2-C3-C8-O1

3.24(18)

C15-C16-C21-C22

142.72(11)

C4-C3-C8-C7

0.01(16)

C17-C16-C21-C23

86.54(13)
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C15-C16-C21-C23

-93.50(13)

C19-C20-C24-C25

-56.95(15)

C15-C20-C24-C25

123.60(12)

C19-C20-C24-C26

66.36(15)

C15-C20-C24-C26

-113.10(13)
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Appendix B:

Crystallography data for 5-bromo-3-methoxysalicylaldiminato methyl pyridine nickel
catalyst.
Crystal data and structure refinement information .
_____________________________________________________________________________
Identification code

ritmm01

Empirical formula

C26 H31 Br N2 Ni O2

Formula weight

542.15

Temperature

100.0(1) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a = 8.7980(11) Å

α = 73.430(2)°

b = 11.2992(14) Å

β = 77.323(2)°

c = 13.5872(17) Å

γ = 83.442(2)°

Volume

1261.1(3) Å3

Z

2

Density (calculated)

1.428 Mg/m3

Absorption coefficient

2.378 mm-1

F(000)

560

Crystal color, morphology

orange, block

Crystal size

0.24 x 0.22 x 0.18 mm3

Theta range for data collection

1.59 to 35.63°

Index ranges

-14 ≤ h ≤ 14, -18 ≤ k ≤ 18, -22 ≤ l ≤ 22

Reflections collected

27938

Independent reflections

11416 [R(int) = 0.0325]

Observed reflections

8426

Completeness to theta = 35.63°

98.1%

Absorption correction

Multi-scan

Max. and min. transmission

0.6742 and 0.5992

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

11416 / 0 / 295

Goodness-of-fit on F2

1.020

Final R indices [I>2sigma(I)]

R1 = 0.0333, wR2 = 0.0755

R indices (all data)

R1 = 0.0564, wR2 = 0.0831
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0.684 and -0.299 e.Å-3

Largest diff. peak and hole
Bond lengths [Å] and angles [°]

_____________________________________________________
Ni(1)-N(1)

1.8834(11)

C(12)-H(12)

0.9500

Ni(1)-O(1)

1.9025(9)

C(13)-C(14)

1.377(2)

Ni(1)-N(2)

1.9033(11)

C(13)-H(13)

0.9500

Ni(1)-C(1)

1.9302(13)

C(14)-H(14)

0.9500

Br(1)-C(5)

1.9028(13)

C(15)-C(20)

1.4017(18)

O(1)-C(8)

1.2854(15)

C(15)-C(16)

1.4022(17)

O(2)-C(7)

1.3548(16)

C(16)-C(17)

1.3934(18)

O(2)-C(9)

1.4231(17)

C(16)-C(21)

1.5180(18)

N(1)-C(2)

1.3090(16)

C(17)-C(18)

1.3845(19)

N(1)-C(15)

1.4433(16)

C(17)-H(17)

0.9500

N(2)-C(10)

1.3405(18)

C(18)-C(19)

1.3829(19)

N(2)-C(14)

1.3491(18)

C(18)-H(18)

0.9500

C(1)-H(1A)

0.9800

C(19)-C(20)

1.3920(19)

C(1)-H(1B)

0.9800

C(19)-H(19)

0.9500

C(1)-H(1C)

0.9800

C(20)-C(24)

1.5168(18)

C(2)-C(3)

1.4214(18)

C(21)-C(22)

1.5300(19)

C(2)-H(2)

0.9500

C(21)-C(23)

1.5302(19)

C(3)-C(8)

1.4134(18)

C(21)-H(21)

1.0000

C(3)-C(4)

1.4192(17)

C(22)-H(22A)

0.9800

C(4)-C(5)

1.3589(19)

C(22)-H(22B)

0.9800

C(4)-H(4)

0.9500

C(22)-H(22C)

0.9800

C(5)-C(6)

1.4084(19)

C(23)-H(23A)

0.9800

C(6)-C(7)

1.3769(18)

C(23)-H(23B)

0.9800

C(6)-H(6)

0.9500

C(23)-H(23C)

0.9800

C(7)-C(8)

1.4389(18)

C(24)-C(25)

1.527(2)

C(9)-H(9A)

0.9800

C(24)-C(26)

1.532(2)

C(9)-H(9B)

0.9800

C(24)-H(24)

1.0000

C(9)-H(9C)

0.9800

C(25)-H(25A)

0.9800

C(10)-C(11)

1.380(2)

C(25)-H(25B)

0.9800

C(10)-H(10)

0.9500

C(25)-H(25C)

0.9800

C(11)-C(12)

1.382(2)

C(26)-H(26A)

0.9800

C(11)-H(11)

0.9500

C(26)-H(26B)

0.9800

C(12)-C(13)

1.381(2)

C(26)-H(26C)

0.9800
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N(1)-Ni(1)-O(1)

93.69(4)

O(2)-C(7)-C(8)

114.14(11)

N(1)-Ni(1)-N(2)

170.46(5)

C(6)-C(7)-C(8)

121.10(12)

O(1)-Ni(1)-N(2)

84.83(4)

O(1)-C(8)-C(3)

123.64(11)

N(1)-Ni(1)-C(1)

93.48(5)

O(1)-C(8)-C(7)

119.07(11)

O(1)-Ni(1)-C(1)

170.15(5)

C(3)-C(8)-C(7)

117.29(11)

N(2)-Ni(1)-C(1)

89.19(5)

O(2)-C(9)-H(9A)

109.5

C(8)-O(1)-Ni(1)

128.87(8)

O(2)-C(9)-H(9B)

109.5

C(7)-O(2)-C(9)

117.12(11)

H(9A)-C(9)-H(9B)

109.5

C(2)-N(1)-C(15)

112.64(11)

O(2)-C(9)-H(9C)

109.5

C(2)-N(1)-Ni(1)

124.55(9)

H(9A)-C(9)-H(9C)

109.5

C(15)-N(1)-Ni(1)

122.31(8)

H(9B)-C(9)-H(9C)

109.5

C(10)-N(2)-C(14)

118.09(12)

N(2)-C(10)-C(11)

122.37(14)

C(10)-N(2)-Ni(1)

121.28(9)

N(2)-C(10)-H(10)

118.8

C(14)-N(2)-Ni(1)

120.38(10)

C(11)-C(10)-H(10)

118.8

Ni(1)-C(1)-H(1A)

109.5

C(10)-C(11)-C(12)

119.34(14)

Ni(1)-C(1)-H(1B)

109.5

C(10)-C(11)-H(11)

120.3

H(1A)-C(1)-H(1B)

109.5

C(12)-C(11)-H(11)

120.3

Ni(1)-C(1)-H(1C)

109.5

C(13)-C(12)-C(11)

118.54(14)

H(1A)-C(1)-H(1C)

109.5

C(13)-C(12)-H(12)

120.7

H(1B)-C(1)-H(1C)

109.5

C(11)-C(12)-H(12)

120.7

N(1)-C(2)-C(3)

127.77(12)

C(14)-C(13)-C(12)

119.26(14)

N(1)-C(2)-H(2)

116.1

C(14)-C(13)-H(13)

120.4

C(3)-C(2)-H(2)

116.1

C(12)-C(13)-H(13)

120.4

C(8)-C(3)-C(4)

120.99(11)

N(2)-C(14)-C(13)

122.39(14)

C(8)-C(3)-C(2)

121.28(11)

N(2)-C(14)-H(14)

118.8

C(4)-C(3)-C(2)

117.54(11)

C(13)-C(14)-H(14)

118.8

C(5)-C(4)-C(3)

119.21(12)

C(20)-C(15)-C(16)

122.01(12)

C(5)-C(4)-H(4)

120.4

C(20)-C(15)-N(1)

118.63(11)

C(3)-C(4)-H(4)

120.4

C(16)-C(15)-N(1)

119.36(11)

C(4)-C(5)-C(6)

122.06(12)

C(17)-C(16)-C(15)

117.72(12)

C(4)-C(5)-Br(1)

119.77(10)

C(17)-C(16)-C(21)

121.51(12)

C(6)-C(5)-Br(1)

118.16(10)

C(15)-C(16)-C(21)

120.76(11)

C(7)-C(6)-C(5)

119.32(12)

C(18)-C(17)-C(16)

121.14(12)

C(7)-C(6)-H(6)

120.3

C(18)-C(17)-H(17)

119.4

C(5)-C(6)-H(6)

120.3

C(16)-C(17)-H(17)

119.4

O(2)-C(7)-C(6)

124.75(12)

C(19)-C(18)-C(17)

120.07(12)
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C(19)-C(18)-H(18)

120.0

H(25A)-C(25)-H(25C)

109.5

C(17)-C(18)-H(18)

120.0

H(25B)-C(25)-H(25C)

109.5

C(18)-C(19)-C(20)

121.03(13)

C(24)-C(26)-H(26A)

109.5

C(18)-C(19)-H(19)

119.5

C(24)-C(26)-H(26B)

109.5

C(20)-C(19)-H(19)

119.5

H(26A)-C(26)-H(26B)

109.5

C(19)-C(20)-C(15)

117.95(12)

C(24)-C(26)-H(26C)

109.5

C(19)-C(20)-C(24)

119.89(12)

H(26A)-C(26)-H(26C)

109.5

C(15)-C(20)-C(24)

122.16(11)

H(26B)-C(26)-H(26C)

109.5

C(16)-C(21)-C(22)

112.47(11)

C(16)-C(21)-C(23)

111.48(11)

C(22)-C(21)-C(23)

109.83(11)

C(16)-C(21)-H(21)

107.6

C(22)-C(21)-H(21)

107.6

C(23)-C(21)-H(21)

107.6

C(21)-C(22)-H(22A)

109.5

C(21)-C(22)-H(22B)

109.5

H(22A)-C(22)-H(22B)

109.5

C(21)-C(22)-H(22C)

109.5

H(22A)-C(22)-H(22C)

109.5

H(22B)-C(22)-H(22C)

109.5

C(21)-C(23)-H(23A)

109.5

C(21)-C(23)-H(23B)

109.5

H(23A)-C(23)-H(23B)

109.5

C(21)-C(23)-H(23C)

109.5

H(23A)-C(23)-H(23C)

109.5

H(23B)-C(23)-H(23C)

109.5

C(20)-C(24)-C(25)

110.52(12)

C(20)-C(24)-C(26)

111.09(12)

C(25)-C(24)-C(26)

110.51(12)

C(20)-C(24)-H(24)

108.2

C(25)-C(24)-H(24)

108.2

C(26)-C(24)-H(24)

108.2

C(24)-C(25)-H(25A)

109.5

C(24)-C(25)-H(25B)

109.5

H(25A)-C(25)-H(25B)

109.5

C(24)-C(25)-H(25C)

109.5
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Torsion angles [°]
________________________________________________________________________________
N1-Ni1-O1-C8

-2.35(11)

C2-C3-C8-C7

-175.21(12)

N2-Ni1-O1-C8

-172.90(11)

O2-C7-C8-O1

2.05(17)

C1-Ni1-O1-C8

134.2(3)

C6-C7-C8-O1

-177.17(12)

O1-Ni1-N1-C2

0.70(11)

O2-C7-C8-C3

-178.92(11)

N2-Ni1-N1-C2

81.4(3)

C6-C7-C8-C3

1.87(19)

C1-Ni1-N1-C2

-172.53(11)

C14-N2-C10-C11

0.2(2)

O1-Ni1-N1-C15

-170.50(10)

Ni1-N2-C10-C11

174.48(12)

N2-Ni1-N1-C15

-89.8(3)

N2-C10-C11-C12

-1.2(2)

C1-Ni1-N1-C15

16.27(11)

C10-C11-C12-C13

1.0(2)

N1-Ni1-N2-C10

-128.7(3)

C11-C12-C13-C14

0.1(2)

O1-Ni1-N2-C10

-47.24(11)

C10-N2-C14-C13

1.0(2)

C1-Ni1-N2-C10

124.92(11)

Ni1-N2-C14-C13

-173.34(12)

N1-Ni1-N2-C14

45.4(3)

C12-C13-C14-N2

-1.1(2)

O1-Ni1-N2-C14

126.87(11)

C2-N1-C15-C20

-89.25(14)

C1-Ni1-N2-C14

-60.97(11)

Ni1-N1-C15-C20

82.91(13)

C15-N1-C2-C3

174.93(12)

C2-N1-C15-C16

90.43(14)

Ni1-N1-C2-C3

2.98(19)

Ni1-N1-C15-C16

-97.41(12)

N1-C2-C3-C8

-5.7(2)

C20-C15-C16-C17

3.03(18)

N1-C2-C3-C4

179.25(13)

N1-C15-C16-C17

-176.64(11)

C8-C3-C4-C5

-0.89(19)

C20-C15-C16-C21

-177.34(12)

C2-C3-C4-C5

174.19(12)

N1-C15-C16-C21

3.00(18)

C3-C4-C5-C6

0.6(2)

C15-C16-C17-C18

-1.07(19)

C3-C4-C5-Br1

-178.30(10)

C21-C16-C17-C18

179.30(12)

C4-C5-C6-C7

0.9(2)

C16-C17-C18-C19

-1.4(2)

Br1-C5-C6-C7

179.84(10)

C17-C18-C19-C20

2.0(2)

C9-O2-C7-C6

2.9(2)

C18-C19-C20-C15

-0.1(2)

C9-O2-C7-C8

-176.33(12)

C18-C19-C20-C24

179.57(12)

C5-C6-C7-O2

178.71(12)

C16-C15-C20-C19

-2.45(19)

C5-C6-C7-C8

-2.2(2)

N1-C15-C20-C19

177.22(12)

Ni1-O1-C8-C3

0.40(18)

C16-C15-C20-C24

177.86(12)

Ni1-O1-C8-C7

179.37(9)

N1-C15-C20-C24

-2.47(18)

C4-C3-C8-O1

178.66(12)

C17-C16-C21-C22

-37.15(17)

C2-C3-C8-O1

3.8(2)

C15-C16-C21-C22

143.24(12)

C4-C3-C8-C7

-0.32(18)

C17-C16-C21-C23

86.72(15)
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C15-C16-C21-C23

-92.90(14)

C19-C20-C24-C25

-60.61(16)

C15-C20-C24-C25

119.07(14)

C19-C20-C24-C26

62.43(17)

C15-C20-C24-C26

-117.88(14)
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