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Abbreviations 

 

Name         Abbreviation  

 

American Society for Testing Materials Standard     ASTM 

Atom Transfer Radical Polymerization     ATRP 

Biomass-to-liquids        BTL 

Bis(diphenyl)amine-based ligands      PNP 

Bis(diphenyl)diamine ligands       Me-PNNP 

Cetane number        CN 

Coal-to-liquids         CTL 

Cohesive energy density       CED 

Cold filter plugging point       CFPP 

Cloud point         CP 

Cloud point depressants       CPD 

Cyclic Voltammetry        CV 

Differential scanning calorimetry      DSC 

Ethyl 2-bromo-2-isobutyrate       EBriBu 

Ethylene vinyl acetate        EVA 

Fischer Tropsch        FT 

Fourier Transform Infrared        FTIR 

  

Gas Chromatography        GC 

Gas-to-liquids         GTL 

Ionic liquids         IL 

Nitroxide-Mediated Polymerization      NMP 

Nuclear Magnetic Resonance       NMR 

  

Pentamethyldiethylenetriamine      PMDETA 

Polydispersity index        PDI 

Phase transfer agents        PTA 

Pour Point         PP 

Quaternary salts        QS 

Reversible Addition-Fragmentation Chain Transfer    RAFT 

Solidifying Point        SP 

Size Exclusion Chromatography      SEC 

Tetraoctylphosphonium bromide      TOPBr 



Ultra Low Sulphur Diesel       ULSD 

Wax appearance temperature      WAT 

Wax anti-settling additives       WASA 

Wax dispersants        WD 

2 Dimensional Gas Chromatography      GCxGC 
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General Introduction 

 

 

 

 

1.1 Introduction 

 

The development of internal combustion engines began in the late nineteenth century.  In 1892, 

Rudolf Diesel developed and patented the engine idea.  After World War II, automotive diesel had 

become very popular, particularly in Europe.  The first commercial diesels were used to power 

industrial plants, ships and trains.  Slowly and steadily, diesel engines have been gaining 

worldwide applications in powering various applications such as in farming, rail transportation, 

marine shipping, mining, construction, logging, electric power generation and military 

transportation.  Diesel applications are not limited to heavy duty transportation. Modern diesel 

engines have found increasing applications in passenger vehicle engines.  The success of diesel 

engines is attributed to their efficiency and their relative high fuel economy.   The rising gasoline 

prices have led to an increase in the number of diesel fueled vehicles.  Taking the European 

vehicle market as an example, passenger diesel vehicles have substantially increased over the 

years, particularly the late 1990s as shown in Figure 1.  The increasing demand in fuel for diesel 

powered vehicles was accompanied by a gradual decline in gasoline consumption for passenger 

vehicles.  This trend is depicted in Figure 2.    
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Figure 1: Western Europe diesel-fueled vehicle share of new passenger car 

registrations.1 
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Figure 2: Western Europe gasoline and diesel consumption for passenger vehicles 

as a function of time.1  

 

Crude oil, commonly known as petroleum is formed as a result of heat, compression 

and sedimentation of organic material over long periods of time.  It is largely 

composed of hydrocarbons, and can also contain nitrogen, oxygen and sulphur.  
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Smaller contents of metals such as copper, nickel and iron can also be found.  Oil 

refiners convert this oil into useful products such as fuels and base chemicals for the 

petrochemical industry. One particular application of interest is fuels for 

transportation, derived from crude oil as different distillates. Distillates are petroleum 

refinery products obtained by distilling crude oil and collecting the vapors produced 

according to their different boiling temperatures.  Middle distillates for example are 

petroleum distillation fractions obtained between the light distillates such as naphtha 

and gasoline, (with a boiling range below 250 °C) and heavy distillates such as fuel 

oils and pyrolysis fuel oil all boiling in the range of 370 °C.  Examples of middle 

distillates include jet fuel, diesel fuels and home heating oil.   

 

There is a worldwide increased emphasis on alternative fuel sources due to the rising 

crude oil prices brought about by increased demand (Figure 1 and Figure 2).   

Another driving force in fuel developments is environmental governance. There are 

increasing requirements on developing vehicles and fuels that provide the lowest 

possible emissions, yet allowing high performance. 

Besides the conventional production of fuels by crude oil, fuels can be synthetically 

produced.  Fischer Tropsch (FT) technology3-5 is a commercial catalytic process 

using a mixture of carbon monoxide and hydrogen (synthesis gas/syngas) to produce 

liquid hydrocarbons viz. synthetic petroleum derivatives, and other valuable chemical 

products such as α–olefins.  There is a high interest in using alternative feedstocks 

such as coal, natural gas and biomass for the production of synthetic fuels. 

 

1.2 Diesel Fuels  

Fischer Tropsch diesel fuels have superior qualities compared to conventional crude 

oil derived diesel fuels.  Crude oil derived diesel fuels are characterized by the 

presence of appreciable amounts of sulphur-containing compounds and aromatics. 

FT diesel fuels on the other hand, particularly those produced from alternative 

feedstocks coal and natural gas, have very low sulphur content as well as a relatively 

low aromatics contents.4-7  Their lack of sulphur and aromatics is responsible for their 

environmental advantages.  

 

Synthetic and alternative fuels can be loosely defined as non-petroleum fuel 

derivatives, which yield energy securities and environmental benefits. The 

environmental benefits provided by these fuel derivatives include characteristic 
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properties such as ultra low sulphur contents (<5 ppm) and low or zero aromatics.   

These fuel alternatives produced by Fischer Tropsch (FT) technology are based on 

using one of the three feedstocks viz. (1) coal, producing Coal-to-liquids (CTL) fuels; 

(2) natural gas, producing Gas-to-liquids (GTL) fuels and (3) biomass (Biomass-to-

liquids (BTL) fuels.  The most commercially advanced technologies to date are the 

GTL and CTL productions.  The utilization of alternative energy sources has steadily 

increased in comparison with petroleum sources.  Chart 1 indicates a significant 

increase in natural gas and coal sources utilization in the USA consumption for the 

year 2007.    

 

 

 

 

 

 

 

 

 

 

 

Chart 1: Energy utilization for the United States in 2007.1 

 

Coal-to-Liquid, CTL’s largest commercial operation is the Sasol Synfuels plant in 

Secunda (South Africa), using high temperature FT for the production of mainly 

olefins and gasoline. South Africa is expected to experience fuel shortages in the 

future.  With significant coal reserves in the country, CTL technology will enable 

South Africa to meet future fuel demands with synthetic fuels.  

Gas-to-Liquid, GTL plants such as Shell’s Bintulu plant in Malaysia, and the Sasol 

Qatar Petroleum plant, Oryx GTL are currently exploiting the GTL process on a 

commercial scale.  Another commercial GTL plant, PetroSA operates via Sasol’s 

Synthol technology, using a high temperature FT plant to convert natural gas to 

transportation fuels.    
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The core focus of this thesis is on diesel fuels.  Subsequent discussions in this 

review will continue and mainly concentrate on discussions pertaining to diesel fuels, 

both crude oil-derived as well as GTL diesel fuels with a particular interest towards 

the fuel’s low temperature properties.       

 

1.3 Diesel fuel additives8-15 

For the complete efficient operation of a diesel engine, various additives are added to 

the fuel for a number of functions.  Examples of diesel fuel additives include cetane 

number improvers, lubricity improvers, anti-oxidants, dispersants, antifoaming, cold 

flow additives, demulsifiers, and corrosion inhibitors.  These additives are generally 

classified according to the following factors 8,9 

1) engine and fuel delivery system performance 

2) fuel handling 

3) fuel stability 

4) contaminant control.  

Selected additives that are relevant to diesel fuels are briefly discussed below. 

 

1.3.1 Lubricity improvers 

The lubricity of a fuel can be defined as the ability of the fuel to reduce friction 

between moving metal parts and consequently to minimize wear.  The two main 

lubrication mechanisms of diesel fuels are hydrodynamic lubrication and boundary 

lubrication.8,9,10  In the former lubrication mechanism, a layer of fuel prevents contact 

between opposing surfaces. In the latter boundary mechanism, a compound usually 

containing polar functionalities such as nitrogen or oxygen adheres to the metal 

surface thus providing a protective anti-wear layer. 

Extra care should be implemented when dealing with synthetic diesel fuels.   These 

so-called Ultra Low Sulphur Diesels (ULSD) lack most of the compounds that are 

responsible for lubrication in crude oil-derived diesel. Sulphur-containing compounds 

are responsible for the boundary lubrication that provides a shielding layer on the 

metal surfaces thus preventing wear of moving parts.  The virtual absence of sulphur 

and other polar compounds such as polyaromatics in synthetic diesel fuels has been 

identified as the reason behind low lubricity of ULSD.11-15  These factors should be 

carefully considered when designing lubricity additives for ULSD.       
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1.3.2 Cetane Improvers  

Cetane improvers are additives that are added to diesel fuels to improve cetane 

number of diesel fuels.  Cetane number (CN) is a performance rating measuring the 

combustion quality of diesel viz. the time period delay between the start of the 

injections and the ignition of the fuel.  Cetanes are unbranched open chain alkane 

molecules that are easily ignitable under compression.  Cetane improvers are 

molecules that can easily decompose at relatively low temperatures, producing free 

radicals that accelerate oxidation reactions of fuel molecules, e.g. 2-ethylhexyl nitrate 

and di-tert butyl peroxide compounds.8-10  The additives can potentially lead to 

reduced fuel consumption, improved engine durability and reduced noise.  These 

however highly depend on the response of other related fuel properties.   Properties  

of diesel fuels which strongly impact engine performance include the distillation curve 

of the fuel (characterizes the volatility of the fuel), chemical compositions such as the 

content of the hydrocarbons and their ratio of normal to branched, aromatics, cold 

flow properties, viscosity, density, sulphur content, and emissions which are 

influenced by the cetane number.  The collective effects of these operational 

properties lead to the overall efficiency of the additive.  

 

1.3.3 Anti-foam Additives  

Anti-foam additives are used often as part of a multifunctional package to reduce 

foam formation in some fuels.  Formation of foam can result in underfilling of tanks or 

in spillages.  The efficiency of anti-foam additives depends on the additives’ ability to 

quickly collapse the foam after vigorous agitation, simulating the entrainment of air at 

the time of filling the tank.  Organosilicone compounds are mostly used as antifoam 

additives and used at relatively low concentrations of about 10 ppm or below.8    

 

1.4 Diesel fuels cold flow problems 

GTL diesel fuels are largely made up of normal and branched paraffins with no 

traceable cyclic paraffins, bicyclic paraffins or aromatics. The fuels display 

exceptional properties such as low sulphur contents, low aromatic content and high 

cetane number.4,7 Depending on the hydrocracking conditions, some GTL diesel 

fuels have good cold flow properties while the cold flow properties of others, 

particularly those with higher carbon number linear alkanes, maybe be compromised. 

This is because high carbon number linear alkanes tend to crystallize earlier out of 

the fuel at low temperatures.  
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Longer chain linear alkanes on the other hand, generally lead to good cetane number 

(measure of ignition quality of diesel fuel) in diesel fuels.3 It was mentioned earlier 

that cetanes are unbranched open chain alkane molecules that are easily ignitable 

under compression. Also mentioned was that the longer chain linear alkanes 

precipitate out of the fuel matrix at low temperatures.  It is therefore important to 

consider both the proportion of the linear as well as the iso-paraffins for good engine 

performance. Terminal branching has been observed to improve both cetane number 

as well as cold flow properties of some GTL diesel fuels.6,7 Branched alkanes lead to 

improved low temperature properties because they do not pack as closely together 

as linear paraffins. Their van der Waal’s intermolecular forces and cohesive energy 

forces are thus weaker than those observed for their linear counterparts.  

 

Irrespective of the production process (via petroleum derivatives or synthetically by 

syngas), all middle distillate fuels form paraffin wax when they are cooled to low 

temperatures.  This is because these fuels are a complex mixture of linear and 

branched paraffins, mono- and poly-aromatic compounds such as naphthalenes, 

alkybenzenes, diphenyls etc, and sulphur-containing compounds.  As discussed 

throughout, sulphur and aromatics are present in crude oil-derived diesel fuels.  The 

largest fraction of the constituents is the paraffinic part, which can be as high as 30% 

or more with a chain length distribution ranging from C10 to C40 or more, depending 

on the distillate cut.  At low temperature, long linear paraffins have limited solubility in 

the fuel and in the absence of any intervention of additives, they eventually 

precipitate out of solution as wax crystals.  The wax crystals can plug the fuel filter 

lines and impede fuel flowability.  Despite the fact that middle distillate fuels contain a 

large number of components, it is widely accepted that the crystallizing materials are 

the linear alkanes.16-18  These species are responsible for the cold flow problems of 

the fuel.  

 

Cold flow improvers or cold flow additives are added to the diesel in order to alleviate 

low temperature flow problems.  Figure 3 illustrates the paraffin fraction that is 

generally responsible for low temperature problems of middle distillate fuels.  The 

longer the alkane chains and the higher their content, the more difficult it is to treat 

the fuel with additives.  
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Figure 3: Illustration of n-alkanes distribution in fuel, together with an indication of 

long chain alkanes that crystallize out of the fuel at low temperatures and cause flow 

problems.   

 

One of the methods to improve low temperature flow properties of some GTL diesel 

fuels is by blending with petroleum-based fuels.  While blending can be an efficient 

way of improving low temperature flow properties of FT fuels, this may lead to 

introduction of some undesired components such as sulphur, aromatics and nitrogen 

containing compounds, thereby compromising the superiority and “greener” qualities 

of the diesels.     

The use of diesel fuel additives is another more efficient alternative to improve overall 

low temperature properties of diesel fuels.  

 

To understand how the additives interfere with the uncontrolled formation of paraffin 

wax, it is important to gain insight in the formation and deposition of wax crystals in 

middle distillate fuels.  This will allow a better understanding into the low temperature 

paraffin wax formation and will hopefully guide towards solutions to this problem.   

 

1.5 Crystallization of normal alkanes 

Pure paraffins, depending on their length and carbon number, generally crystallize 

out of the fuel as one of these structures, monoclinic (even numbered n-alkanes with 

n>26), triclinic (even numbered n-alkanes with n < 26), or orthorhombic (odd 

alkanes).19,20,21  Paraffin mixtures such as diesel fuels on the other hand crystallize as 

orthorhombic or hexagonal crystals.20-25 

Figure 4 illustrates an example of a long n-alkane crystallisation.26  A C36 n-alkane 

crystallization in octanol as the solvent is depicted, showing the optical micrographs 

of the crystallized alkane as well as the molecular packing observed.  Formation of 
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“house of cards” configuration is generally observed when such long alkyl chains 

precipitate out of solution at low temperatures.  The figure shows wax molecules 

crystallizing as orthorhombic lamellae structures.     

 

 

 

 

“house of cards” Lamella stacks ~ 50 
Å

Molecular 
packing within 
wax crystals

100 µm

 

Figure 4: Illustrations depicting typical wax gelation of n-alkane (C36). Optical 

micrograph (left) indicating house of cards configurations of the lamella stack, as well 

as a cartoon depiction (right) of a multilayer packing within a 1-dimensional wax 

crystal.26  

 

A generally observed packing in waxes, the thickness of a single packing layer 

equals the average length of the wax molecules. Wax molecules larger than the 

average carbon number ( ) bend to insert themselves inside the wax crystal 

layer and associate themselves with the wax crystal molecule.  If there are 

considerable chain length differences, the mismatch between the length of the 

molecules and the thickness of the packing layer causes conformational disorders in 

between the lamellae of the crystals.26-28  

nc̄nc̄
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Figure 5: Proposed scheme for molecule configuration in packing layers, molecules 

with carbon numbers larger than the average carbon numbers ,bend and 

insert themselves and associate with smaller molecules in the wax crystal layer.27,28  

nc̄nc̄

 

The influence of n-alkanes on cold flow properties of solutions have been extensively 

studied.16-31  In their work Khan and co-workers29 investigated the influence of n-

alkanes on cold flow properties in different solvents. They established that the 

composition of paraffin cuts showed a greater influence on cold flow and pour point, 

than did their concentration and the nature of solvent used.  This implies that higher 

average carbon numbers, 21 to 27 for example had the largest influence on cold flow 

problems.  

 

1.6 Cold Flow Additives9,20,32,33 

As discussed earlier, various diesel additives are added to the fuels for various 

functions.  Most relevant to the work described in this thesis is the diesel fuels’ cold 

flow additives.  Cold flow additives are fundamentally polymeric materials that are 

able to improve the low temperature properties such as the cloud point (CP), pour 

point (PP) and the cold filter plugging point (CFPP) of a fuel.  

The cloud point is the temperature at which wax crystals first appear. At this 

temperature, the fuel becomes turbid due to phase separations as the wax crystals 

are forming.  The cloud point depressants are additives that are able to lower this 

temperature.  

Cold Filter Plugging Point (CFPP) is the temperature at which wax crystals have 

continued to grow and eventually plug a standard 45 μm filter.  Additives that are 
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added to facilitate independent growth of wax crystals thereby preventing formation 

of an interlocked 3-D network of crystal matrix are referred to as CFPP additives.  

The lowest temperature at which fuel can flow under standard conditions is referred 

to as its pour point.  At this temperature, the fuel gets trapped in the cage-like wax 

crystal matrix structure.  Pour point depressants are additives that enable lowering of 

pour point temperature resulting in improved flow properties and operability of diesel 

fuel at low temperatures.  

Wax anti-settling additives (WASA) also referred to as wax dispersants (WD) are also 

one of the cold flow improvers. These additives work in conjunction with other cold 

flow improver additives to prevent wax crystals’ agglomeration that leads to their 

settling to the bottom of storage tanks.  The two additives interact and together are 

able to effect further reduction and modification of wax crystals in fuel.   

 

In general, the cold flow behavior of diesel fuels is directly dependent on their 

interaction with linear paraffins, which have the lowest solubility in the fuel and thus 

having a tendency to separate as waxes at temperatures below the cloud point of the 

fuel.  The longer the chain length of the n-alkane, the lower its solubility and hence 

the faster the rate of its precipitation out of the solution and the eventual wax 

formation.  With further temperature drop, below the temperature where wax first 

appears i.e. cloud point or wax appearance temperature (WAT), wax crystals start to 

adhere together to form a 3-dimensional network which prevents the fuel’s ability to 

flow.  Their affinity to interact with each other, forming ordered networks, is driven by 

the waxes’ intermolecular forces.  The resultant wax platelets trap the fuel in the 

crystal networks resulting in blocking diesel engine filters and prevent their operation 

at low temperatures.  Cold flow improvers are introduced to alleviate fuel’s low 

temperature flow problems by interacting with the problematic long alkyl chain 

hydrocarbons. Cold flow additives are selective and specific to fuels, therefore cold 

flow improvers are not universally efficient for all fuels.  Different fuels have varying 

abilities to dissolve additives and wax.  

 

1.7 Cold Flow Improvers Mechanisms9,20,32-40 

The most widely reported mechanisms by which flow improvers operate to modify 

wax crystals are wax crystal nucleation and crystal growth inhibitors.34-40  
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Figure 6: Illustration of needle and platelet shaped wax crystals interacting with a 

fuel filter.41 

 

Both mechanisms result in the formation of numerous smaller crystals rather than 

fewer larger crystals.  Crystals are then small enough to penetrate through the pores 

of a filter and do not clog filter lines, as outlined in Figure 6.  The top illustration of 

Figure 6 shows that with no additives, large plate-like crystals do not allow the fuel to 

flow while smaller numerous crystals are able to pass through the filter.   

 

1.7.1 Nucleation mechanism34,40 

Upon cooling a diesel fuel with additives, the polymeric additive aggregates or phase 

separates before the paraffin waxes phase separate.  These polymeric aggregates 

form numerous crystallites instead of a few large crystals.  The crystallites act as 

nucleation templates for the crystallization of the paraffin waxes.  The additives that 

operate via this mechanism are therefore referred to as crystallization nucleators or 

promoters.  As a result of this interaction between the polymer and the paraffins, the 

paraffin waxes are prevented from crystallizing with each other.  The resulting wax 

crystals are modified and reduced in size and therefore able to pass through the filter 

lines.  
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1.7.2 Crystal growth inhibition42-44 

A polymeric additive that is able to delay the crystallization of the paraffin wax 

operates through a crystal growth inhibition mechanism.  Crystal growth inhibitors 

tend to co-organize with the wax molecules, thus retarding the crystallization of wax 

crystals.  In this way, the wax cohesive energy density (CED); which is the force 

responsible for the ordering transformation44, is minimized. The affinity for wax 

crystals to form ordered structures is therefore reduced as well.  The resulting wax 

crystals are reduced in size as well as structurally modified.  

 

1.8 Examples of polymeric materials used to improve cold flow properties 

Cold flow improvers for various fuels and oils are polymeric in nature. 

Homopolymers, copolymers and terpolymers have been used effectively. Some of 

the most common polymer compositions such as α- olefins and vinyl acetate 

copolymers20,33,36-40,45-49, (co)polymers of alkylacrylates25,40-45,50-54 and copolymers of 

maleic anhydride27,54-59 have been reported to effect improvement in fuel cold flow 

properties.  The most common attributes of low temperature flow improvers are their 

semi-crystalline compositions.  The crystalline component of the additive aids in 

interaction with the matching crystallizable fraction of the fuel while the amorphous 

segment retards crystal growth and deforms and modifies the resultant wax crystals. 

In the case of ethylene vinyl acetate copolymer additives for example, the ethylene 

segment co-crystallizes with the paraffin chains of the fuel while the vinyl acetate 

groups modify the crystal structure leading to smaller crystals.  Some of the 

commonly reported polymeric additives are elaborated below.    

 

1.8.1 Ethylene Vinyl Acetate Copolymers20,26,33,36-40,45-49 

Ethylene vinyl acetate (EVA) copolymers have been widely studied and applied in 

middle distillate fuel n-alkane crystallization control.  EVA copolymers are generally 

prepared via high pressure free radical polymerization of ethylene with vinyl acetate 

as the comonomer.26  The monomer incorporation is statistical, resulting in statistical 

copolymers.  These have been successfully employed as wax crystal modifiers, 

improving flow properties of middle distillates largely as pour point depressants. 

Factors such as degree of polymerization, hydrophobic/hydrophilic balance and 

solubility of the copolymer in the fuel have been observed to govern the 

crystallization modifying mechanism.  

 

Some of the reported commercial EVA grades are EVA-nu for the nucleator grade, 

EVA-ga for the growth arrestor and EVA-ss displaying a combination of both the 
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nucleator and growth arrestor characteristics.39  The VA units in the commercial 

products are present at a vinyl acetate mole fraction of 9% in EVA-nu, 12% in the 

EVA-ss, and 15% in the EVA-ga. 

As with most cold flow improvers, EVA additives also display nucleation39 and growth 

inhibition mechanisms.36  As nucleator, EVA copolymer crystallizes from the solution 

before the crystallisation temperature of the waxes. The phase separated EVA would 

then serve as crystallization templates for the wax crystallization.  In the growth 

inhibition mechanism, the copolymer can inhibit crystal formation and lower the wax 

appearance temperature.  The vinyl acetate content together with the chemical 

nature of the fuel matrix are considered the governing factor towards the EVA acting 

as a nucleating agent or crystal inhibitor.  The efficacy of EVA is thereby not always 

the same but affected by the chemical parameters of the fuel it is applied in.38  

 

Other studies using computer simulations have also looked at the probable EVA 

mechanism as wax crystal modifiers.60,61  These studies separately revealed that the 

thermodynamically preferred configuration in which EVA molecules effect wax 

crystallization modifications is when it is adsorbed parallel with the wax surface.  The 

polar VA segments on the surface prevent the deposition of the paraffins.  The non-

polar ethylene rich segment assembles closely to the crystal lattice while the polar 

groups extend towards the surface on the growing plane.  This observation suggests 

that EVA modifies wax crystallization by hindering the extension of the plane, and at 

the same time facilitates growth in the perpendicular direction to the plane.  

 

 

1.8.2 Maleic Anhydride based copolymers27,55-59 

Maleic anhydride derived copolymers are another class of middle distillate wax 

modifiers.  Copolymers of maleic anhydride and alkyl methacrylate55,56, styrene57, 

vinyl acetate58, and α-olefins59 have been applied in improving diesel fuel flow 

properties.  Maleic anhydride is a very versatile compound, since it can readily react 

with other compounds and be derivatized in different chemicals with interesting 

properties.  For example, esterification of polystyrene-maleic anhydride (PSMA) with 

fatty alcohols can produce derivatives that are oil soluble and can also show 

surfactant qualities.56  The presence of the surfactant characteristics, viz. 

hydrophobic and hydrophilic segments, makes the polymers interesting candidates 

for pour point depression additives.  In a published study56, a ∆PP of -21 °C was 

achieved.  The study also revealed that an increase in the alkyl pendant chain length 

led to a higher efficiency as flow improvers for waxy crude oil.  
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Song and co-workers55 and Zhang and co-workers58 also explored maleic anhydride-

vinyl acetate copolymer derivatives for diesel fuel cold flow improvers.  The 

copolymers decreased wax crystal size and prevented the formation of a crystal 

lattice.  Evaluation of alternating maleic anhydride-vinyl acetate and stearamide 

derivatives reported by Zhang and co-workers58 showed good cold flow 

characteristics as well as high dispersing activities, resulting in lowering of CFPP and 

solidifying point (SP).  The good response of the copolymer additives in the selected 

diesel fuel was attributed to the synergistic effects of the carbonyl oxygen of the 

maleic anhydride and the polar groups exerted by the amide functionality.  A good 

interaction between the matching pendant alkyl chains of the copolymer, 

incorporated via the amidation of the copolymer, and the paraffin fraction also 

induces better performance.  The results suggest that the combined effects of the 

flow improvers can promote the copolymers’ good efficacy to interact with the diesel 

fuel’s paraffin fraction in the fuel.  

Another synergistic effect the study revealed was brought about by a combined effect 

of poly(maleic anhydride-co-vinyl acetate) (MAVA) together with commercial EVA 

copolymers.  A total CFPP lowering of -6 °C was obtained when EVA was combined 

with amidated MAVA, and a lowering of more than -30 °C of the solidification point 

SP.  Separately the amidated MAVA resulted in a ∆CFPP of -4 °C and a ∆SP of -16 

°C while EVA also showed a ∆CFPP of -4 °C and a ∆SP of -20 °C. 

 

1.8.3 Alkyl (meth)acrylate based polymeric additives25,40-45,50-54 

Comb type polymers with long alkyl side chains are known to decrease the rate of 

wax formation.  Comb-type (co)polymers with long alkyl (meth)acrylates, have found 

applications as cold flow additives for diesel fuels40-45 and other oils such as 

lubricating oils53,54 have been used as cold flow improvers.  Comb type alkyl 

(meth)acrylate polymers have the ability to aggregate cooperatively in organic 

solvents such as diesel fuel, forming micellar and vesicular type structures.37,45 

Depending on the degree of polymerization, the copolymers can act either as wax 

growth improvers or as promoters.  Low molecular weight polymers function as wax 

crystallization inhibitors while high molecular weight polymers act as wax 

crystallization promoters or nucleators.37  

 

In their study of polymers containing long alkyl side chains of (meth)acrylates, El-

Gamal and co-workers50,52 reported the significance of matching the crystalline 

packing of the pendant alkyl chain of the polymers to the crystalline packing of the 

wax.  Coupled to this, they reported that the closeness of the melting temperature of 
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the polymer additive to that of the wax in the fuel favored good interaction for the 

better performance as compared to the influence of the copolymer’s comonomers 

content.  Some of the comonomers used with the methacrylates included α-olefins 

and maleic anhydride.  The copolymers of (meth)acrylates/maleic anhydride were 

further reacted with amine groups.  Incorporation of the amide functionalities onto the 

(meth)acrylates/maleic anhydride copolymers exhibited both cold flow properties 

improvement as well as wax dispersing characteristics.  Incorporation of amide 

functionalities onto (meth)acrylate polymers therefore displayed dual functions, 

illustrating their efficiency by obtaining a ∆CFPP of -8 °C for hard-to-treat paraffinic 

gas oils.  In this case, a similar effect was attributed to the combined effects of the 

polar interactions herein provided by the nitrogen/oxygen functionalities included in 

the copolymers. The improved effect of amide functionalized maleic anhydride 

copolymers on cold flow properties of diesel fuels was confirmed in another study.58   

It is generally conceived that for a chemical to act as wax inhibitor, it should be 

readily adsorbed onto the surface of the growing crystal, or the wax crystals should 

readily associate themselves with the inhibitor additive.  The crystallization 

mechanism of poly(alkyl (meth)acrylates) depends largely on the degree of 

polymerization of the polymer.  Studies on oligomeric comb-type poly(octadecyl 

acrylate) have revealed that these polymers act as wax inhibitor.42-43  According to 

the authors the studies established that it was energetically favorable for alkane 

molecules to adsorb over the additive rather than across its edges. The comb-type 

polymeric additives however form what the authors referred to as island defects on 

the wax surface.   These islands have weak interactions with the neighboring wax 

crystals, having least interactions, the kinks act as sites for blocking growth and 

resulting in crystal growth inhibition.      

 

Jang and co-workers investigated various possible wax inhibition mechanisms of 

comb-like poly(octadecyl acrylate) using molecular dynamics simulations to perform 

structure – efficiency studies for the wax inhibitors in oil.44  Some of the proposed 

wax inhibition mechanisms explored were sequestering, incorporation-perturbation, 

wax crystal adsorption and pipeline adsorption.44  From their modeling studies, the 

investigators assessed the following probable mechanisms and conclusions: 

It was proposed that in the sequestering mechanism, long paraffins in oil selectively 

partition towards the polymeric additive.  As these paraffin fractions are associating 

with the polymeric alkane fractions, they are less available to nucleate wax 

crystallization hence resulting in delayed or inhibited wax crystallization. 
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Another possibility was for the wax inhibitor to incorporate into the wax aggregates. 

The wax would self-organize just prior to the cloud point (CP) also referred to as wax 

appearance temperature (WAT).  With the wax inhibitor aggregated into the wax 

crystal structures, their presence then disturbs the wax crystals to pursue the 

problematic ordered wax structure.  This intervention by the wax inhibitors and the 

perturbed wax crystal facilitate wax mobility before they can aggregate and harden.  

When the wax inhibitor adsorbs on the surface of the wax nuclei, its presence blocks 

the growth of the wax.  The resulting effect of the proposed mechanism (inhibitor 

absorption on wax crystal) is the  retardation of the wax crystal growth step.  The 

mechanism investigated by Duffy et al42,43 was discussed earlier in this section. 

The fourth proposed mechanism, inhibitor adsorption on pipe walls deals specifically 

with oil in pipelines, where it is possible for the wax deposit to adsorb on pipe walls.   

If the wax inhibitor adsorbs onto the pipe walls, they can provide an irregular surface 

that can inhibit wax crystal formation on the pipe lines thus allowing mobility of 

paraffin molecules hence causing a delay in wax formation. 

For the studies referred to in the afore-going discussions44, the favored inhibition 

mechanism was found to be the incorporation-perturbation mechanism. This was 

attributed to the findings that the investigated comb-like polymeric material favors an 

open, extended conformation in the oil matrix rather than a compact structure.   This 

conformational preference acts as a disruption for a wax structure, resulting in a 

reduction of the cohesive energy density, therefore an inhibition in wax growth. 

Matching the alkyl chains of the pendant chains in the polymeric inhibitor to the 

average paraffin fraction of the oil proved significant to achieve efficient interactions 

between the inhibitor and the oil.  This should be borne in mind when designing 

comb-like wax inhibitors.  

 

1.9 Syntheses of comb-like polymers with pendant long alkyl chains   

Comb-like (co)polymers, particularly those with long alkyl side chains have an 

increasing interest in various application areas.  As alluded to in the foregoing 

discussions, homopolymers and copolymers bearing long alkyl side chains are able 

to cooperatively aggregate and crystallize despite the amorphous backbone.  These 

polymers are thus able to co-crystallize with paraffin fractions of petroleum-based 

materials and facilitate rheological modifications as flow additives.40-45,50-54 

The preparation of well-defined polymer architectures of (meth)acrylate polymers 

with long alkyl side chains has been an ongoing research challenge.  These 

(co)polymers have previously been synthesized by conventional radical 
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polymerization techniques.51-54,62,63 However, this polymerization technique leads to 

limited control over the polymer structure.  Anionic polymerizations have also been 

used to prepare these polymeric materials.64,65  This technique requires rigorous 

exclusion of oxygen and moisture from the reaction mixture.  To add to the challenge, 

most of these monomers are insoluble in most organic solvents at sub-zero 

temperatures.  For polar monomers such as methacrylates, anionic polymerization 

technique operates well at around -60 °C.66-67 

There have been several advances in preparing higher alkyl (meth)acrylate polymers 

in a controlled manner by using a controlled/living radical polymerization technique 

called Atom Transfer Radical Polymerization (ATRP).62,68-78  

 

1.10 Atom Transfer Radical Polymerization (ATRP)68-83 

ATRP is an example of a living radical polymerization technique.  Such a technique 

allows for the preparation of polymers and copolymers with desired architectures, 

targeted molecular weights and with narrow molecular weight distributions.62,68-76  In a 

living polymerization process, all polymer chains start growing simultaneously, while 

during chain growth, termination and chain transfer processes are absent or 

negligible. Consequently, all chains grow for a particular similar period, affording 

polymers with low polydispersity index (PDI) (typically 1.05 < PDI < 1.2).  When all 

monomer has been consumed, further addition of monomer can lead to polymer 

chain extension, forming block copolymers for example.  

Various molecular architectures and topologies e.g. graft copolymers and star-

shaped polymers have been successfully synthesized via ATRP (Figure 7).62,68,70,76,78  

By varying the initial monomer to initiator ratio, the final average molecular weight 

can be estimated using the formula DPn = ∆[Monomer]/[Initiator]0.  
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Figure 7: Topologies and architectures prepared via ATRP.78 

 

The main components of an ATRP system are monomer, initiator and catalyst (a 

transition metal and a suitable ligand).   Vinyl monomers such as styrene derivatives, 

(meth)acrylates, and (meth)acrylamides can be polymerized using ATRP. The 

initiator is typically a substituted alkyl halide (RX). The halide bromides or chlorides 

are the most widely used.  Alkyl halides used as ATRP initiators are α‐halo esters 

and carbon centered alkyl halides such as carbon tetrachloride.  The initiators should 

have a halogen attached to an atom containing radical stabilizing substituents.  The 

initiator should allow a fast initiation step, which is faster than or equal to the 

propagation rate for a controlled polymerization.  

Transition metals play a significant role in ATRP.  Copper is by far the most common 

metal, due to its versatility in ATRP.  Other metals such as iron, ruthenium, rhenium, 

nickel, rhodium, palladium and molybdenum have also successfully been used for 

various monomers. 

The metals are used in conjunction with suitable ligands.  Ligands play an important 

role in solubilizing the metal in the organic media. They control the selectivity and 

also affect the redox chemistry of the metal complex, due to their electronic and 
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steric effects.  Generally used ligands are nitrogen and phosphorous containing 

compounds.  

ATRP operates based on the mechanism of reversible activation of a dormant 

species via halogen atom transfer, mediated by a transition metal/ligand catalyst 

complex.  The dynamic exchange of the halide controls the concentration of free 

radicals in the system, which leads to an equal opportunity of propagation for all 

polymer chains. In combination with limited termination, this leads to narrow 

molecular weight distributions and achievement of targeted molecular weights.  
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R X Cu(II) /Ligand
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R-R/ R=

 

ion

/ RH

 

 

 

 

Scheme 1: Typical ATRP mechanism using a copper-based catalyst complex.62,68-76 

 

Other examples of controlled/living radical polymerization techniques are Reversible 

Addition-Fragmentation chain Transfer (RAFT)79,80,81 and Nitroxide-Mediated 

Polymerization (NMP).82  

ATRP was the selected technique for this study.  It is aimed for this work to employ 

ATRP to prepare comb-type copolymers bearing long alkyl side chains, in a 

controlled fashion for the application as cold flow improvers for diesel fuels.    

 

1.11 Objective and scope of thesis  

The work carried out in this thesis is aimed at gaining a fundamental understanding 

into the low temperature properties and crystallization behaviors of Fischer Tropsch 

middle distillate fuels, the selected fuels being the Sasol-produced crude derived 

diesel and Gas-To-Liquid (GTL) diesel fuels.  The objective of the study will be 

pursued by synthesizing and characterizing polymeric additives with architectures 

that demonstrate cold flow properties influence in diesel fuels.  A controlled radical 

polymerization technique, Atom Transfer Radical Polymerization (ATRP) was 

selected for this study due to its versatility and robustness, but more importantly for 

its ability to prepare polymers of desired molecular weight in a controlled manner.  
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The thesis is composed of two main parts; the first part is the synthesis of statistical 

branched copolymers consisting of amorphous and crystalline components via 

ATRP.  The second section aims at application of the synthesized copolymers as 

additives in middle distillate fuels.  Cold flow improver additives as well as wax 

antisettling additives are two low temperature application areas selected for this 

thesis.  

Chapter 2, Chapter 3 and Chapter 4, make up the first part of experimental 

investigation of the thesis, which is the syntheses of (co)polymers using a controlled 

radical polymerization technique, Atom Transfer Radical Polymerization (ATRP).  

The chapters detail ATRP catalyst design and development as well as polymerization 

optimizations.  An investigation of PNP and PNNP ligands for ATRP is described in 

Chapter 2 while Chapter 3 and Chapter 4 investigates the use of different phase 

transfer agents as additives to improve catalyst complex solubility for the synthesis of 

long alkyl chain methacrylate copolymers.  

Chapters 5, Chapter 6 and Chapter 7 focus on applications of the synthesized ATRP 

statistical copolymers in crystallization studies with diesel fuels.  The influence of 

factors such as molecular weight and copolymer composition on diesel wax 

crystallization is investigated. 

The synthesized polymers are applied in two low temperature application areas of 

middle distillate fuels.  In the first application, the polymers are evaluated for their 

overall cold flow influence in two GTL diesels of different chemical compositions 

(Chapter 5).  The effect of the amorphous to crystalline contents of the polymeric 

additives and their crystallization interactions in the GTL diesels are also 

investigated.  

  

In the second application area, the polymeric additives are evaluated for their wax 

dispersion or wax antisettling properties, as co-additives (Chapter 6 and Chapter 7). 

Quaternary salts (QS) and ionic liquids (IL) used previously in Chapter 3 and Chapter 

4 as phase transfer agents (PTA) were evaluated for alternative utilization in diesel 

fuels as wax dispersants.  This interest was brought about by the PTAs’ chemical 

compositions.  Their long alkyl chains and the presence of the ionic charges seemed 

to be plausible qualities to effect wax dispersion whereby the alkyl chains would 

interact with the matching alkyl chains of the wax paraffin fractions, while the ionic 

charges could possibly offer electrostatic repulsive forces required for distributing the 

wax crystals evenly in the fuel.  Chapter 6 focuses on this evaluation of PTA as 
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potential diesel wax dispersants.  The results from this study provided a significant 

insight into another class of compounds. Their unconventional application as wax 

dispersants when used in combination with the synthesized statistical copolymers, 

was subsequently investigated in a follow up study of Chapter 7.  

Chapter 7 is dedicated to the synthesis and investigation of gemini surfactants in an 

unconventional application as wax dispersants. Gemini surfactants are 

conventionally used in aqueous media. In this application, the surfactants are 

evaluated in diesel fuels.  Chapter 3 discussed amongst other factors, ATRP ester 

initiators that were used in the subsequent synthesis of the statistical copolymers. 

These ATRP ester initiators were derivatized to prepare gemini surfactants 

investigated in Chapter 7.  The results obtained demonstrated the ability of the 

gemini surfactants as wax dispersants in combination with the statistical copolymers 

in crude derived diesel. 
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Evaluation of bis(diphenylphosphino)amines as ligands for iron-mediated Atom 

Transfer Radical Polymerization (ATRP) of methyl methacrylate  

 

 

 

Abstract 

 

Bis(diphenyl)amine-based ligands (PNP) and bis(diphenyl)diamine ligands (Me-PNNP) ligands 

have been widely reported and successfully used in ethylene trimerization and tetramerization 

using Cr(acac)3 as the metal source. In this study, the ligands (Me-PNP, Et-PNP, iPr-PNP, tertBu-

PNP and Me-PNNP) were evaluated in the iron-mediated atom transfer radical polymerization 

(ATRP) of methyl methacrylate in which polymerization reactions were initiated by ethyl-2-

bromoisobutyrate in toluene at 90 °C. The investigated ligands were found to have a generally 

acceptable polymerization control with linearly increasing number average molecular weight 

increasing with monomer conversions. The FeBr2/ iPr-PNP complex resulted in better 

polymerization control of the series evaluated.  Substituents on the N-atom of ligands influenced 

the catalysts activity, substituents such as tertBu-PNP for example led to poorly controlled 

polymerizations, as evidenced by non-linear increase in molecular weights, large polydispersity 

indexes and slow polymerization reactions.  

 

Keywords: Bis(diphenylphosphino)amine ligands, iron-mediated ATRP, controlled polymerization. 
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2.1 Introduction 

 

In recent years, radical polymerization techniques have seen dramatic developments 

in terms of the synthesis of polymers with well-defined architectures, compositions 

and functionalities. One of these techniques in particular, atom transfer radical 

polymerization, ATRP, has attracted attention both industrially and academically.1,2 

The success of ATRP lies in the ability to achieve an appropriate equilibrium between 

the activation step with rate constant kact, which converts an alkyl halide into a 

radical, and the deactivation step with rate constant kdeact, where alkyl halides are 

reformed. The equilibrium constant between the activation and deactivation steps 

KATRP = kact/kdeact determines the concentration of radicals, and therefore controls the 

rate of polymerization. In addition, the molecular weight distribution is governed by 

these two reaction steps. 3-5  

 

A general ATRP polymerization mechanism1,3,6-8 as illustrated in Scheme 1 involves 

radical formation (R·) from an alkyl halide initiator (R-X).  This reaction is catalyzed 

by a transition metal, which is in a lower oxidation state and is complexed by a 

coordinating ligand (Mt
n/Ligand).  As the radicals are generated, the transition metal 

complex becomes oxidized to a higher oxidation state (Mt
n+1/Ligand). The primary 

radicals will initiate the growth of a polymer chain by adding a monomer unit. The 

growing polymer chain radical always has the possibility to undergo one of three 

reactions, i.e. propagation, deactivation by the metal complex in the higher oxidation 

state, or bimolecular termination with another growing polymer chain radical.  

 

Good control over the polymerization is achieved when the equilibrium is strongly 

shifted toward the dormant species, i.e. the left hand side of Scheme 1.  This ensures 

a low stationary radical concentration, and therefore a minimization of bimolecular 

termination. Apart from the ATRP equilibrium constant, the absolute rate of 

deactivation is also important to control the width of the molecular weight distribution. 

A dynamic equilibrium, i.e. fast deactivation is essential to control the number of units 

that add per activation/deactivation cycle.  
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n: Transition metals Cu, Ni, Ru, Fe etc in n-oxidation state

Ligand: Complexing ligands or counterions

X: Halogens Br, Cl, I etc

M : vinyl monomers

+M

 

 

Scheme 1: ATRP mechanism1,5,10 

 

Catalysts are probably the most important component of an ATRP system.  The 

catalyst determines the position of the equilibrium.  Criteria for designing successful 

ATRP catalysts include that the metal of choice should have an accessible one-

electron redox couple, reversibility between the reduced and the oxidized states 

should be good and the metal centre should be sterically unhindered in its reduced 

state to allow a halogen atom to be transferred.  Copper catalyst complexes are the 

most widely studied catalytic systems in ATRP1-7,9-13 compared to other catalytic 

systems such as Ti14, Mo15,16, Re17, Ru18, Rh19, Ni20, Pd21.  Iron based ATRP has also 

attracted attention in recent studies due to their relatively low costs, low toxicity and 

biocompatibility22-27.  Iron complexes as ATRP catalyst systems have been reported 

to give good control over polymerization when the metal is complexed to coordinating 

ligands such as triphenyl phosphine, diimine, and halide anions.6,7  

 

This study reports on the investigation of a new class of ligands, i.e. 

bis(diphenylphosphino)-amine compounds as potential coordinating ligands for iron-

based Atom Transfer Radical Polymerization, ATRP. These ligands used together 

with Cr(acac)3 as the metal source have been widely reported to give highly active 

and selective catalysts for trimerization and tetramerization of ethylene.29-31 Until now, 

complexes based on bis(diphenylphosphino)-amines have not been reported in 

ATRP.  Scheme 2 illustrates these ligand types. The ligands investigated are a) 

bis(diphenylphosphino) amine-based ligands (PNP) with various substituents on the 

amine nitrogen and b) bis(diphenylphosphino)dimethyl diamine ligand (Me-PNNP).  

These are used in conjunction with FeBr2 to form the catalyst complex for ATRP of 
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methyl methacrylate monomer in which polymerization reactions were initiated by 

ethyl-2-bromoisobutyrate in toluene at 90 °C. 
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It is worth mentioning that the main role of ligands in ATRP systems is to solubilize 

the metal salt in the organic media as well as to appropriately adjust the redox 

potential of the metal center for appropriate reactivity and dynamics for the atom 

transfer.6 

 

2.2 Experimental Section  

 

2.2.1 Materials  

Methyl methacrylate MMA (Aldrich, 99%) was passed through an activated neutral 

alumina column to remove inhibitors, then stored over molecular sieves and kept 

under nitrogen at -5 °C before use.  Reagents FeBr2, initiator ethyl 2-bromo-2-

isobutyrate (EBriBu) and aluminium oxide were purchased from Sigma Aldrich and 

used as received.  Toluene was purchased from Sigma Aldrich and distilled from 

Na/benzophenone then stored under molecular sieves. The ionic liquid 

trihexyldodecylphosphonium bistriflimide, [(C6H13)3C12H25P
+] [N-(SO2CF3)2]

28 and all 

the ligands were kindly donated by the Ligands Synthesis Group at SASOL 

Technology R&D, Sasolburg.29-31  

 

2.2.2 Polymerization of methyl methacrylate 

Under Schlenk conditions, the reagents FeBr2, PNP ligand, initiator ethyl bromo 

isobutyrate (EBriBu) and monomer methyl methacrylate (MMA) were combined in 

appropriate ratios.  The ratios used for the various experiments were [monomer] : 
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[initiator] : [metal salt] : [coordinating ligand] = 100:1:1:1.  The solution was deaerated 

by bubbling nitrogen for 15 minutes before commencing the polymerization reactions, 

which were performed under stirring with a magnetic stirring bar in an oil bath 

thermostated at 90 °C.  At timed intervals, aliquots samples of the reaction mixture 

were collected from the Schlenk flask with a degassed syringe for monomer 

conversion evaluation.  The experiments were stopped by quenching the collected 

aliquots in cold methanol. Monomer conversions were measured gravimetrically.   

 

2.2.3 Methods 

Size Exclusion Chromatography (SEC): Molecular weights and molecular weight 

distributions were estimated using a SEC system equipped with a Waters 

autosampler.  SEC analyses were carried out using a Waters Model 510 pump, 

Model 486 UV detector (254 nm), and Model 2414 refractive index detector (40 °C). 

Injections were done by a Waters Model WISP 712 auto-injector, injection volume 

used was 50 µL. The column set used was a PLgel guard column (5 m particles, 

50X7.5 mm), followed by 2 PLgel mixed-C columns (5m particles 300X7.5 mm) (40 

°C) in series.  Tetrahydrofuran stabilised with BHT was used as the eluent, flow rate 

1.0 ml/min. 

Calibration has been done using polystyrene standards (Polymer Laboratories, M = 

580 up to M = 7.1*106).  Data acquisition and processing were performed using 

Waters Millennium32 (v.4.0) software.  Sample concentration was 2 g/l. 

Cyclic Voltammetry (CV): Cyclic voltammetry experiments were performed at room 

temperature using Autolab PGSTAT100, Ecochemie NL. 

Solutions of [Fe(II)Br] : [PMDETA] : [PTA] at polymerization reaction ratios (viz. 1 : 2: 

2), were prepared in toluene using 0.3 M of the ionic liquid 

trihexyldodecylphosphonium bistriflimide, [(C6H13)3C12H25P
+] [N-(SO2CF3)2] as the 

supporting electrolyte and the reference electrode was Ag/AgCl.  Experiments were 

performed in a three-electrode cell consisting of a glassy carbon disk as the working 

electrode, a platinum wire counter electrode and a Ag/AgCl reference electrode.  The 

scan rate was 100 mV·s-1.  All measurements were carried out under a nitrogen 

atmosphere. 
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2.3 Results and Discussion 

Polymerization reactions of methyl methacrylate in toluene (1/1 ratio v/v) were 

performed at 90 °C using ethyl bromoisobutyrate as initiator at molar ratios 

[MMA]:[initiator]:[FeBr2] = 100:1:1, and [FeBr2]:[ligand] = 1:1 and 1:2. Figure 1 and 2 

are semilogarithmic plots of ln[M]0/[M]t vs. time for iron(II)bromide complexes of Me-

PNP and iPr-PNP.   
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Figure 1: Plots of ln[M]0/[M]t vs. time for ATRP of MMA with FeBr2 complexed to Me-

PNP and iPr-PNP ligands at 90 °C in 50% v/v toluene, 

[MMA]:[EBriBu]:[FeBr2]:[ligand] = 100:1:1:1.  

 

The kinetic plots point out to the effect of changing the substituent on the nitrogen 

atom of the investigated ligands. The kinetic plot for the least bulky (Me) displayed 

deviations from linearity.  The same behavior was observed with the kinetic plots for 

 -32-



Bis(diphenylphosphino) amines as ligands for iron-ATRP of methyl methacrylate Chapter 2 

the polymerizations with Et- substituent. The catalyst complex of iPr-PNP showed a 

linear kinetic plot, signifying a constant concentration of radicals in the system. 

Figure 2 outlines kinetic plots for FeBr2/tertBu-PNP and FeBr2/Me-PNNP systems. 

Both systems lead to non-linear kinetic plots, with tert-butylPNP also indicating slow 

polymerizations.  Non-linear kinetic plots are indicative increasing concentration of 

free radicals in the polymerization reactions.6,7 
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Figure 2: Plots of ln[M]0/[M]t vs. time for ATRP of MMA with FeBr2 complexed to 

tertBu-PNP and Me-PNNP ligands at 90 °C in 50% v/v toluene, 

[MMA]:[EBriBu]:[FeBr2]:[ligand] = 100:1:1:1.  

 

Figure 3 illustrates the evolution of molecular weight as well as the polydispersity 

index (PDI) with monomer conversion.  
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Figure 3: Molecular weight (g/mol) and PDI versus conversion plots for 

polymerization of MMA with PNP ligands (Et-PNP, iPr-PNP, tertBu-PNP and Me-

PNNP) at 90 °C in toluene, [MMA]:[EBriBu]:[FeBr2]:[PNP] = 100:1:1:1. The straight 
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lines represent predicted Mn values (Mn(calc)), while the symbols represent 

experimentally observed values (Mn(SEC)). 

 

The molecular weights (Mn) as observed from Figure 3 largely increased linearly with 

monomer conversion with polydispersities (PDI) decreasing with monomer 

conversion, however deviating from this trend were molecular weights values 

obtained with Et-PNP ligand which were higher than calculated Mn values.  An exact 

trend was also observed with the Me-PNP.  Both ligands have showed similar trends 

in their polymerizations, as reported with their kinetic plots reported earlier.   

Complexes of iPr-PNP and tertBu-PNP showed the closest linear increase of 

molecular weights and low PDI (1.2 for iPr-PNP), although as mentioned already 

polymerization reactions with tertBu-PNP were very slow.     

The catalyst complex of Me-PNNP demonstrated poorly controlled polymerizations.  

Slow polymerizations with lower conversions were observed with the Me-PNNP 

ligand system.  High PDIs (1.6) and lower than predicted molecular weights 

indicating the presence of chain transfer reactions were observed for the Me-PNNP 

based polymerizations. This ligand showed the poorest control compared to the other 

evaluated ligand systems.   

 The catalyst complexes were also evaluated at a [FeBr2]:[Ligand] = 1:2 ratio. These 

experiments led to fast, poorly controlled polymerization reactions, with non-linear 

kinetic plots for all the evaluated ligands. The results signify an increase and build-up 

of radical concentration during the reaction. Molecular weights obtained using these 

catalyst complexes deviated dramatically from targeted molecular weights, with 

broad molecular weight distributions. For these reasons further studies were pursued 

at [FeBr2]:[Ligand] = 1:1.  

Other metal complexes that were also evaluated with the ligands were CuBr and 

NiBr2. Uncontrolled polymerizations were observed with catalyst complexes of these 

metals. Deviations from linearity in the kinetic plots were observed. In addition, 

molecular weight did not increase linearly with monomer conversions, and much 

large PDI values were observed. Both metals showed worst polymerizations than the 

FeBr2 systems hence the polymerizations were pursued with FeBr2.   

 

2.3.1 Cyclic Voltammetry 

In order to get a better insight into the behavior of the iron-PNP complexes in 

solution, electrochemistry studies of the catalysts complexes were conducted using 
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cyclic voltammetry. Cyclic voltammetry experiments were performed in toluene under 

polymerization conditions outlined in the experimental section (Section 2.1.2). The 

catalyst complex molar ratios used for cyclic voltammetry experiments were carried 

out the same as those employed in the polymerization experiments, [FeBr2]: [ligand] 

= 1:1.  

The ionic liquid, trihexyldodecylphosphonium bistriflimide was used as the supporting 

electrolyte. This is the first application of the ionic liquid, trihexyldodecylphosphonium 

bistriflimide [(C6H13)3C12H25P
+] [N-(SO2CF3)2] as a supporting electrolyte for cyclic 

voltammetry experiments. After an unsuccessful investigation of various compounds 

such as [Bu4N][PF6] and [Bu4N]OCl4 as supporting electrolytes for the experiments, 

the ionic liquid was the most successful in toluene and hence selected as the 

electrolyte of choice. Table 1 presents electrochemical data obtained.   

 

Table 1: Redox potentials of FeBr2/PNP complexes measured by cyclic voltammetry 

at 100 mV·s-1 in toluene, using glassy carbon electrode. 

*Entry Ligand used  Ep,a[V]a Ep,c[V]b E1/2[V]c ∆E[mV] ib/if
d 

1 Et-PNP 0.514 - 0.080 0.217 594 1.19 

2 iPr-PNP 0.474 - 0.106 0.368 580 1.00 

3 tertBu-PNP 0.598 - 0.178 0.210 776 1.16 

4 Me-PNNP 0.580 - 0.147 0.217 727 1.06 

*Toluene solution of [FeBr2] : [ligand] = 1: 1 in 0.3 M trihexyldodecylphosphonium bistriflimide, 

[(C6H13)3C12H25P
+] [N-(SO2CF3)2] 

aPeak potential for the oxidation wave. bPeak potential for the reduction wave. cE1/2 = ½(Ep,a + Ep,c). 
dratio of backward to forward peak current. 

 

The results from Table 1 depict that the differences in the anodic-cathodic peak 

potentials (ΔE) are larger than expected for a reversible one-electrode transfer 

process, which is normally 60 mV.  All the catalyst complexes have redox potential 

differences of around 500 mV, with the complexes of tertBu-PNP and Me-PNNP 

having the largest ΔE values of 700 mV.  

The ratios of the backward-to-forward peak current (big/if) did not give the expected 

value of 1, except for the catalyst system of iPr-PNP. Although this catalyst system 

gave the expected unity value of 1, the difference in the peak potentials is too large 

for the system to be considered a truly reversible one-electrode transfer process. 

 -36-



Bis(diphenylphosphino) amines as ligands for iron-ATRP of methyl methacrylate Chapter 2 

Such large redox potentials suggest a slow electron transfer32, which can be 

associated with reorganization of the coordination sphere of the metal centre. The 

large redox potentials and the ratio of the backwards-to-forward peak currents both 

indicate that the catalyst complexes comprise a quasi-reversible redox couple.  

 

Figures 4 and 5 illustrate cyclic voltammograms of the evaluated FeBr2/PNP complex 

systems.  
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Figure 4: Cyclic voltammograms for complexes FeBr2/iPr-PNP and FeBr2/Et-PNP. 
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Figure 5: Cyclic voltammograms of the evaluated catalyst complexes of 

FeBr2/tertBu-PNP and FeBr2/Me-PNNP systems. 
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The cyclic voltammograms of the evaluated catalyst systems are very similar, 

indicating that the complexes are of a similar structural family. The Figures also 

indicate that the complexes are relatively difficult to oxidize (with Ep,a values as high 

as 500mV) however quite easy to reduce as indicated by their Ep,c close to zero.  The 

two ligands showing the highest redox potentials, tertBu-PNP and Me-PNNP showed 

slow reactions and poorly controlled polymerization reactions.   

The FeBr2/iPr-PNP complex gave the better control over the polymerization process 

and its redox potential is the lowest of the series. This can be correlated to its relative 

easier oxidation and reduction as compared to the other ligands (Table 1).  Qui and 

co-workers investigated the apparent equilibrium constants for copper ATRP.32  It 

was reported that the lower redox potential and larger apparent equilibrium constant 

lead to higher catalyst activity in the polymerization.  This can be related to the 

FeBr2/iPr-PNP complex whereby the relatively low redox potential led to a better 

catalyst activity as well as good control over the polymerization.    

 

2.3.2 Effect of the substituent on the nitrogen atom of the ligand  

The results from the kinetic plots and molecular weight studies suggest that the 

evaluated ligand family does coordinate with FeBr2 and can serve as ATRP catalyst 

complexes for methyl methacrylate polymerization, albeit not very efficiently.  

 

The polymerization results and the electrochemistry data suggest a correlation 

between the substituent on the N-atom and the efficiency of the catalyst complex.  

The least bulky substituents on the N-atom, Me- and Et- led to molecular weights that 

were higher than the calculated values, while the bulky tertBu-PNP gave lower than 

calculated molecular weights.  Both cases indicated undesirable chain terminating 

side reactions, thus subsequent poor control over the polymerizations. These 

observations suggest that steric effects influence the catalyst efficiency. 

As explained earlier in the Introduction section, the catalyst is the most important 

component of an ATRP system as it determines the position of the equilibrium 

(Scheme 1). An efficient ATRP catalyst complex is one where the metal centre is not 

sterically hindered to allow a halogen atom to be transferred.2,6,7,32  Efficiency of 

ATRP catalysts with rigid ligands have been reported in iron mediated34-37 as well as 

copper mediated ATRP32,38 systems.  The ability of the ligand to allow sufficient 

space to accommodate the transferred halogen atom into the coordination sphere is 

significant to afford an efficient catalyst complex.   
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Iron metal halides have been reported to coordinate in a chelating manner with some 

bis(diphenylphosphino) ligands.29,39,40  Bulky ligands have also been reported to aid 

towards stabilizing the catalyst complex.6  From the results obtained from this study, 

it seems a possible explanation that ligands with too less (Me- and Et) or too bulky 

substituents (tertBu-PNP) on the nitrogen atom lead to unfavorable coordination with 

the metal thus rendering the catalyst complex less efficient for the required dynamic 

exchange between the oxidized and reduced states of the metal.32 With the ligands 

being of the same family, it is speculated that there is a preferred angle at which the 

favorable catalyst complexation is achieved. Deviations from which could possibly 

result in an inefficient catalyst complex. 

A comparable argument can hold for the complex of FeBr2 with Me-PNNP, the 

complex could probably lead to unfavorably large bite angle hence the observed 

uncontrolled polymerizations while iPr-PNP could be facilitating the favorable P-Fe-P 

bond angle and orientation since it gave better control over the polymerizations.   

The PNP ligands have been extensively studied and used successfully for ethylene 

trimerization and tetramerization using Cr(acac)3.
29-31,41,42  Catalyst activity and 

selectivity was observed to be influenced, amongst other factors, by the substituents 

on the N-atoms.  It was reported from the numerous studies thereof that bulky 

substituents on the N-atom led to smaller bite angles while smaller substituents gave 

relatively larger bite angles.41  Bond angles of similar PNP ligands complexed to other 

transition metals such as Cr, Pt and Pd have been studied and reported. 41  Typical 

bond angles were found between  66.7° and 67.0° for P-Cr-P while Pt and Pd had 

72° for their bite angles.41,42   

Attempts to grow crystals for the investigated FeBr2-PNP systems were unsuccessful 

however crystals from the FeBr2/Et-PNP complex were isolated.  The bond angle for 

crystals isolated from the FeBr2/Et-PNP complex was found to be around 70°. It is 

conceivable that other investigated PNP ligands will have bond angles in the 

comparable range.  No information is  available for the bond angles of the FeBr2/Me-

PNNP since, as explained earlier, attempts to grow crystals thereof were 

unsuccessful.  

The structures of the isolated crystals were found not to be the expected active 

polymerization catalyst complex.  Crystallographic information obtained for the 

isolated crystals is reported for illustration purposes only, separately in the following 

subsection “Supplementary information to Chapter 2”.  
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2.4 Conclusions 

A series of iron-based ATRP catalyst complexes containing bis(diphenylphosphino)-

amine-based ligands has been investigated for the controlled polymerization of 

methyl methacrylate.  For some ligands, linear increases of molecular weight with 

conversion and polydispersity index decreasing with Mn were obtained, proving these 

new ligand-type can catalyze the polymerization of methyl methacrylate by iron-

based ATRP of MMA.  

The substituent on the N-atom of the ligand showed a strong influence towards the 

catalyst activity and subsequent control over the polymerization.  Steric effects can 

therefore be a factor governing the chemistry surrounding the ligand’s coordination 

hence the efficiency of the catalyst complex.   

Although all the complexes had relatively high redox potentials as observed from 

cyclic voltammetry experiments, the bulky tertBu-PNP had the highest redox potential 

of the series, indicative of a slow atom transfer between the low and the high 

oxidation states.  The catalyst complex led to slow incomplete monomer conversions 

with subsequent deviations from calculated molecular weight values.   

The catalyst complex of FeBr2/iPr-PNP resulted in an overall better polymerization 

control, of the evaluated PNP ligand series.  The only evaluated PNNP ligand proved 

an inefficient ATRP catalyst for MMA, according to reasons discussed pointing 

towards probable unfavorably larger bond angle.   

 

The following subsection, “Supplementary information to Chapter 2” illustrates the 

isolate crystals from the FeBr2/Et-PNP complex. 

 

 

 

 

 

 

 

 

 

 

 -40-



Bis(diphenylphosphino) amines as ligands for iron-ATRP of methyl methacrylate Chapter 2 

References: 

 

1. Pintauer, T.; Matyjaszewski, K. Coord. Chem. Rev., 2005, 249, 1155. 

2. Matyjaszewski, K. Controlled/Living Radical Polymerization: Progress in 

ATRP, NMP and RAFT, ACS Symposium Series, Washington, DC, 1998. 

3. Matyjaszewski, K.; Tang, W. Macromolecules, 2006, 39 No 15, 4953. 

4. Nanda, K. A.; Matyjaszewski, K. Macromolecules, 2003, 36, 1487. 

5. Queffelec, J.; Matyjaszewski, K. Macromolecules, 2000, 33, 8629. 

6. Matyjaszewski, K.; Xia, J. Chem. Rev., 2001, 101 No.9, 2921. 

7. Kamigaito, M.; Ando, T.; Sawamoto, M. Chem. Rev., 2001, 101 No.12, 3689. 

8. Fischer, H. Chem. Rev., 2001, 101 No.12, 3581. 

9. Greazta, D.; Mardare, D.; Matyjaszewski, K. Macromolecules, 1994, 27, 638. 

10. Faucher, S.; Zhu, S. Ind. Eng. Chem. Res., 2005, 44, 677.  

11. Wang, J.-S.; Matyjaszewski, K. J. Am. Chem. Soc., 1995, 117, 5614.  

12. Matyjaszewski, K.; Patten, T.; Xia, J. J. Am. Chem. Soc., 1997, 119, 674.  

13. Haddleton, D.M.; Jasieczek, C.B.; Hannon, M.J.; Shooter, A.J. 

Macromolecules, 1997, 30, 2190. 

14. Kabachii, Y.A.; Kochev, S.Y.; Bronstein, L.M.; Blagodatskikh, I.B.; Valetsky, 

P.M. Polym. Bull., 2003, 50, 271. 

15. Brandts, J.A.M.; van de Geijn, P; van Faassen, E. E; Boersma, J.; van Koten, 

G. J. Organomet. Chem., 1999, 584, 246. 

16. Le Grognec, E.; Claverie, R.; Poli, R. J. Am. Chem. Soc., 2001, 123, 9513.  

17. Kotani, Y.; Kamigaito, M.; Sawamoto, M. Macromolecules, 1999, 32, 2420. 

18. Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T. Macromolecules, 

1995, 32, 1721. 

19. Moineau, G.; Granel, C.; Dubois, P.; Jerome, R.; Teyssie, P. 

Macromolecules, 1998, 31, 542. 

20. Granel, C.; Dubois, P.; Jerome, R.; Teyssie, P. Macromolecules, 1996, 29, 

2420. 

21. Lecomte, P.; Drapier, I.; Dubois, P.; Teyssie, P.; Jerome, R. Macromolecules, 

1997, 30, 7631. 

22. Matyjaszewski, K.; Wei, M.; Xia, J.; McDermott, N.E. Macromolecules, 1997, 

30, 8161. 

23. Ando, T.; Kamigaito, M.; Sawamoto, M. Macromolecules, 1997, 30, 4507. 

24. Teodorescu, M.; Gaynor, S.; Matyjaszewski, K. Macromolecules, 2000, 33, 

2335. 

 -41-



Bis(diphenylphosphino) amines as ligands for iron-ATRP of methyl methacrylate Chapter 2 

 -42-

25. Gibson, V.C.; O’Reilly, R.K.; Reed, W.; White, A.J.P.; Williams, D.J. Chem. 

Commun., 2002, 1850. 

26. Gibson, V.C.; O’Reilly, R.K.; Wass, D.F.; White, A.J.P.; Williams, D.J. 

Macromolecules, 2003, 36, 2591. 

27. Gibson, V.C.; O’Reilly, R.K.; Wass, D.F.; White, A.J.P.;Williams, D.J. Dalton 

Trans, 2003, 2824. 

28. Ajam, M.; MSc Thesis: Methathesis and hydroformylation reactions in ionic 

liquids, June 2005, University of Johannesburg, South Africa 

29. Bollmann, A.; Blann, K.; Dixon, J.T.; Hess, F.H.; Killian, E.; Maumela, H.; 

McGuinness, D.S.; Morgan, D.; Neveling, A.; Otto, S.; Overrett, M.; Slawin, 

A.M.Z.; Wasserscheid, P.; Kuhlmann, S. J. Am. Chem. Soc., 2004, 126, 

14713.  

30. Overett, M.J.; Blann, K.; Bollmann, A.; Dixon, J.T.; Hess., F.; Killian, E.; 

Maumela, H.; Morgan, D.H.; Neveling, A.; Otto, S. Chem. Commun., 2005, 

622. 

31. Blann, K.; Bollmann, A.; Dixon, J.T.; Hess, F.H.; Killian, E.; Maumela, H.; 

Morgan, D.; Neveling, A.; Otto, S.; Overrett, M. Chem. Commun., 2005, 620. 

32. Qiu, J.; Matyjaszewski, K.; Thouin, L.; Amatore, C. Macromol. Chem. Phys., 

2000, 201, 1625. 

33. O’Reilly, R.; Gibson, V.; White, A. J. P; Williams, D. J. Polyhedron., 2004, 23, 

2921. 

34. O’Reilly, R.; Gibson, V.; White, A. J. P; Williams, D. J. J. Am. Chem. Soc., 

2003, 125, 8450. 

35. Gibson, V.; O’Reilly, R.; Reed, W.; Wass, D. F.; White, A. J. P; Williams, D. J. 

Chem. Commun., 2002, 125, 1850. 

36. O’Reilly, R.; Shaver, M. P.; Gibson, V.; White, A. J. P. Macromolecules, 2007, 

40, 7441. 

37. Gibson, V.; Redshaw, C.; Solan, G. A. Chem. Rev., 2007, 107, 1745. 

38. Kickelbick, G; Pintauer, T; Matyjaszewski, K. New J. Chem., 2002, 26, 462.  

39. Benito-Garagorri, D.; Wiedermann, J.; Pollak, M.; Mereiter, K.; Kirchner, K. 

Organometalics, 2007, 26, 217. 

40. Jacobsen, G. M.; Shoemaker, R. K.; DuBois, M. R.; DuBois, D. L. 

Organometallics, 2007, 26, 4964. 

41. Cloete, N., PhD Thesis: Ethylene tetramerization: structure and reactivity 

investigation of metal-based catalyst precursors, January 2010, University of 

Free State, South Africa. 

42. Cloete. N, Visser H.G., Roodt, A. Acta Cryst., 2010, E66, m51-m52.  



 

 

 

 

Supplementary information  for Chapter 2  

 

 

 

X-ray Crystallography for crystals obtained from FeBr2/Et-PNP complex 

 

 

 

Introduction 

 

This section outlined supplementary information for the crystallographic data for the crystals from 

the FeBr2/Et-PNP complex.  It was mentioned in Chapter 2 attempts were made to grow crystals of 

the complexes studies in Chapter 2 however these were unsuccessful, except for the complex 

FeBr2/Et-PNP. These crystals were also found to be not expected structures for the active 

polymerization catalyst complex.  Crystals obtained from FeBr2/Et-PNP complex were isolated and 

analyzed by X-ray crystallography.  Two different crystals were visually identified under the 

microscope, observed as orange and red crystals.  Their crystallographic data is outlined in the 

following section for illustration purposes.  
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Crystallography 

The crystals were prepared by addition of FeBr2 to Et-PNP in 1:1 ratio in acetonitrile, 

while stirring under N2 atmosphere.  Crystals  suitable for X-ray diffraction were 

obtained by slow evaporation of the acetonitrile solvent from the reaction mixture 

under aerobic conditions.  Visual inspection of the crystals under a microscope 

indicated the presence of orange and red crystals, representatives of each were 

hand selected and used for the crystallographic studies.  The data collections were 

done on a Bruker APEX CCD area detector using omega-scans and Mo K (0.71073 

Å) radiation from a fine-focus sealed tube.  All reflections were merged and 

integrated using SAINT1 and were corrected for Lorentz, polarization and absorption 

effects using multi-scans and SADABS2.  The structures were solved by the direct 

method and refined through full-matrix least squares cycles using the SHELXL973 

software package with (/Fo/-/Fc/)
2 being minimized.  All non-H atoms were refined 

with anisotropic displacement parameters while the H atoms were constrained to 

parent sites using a riding model. The graphics were done with DIAMOND.4  A 

summary of the general crystal data and refinement parameters is given in Table 1. 
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Table 1:  Crystallographic data and refinement parameters. 

 Orange Red 

Empirical formula C112 H112 Br8 Fe4 N8 P8 C56 H54 Br6 Fe3 N4 O1 P4 

Formula weight 2680.54 1569.86 

Crystal system Triclinic Monoclinic 

Space group P1  P21/c 

a/ Å 
b/ Å 
c/ Å 
/ ° 
/ ° 
/ ° 

11.4596(10) 
21.834(2) 
23.905(2) 
114.3990(10) 
96.2850(10) 
90.3880(10) 

18.928(5) 
18.352(4) 
17.243(4) 
90 
90.365(3) 
90 

V/ Å3 5405.4(8) 5989(3) 

Z 2 4 

Dc/ g.cm-3 1.647 1.741 

/ mm-1 3.654 4.868 

T/ K 100(2) 100(2) 

Tmax/ Tmin 0.771/ 0.323 0.413/ 0.175 

F(000) 2688 3096 

Crystal size/ mm 0.40x0.20x0.08 0.55x0.24x0.22 

 limit/ ° 4.09 – 26.37 2.15 - 27.10 

Index ranges -14  h  14
-27  k  27
-29  l  29 

-24  h  23
-22  k  23
-22  l  21 

Reflections collected/ Unique 59375/ 21891 64539/ 13071 

Rint 0.0384 0.0380 

Observed reflections [I>2I] 16724 10694 

Data/ restraints/ parameters 21891/ 0/ 1272 13071/ 0/ 688  

GooF 0.996 1.022 

R (I>2I) Ra 

              wRb 

0.0326 

0.0675 

0.0513 

0.1209 

R (all data) Ra 

                wRb 

0.0507 

0.0736 

0.0656 

0.1286 

max; min/ e.Å-3 0.61; -0.410 3.277; -3.480 

a) R = [(F)/(Fo)]   b) wR = [w(Fo
2 - Fc

2)2]/[w(Fo
2)2]1/2  
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1. Orange crystals 

The chemical formula for the orange crystals is [Fe(MeCN)2(Ph2PN(Et)PPh2)2].FeBr4 

while the asymmetric unit consists of 

2[Fe0.5(MeCN)(Ph2PN(Et)PPh2)].[Fe(MeCN)2(Ph2PN(Et)PPh2)2].2FeBr4.  There are 

thus 3 crystallographically independent molecules of [Fe(MeCN)2(PNP)2]
2+ present in 

the structure.  One molecule (Fe2) is situated on a general position (0.506, 0.249, 

0.001) and two (Fe1 and Fe3) on inversion centres (0, 0, 0.5 and 0, 0.5, 0.5) resulting 

in a 4+ charge in the asymmetric unit.  The charge is balanced by two 

crystallographically independent molecules of [FeBr4]
2-.  Except for the coordinated 

MeCN molecules no additional solvent molecules accompany the Fe(II) 

cations/anions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Molecular diagram showing the numbering scheme and displacement 

ellipsoids (30% probability) for cation 1 of 

2[Fe0.5(MeCN)(Ph2PN(Et)PPh2)].[Fe(MeCN)2(Ph2PN(Et)PPh2)2].2FeBr4.  Hydrogen 

atoms were omitted for clarity.  In the numbering scheme the first digit refers to the 

number of the molecule and the second and third digits referring to the number of the 

atom in the molecule.  Symmetry operator: -x, -y, 1-z. 
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Figure 2:  Molecular diagram showing the numbering scheme and displacement 

ellipsoids (30% probability) for cation 2 of 

2[Fe0.5(MeCN)(Ph2PN(Et)PPh2)].[Fe(MeCN)2(Ph2PN(Et)PPh2)2].2FeBr4.  Hydrogen 

atoms were omitted for clarity.  In the numbering scheme the first digit refers to the 

number of the molecule and the second and third digits referring to the number of the 

atom in the molecule.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3:  Molecular diagram showing the numbering scheme and displacement 

ellipsoids (30% probability) for cation 3 of 

2[Fe0.5(MeCN)(Ph2PN(Et)PPh2)].[Fe(MeCN)2(Ph2PN(Et)PPh2)2].2FeBr4.  Hydrogen 

atoms were omitted for clarity.  In the numbering scheme the first digit refers to the 
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number of the molecule and the second and third digits referring to the number of the 

atom in the molecule.  Symmetry operator: -x, 1-y, 1-z. 

 

2. Red Crystals 

The chemical formula for the red crystals is 

[Fe(MeCN)2(Ph2PN(Et)PPh2)2].Br3FeOFeBr3 while the asymmetric unit consists of 

2[Fe0.5(MeCN)(Ph2PN(Et)PPh2)].2[O0.5FeBr3].  There are thus 2 crystallographically 

independent molecules of [Fe(MeCN)2(PNP)2]
2+ present in the structure with each 

molecule being accompanied by a [Br3FeOFeBr3]
2- anion.  All molecules are situated 

on special positions.  The terminal C atom of the ethyl substituent in cation 2 suffers 

from a random disorder that was refined to 50.5(14)% for position C202 and 

49.5(14)% for position C203.  In addition some high residual electron density close to 

the Br atoms of the Fe4 anion indicate that there may be some minor disorders 

present in some of the Br positions.  Both the maximum- and minimum electron 

density is situated close to Br42.  Refining the structure with disorders on the Br 

atoms did not have a material effect on the statistics and were, for that reason, 

excluded from the final refinement. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4:  Molecular diagram showing the numbering scheme and displacement 

ellipsoids (30% probability) for cation 1 of 

2[Fe0.5(MeCN)(Ph2PN(Et)PPh2)].2[O0.5FeBr3].  Hydrogen atoms were omitted for 

clarity.  In the numbering scheme the first digit refers to the number of the molecule 

and the second and third digits referring to the number of the atom in the molecule.  

Symmetry operator: 1-x, -y, 2-z. 
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Figure 5:  Molecular diagram showing the numbering scheme and displacement 

ellipsoids (30% probability) for cation 2 of 

2[Fe0.5(MeCN)(Ph2PN(Et)PPh2)].2[O0.5FeBr3].  Hydrogen atoms were omitted for 

clarity, but the disorder in the C202 (50.5(14)%) and C203 (49.5(14)%) positions 

have been included.  In the numbering scheme the first digit refers to the number of 

the molecule and the second and third digits referring to the number of the atom in 

the molecule.  Symmetry operator: -x, 1-y, 2-z. 
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Table 2:  Selected bond distances for the cations in Orange and Red. 

Bond Orange_1 

Å 

Orange_2 

Å 

Orange_3 

Å 

Red_1 

Å 

Red_2 

Å 

Fen-Nn1 1.906(2) 1.906(2) 1.908(2) 1.895(4) 1.900(4) 

Fen-Nn2  1.902(2)    

Fen-Pn1 2.2499(7) 2.2842(8) 2.2877(7) 2.2824(11) 2.2721(12) 

Fen-Pn2 2.2870(7) 2.2547(8) 2.2588(7) 2.2620(11) 2.2868(12) 

Fen-Pn3  2.2687(8)    

Fen-Pn4  2.2805(8)    

Pn1-Nn01 1.701(2) 1.702(2) 1.707(2) 1.707(4) 1.700(4) 

Pn1-Cn11 1.826(3) 1.815(3) 1.827(3) 1.816(4) 1.815(4) 

Pn1-Cn21 1.818(3) 1.824(3) 1.819(3) 1.820(4) 1.821(5) 

Pn2-Nn01 1.711(2) 1.696(2) 1.699(2) 1.702(4) 1.706(4) 

Pn2-Cn31 1.821(3) 1.810(3) 1.820(3) 1.821(4) 1.820(5) 

Pn2-Cn41 1.818(3) 1.825(3) 1.818(3) 1.817(4) 1.826(5) 

Nn01-Cn01 1.492(3) 1.484(3) 1.491(3) 1.494(5) 1.476(6) 

Nn1-Cn1 1.143(3) 1.131(3) 1.142(3) 1.136(6) 1.146(6) 

Pn3-Nn02  1.699(2)    

Pn3-Cn51  1.817(3)    

Pn3-Cn61  1.826(3)    

Pn4-Nn02  1.705(2)    

Pn4-Cn71  1.824(3)    

Pn4-Cn81  1.825(3)    

Nn02-Cn03  1.495(3)    

Nn2-Cn3  1.136(3)    
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Table 3:  Selected bond angles for Orange and Red. 

Angle Orange_1 

° 

Orange_2 

° 

Orange_3 

° 

Red_1 

° 

Red_2 

° 

Pn1-Fen-Pn2 70.82(3) 70.85(3) 70.96(3) 70.96(4) 70.98(4) 

P23-Fe2-P24  70.82(3)    

Pn1-Fen-Pn2' 109.18(3)  109.04(3) 109.04(4) 109.02(4) 

P21-Fe2-P23  109.36(3)    

P21-Fe2-P24  177.23(3)    

P22-Fe2-P23  179.79(4)    

P22-Fe2-P24  108.97(3)    

Pn1-Fen-Nn1 90.95(6) 88.42(7) 93.48(7) 88.87(11) 90.94(11) 

P21-Fe2-N22  91.34(7)    

Pn1-Nn01-Pn2 100.82 101.49(12) 101.56(11) 101.38(19) 101.99(19) 

P23-N202-P24  101.52(12)    

Cn1-Nn1-Fen 171.8(2) 176.5(2) 171.2(2) 173.8(4) 171.9(4) 

C23-N2-Fe2  176.1(2)    

N21-Fe2-N22  179.12(9)    
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Synthesis of methacrylate polymers with long alkyl side chain using ATRP: 

Improving copper catalyst complex solubility by phase transfer agents 

 

 

 

 

Abstract 

Synthesis of homopolymers and copolymers bearing long alkyl side chain methacrylates is 

reported herein. The influence of different phase transfer agents(PTA) as catalyst additives in Atom 

Transfer Radical Polymerization (ATRP) of long alkyl side chain (meth)acrylates was investigated. 

The catalyst complex CuBr/PMDETA in the presence of PTA viz. ammonium and phosphonium 

quaternary salts (QS) as well as ionic liquids were used for the study. The effect of initiator 

functionalities, from monofunctional to multifunctional was also investigated. Molecular weights 

(Mn) increased linearly with increasing conversion and were close to the theoretical values. The 

long chain monofunctional initiator gave better catalyst solubility however slow polymerizations 

were observed while the trifunctional initiator gave overall better control over the polymerization 

with narrow molecular weight distributions as well as molecular weight values close to the 

theoretical values. Quaternary ammonium phase transfer agents gave overall better control over 

the polymerization compared to the phosphorous based PTAs. Both the quaternary phosphonium 

salt and the phosphonium IL resulted in very fast reactions. However, that resulted in a low degree 

of control over the polymerization, while the quaternary ammonium salt resulted in a better overall 

controlled ATRP system.  

 

Keywords: ATRP, Phase Transfer Agents, catalyst additives, long alkyl chain methacrylates. 
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3.1 Introduction  

Preparation of homopolymers and copolymers of bulky (meth)acrylates having long 

alkyl pendant chains has gathered an increasing interest in various application areas. 

These branched or comb-like polymeric materials are of great interest because of 

their liquid-crystalline properties1,2,3, pour point and rheology modification abilities in 

petroleum-based fuel products.4,5 Of interest to this study is the polymers’ rheological 

modification properties in petroleum-based fuels. In the petroleum industry, polymers 

are used to modify crystallization behavior and improve cold flow properties of fuels.4-

10 

The preparation of well-defined polymer architectures of (meth)acrylate polymers 

with long alkyl side chains has been an ongoing research challenge. These 

(co)polymers with long side chain (meth)acrylates have previously been synthesized 

by conventional radical polymerization techniques.11,12 This polymerization technique 

leads to limited control over the polymer structure. Anionic polymerizations have also 

been used to prepare these polymeric materials.1,13,14 This technique requires 

rigorous reaction conditions such as extensive exclusion of oxygen and moisture 

from the reaction mixture. Added to this challenge, most of these long alkyl chain 

acrylate monomers are insoluble in typical organic solvents at sub-zero 

temperatures. For polar monomers such as methacrylates, anionic polymerization 

techniques operate well at around -60°C.15-17 There have been several advances in 

preparing higher alkyl (meth)acrylate polymers in a controlled manner, by using a 

controlled/living radical polymerization technique called Atom Transfer Radical 

Polymerization (ATRP).1,6,15,18-20 Poly(lauryl methacrylate), poly(octadecyl acrylate) 

and other higher poly(meth)acrylates have been prepared via copper mediated 

ATRP.  

 

ATRP is a controlled/living radical polymerization technique that allows for 

preparation of polymers and copolymers with desired architectures, targeted 

molecular weights and with narrow molecular weight distributions.1,6,15,18-35 ATRP 

operates based on the mechanism of reversible activation of the dormant species via 

halogen atom transfer, mediated by a transition metal/ligand catalyst complex.6,15,18-38  

 

Although copper-based complexes in ATRP are the most studied ones, there are 

many instances where these catalyst complexes do not lead to a homogenous 

reaction medium.15,18-20,25-38 The catalyst complex eventually separates out of the 
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reaction medium during polymerization experiments.  This can eventually lead to 

incomplete monomer conversions and poor control of the polymerizations. Attempts 

have been made to improve homogeneity of the catalyst complex by selection of 

appropriate specialized ligand systems.6,15,26,30,38  

In some related studies, ligands with long alkyl chain substituents, such as 4,4’-di(5-

nonyl)-2,2’-bipyridine(dNbipy)6 and 4,4’-diheptyl-2,2’-bipyridine22,28 have been used to 

improve the homogeneity of the reaction mixture. In these studies, well-defined 

homopolymers as well as block, gradient and statistical copolymers have been 

reported. In other studies pyridyl imine ligands15,29,30,38 were used in copper-mediated 

ATRP where good control over the polymerization was achieved.   

 

Another method of improving homogeneity of the reaction mixture is by using catalyst 

additives. Additives are compounds that enhance the performance in a specific 

reaction. In the present case, the additive improves solubility of the catalyst 

complex20,21. Catalyst additives were successfully employed in the ATRP of long alkyl 

side chain (meth)acrylate. The studies involved the addition of quaternary ammonium 

halide salt tricarprylylmethylammonium chloride also known commercially as Aliquat 

336 to the CuBr/PMDETA catalyst complex.18-20 In these studies well-defined 

polymers prepared from (meth)acrylate monomers with long alkyl side chains up to 

octadecyl (meth)acrylate were achieved. It was reported in these studies that catalyst 

homogeneity was achieved at temperatures as low as 35°C both in bulk as well as 

solution polymerization. Exclusion of the quaternary ammonium halide salt phase 

transfer catalyst yielded poorly controlled polymerizations while its presence resulted 

in well-defined higher alkyl methacrylates polymers.18-20  

 

The investigation reported herein aims at improving polymerization control of long 

alkyl chain (meth)acrylate monomers via copper-based ATRP. The study reported 

here explores and evaluates the effect of various phase transfer agents in ATRP of 

higher alkyl chain methacrylate, while trying to understand the role of these catalyst 

additives towards achieving an efficient ATRP system. The effect and influence of 

PTAs, initiating systems and solvent are reported herein.   

The effect of ammonium as well as quaternary phosphonium salts, as catalyst 

additives for CuBr/PMDETA catalyzed ATRP of long alkyl side chain methacrylate 

monomers is reported in conjunction with various initiating systems. 
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3.2 Experimental Section  

 

3.2.1 Materials  

Stearyl methacrylate was purchased from Sigma Aldrich and purified by dissolving in 

hexane and extracting with a 5% aqueous NaOH solution, followed by 3 more water 

washes. The organic layer was dried over anhydrous magnesium sulphate, the 

solution was passed through neutral alumina and the solvent removed under reduced 

pressure. NAFOL 1822H alcohol was obtained from Sasol O&S Germany GmbH and 

used as received for the synthesis of its respective methacrylate monomer, by 

converting the alcohol to a methacrylate.   

Ethyl 2-bromo-2-isobutyrate (EBriBu) was purchased for Sigma Aldrich and used as 

received. The alcohol precursors for the initiator syntheses docosanol, 1,1,1-tris(4-

hydroxyphenyl)ethane and 1,10 decanediol were purchased from Sigma Aldrich and 

used as received.   

Toluene and hexane were distilled using standard distillation methods and stored 

over molecular sieves while anisole was passed through an activated neutral alumina 

column and stored over molecular sieves.  

Styrene was purified by passing through an activated neutral alumina column, stored 

over molecular sieves and kept under nitrogen at -5°C before use. Copper (I) 

bromide was purified according to a published procedure23 whereby the metal salt 

was stirred overnight in glacial acetic acid, followed by an absolute ethanol wash 

under a blanket of nitrogen, then dried under vacuum. 

Triethyl amine, 2-bromo-2-methylpropionyl bromide (BMPB), anhydrous MgSO4, 

N,N,N’,N”,N”-pentamethyldiethylenetriamine(PMDETA), methane sulphonic acid, 

methacrylic acid, Cu(I)Cl, hydroquinone monomethylether and activated neutral 

aluminium oxide were all purchased from Sigma Aldrich and used as received. 

Tricaprylylmethylammonium chloride (Aliquat 336) and tetraoctyl phosphonium 

bromide (TOPB) were purchased from Sigma Aldrich and used as received. 

Ionic liquid trihexyldodecylphosphonium bistriflimide, [(C6H13)3C12H25P
+] [N-

(SO2CF3)2] was synthesized and donated by Sasol Technology R&D Ligands 

Synthesis Group.39 
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3.2.2 Measurements  

Monomer conversions were determined gravimetrically.  

NMR: NMR experiments were performed on a Varian UNITY INOVA 400 MHz as 

well as 600 MHz spectrometer equipped with a switchable 5 mm PFG probe in CDCl3 

with TMS as the internal standard.  

Differential scanning calorimetry (DSC): DSC studies were performed in 

aluminium sealed pans, using TA Q200 Universal Analysis Instrument, V4.3A.  About 

2 mg of sample weight was cooled from 50 °C to 0 °C at rate 10 °C/min and heated 

to 50 °C at the same rate. The heating and cooling experiments were carried out 

under nitrogen atmosphere.   

Cyclic Voltammetry (CV): Cyclic voltammetry experiments were performed at room 

temperature using Autolab PGSTAT100, Ecochemie NL. 

Solutions of [Initiator] : [CuBr] : [PMDETA] : [PTA] at reaction ratios (i.e. 1: 1 : 2: 2), 

were prepared in anisole solution using [0.1 M] Bu4NClO4 as the supporting 

electrolyte. Experiments were performed in a three-electrode cell consisting of a 

glassy carbon disk as the working electrode, a platinum wire counter electrode and a 

Ag/AgCl reference electrode. The scan rate was 100 mV·s-1. All measurements were 

carried out under nitrogen atmosphere. 

Size Exclusion Chromatography (SEC): Molecular weights and molecular weight 

distributions were estimated using a SEC system equipped with a Waters 

autosampler. The polymer solution was diluted in THF to a concentration of 

approximately 1 mg/ml. The solution was filtered over a 0.2 m 

poly(tetrafluoroethylene) (PTFE) syringe filter.  The analysis was carried out using a 

Waters 2695 Alliance pump and injector, a model 2996 photodiode array detector (at 

305 and 470 nm) and a model 410 refractive index detector. The columns used were 

two PLgel Mixed-C (Polymer Laboratories, 5 m particles) 300 X 7.5 mm followed by 

a PLgel Mixed-D (Polymer Laboratories, 5 m particles) 300 X 7.5 mm in series 

(which were maintained at 40 °C for analysis). THF was used as an eluent (flow rate 

1.0 mL/min). 
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3.2.3 Synthesis Procedures 

 

Monomer synthesis 

NAFOL 1822H alcohol was converted to a methacrylate monomer (BlendMA) 

according to a reported procedure.40 40 g of NAFOL 1822H (1 equivalent) was 

dissolved in 150 ml toluene, followed by addition of 1.5 equivalent of methacrylic acid 

while stirring at 120 °C in a Dean-Stark apparatus. This was followed by addition of 

catalytic amounts of Cu(I)Cl and hydroquinone monomethylether and methane 

sulphonic acid. Water was continuously removed azeotropically throughout the 

reaction. The excess acid was removed by rotary evaporation together with the 

reaction solvent. The monomer was purified by dissolving the product in hexane then 

extraction with 5% NaOH solution, followed by 3 extractions with distilled water. The 

organic layer was dried over anhydrous MgSO4. The blend methacrylate monomer 

was recrystallized from methanol at -5 °C. The product was collected by filtration 

under vacuum suction and obtained as white powdery wax-like material.  The product 

was confirmed according to reported literature.40 

Yield = 65% 

Melting points for the alcohol blend and the product were observed as follows: 

NAFOL 1822H starting material m.p. = 70 °C   

BlendMA monomer m.p. = 42 °C. 

 

Initiator syntheses  

The structures of the initiators evaluated for the study, (EBriBu), docosyl 

bromoisobutyrate (C22BriBu), 1,10 decyl dibromoisobutyrate (2BriBu), 1,1,1-tris(4-

(2-bromoisobutyryloxy)phenyl)ethane (3BriBu), and pentaerythritol tetrakis(2-

bromoisobutyrate), (4BriBu) outlined in Figure 1. 
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Figure 1: Structures of initiators used in the study. 

 

Initiators (2BriBu) decyl 1,10 (2-bromo 2- methylpropoanate), and (3BriBu) 1,1,1-

tris(4-hydroxyphenyl)ethyl 2-bromo-2-methylpropoanoate were prepared from their 

corresponding alcohol precursors according to a reported literature procedure23. The 

product (3BriBu) was isolated by recrystallization while (2BriBu) was isolated by 

vacuum distillation as golden yellow oil. The products were confirmed by 1H NMR 

and 13C NMR according to reported literature.23  
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Table 1: Yields and NMR data for initiators, in CDCl3.  

 

 

Initiator 

 

Appearance 

1H NMR 

Chemical 
Shift, (ppm) 

 

Assignment 

 
13C Chemical 
Shift(ppm) 

 

Assignment 

EBriBu Commercial product     

 

C22BriBu 

 

White needle-like 
crystals 

Yield : 90% 

m.p.=44.5– 45.9 °C 

 : 0.90, t 

 : 1.25, m 

 : 1.68, m 

 : 1.95, s 

 : 4.19, t 

CH3 

CH2(CH2)19 
CH3CH2- 

(CH3)2Br 

CH2O 

 : 14.0 

 : 22.0 

 : 29.0 

 : 55.5 

 : 67.0 

   : 171.0 

CH3, 

CH3CH2- 

(CH2)19 

CH2O 

C(CH3)2Br 

(CO) 

 

2BriBu 

 

Golden yellow oil, 

Yield : 86% 

 : 1.24, s 

 : 1.90, s 

 : 4.13, t 

(CH2)10 

(CH3)2Br 

CH2O 

 : 25.4 

 : 55.9 

 : 64.1 

   : 171.6 

(CH2)10 

CH2O 

C(CH3)2Br 

CO 

3BriBu 
 

White needle-like 
crystals 

Yield : 60% 

m.p =  265-267 °C 

 : 2.03, m 

 : 2.13, s 

 : 7.55, q 

C-(CH3)2Br 

C-(Ar)-CH3 

Ar- protons 

 

 : 43.8  

 : 53.9 

 : 58.5  

 : 145.4 

 : 170.7 

CH3  

C-CH3 

 (CH3)2 

Aromatic -C- 

CO 

                                                                          

3.2.4 Polymer syntheses 

Typical homopolymerizations of stearyl methacrylate (C18MA), and of NAFOL 1822H 

methacrylate (BlendMA) at ratios of the [monomer] : [initiator] : [metal salt] : [ligand] = 

[60] : [1] : [1] : [2] were as follows:  

Calculated amounts of metal salt, CuBr and the ligand PMDETA, in a 1:2 molar ratio 

of metal salt to ligand, were added to a Schlenk flask under nitrogen atmosphere 

while stirring. This was followed by addition of the calculated amount of the evaluated 

additive, at the molar ratios of 1:1 or 1: 2 to the ligand. The catalyst complex and the 

additive together with a fraction of the reaction solvent (toluene or anisole) were 

allowed to stir for 15 – 20 minutes under constant flow of nitrogen to allow 

homogeneity of the complex. The monomer was dissolved in half the reaction 

solvent, which itself was bubbled with nitrogen before use. The monomer solution 

was added to the reaction flask, which was also allowed to stir and mix with catalyst 

complex. This was followed by addition of the initiator and allowed to stir together 

with other reagents.  

The remaining solvent was added last, after which the reaction mixture was 

deoxygenated by three freeze-pump-thaw cycles and backfilled with nitrogen. The 

 -60-



Copper mediated ATRP of long alkyl side chain methacrylate monomers Chapter 3 

polymerization reaction was commenced by transferring the reaction flask to a 90 °C 

thermostated oil bath.  

Single point experiments were stopped by opening the flask to oxygen at the end of 

the reaction and diluting with cold toluene, followed by precipitation in methanol. The 

polymer product was purified by passing a solution in toluene through an activated 

neutral alumina column.  Once the toluene solution was passed through the column, 

the polymer was collected and the solvent was allowed to evaporate, before the 

polymer was dried in a vacuum oven at 50 °C overnight. The polymer was then 

collected for analyses. Monomer conversions were measured gravimetrically. 

Molecular weights and molecular weight distributions were obtained by Size 

Exclusion Chromatography, SEC.    

 

For kinetic experiments, aliquots were collected at timed intervals over the same total 

reaction times as the single point experiments. The polymers were purified in the 

similar way as described above for single point experiments. Monomer conversions 

were measured gravimetrically. The polymers were purified by dissolving in THF and 

passing through an activated alumina column, then precipitation in cold methanol. 

The solvents were then removed, and the precipitates collected. The procedure was 

repeated twice. The solvent was evaporated and the polymers collected and dried in 

vacuum oven overnight. The polymers were then collected for analyses. Molecular 

weights and molecular weight distributions were obtained by SEC.   

 

3.2.5 Synthesis of statistical copolymers of styrene and methacrylates with 

pendant long alkyl chain groups 

Statistical copolymerization of styrene with the long alkyl chain methacrylate 

monomers was also pursued. Procedure for preparing statistical copolymers was 

similar to the homopolymer syntheses as explained in section 2.3.3 above. In the 

statistical copolymerization experiments, the long alkyl chain methacrylates were 

utilized in combination with styrene as the comonomer. The rest of the procedure 

was followed as described under Polymer Syntheses section 2.3.3 above.   

 

3.2.6 Chain extension experiments 

The obtained homopolymers bearing long alkyl methacrylate chains were utilized as 

macroinitiators for the chain extension experiments. The macroinitiator was dissolved 

in anisole and allowed to stir at room temperature. Chain extension experiments 

 -61-



Copper mediated ATRP of long alkyl side chain methacrylate monomers Chapter 3 

were carried out using styrene as the monomer with the prepared polymers as 

macroinitiators. The experiments were allowed to proceed under the same conditions 

as the homopolymerization, at ratios [monomer] : [macroinitiator] : [metal salt] : 

[ligand] = [60] : [1] : [1] : [2]. The reaction medium was deoxygenated by three freeze-

pump-thaw cycles and backfilled with nitrogen. The polymerization reaction was 

commenced by transferring the reaction flask to a 90 °C thermostated oil bath.  

The polymerization was stopped by opening the flask to oxygen at the end of the 

reaction and diluting with cold toluene, followed by precipitation with methanol. The 

polymers were purified by dissolving in THF and passing through activated alumina 

column, and precipitating with cold methanol. The procedure was repeated twice. 

The solvent was evaporated and the polymers collected and dried in vacuum oven 

overnight. The polymers were then collected for analyses. Monomer conversions 

were measured gravimetrically. Molecular weights and molecular weight distributions 

were obtained by Size Exclusion Chromatography, SEC.    

 

3.3 Results and Discussion  

 

3.3.1 Effect of phase transfer agents in ATRP of Stearyl Methacrylate (C18MA) 

and BlendMA. 

The effect and influence of various phase transfer agents on improving copper 

catalyst solubility for ATRP were investigated. The experimental conditions for the 

studies were adapted from literature procedures18-20, whereby a quaternary 

ammonium salt phase transfer catalyst, Aliquat 336 was used to improve 

CuCl/PMDETA catalyst complex solubility for ATRP of long alkyl chain 

methacrylates.18,20  

Three phase transfer agents were investigated for their efficiency as ATRP catalyst 

additives. These were quaternary ammonium salt tricarprylylmethylammonium 

chloride (Aliquat 336)18-20, quaternary phosphonium salt tetraoctylphosphonium 

bromide (TOPBr) as well as a phosphonium Ionic Liquid trihexyldodecylphosphonium 

bistriflimide, [(C6H13)3C12H25P
+] [N-(SO2CF3)2] referred to as Phospho IL in this study. 

Their structures are outlined in Figure 2.   
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Tricarprylylmethylammonium chloride (Aliquat 336) Tetraoctylphosphonium bromide (TOPBr)

Trihexyldodecylphosphonium bistriflimide (Phospho IL)

Figure 2: Structures of the phase transfer agents, (PTAs) investigated. 

 

ATRP experiments on C18MA and BlendMA were performed at [monomer] : [I] : 

[CuBr] : [PMDETA] : [PTA] = 60:1:1:2:2 at 90 °C, with various initiators outlined in 

Figure 2.  In the absence of the catalyst additives, the catalyst complex deposited on 

the wall of the reaction vessel. Low monomer conversions and poorly controlled 

polymerizations as evidenced by non-linear kinetic plots were observed as shown in 

Figure 3.  
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Figure 3: ATRP of P(C18MA) in the absence of catalyst additives at 

[C18MA]:[3BriBu]:[ CuBr ]:[ PMDETA] = 30: 1: 1: 2.  

 

On addition of any of the three evaluated PTA, a clear homogeneous reaction 

medium with the solubilized catalyst complex was achieved.  

 

 
a b c

 
a b c 

 

 

 

 

  

 

 

Figure 4: Illustration of catalyst solubility upon addition of the phase transfer agents 

(PTAs) in anisole, (a) No PTA (b) PTA = TOPBr (c) PTA = Aliquat 336. 

Polymerization was initiated by C22BriBu initiator at [CuBr]:[PMDETA]:[PTA] = 1:2:2.  

 

Figure 4 illustrates the solubilizing effect that the phase transfer agents exhibit, an 

indication that the catalyst complex is part of the homogeneous reaction medium, 
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even at room temperature. The polymerization experiments were carried out in 

toluene as well as in anisole as solvents. In toluene however, the catalyst solubility 

was not as good as when anisole was used. In toluene, fine catalyst particles were 

observed in the reaction medium. Contrarily, anisole gave a completely clear 

solution, as shown in Figure 4. For this reason, the polymerization experiments were 

carried out in anisole.  It is worth mentioning that in the absence of ligands, phase 

transfer agents were unable to catalyze the ATRP polymerization.  Similar 

observation have been reported in literature.18-20  

 

Table 2: ATRP of stearyl methacrylate (C18MA) using EBriBu, evaluation of different 

PTA in anisole.  

 

63                      12500                  9500                    1.22
70 13600                  5300                    1.87
73 15000                  5400                    1.79

Aliquat 336
*TOPBr
*phospho IL

#Conv%              Mn(cal)                     Mn(SEC)                       PDIInitiator

63                      12500                  9500                    1.22
70 13600                  5300                    1.87
73 15000                  5400                    1.79

Aliquat 336
*TOPBr
*phospho IL

#Conv%              Mn(cal)                     Mn(SEC)                       PDIInitiator 

 

 

[Monomer]:[ EBriBu]:[CuBr]:[PMDETA]:[Additive] = 60:1:1:2:2, Temp = 90 °C, reaction time = 14 hours, 

Solvent = 1:2 w/w monomer/anisole 

#conversion was determined gravimetrically 

*bimodal molecular weight distribution 

 

Of the three tested phase transfer agents, Aliquat 336 led to a visually homogeneous 

reaction medium throughout the experiment. The ratios that showed better catalyst 

solubility for our systems was [CuBr]: [PMDETA]: [Aliquat 336] = 1: 2:2. During the 

polymerization experiment, the reactions displayed either a clear green or blue 

homogeneous solution for the catalyst complexes depending on the PTA (Figure 4). 

The blue color complex was generally observed for Aliquat 336 while the green color 

was usually exhibited by the phosphorous containing complex systems. These color 

variations indicate the different coordination preferences between the ammonium and 

phosphorous based CuBr/PMDETA/PTA complexes. Çayli and co-workers20 reported 

a slightly yellow color which was attributed to the presence of Aliquat 336, which 

subsequently turned bluish or green during the polymerization.   

 

In the cases of the phosphorous-containing PTAs, tetraoctylphosphonium bromide 

(TOPBr) and trihexyldodecylphosphonium bistriflimide (phospho IL), the reaction 

medium progressively became brown in color indicating formation of Cu (0). The 
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brown precipitate eventually deposited on the reactor wall as the reaction proceeded.  

Figure 5 and Figure 6 illustrate kinetic plot and evolution of molecular weight of 

P(C18MA) synthesis using EBriBu and Aliquat 336 as the catalyst additive.  
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Figure 5: Kinetic plot for [ EBriBu]:[CuBr]:[PMDETA]: [Aliquat 336] = 60:1:1:2:2, 

Temp = 90 °C, reaction time = 14 hours, Solvent = 1:2 v/v monomer/anisole. 

 

Kinetic plots are nonlinear. At the beginning of the reaction a high concentration of 

radicals is observed, which would lead to premature termination. Molecular weights 

obtained by SEC (Figure 6) evolved linearly with monomer conversion and 

polydispersity index decreases with increasing monomer conversion, suggesting that 

the polymerization system is controlled.  
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Figure 6: Evolution of molecular weight (g/mol) against conversion,  

[Monomer]:[ EBriBu]:[CuBr]:[PMDETA]:[ Aliquat 336] = 60:1:1:2:2, Temp = 90 °C, 

reaction time = 14 hours, Solvent = 1:2 v/v monomer/anisole. The straight lines 

represent predicted Mn values (Mn(calc)), while the symbols represent experimentally 

observed values (Mn(SEC)). 

 

3.3.2 Effect of initiating system: Using CuBr/PMDETA/Aliquat 336 catalyst 

system 

 

The initiator efficiency was investigated using initiators with different functionalities. 

Monofunctional (EBriBu and C22BriBu) and bifunctional (2BriBu) initiators resulted in 

linear polymers while trifunctional (3BriBu) and tetrafunctional (4BriBu) initiators led 

to star-shaped polymers.  The following results for the star-shaped resulting polymers 

focused on the 3BriBu initiator because the tretrafunctional initiator 4BriBu was found 

to be less efficient in the investigated systems.   
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Table 3 illustrates a summary of the results of the various initiators evaluated with the 

PTAs.   

Table 3: ATRP of Stearyl methacrylate (C18MA) ATRP, evaluation of PTA under 

different initiating systems. 

EBriBu 73 15000                   5400                    1.79
C22BriBu               55                    11400 6700                    1.80
2BriBu                    60                    13000           5000                    1.22 
3BriBu              50                    10100                   8200              1.37

Initiator                Conv%              Mn(cal)                         Mn(SEC)                        PDI#phospho IL

EBriBu 70 14300                   5000                     1.87
C22BriBu              66                    13600                   6300                     1.50
2BriBu                   30                    6500             3400                     1.36
3BriBu                   55                    10500            6200                     1.35

Initiator                Conv%             Mn(cal)                        Mn(SEC)                         PDI#TOPBr

EBriBu 63                    12500                  9500                     1.22
C22BriBu              50 10300  7200                     1.19
2BriBu                  40                     8600 6400                     1.20
3BriBu 58                    12500                   11700                   1.17

Aliquat 336

Initiator                Conv%           *Mn(cal)                      Mn(SEC)                          PDIPTA

EBriBu 73 15000                   5400                    1.79
C22BriBu               55                    11400 6700                    1.80
2BriBu                    60                    13000           5000                    1.22 
3BriBu              50                    10100                   8200              1.37

Initiator                Conv%              Mn(cal)                         Mn(SEC)                        PDI#phospho IL

EBriBu 70 14300                   5000                     1.87
C22BriBu              66                    13600                   6300                     1.50
2BriBu                   30                    6500             3400                     1.36
3BriBu                   55                    10500            6200                     1.35

Initiator                Conv%             Mn(cal)                        Mn(SEC)                         PDI#TOPBr

EBriBu 63                    12500                  9500                     1.22
C22BriBu              50 10300  7200                     1.19
2BriBu                  40                     8600 6400                     1.20
3BriBu 58                    12500                   11700                   1.17

Aliquat 336

Initiator                Conv%           *Mn(cal)                      Mn(SEC)                          PDIPTA

Experimental conditions: reaction time = 14 hours, [C18MA]:[Initiator]:[CuBr]:[PMDETA]:[Additive] = 

60:1:1:2:2 

Temp = 90°C, Solvent = 1:2 w/w monomer/anisole  

*Mn(cal) = conversion% x Fwmonomer x (mol monomer/mol initiator) + Fwinitiator 

#
 Bimodal molecular weight 

Molecular weights in g/mol  

 

ATRP of both C18MA and BlendMA were carried out using the indicated initiators. 

Having evaluated all the initiators and the phase transfer agents in the study, the 

discussion that follows will focus mainly on the work carried out using C18MA as the 

monomer. For reasons that were discussed in the previous section, experiments with 

Aliquat 336 showed an overall better control over the polymerizations compared to 

the other two phosphonium ion-based phase transfer agents, the following 

discussions therefore pertain to experiments carried out with Aliquat 336 as the 

catalyst additive.  

 

Figure 7 and Figure 8 are plots of the evolution of Mn and molecular weight 

distributions over conversion. Figure 7 shows increasing molecular weight values of 

the four reported initiators in the polymerization of C18MA. The increasing Mn with 
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monomer conversion was observed for all the systems. However, lower Mn values 

than the calculated ones were obtained. The lower experimental molecular weights 

can be attributed to the differing hydrodynamic volumes of the long alkyl chains of the 

C18 methacrylate polymers compared to PMMA standards used in the SEC 

analyses. The polydispersity indexes decreased with increasing conversions, as is 

typically observed in a controlled ATRP system.   
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Figure 7: Molecular weight (g/mol) versus monomer conversion comparisons for 

initiating systems with different functionalities, [C18MA]:[ Initiator]:[CuBr]:[PMDETA]:[ 

Aliquat 336] = 60:1:1:2:2, Temp = 90 °C, reaction time = 14 hours, Solvent = 1:2 w/w 

monomer/anisole. The straight lines represent predicted Mn values (Mn(calc)), while the 

symbols represent experimentally observed values (Mn(SEC)). 

 

Overall, monofunctional initiators EBriBu and C22BriBu were closer to the calculated 

values with Aliquat 336 then followed the TOPBr system. Polymerizations initiated 

with multifunctional initiator 3BriBu were much closer to the theoretical values while 
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the 4BriBu (not included in Figure 7) were much lower than the calculated value.  A 

possible explanation for this observation is the occurrence of chain transfer reactions.  

The phosphorous-containing PTAs as discussed earlier; were able to solubilize the 

catalyst system and maintain a homogenous reaction medium. However, as the 

reaction proceeds, the catalyst complex eventually precipitates from the reaction 

medium and deposits on the reactor wall. This leads to the inevitable loss of control 

over the polymerization as the catalyst would then not be part of the polymerization 

medium as it deposited on the reactor wall.  
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Figure 8: Dependence of Mw/Mn on monomer conversion in the polymerization of 

C18MA using different initiating systems, [C18MA]:[ Initiator]:[CuBr]:[PMDETA]:[ 

Aliquat 336] = 60:1:1:2:2, Temp = 90 °C, reaction time = 14 hours, Solvent = 1:2 w/w 

monomer/anisole. 

 

As reported in literature41 the loss of some chain-end functionalities in multifunctional 

systems can lead to lower functionalities such as bifunctional or monofunctional 

chains. A tail towards the low molecular weight region of the SEC traces usually 

indicates the presence of some terminated chains as well as a slow initiation 

process. The lower functionalities can successfully continue the polymerizations and 

even lead to low polydispersities.  
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The bifunctional initiator, 2BriBu was not as efficient as the two monofunctional 

initiators (EBriBu and C22BriBu) and the trifunctional initiator 3BriBu.  

In comparing the two monofunctional initiators, EBriBu and C22BriBu, it was 

observed that the long alkyl monofunctional initiator C22BriBu led to an improved 

control over polymerization compared to its shorter chain counterpart. The reactions 

however showed slow polymerization rates with the long alkyl chain initiator. It is 

probable to attribute the observation to the structural similarities of the initiators with 

the structure of the dormant polymer chain. It appears that the closer the 

resemblance of the initiator to the dormant chain, the better the control. Patten17 had 

previously recommended structural similarities of the alkyl group in the initiator and 

the dormant polymer species for an efficient polymerization. It was evident in our 

study that the C22 alkyl chain, which closely resembles the C18 methacrylate 

monomer led to  a better controlled polymerization compared to a much shorter C3 

alkyl initiator chain.  

The initiator efficiencies based on the ratios of the Mn(calc) / Mn(SEC), decreased in the 

order: EBriBu (1.05) > C22BriBu (0.830) > 3BriBu (0.636) > 2BriBu (0.542). 

 

Polymerization experiments with BlendMA monomer followed a similar trend as those 

of C18MA monomer, with the same initiators. Although Mn values were increasing 

with monomer conversions, lower experimental Mn values were observed in the case 

of BlendMA. The deviations can possibly be attributed to hydrodynamic volume 

differences between the shorter chain PMMA used as the SEC standard and the 

BlendMA polymers, which have a distribution of alkyl chains.  

 

3.3.3 Effect of solvent and solvent concentration  

 

The effect of solvent and solvent concentration on the catalyst solubility was 

investigated to gain insight into parameters that can influence the behavior of the 

catalyst complex when PTAs are employed. A wide variety of solvents in ATRP 

systems have been used, from nonpolar to polar solvents as well as ionic liquids.38,42-

46 Polar solvents have been used widely in ATRP and resulted in improved control 

over the polymerization. Iovu and coworkers38 studied the influence of polar solvents 

such as acetonitrile in ATRP of methyl methacrylate and reported a considerable 

improvement in the polymerization control. Garcίa and coworkers42 reported an 

improvement in initiation efficiency when preparing block copolymers of PMMA-b-
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PBA and PBA-b-PMMA when a polar solvent benzonitrile was employed. In other 

studies Bergenudd43 reported that the polar solvent has an effect on the ATRP 

equilibrium constant (kATRP) and thus affects the degree of control of the 

polymerization.  

 

More recently, Chatterjee reported an improvement in copper-based ATRP of long 

alkyl chain acrylates via the addition of a quaternary ammonium salt and by 

conducting the experiment in anisole or THF as solvents.18 

Our polymerization experiments of C18MA and BlendMA were performed in toluene 

and anisole at 1:1 and 1:2 w/w ratios of solvent to monomer, and reagent ratios as 

follows: [monomer] : [initiator] : [CuBr] : [PMDETA] : [PTA] = 60 : 1 : 1 : 2 :2. Catalyst 

solubility was not satisfactory when toluene was used as the polymerization solvent. 

The results reported herein are therefore based on anisole reactions. Figure 9 

illustrates evolution of molecular weights and molecular weight distributions as a 

function of monomer conversions at two different solvent concentrations, with a 

trifunctional initiator.    
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Figure 9: Evolution of molecular weight (g/mol) and PDI against C18MA conversion, 

[Monomer]:[ 3BriBu]:[CuBr]:[PMDETA]:[ Aliquat 336] = 60:1:1:2:2, T = 90 °C, reaction 

time = 14 hours, Solvent = 1:1 and 1:2 w/w monomer/anisole. The straight lines 

represent predicted Mn values (Mn(calc)), while the symbols represent experimentally 

observed values (Mn(SEC)). 

 

Polymerizations were conducted in the presence of toluene as well as anisole as 

reaction solvents. Experiments in toluene did not show complete solubility of the 

solvent. The polymerizations in anisole remained clear and homogeneous even at 

room temperature before transferring the reaction flask to the thermostated oil bath. 

As experienced previously in this study, Aliquat 336 was the best choice as a catalyst 
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additive. For this reason, the results discussed are based on Aliquat 336 experiments 

in anisole.  Concentrations of anisole were varied at ratios 1:1, 1: 1.7 and 1:2 w/w 

monomer to solvent. For a better illustration only two cases, i.e. 1:1 and 1:2 w/w 

monomer to solvent are reported here. Comparison of the reactions under the two 

dilutions for C18MA and BlendMA reveals that when less solvent was used, 

polymerizations were faster. However, faster polymerization was at the expense of a 

pronounced deviation from theoretical Mn values and a larger PDI.  

 

Figure 9 illustrates the molecular weight evolution during the polymerization for 

C18MA. The more concentrated medium resulted in higher Mn values than the 

theoretical ones. The more diluted 1:2 w/w monomer to solvent medium gave Mn(SEC) 

values that increased linearly with conversion and more importantly were close to the 

theoretical values. Polydispersities in the latter case were decreasing and much 

lower than in the former case. Molecular weights were in agreement with the 

calculated values for the BlendMA polymerizations as well. At 60% conversion, an 

Mn(SEC) of 15600 was obtained vs. Mn(cal) of 14000. These molecular weights were 

however accompanied by larger PDIs of about 1.70.   

 

The effect of anisole was reported by Chatterjee18 where the solvent showed to 

improve solubility of the Cu(II) complex.  The differences in polarities between the 

very nonpolar monomers (C18MA, BlendMA) and the very polar catalyst complex 

system CuBr/PMDETA requires a completely homogenous polymerization medium 

so that good control over the polymerization can be attained. Solvents that are polar 

can improve the solubility of the catalyst complex.   

As was reported by Garcίa and coworkers42 benzonitrile as reaction solvent, which 

has a high polarity, resulted in an improved initiation behavior of a common initiator, 

methyl 2-halopropionate, producing improved molecular structures of the block 

copolymers PMMA-PBA. This signified the important role the solvent polarity plays in 

the control over polymerization.  

 

Anisole, a polar solvent with a dipole moment of 1.25 D, caused an improvement in 

catalyst complex solubility compared to the less polar toluene. The catalyst complex 

was completely homogenized upon addition of anisole. Anisole has a rather high 

viscosity, (1.52 cP at 25 °C). With such a high viscosity it is probable that anisole can 

contribute to mobility problems when polymerizing nonpolar monomers such as our 
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monomers of interest, bulky long alkyl chain methacrylates. The high viscosity of 

anisole might possibly result in mobility concerns of these monomers especially at 

high monomer conversions when viscosity starts increasing.  

Toluene was also evaluated, the catalyst complex however could not be dissolved, 

even in the presence of the PTAs. Catalyst particles remained visible in the reaction 

medium.  

It can thus be concluded that anisole was a good polymerization solvent under the 

evaluated conditions. The experiments performed at 1:2 w/w monomer/anisole 

showed superior living character for both monomers than the 1:1 w/w anisole to 

monomer system. C18MA experiments were better controlled than BlendMA. 

 

3.3.4 Statistical copolymerization of styrene and long alkyl chain methacrylates 

As indicated earlier, this study is focused on the polymerization of longer alkyl-chain 

methacrylate monomers in a controlled manner. The investigation was thus extended 

to statistical copolymers of styrene with the long chain methacrylates, C18MA and 

BlendMA. The investigation was carried out using the initiating systems discussed 

above, together with the three evaluated PTAs.  
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Figure 10: 1H NMR in CDCl3 of P(Sty-co-BlendMA) statistical copolymer prepared 

from C22BriBu at 57% conversion, Mn(SEC) = 7000 g/mol, PDI = 1.70, Mn(NMR) = 8800 

g/mol. [Sty] : [BlendMA] = [3]:[1]  

 

The 1H NMR spectrum of a statistical poly(styrene-co-BlendMA) is illustrated in 

Figure 10. The signal at 3.9 ppm corresponds to the OCH2 protons of the BlendMA. A 
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much smaller adjacent signal at 3.8 ppm, which integrated for two protons 

distinguished the initiator’s OCH2 and the C18MA’s methoxy signals at 3.9 ppm. The 

styrenic aromatic protons were observed around 6.6 and 7.1 ppm.   

 

The molecular weight obtained from NMR was found to be 8800 g/mol. Both 

experimental molecular weights from SEC and NMR were lower than the predicted 

value of 9500 g/mol. The NMR molecular weight was the closest to the expected 

value. This supports the fact that different hydrodynamic volumes between the 

synthesized polymers and the PMMA standards used in the SEC analysis resulted in 

an underestimation of the Mn values. 

 

3.3.5 Chain extension experiments 

Chain extension experiments were carried out to ascertain the extent of livingness of 

the prepared homo- and copolymers. Chain extension experiments were carried out 

using styrene as the monomer with the prepared trifunctional poly(C18MA) as 

macroinitiator.  

The macroinitiator prepared from a trifunctional initiator 3BriBu with Mn = 13700 g/mol 

and PDI = 1.42 at 60% monomer conversion was used in the chain extension 

experiment with styrene as the monomer. The resultant block copolymer of C18MA 

and styrene, P(C18MA-block-St) had Mn(SEC) = 14200, PDI =1.40 after 24 hours, 

attaining 30% monomer conversion. The experiments were allowed to proceed under 

the same conditions as the homopolymerization experiments, at ratios [monomer] : 

[macroinitiator] : [metal salt] : [ligand] : [Aliquat 336 ] = [60] : [1] : [1] : [2] : [2], using 

CuBr/PMDETA/ Aliquat 336 catalyst complex.  
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Figure 11: 1H NMR in CDCl3 of macroinitiator P(C18MA), Mn = 13700, PDI = 1.42 

and chain extended copolymer P(C18MA)-co-PSty Mn = 14200 g/mol, PDI =1.40 at 

30% styrene conversion. 

 

SEC traces of the macroinitiator (trace 1) and the resultant copolymer (trace 2) are 

outlined in Figure 12.   
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Figure 12: SEC traces for (1) macroinitiator P(C18MA), Mn = 13700 g/mol, PDI = 

1.42 and the copolymer (2) P(C18MA)-co-PSty, Mn = 14200, PDI =1.40. 

 

The molecular weight results obtained from SEC for the chain extension experiments 

reveal a slight increase in molecular weight for the copolymer. Coupled with the 

observed NMR results, the presence of both styrene and the C18MA in the 

copolymer signified that the macroinitiator was indeed chain extended. The obtained 

molecular weight deviation could be ascribed to the differences in the hydrodynamic 

volumes of the copolymer and the PMMA used as the standard in SEC.  The UV 

traces obtained from SEC with UV detector set at 254 nm exhibited a strong UV 

absorption band, indicating a UV active polymer as typically observed of styrene-

containing polymers.  The UV trace gave an added comparative evidence of the 

presence of styrene in the chain extended copolymer. The DSC traces in Figure 13 

also give evidence to the presence of both the monomer segments in the copolymer.  

 

3.3.6 Thermal Study: DSC 

The thermal behavior of the chain extended copolymer was investigated using DSC. 

The cooling (a) and heating (b) DSC traces for both the macroinitiator P(C18MA) and 

the chain extended polymer P(C18MA-co-Sty) are shown in Figure 13. Polymers 

such as polystearyl methacrylate, P(C18MA) show interesting crystallization behavior 

due to their pendant long alkyl side chains leading to side chain crystallization.1-4,49    
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Figure 13: DSC cooling (a) and melting (b) thermograms for the monomer C18MA, 

macroinitiator P(C18MA), Mn = 13000 g/mol, PDI = 1.42, and chain extended 

copolymer P(C18MA)-co-PSty, Mn = 14500, PDI =1.40. 

  

The thermograms in Figure 13 show the difference in the crystallization patterns 

between the homopolymer and the chain extended copolymer. The area under a 

crystallization peak is proportional to the amount of the crystalline material, based on 

the enthalpy of crystallization.48 It thus stands from the curves in Figure 13 that the 

copolymer shows a decrease in crystalline material. It is evident from the traces that 

the degree of crystallinity is reduced with the incorporation of styrene. Zhu1, Jordan2,3 

and Greenberg49 have extensively studied side chain crystallinity of polymers similar 

to the ones in the present study. The current thermal property findings are in 

agreement with those in previously reported studies.1-3,49 

 

From Figure 13, the cooling traces substantiate that the incorporation of amorphous 

styrene units alters and interrupts the crystallization of the long alkyl side chains of 

the P(C18MA) block. This observation further supports that chain extension did 

indeed take place, incorporating styrene units into the P(C18MA).  

 

 

8 13 18 23 2

Temperature( oC)

8 33

b

a

C18MA

C18MA

P(C18MA)

P(C18MA)

P(C18MA)-co-PSty

P(C18MA)-co-PSty

 -79-



Copper mediated ATRP of long alkyl side chain methacrylate monomers Chapter 3 

3.4 Conclusions  

The investigation revealed that phase transfer agents as catalyst additives are 

important in solubilizing the catalyst complex in copper mediated ATRP of long alkyl 

chain methacrylates. The phase transfer agents allowed for the interaction between 

the highly non-polar monomers and highly polar catalyst complex, hence allowing for 

a homogeneous polymerization medium. Without the phase transfer catalyst, the 

catalyst precipitates out of the reaction mixture.  This results in incomplete monomer 

conversions and poorly controlled polymerizations. Polymerization parameters and 

conditions have been tuned to allow the preparation of predefined polymers of long 

alkyl chain (meth)acrylates via ATRP.  

 

3.5 Summary 

Observations can be summarized as follows:  

 

 Phase transfer agents improved homogeneity of the polymerization medium 

of the nonpolar long alkyl chain methacrylates catalyzed by the polar 

CuBr/PMDETA complex.   

 

 Nitrogen-based PTAs having longer alkyl chain lengths (e.g. Aliquat 336) 

proved more effective than phosphorous-bearing PTAs 

(tetraoctylphosphonium bromide and phospho IL) for the copper mediated 

ATRP experiments. Supported by molecular weights results from SEC, the 

order of increasing efficiency of the PTAs as copper catalyst additives was 

observed to be Aliquat 336 > TOPBr > Phospho IL. 

 

 Anisole together with the PTAs led to improvement in the catalyst solubility 

and in the overall control over the polymerization. Of the three solvent 

concentrations evaluated i.e. 1:1, 1:1.7 and 1:2, the best efficiency was 

observed with 1:2 w/w monomer to solvent. More concentrated monomer led 

to a high concentration of free radicals, which end up prematurely terminating 

the polymerization. Polymerizations in bulk and in toluene showed poor 

solubility of the catalyst complex and the monomer, even in the presence of 

phase transfer agents.  
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 And lastly, when selecting an effective polymerization solvent for the 

polymerization of long alkyl chain methacrylates a complete approach is 

required. The monomers used are bulky with long alkyl chains that can cause 

mobility problems at increasing monomer conversions. An efficient solvent 

should be polar enough to homogenize the polymerization medium. Polar 

solvents such as anisole at optimized solvent concentrations resulted in well-

controlled polymerizations.  
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Chapter 4  

 

 

 

Effect of phase transfer agents as catalyst additives in copper-mediated ATRP of 

long alkyl side chain methacrylates: An electrochemical study  

 

 

 

Abstract  

The effect of different phase transfer agents (PTAs) as catalyst additives in Atom Transfer Radical 

Polymerization (ATRP) of long alkyl side chain (meth)acrylates (>C18 alkyl chains) was 

investigated.  The PTA significantly improved CuBr/PMDETA complex solubility in the 

polymerization medium of long alkyl chain methacrylate monomers.        

Electrochemical studies using cyclic voltammetry, of CuBr/PMDETA complex with and without 

quaternary ammonium salt tricaprylylmethylammonium chloride (Aliquat 336), quaternary 

phosphonium salt (tetraoctylphosphonium bromide, TOPBr) as well as a phosphonium ionic liquid 

(trihexyl-dodecylphosphonium bistriflimide [(C6H13)3C12H25P
+] [N-(SO2CF3)2]), were pursued.  The 

CuBr/ PMDETA/Aliquat 336 complex system gave the best results in terms of polymerization 

control while all the phosphonium PTAs only allowed a brief homogeneity of the medium and 

eventually showed a brown deposit on the reactor wall, which was interpreted as the formation of 

Cu(0). Poorly controlled and incomplete polymerizations were observed in the latter case.    

The results with nitrogen-containing PTA complexes improved polymerizations however the redox 

potentials of the CuBr/PMDETA/Aliquat 336 complex were rather high.  Redox potentials of copper 

complexes with phosphorous-containing PTA systems were almost similar to the redox potentials 

of the copper catalyst complex with no added PTA, signifying the limited interaction between the 

PTA and the copper metal centre.   

 

Keywords:  Phase transfer agents, Catalyst Additives, long alkyl chain (meth)acrylates, controlled 

polymerization, ATRP.
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4.1 Introduction 

In Chapter 3, polymers and copolymers bearing long alkyl side chain methacrylates 

were successfully synthesized. The catalyst complexes’ solubility was improved by 

introduction of phase transfer agents.  It was demonstrated that nitrogen-containing 

quaternary salts PTAs gave improved polymerization results compared to 

phosphorous-containing PTAs as well as ionic liquid evaluated.  In this chapter a 

comprehensive electrochemistry study as well as halide exchange investigations of 

the resultant copper complexes in combination with PTAs are carried out, using 

cyclic voltammetry and 1H NMR respectively.   

 

The main objective of the electrochemical studies was to establish the influence of 

the evaluated PTAs on the redox properties of CuBr/PMDETA complex thus 

establishing a correlation between PTA and catalytic behaviors in the ATRP of long 

alkyl chain methacrylate monomers.   

 

The mechanism for ATRP technique involves a one-electron transfer redox process, 

which is an inner sphere electron transfer or atom transfer, between the organic 

halide (polymerization initiating species) and the metal complex (which forms the 

catalyst complex).  The metal salt, CuBr complexes to the ligand PMDETA and 

reorganizes upon the redox equilibrium process to afford the preferred coordination. 

Scheme 1 shows a typical ATRP mechanism.          
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Scheme 1. ATRP Mechanism of CuBr/PMDETA mediated polymerization. 

 

Nuclear Magnetic Resonance (NMR) spectroscopy studies were carried out to gain a 

better insight into the halide exchange between the copper halide and the ATRP 

initiator, in the presence of PTA.   

 

 

 

-85-



Phase transfer agents as catalyst additives for copper ATRP  Chapter 4 

 

As mentioned, this chapter will primarily focus on the cyclic voltammetry and NMR 

spectroscopy results of the catalyst complexes in response to the involvement of 

PTAs.  Since the results of the polymerization experiments were reported in Chapter 

3, these results will therefore be referred to  in this Chapter where appropriate.  The 

catalyst additives in this Chapter are the same as those used in Chapter 3, and are 

outlined for convenience in Chart 1.     
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Chart 1: Structures of the phase transfer agents (PTAs) investigated. 

 

 

4.2 Experimental Section:  

 

4.2.1 Materials and Methods 

Ethyl 2-bromo-2-isobutyrate (EBriBu) and N,N,N’,N”,N”-

pentamethyldiethylenetriamine(PMDETA) were purchased for Sigma Aldrich and 

used as received.   

Solvents: Anisole and acetonitrile were purchased from Sigma Aldrich and passed 

through activated neutral alumina column and then stored over molecular sieves.  

Toluene also purchased from Sigma Aldrich was distilled from Na/benzophenone and 
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stored over molecular sieves.  Aluminium oxide and molecular sieves were both 

purchased from Sigma Aldrich.   

Copper (I) bromide was purified according to a published procedure7 whereby the 

metal salt was stirred overnight in glacial acetic acid, followed by an absolute ethanol 

wash under a blanket of nitrogen, then dried under vacuum. 

Quaternary salts, tricaprylylmethylammonium chloride (Aliquat 336) and tetraoctyl 

phosphonium bromide (TOPB) were purchased from Sigma Aldrich and used as 

received. 

Ionic liquid trihexyldodecylphosphonium bistriflimide, [(C6H13)3C12H25P
+] [N-(SO2CF3)2] 

was synthesized14 and donated by Sasol Technology R&D Ligands Synthesis Group.   

Cyclic Voltammetry (CV): Cyclic voltammetry experiments were performed at room 

temperature using Autolab PGSTAT100, Ecochemie NL.  Solutions of [Initiator] : 

[CuBr] : [PMDETA] : [PTA] at polymerization reaction ratios (viz. 1: 1 : 2: 2), were 

prepared in anisole and acetonitrile using [0.1 M] Bu4NClO4 as the supporting 

electrolyte.  Experiments were performed in a three-electrode cell consisting of a 

glassy carbon disk as the working electrode, a platinum wire counter electrode and a 

Ag/AgCl reference electrode.  The scan rate was 100 mV·s-1.  All measurements 

were carried out under nitrogen atmosphere. 

Nuclear Magnetic Resonance (NMR): NMR spectroscopy experiments were 

performed on a Varian UNITY INOVA 400 MHz spectrometer equipped with a 

switchable 5 mm PFG probe in CDCl3 with TMS as the internal standard.   

NMR Spectroscopy Experiments for catalyst complexes: CuBr and PMDETA 

were dissolved in deuterated chloroform in Schlenk flasks, followed by addition of 

respective phase transfer agents.  The initiator, EBriBu was introduced to the flask 

under nitrogen while stirring.  The reaction ratios were followed according to 

polymerization ratios, which were [EBriBu] : [CuBr] : [PMDETA] : [PTA] = 1 : 1 : 2 : 2.  

Three cycles of freeze-pump-thaw were performed to remove residual oxygen.  The 

flask was transferred to a thermostated oil bath at 90 °C, aliquots of 1 mL reaction 

mixture were collected at timed intervals in NMR tubes and the progress of Cu(I) to 

Cu(II) formation was followed by 1H NMR spectroscopy. 

 

4.3 Results and Discussion  

Cyclic voltammetry experiments were performed to evaluate phase transfer agents’ 

behavior as efficient copper catalyst complex additives. 
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Results of polymerization reactions demonstrated that in the absence of phase 

transfer agents, the copper catalyst complex does not completely solubilize in the 

reaction medium. This results in low monomer conversions, incomplete and 

uncontrolled polymerizations while addition of these compounds improves catalyst 

solubility as well as monomer conversions.   

As it was observed from the polymerization experiments reported in Chapter 3, not all 

the phase transfer agents gave improved polymerizations.  Copper complexes with 

nitrogen-based PTA gave a homogenous reaction medium and an improvement in 

the polymerizations while the copper complexes of phosphonium based PTAs only 

managed to homogenize the reaction medium for a brief period at earlier reaction 

times. However, as the reaction proceeded, the catalyst complex deposited on the 

reactor walls leading to uncontrolled polymerizations. 

The initial speculations on these observations were that the presence of the 

phosphorous in the PTAs prevented the formation of a good copper complex.  It has 

been reported that phosphorous-based ligands are poor ligands for copper-mediated 

ATRP.2  Nitrogen ligands work better with copper-based systems while phosphorous 

ligands work better with iron-based catalyst complexes.2,3  Solubility of the copper 

complex was improved with all the evaluated PTAs.  Electrochemical studies were 

conducted to give more insight on the mode of complexation involving PTAs with the 

CuBr/PMDETA complex.   

 

Cyclic voltammetry experiments were conducted on copper complexes with and 

without PTAs.  The results from the electrochemical experiments indicated that the 

redox potentials of the copper complexes with phosphonium based catalyst additives 

very closely resembled the redox potential of the copper catalyst complex without 

added PTA.  This indicates that the phosphonium based systems enter or complex 

into the coordination sphere in a different way compared to the ammonium PTA 

system.  It can thus be said that the resultant copper catalyst complexes clearly form 

distinct complexes with the different PTAs, also illustrated by the different colors of 

the various complexes.  The nitrogen-based complex, CuBr/PMDETA/Aliquat 336 

generally gave a blue color complex while phosphorous PTA complexes, 

CuBr/PMDETA/TOPBr and CuBr/PMDETA/PhosphoIL gave a green color complex.      

The objective of following electrochemical measurements was to ascertain the 

influence of the evaluated PTAs on the oxidation-reduction behavior of the resultant 
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CuBr/PMDETA complex hence establishing correlation between PTA and catalytic 

behavior in ATRP of long alkyl chain methacrylate monomers.  

For comparison reasons, cyclic voltammetry experiments were carried out in the 

presence and absence of the initiator, EBriBu.  Table 1 (A and B) outlines redox 

potentials for experiments in the presence (Table 1 A, entries 1 - 4) and absence 

(Table 1 B, entries 5 - 8) of initiator EBriBu to determine electrochemical and 

structural interactions influenced by the halide exchange via atom transfer.  Redox 

potentials provide information related to outer sphere electron transfer, whereas 

ATRP proceeds via inner sphere electron transfer between the catalyst complex and 

the organic halide. Nevertheless, redox potentials can give insight into the 

coordination nature of metal centers and ligands, leading to the effect of catalyst 

complex structure on polymerization reactivities.      

 

 Table 1: Redox Potentials of CuBr/PMDETA complexes together with PTA 

measured by Cyclic Voltammetry at 100 mV·s-1 in anisole, using glassy carbon 

electrode. 

 

1              None                   0.135            - 0.247            - 0.056           382              1.06
2              Aliquat 336          0.286            - 0.575            - 0.145           861              1.27
3              TOPBr 0.228            - 0.416            - 0.094           644              1.16
4 Phospho IL          0.087            - 0.308            - 0.111           395              1.58

5 None                   0.135            - 0.247            - 0.056            382             1.06
6 Aliquat 336          Experiment irreversible without initiator added
7 TOPBr 0.312            - 0.286              0.013            598             0.74
8 Phospho IL          0.151            - 0.262              0.022            413             0.52

Entry         PTA                   Ep,a[V]a Ep,c[V]b E1/2[V]c ΔE[mV]       ib/if
d

1              None                   0.135            - 0.247            - 0.056           382              1.06
2              Aliquat 336          0.286            - 0.575            - 0.145           861              1.27
3              TOPBr 0.228            - 0.416            - 0.094           644              1.16
4 Phospho IL          0.087            - 0.308            - 0.111           395              1.58

5 None                   0.135            - 0.247            - 0.056            382             1.06
6 Aliquat 336          Experiment irreversible without initiator added
7 TOPBr 0.312            - 0.286              0.013            598             0.74
8 Phospho IL          0.151            - 0.262              0.022            413             0.52

Entry         PTA                   Ep,a[V]a Ep,c[V]b E1/2[V]c ΔE[mV]       ib/if
d

*A

**B

 

 

 

 

*Anisole solutions of [EBriBu] : [CuBr] : [PMDETA] : [PTA] = 1: 1: 2: 2 in 0.1 M [Bu4N]OCl4 

**Anisole solutions of [No Initiator] : [CuBr] : [PMDETA] : [PTA] = 1: 2: 2 in 0.1 M [Bu4N]OCl4 

aPeak potential for the oxidation wave. bPeak potential for the reduction wave. cE1/2 = ½(Ep,a + Ep,c). 
dratio of backward to forward peak current. 

 

The PhosphoIL copper system showed the lowest ΔE of around 400 mV (387mV 

entry 4 and 413mV entry 8) while Aliquat 336 had the highest ΔE value of 861 mV 

(entry 2) and irreversible in the absence of initiator.  The redox potentials suggest 

that the Aliquat 336 containing complexes are harder to oxidize and reduce, while 

PhosphoIL could oxidize and reduce easier.  The differences in the anodic-cathodic 

peak potentials (ΔE) are larger than expected for a one electrode transfer process, 
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which is normally 60mV.  The ratios of the backward-to-forward peak current (ib/if) do 

not give the expected value of unity, except for entry 5, the [CuBr]:[PMDETA] system.  

In the presence of the initiator high redox potentials were observed compared to 

experiments where the initiator was not included.  It is also indicated from Table 1 

that the redox potential for Aliquat 336 copper complex in the absence of the initiator 

(Table 1 entry 6) is an irreversible redox system.  No oxidation and reduction peaks 

were observed while inclusion of the EBriBu showed a large redox potential.  These 

large redox potentials are suggesting slow electron transfer processes, which can be 

pointed to copper centre reorganization to a preferred stable coordination, which can 

be allude to the atom transfer step.1       

It can be deduced that quasi-reversible redox couples were obtained for evaluated 

systems, in the presence and absence of PTAs.   

 

Figure 1 illustrates individual cyclic voltammograms of three evaluated 

CuBr/PMDETA/PTA complexes against CuBr/PMDETA/EBriBu system with no PTA.  

As already mentioned, the figure illustrates redox potentials of the PhosphoIL copper 

complex being relatively easy to oxidize and reduce while the Aliquat 336 copper 

complex is not easy to oxidize and to reduce.     
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Figure 1: Cyclic voltammograms of the evaluated catalyst additive complex, CuBr/ 

PMDETA/PTA in anisole, 0.1 M [Bu4N]OCl4 using glassy carbon electrode, at 

[EBriBu] : [CuBr] : [PMDETA] : [PTA] = 1: 1: 2: 2. (a) PTA = Aliquat 336 (b) PTA = 

TOPBr (c) PTA = PhosphoIL.     
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In our polymerization studies, Aliquat 336 gave the most homogeneous 

polymerization medium compared to the TOPBr and PhosphoIL complexes. 

Throughout the polymerizations, the reaction medium remained homogeneous with 

Aliquat 336 as catalyst additive while the TOPBr and PhosphoIL systems showed the 

formation of Cu(0) as a deposit on the reactor walls while the polymerization 

proceeded. Aliquat 336 system gave overall better control over the polymerization, as 

observed from linear increase in molecular weight with monomer conversion. The 

molecular weights were in close agreement with the calculated values, and the PDI 

values were within the range (< 1.5) expected for controlled/living polymerizations.    

 

The bistriflimide anion of the PhosphoIL phase transfer catalyst is a non-coordinating 

or weakly coordinating anion.9,10  From cyclic voltammetry results illustrated in Figure 

1c as well as Table 1 it was observed that redox potentials for the PhosphoIL copper 

complex were very similar to redox potentials of CuBr/PMDETA complex with no 

phase transfer catalyst.  It was mentioned in earlier discussions that the copper 

catalyst complex in the absence of the quaternary salts is heterogeneous and leads 

to poorly controlled polymerization and low monomer conversions.  The two 

phosphorous-based catalyst complexes initially gave homogeneous reaction media. 

However, as the polymerization proceeded, the catalyst precipitated out of the 

reaction medium and resulted in uncontrolled polymerizations.   

 

The similarities in redox potentials observed in the presence and absence of 

PhosphoIL suggests that PhosphoIL has no influence on the electrochemistry of the 

copper complex therefore it is not closely associated with the CuBr/PMDETA 

complex.  This implies that the bistriflimide is not involved in the coordination sphere, 

or possibly very weakly coordinating hence its ability to solubilize the catalyst 

complex at earlier stages of the polymerization.  This does not provide a stable ATRP 

catalyst complex hence the ultimate loss of polymerization control.   

Although the long alkyl chains surrounding the phosphorus-based cation assist in 

solubilizing the catalyst as observed in earlier stages of the polymerization, the 

accessibility of the positive charge on the cation is at the same time hindered by 

these bulky groups.  If together with the halide atom transfer from the organic halide 

initiator, the bistriflimide anion enters the coordination sphere and forms a weakly 

coordinating ligand with the copper centre as hypothesized, the resultant 

[Cu(II)Br/PMDETA/Br/bistriflimide] complex would be negatively charged and would 

 

 

-92-



Phase transfer agents as catalyst additives for copper ATRP  Chapter 4 

 

require the trihexyl-dodecyl cation [(C6H13)3C12H25P
+] to stabilize.  The observations 

suggest that the cation does not efficiently offer such stabilization.  The positive 

charge being shielded by the bulky trihexyl-dodecyl substitution in the 

[(C6H13)3C12H25P
+] is not accessible and available on the catalyst complex surface to 

allow surfactant qualities because the complex did not facilitate efficient interaction 

between the non-polar part (monomer) and the polar part (catalyst complex).  This 

speculation was supported by the observed catalyst complex precipitating out of the 

reaction solution in the later stages of the polymerization and eventually forming 

Cu(0), which deposited around the reactor walls as the experiments continued.  A 

similar trend was observed with the TOPBr copper complex experiments.  The 

PhosphoIL and TOPBr as catalyst additives due to all four substituents surrounding 

the phosphorous being bulky resulted in an inefficient ATRP copper catalyst complex 

for the non-polar long alkyl chain methacrylate monomers. In one unrelated study 

with phosphonium ionic liquids, electrochemistry studies reported that phosphonium 

salts with long alkyl chains were harder to reduce, indicated by more negative 

potentials.8   

 

While the halide anion will coordinate better than the bistriflimide anion, as the Br 

anion of TOPBr enters the coordination sphere, the bulky tetraoctyl groups 

surrounding the phosphonium cation do not allow more efficient accessibility to the 

positive charge.  This could minimize the polar effect of the cation and the stability of 

the resultant catalyst complex.  The Aliquat 336 on the other hand has three octyl 

groups and one methyl group as substituents surrounding the nitrogen.  The less 

bulky methyl substituent can allow accessibility of the positive charge on the surface 

of the catalyst, enabling better homogenized reaction medium. The 

tricaprylylmethylammonium cation, offered better surfactant or phase transfer 

properties for the non-polar methacrylate monomers and an overall efficient ATRP 

catalyst complex for hydrophobic monomers investigated.   

 

A supporting investigation to look further into the effect of the bulky long alkyl chains 

substituents was carried out using another quaternary salt, tetradecyl trimethyl 

ammonium bromide, [(CH3)3C14H29N
+]Br-.  The CuBr/PMDETA complex with the 

quaternary ammonium salt was prepared at identical molar ratios and investigated 

under the same conditions as the earlier experiments.  The quaternary salt proved to 

be inefficient because it could not form a homogeneous catalyst complex solution, 

even at temperatures above the polymerization temperature of 90 °C, this further 
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supported the fact that sufficiently long alkyl chains are required for solubilizing the 

catalyst complex.  For the systems with insufficient long alkyl chains, solubility 

remains a challenge because the phase transfer qualities of the catalyst additive are 

insufficient, even when the positive charge on the cation is freely accessible. 

 

4.3.1 Effect of atom transfer/Halide exchange from the initiator 

In the absence of the initiator EBriBu, cyclic voltammograms of Aliquat 336 copper 

complex indicated irreversible redox potentials whereas with the initiator quasi-

reversible redox systems were observed.  This strongly indicates the involvement of 

the inner sphere electron transfer process or atom transfer between the alkyl halide 

and the metal complex, forming a thermodynamically favored Cu-X bond in the 

Cu(II)Br2/PMDETA/Aliquat 336 complex.  The Cu(II)Br2/PMDETA/Aliquat 336 complex 

is a mixed halogen system7 with both Br and Cl in the coordination sphere.  ATRP 

mixed halide systems have been reported to have catalyst activity advantages over 

single halogen systems.7 This can also be linked to improved polymerizations with 

the Aliquat 336 copper complex as compared to the other two phase transfer catalyst 

complexes, which would result in single halogen (Br) system.   

The electrolyte tetrabutylammonium perchlorate, [Bu4N]OCl4 was found to be the 

most soluble in anisole.  It is known that large weakly coordinating anions such as 

the perchlorate anion can lead to relatively large redox potentials.9-10  The tendency 

for anisole to form ion-pairing is high due to its low Lewis Basicity (7.5 DN)12.  It is 

therefore speculated that the large redox potentials observed in this study could be 

attributed to these facts: the perchloride anion’s tendency to weakly coordinate and 

anisole’s tendency to simulate ion-pairing.     

 

4.3.2 Solvent effect in electrochemistry of catalyst complexes 

To evaluate the extent of the solvent’s influence, cyclic voltammetry experiments 

were carried out in acetonitrile.   

 

Redox potentials are affected by the solvents.  The following voltammograms 

indicate the effect of the two solvents, anisole and acetonitrile on the evaluated 

catalyst complexes.   
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Figure 2: Cyclic voltammograms overview of the three evaluated PTAs in anisole 

and acetonitrile using 0.1M [Bu4N]OCl4, [EBriBu] : [CuBr] : [PMDETA] : [PTA] = 1: 1: 

2: 2. 

 

The two solvents showed a clear difference in the redox potentials of the evaluated 

catalyst complexes.  Acetonitrile experiments indicate that it is easier to oxidize and 

reduce the complexes based on the redox potentials closer to zero and were lower 

than those of experiments performed in anisole.  The reduction waves for all the 

complexes in acetonitrile showed a similar pattern, where the reduction as well as the 

oxidation potentials were in a narrow range for the three complexes.    
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4.3.3 NMR experiments     

As indicated in Scheme 1, the ATRP mechanism involves an equilibrium redox 

process between Cu(I) and Cu(II).  The formation of the paramagnetic Cu(II) complex 

was observed from 1H NMR as evidenced by signal broadening.8  NMR experiments 

were carried out for the evaluated copper catalysts complexes together with the three 

evaluated phase transfer agents (PTAs) in deuterated chloroform.  NMR 

spectroscopy experiments were carried out at the same reactant ratios of [EBriBu]: 

[CuBr]: [PMDETA]: [PTA] = 1 : 1 : 2 : 2 as the polymerization reactions.   Also the oil 

bath temperature of 90 °C was utilized.  Aliquots were collected at timed intervals for 

NMR spectroscopy analyses.   
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Figure 3: 1H NMR spectra of [EBriBu]: [CuBr]: [PMDETA]: [PTA] = 1 : 1 :2 : 2 at 90 

°C. Solvent = CDCl3.   

 

Figure 3 illustrate 1H NMR spectra of the copper complexes with the PTAs, Aliquat 

336, TOPBr and the ionic liquid PhosphoIL.  The experiments indicated the formation 

of the paramagnetic Cu(II) species increased with time as evidenced by increasing 

signal broadening. The formation thereof was faster with copper complexes of TOPBr 

and PhosphoIL as compared to Aliquat 336 copper complex.  NMR spectroscopy 

was not successful to analyze aliquots collected at later stages of the copper 

complexes of TOPBr and PhosphoIL.  This signified the presence of high 

concentrations on the Cu(II) in the reaction mixture. NMR spectroscopy is performed 

on diamagnetic compounds whereas the presence of unpaired electrons of 

paramagnetic compounds (such as Cu(II)) presents a problem for NMR spectroscopy 
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as evidenced by signal broadening or in worse cases, the signals can not be 

detected.   

As Cu(II) was forming, its paramagnetic character made it difficult for the catalyst 

complexes to be analyzed.  Complexes with Aliquat 336 were however able to be 

analyzed even after 6 hours reaction time. This seems to provide clear evidence that 

the Cu(II) concentration is lower in the presence of Aliquat 336 than in its absence.  

These results are in agreement with cyclic voltammetry results as well as the 

polymerization reactions.  The polymerization reactions performed in the presence of 

the phosphorous-containing PTA lead to low monomer conversions with pronounced 

polymerization terminating reactions while Aliquat 336 copper complexes led to an 

improvement in the polymerizations relative to the experiments without catalyst 

additive.  NMR spectroscopy results with CuBr/PMDETA/ Aliquat 336 suggest that 

slow formation of Cu(II) allows for the steady formation of free radicals and hence a 

better control over the ATRP of non-polar monomers. 

 

4.4 Conclusions 

Electrochemical and NMR spectroscopy studies of copper catalyst complexes in the 

presence of quaternary salts were performed.   The results revealed that solubility, 

steric and electronic features of quaternary salts used as phase transfer agents for 

copper catalyzed ATRP of methacylate monomers with long pendant side chains are 

the most important parameter to be considered when tuning an effective catalyst.     

Following on from the previous chapter, it could be deduced from this present study 

that ATRP of bulky methacrylate monomers can be brought about by improving 

catalyst complex homogeneity in the polymerization reaction medium.  Although 

PTAs with long alkyl groups as substituents are more structurally fitting with the 

monomers, care should be practiced when selecting the appropriate PTA because 

too bulky alkyl chains or too few alkyl chains are inefficient.  It is important for the 

PTA to facilitate accessibility of its positive charge, which offers the polarity of the 

compound which will assist the catalyst complex solubility in the reaction medium.  

With bulky substituents surrounding the cation of the PTA such as TOPBr for 

example, there is no open face to facilitate access to the charge moiety hence the 

resultant copper catalyst is not efficiently stabilized.   

This insight thus allows for tailoring efficient copper catalysts for ATRP of long alkyl 

chain methacrylates, where either a phosphorous- or nitrogen-containing quaternary 

salts can be used as catalyst additives for copper ATRP.  However, careful selection 
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of the PTAs substituents is essential, because as discussed, too bulky alkyl 

substituents lead to the catalyst complex not being sufficiently stabilized resulting in 

side reactions and eventual loss of polymerization control as seen in the case of 

TOPBr and PhosphoIL systems.  With one of the substituents being a smaller methyl 

group on the cation as in Aliquat 336, this allowed an open face that facilitated easy 

accessibility of the charge species.  An efficient phase transfer catalyst should 

therefore be able to maintain both the monomer and the catalyst complex phases 

homogenized in the reaction medium for the duration of the polymerization.  The 

efficient ATRP copper catalyst complex should also be able to offer linearly 

increasing molecular weights (Mn) that are close to the calculated values as well as 

narrow molecular weight distributions.  

 

The afore-going chapters reported on the syntheses and characterization of 

statistical comb-type polymers prepared via ATRP.  Experimental optimization and 

catalyst design were some of the focal points of these chapters.  In the chapters that 

follow, the focus shifts to applications of these ATRP prepared polymers.  The 

chapters report on the application and evaluation of the comb polymers, as potential 

cold flow improvers for crude-derived as well as Gas-To-Liquid (GTL) diesel fuels.  
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Influence of ATRP statistical copolymers’ chemical compositions on cold flow 

properties of Gas-To-Liquid (GTL) diesel fuels 

 

 

 

Abstract 

 

Various comb-type methacrylate polymers were synthesized by a controlled/living radical 

polymerization technique called Atom Transfer Radical Polymerization (ATRP) and evaluated in 

selected Sasol’s Fischer Tropsch Gas-To-Liquid (GTL) diesel fuels as cold flow improvers (CFI).  

The additives were statistical copolymers of styrene (Sty) and C18 or stearyl methacrylate 

(C18MA) with varying styrene ratios.  Crystallization studies revealed that as the styrene content 

increased, a crystal growth inhibition mechanism was exhibited.  With an increase in styrene 

content of the polymeric additive, Differential Scanning Calorimetry (DSC) and Cloud Filter 

Plugging Point (CFPP) revealed a delay in Wax Appearance Temperatures (WAT) and lowered 

Cloud Filter Plugging Points (CFPP) respectively, while low temperature optical microscopy studies 

indicated modifications and reduction of wax crystals.  There however appeared to be a styrene 

content, beyond which the additive’s efficiency tapered.  The additives with no styrene and those 

with the highest styrene content led to long unfavorable needle-shaped crystals.   

 

Keywords:  Cold flow properties, ATRP, crystallization morphology, crystallization modifications, 

Cold Filter Plugging Point, Pour Point, GTL diesel, comb-type copolymers. 
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5.1 Introduction and Background  

Aliphatic hydrocarbons, which are one of the major classes of compounds in middle 

distillates such as diesel fuels, are known to crystallize uncontrollably out of solution 

at low temperatures. The attraction of the waxy hydrocarbon segments towards each 

other due to van der Waal’s forces results in the formation of wax crystals in the 

mentioned matrices. As these wax crystals are formed, they lead to an interlocked 

network of wax platelets that trap the remaining fuel in the interlocked structures 

resulting in cold flow problems.1-13  

Cold flow improvers are usually added to improve low temperature performance of 

the diesel fuels. Different types of polymeric materials consisting of hydrocarbon 

chains and polar segments are generally used as cold flow improvers.1-20 The 

polymers’ hydrocarbon chains provide interactions with the diesel’s paraffin segment 

while the polymers’ polar groups are responsible for modifying the wax crystals.  This 

results in crystal morphological changes and inhibits agglomeration of the wax 

crystals.  

Scheme 1 illustrates briefly the various operation mechanisms involved at cold 

temperatures for middle distillate fuels, particularly diesel fuels.   
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Cloud point
The wax crystals first 
appearance as they 
precipitate out of the fuel.
Cloud Point additives:
Lower the cloud point 
temperature of fuels.

Pour Point
At even lower temperatures 
crystal growth continues forming 
a crystal lattice. The fuel gets 
trapped in the cage-like matrix 
arrangement. This prevents fuel 
flow; and leads to blockages of 
fuel lines. 
Pour Point Depressants:
Interfere with wax crystal growth 
and improves flow properties of 
fuel at low temperatures.  

Scheme 1: Illustration for the general observed mechanisms of operation for diesel 

fuels at low temperatures.  

 

As indicated in Scheme 1, cloud point additives aim at lowering the crystallization 

temperature of fuels.  Their function aims at separating the wax crystals from each 

other, therefore lowering the onset of crystallization.  Cloud point or Wax Appearance 

Temperature (WAT) is the temperature at which the wax crystals first appear.  The 

cloud point temperatures or WAT are usually obtained using Differential Scanning 

Calorimetry (DSC) or following the Institute of Petroleum (IP) Standard Methods for 

the Analysis and Testing of Petroleum Products and the American Society for Testing 

Materials Standard (ASTM) for cloud points in petroleum products.  These additives 

or depressants are however limited to specific temperatures beyond which they are 

not effective.12  Below these temperatures, a supplementary additive is required to 

further suppress or modify the formation of wax crystals.      

The Cold Filter Plugging Point (CFPP) is the temperature at which the wax crystals 

have continued to grow and eventually are able to plug the standard 45 μm filter.  

The filters can be clogged and eventual cessation of engine operation can result 

without adding fuels additives that can facilitate independent growth of wax crystals 

and prevent formation of an interlocked 3-D network of crystal matrix.  These 

additives are referred to as CFPP additives.  The additives do not prevent formation 

Filter 45 μm, standard conditions

CFPP
On progressive cooling the wax 
crystal size continues to increase, 
leading to clogging of fuel lines.
CFPP additives:
Facilitate independent growth of 
wax crystals; preventing a 3-D 
network of crystal matrix.  

Wax Dispersants 
Wax crystals tend to settle to the bottom 
of the storage containers during cold 
conditions. 
Wax antisettling additives are used to 
alleviate the problem of wax settling.  
Wax Anti-Settling Additives :
Limit sedimentation of wax crystals by 
reducing the size of the crystal by 
electrostatic repulsion; thus keep wax 
crystals dispersed more evenly in the 
fuel. 

Mechanisms of operation of diesel fuels at low temperatures
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of crystals but operate on the existing crystals by modifying the shape of the already 

existing wax crystals and prevent crystals from interlocking and forming a solidified 

gel.  CFPP additives induce the formation of larger numbers of smaller crystals that 

grow independently of each other.      

The lowest temperature at which fuel can flow under standard conditions is referred 

to as its pour point.  At this temperature, the fuel gets trapped in the cage-like matrix 

structure.  The fuel is thus not able to flow, resulting in fuel line blockages.  Pour 

point depressants are made up of compounds with chemical structures that interfere 

with wax crystal formation.  This leads to lowering of pour point temperature resulting 

in improved flow properties and operability of diesel fuel at even low temperatures.  

During cold conditions (typically sub-zero degrees Celsius), wax crystals tend to 

settle to the bottom of the storage containers the fuel in this case can separate into 

layers.  The upper layer remains clear while the bottom layer gets cloudy due to the 

settled solidified wax crystals.3  Wax Anti-Settling Additives (WASA) are additives 

that prevent sedimentation of the crystals.  They adsorb onto the surface of the wax 

particle and promote colloidal stability.2,3  This facilitates prevention of agglomeration 

of wax crystals.  WASAs limit sedimentation of wax crystals by reducing the size of 

the crystal by repulsive forces thus keeping wax crystals dispersed more evenly in 

the fuel.  

Cold flow improvers are usually added to improve low temperature performance of 

the diesel fuels. Different types of polymeric materials consisting of hydrocarbon 

chains and polar segments are generally used as cold flow improvers.1-20 The 

polymers’ hydrocarbon chains provide interactions with the diesel’s paraffin segment 

while the polymers’ polar groups are responsible for modifying the wax crystals.  This 

results in crystal morphological changes and inhibits agglomeration of the wax 

crystals.  

There is no universal additive for all fuels; hence the choice of additives is largely 

based on the additives’ interaction and response with a particular fuel. A strong 

interaction between the structure and activity of the additive with the fuel thus 

determines how effective an additive would be. The most important attribute of an 

efficient additive is the chemical composition and molecular design of an additive. 

Polymer architectures such as block and comb-type copolymers are amongst the 

mostly widely used additives.1-14 The molecular design of a polymeric additive should 

contain a crystallizable alkyl segment which would co-crystallize with the long chain 

n-alkanes of the fuel, and an amorphous part that assists in inhibiting the growth of 

wax crystal and can lead to the formation of smaller modified crystals that are able to 
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flow with the fuel.6 Various operational mechanisms of additives’ crystallization 

modifications have been reported1-7 and largely point to additives being either 

crystallization nucleating agents or crystal growth inhibitors.  In some instances, a 

third mechanism is observed whereby crystal repulsion or dispersion mechanism is 

operational.  The wax crystals are prevented and limited from agglomerating and 

settling to the bottom of storage containers.1-3   

The work presented here aims at evaluating the effect of styrene content in ATRP 

synthesized statistical copolymers bearing pendant long chains of C18 methacrylate 

(C18MA), on their performance as potential cold flow improvers in GTL diesel fuels.  

Although the investigation of cold flow additives in diesel fuel is an applied science, in 

this contribution, a more scientific approach is used to establish structure – property 

relationships.  

Copolymers of (meth)acrylates have been reported to be effective flow improvers for 

some fuels.7-11 It was therefore of interest to investigate the performance of such 

related polymeric materials, more importantly those prepared via the ATRP technique 

in GTL diesel fuels.  ATRP was the polymerization technique of choice because of its 

ability to prepare copolymers with predetermined molecular weights, desired 

topologies and control over the polymerization.15,16 

The copolymers were characterized by Nuclear Magnetic Resonance (NMR) 

spectrometry and Size Exclusion Chromatography (SEC). Their performance as cold 

flow improvers was evaluated in two Sasol Fischer Tropsch (FT) GTL diesel fuels, 

herein referred to as GTL01 and GTL02. The diesel fuels were analyzed using Gas 

Chromatography (GC), 2D-GC (GCXGC) and 13C Nuclear Magnetic Resonance 

(NMR) spectrometry. 

 

5.2 Experimental Section: Materials and Methods 

 

5.2.1 Copolymer Synthesis and Characterization 

Statistical comb copolymers of styrene and long chain methacrylates were prepared 

via the Atom Transfer Radical Polymerization technique.  The copolymers were 

prepared via a copper-mediated ATRP using a multidentate amine, 

pentamethyldiethylenetriamine (PMDETA), as the complexing ligand.  The 

copolymerization was conducted according to a literature report.15,16     

A typical statistical copolymerization experiment of the monomers styrene and stearyl 

methacrylate referred to herein as C18MA was carried out at ratios of the [monomer] 
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: [initiator] : [metal salt] : [ligand] = [60] : [1] : [1] : [2] under Schlenk conditions.  The 

desired molecular weights as well as the ratios of each monomer feed were 

predetermined. By varying the initial monomers to initiator ratio, the final degree of 

polymerization can be estimated using the formula DPn = ∆[Monomer]/[Initiator]0.   

Calculated amounts of metal salt (CuBr) to ligand (PMDETA) in a 1:2 mole ratio were 

added to a Schlenk flask under nitrogen atmosphere while stirring.  This was followed 

by addition of Aliquat 336 as the catalyst additive at 1 : 1 mole ratio to the ligand.  

The catalyst complex and the additive together with a fraction of the reaction solvent 

anisole were allowed to stir for 10 – 15 minutes under constant flow of nitrogen to 

allow homogeneity of the complex.  The monomers were dissolved in half the 

reaction solvent which itself was bubbled with nitrogen before use.  The monomers 

solution was added to the reaction flask, which was also allowed to stir and mix with  

the catalyst complex.  The initiator was then added and allowed to stir together with 

other reagents.   

The remaining solvent was added last before the reaction medium was degassed by 

freeze-pump cycles.  The polymerization reaction was commenced by transferring 

the reaction flask to a 90 °C thermostated oil bath.  

The reaction was stopped by diluting the reaction medium with cold toluene followed 

by precipitation with methanol.  The polymer product was purified by passing its 

solution in toluene through an activated neutral alumina column. The solvent was 

allowed to evaporate, the polymer product was collected and dried in a vacuum oven 

at 50 °C overnight.  The polymer was collected for analyses.  Monomer conversions 

were determined gravimetrically.  Molecular weights and molecular weight 

distributions were measured by Size Exclusion Chromatography (SEC).  Scheme 2 

illustrates the polymerization route followed.   

 

Scheme 2: Schematic representation for the synthesis of statistical P(C18MA)-co-

PSt by ATRP. 
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The copolymers’ chemical compositions were confirmed by 1H NMR, indicating the 

presence of both aromatic as well as the aliphatic segments.  Representative NMR 

spectra for the copolymers are illustrated in Figure 1 while the molecular weights and 

molecular weight distributions as obtained from Size Exclusion Chromatography 

(SEC) data are summarized in Table 1.  

 

The copolymers were assigned a generalized code indicating the copolymers 

composition, starting with stearyl methacrylate (C18 methacrylate) then followed by 

styrene molar excess. A code PC18MASt16 for example signifies a 

Poly(C18Methacrylate-co-Styrene) with a molar feed of C18MA : Styrene = 1 : 16. 

Figure 1: Representative 1H NMR spectra for some of the statistical copolymers 

used in this study, PC18MASt3 and PC18MASt16.    
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Table 1: Molecular weight data (g/mol) determined by Size Exclusion 

Chromatography (SEC) against polymethyl methacrylate standards.   

 

 

 

 

 

 

 

Size Exclusion Chromatography (SEC): Molecular weights and molecular weight 

distributions were estimated using a SEC system equipped with a Waters 

autosampler. The polymer solution was diluted in THF to a concentration of 

approximately 1 mg/ml. The solution was filtered over a 0.2 μm 

poly(tetrafluoroethylene) (PTFE) syringe filter.    The analysis was carried out using a 

Waters 2695 Alliance pump and injector, a model 2996 photodiode array detector (at 

305 and 470 nm) and a model 410 refractive index detector. The columns used were 

two PLgel Mixed-C (Polymer Laboratories, 5 μm particles) 300 X 7.5 mm followed by 

a PLgel Mixed-D (Polymer Laboratories, 5 μm particles) 300 X 7.5 mm in series 

(which were maintained at 40 °C for analysis). THF was used as an eluent (flow rate 

1.0 ml/min). 

Nuclear Magnetic Resonance (NMR): NMR experiments were performed on a 

Varian UNITY INOVA 400 MHz as well as 600 MHz spectrometer equipped with a 

switchable 5 mm PFG probe in CDCl3 with TMS as the internal standard.   

Differential scanning calorimetry (DSC): DSC studies were performed in aluminum 

sealed pans using TA Q200 Universal Analysis Instrument V4.3A.  About 10 mg of 

solution sample was cooled from 30 °C to -60 °C at a rate of 10 °C/min and heated to 

30 °C at the same rate.  The heating and cooling experiments were carried out under 

nitrogen atmosphere.     

Low Temperature Optical Microscopy: Crystal morphologies were observed using 

an Olympus BX51 microscope.  Images were captured using an Olympus U-SPT 

Colorview camera connected to a computer.  The software program AnalySIS Image 

Molecular Weight (SEC)

Mn Mw                      PDI

PC18MASt0                         0: 1                         10 600            16 600         1.50

PC18MASt1                         1: 1                         16 300            32 000         1.46

PC18MASt3                         3: 1                         10 200            19 500         1.50

PC18MASt5                         5: 1                          9 500            18 800         1.45

PC18MASt16                      16: 1                        10 600            15 800          1.44

[Styrene]: [C18MA]

Comonomer Feed 
composition

PSt-co-
P(C18MA) 
polymers
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Processing was used to process the data.  Temperature control was performed using 

a Linkam TMS 94.   

The samples were first heated to 20 °C then cooled to -50 °C using liquid nitrogen, at 

a rate of 10 °C/min and heated again to 20 °C at the same rate.  Images were taken 

at timed intervals.     

Cold Filter Plugging Point (CFPP): Tests were done using the Institute of 

Petroleum (IP) Standard Methods for the Analysis and Testing of Petroleum 

Products, method IP 309.  

Pour Point  (PP): Tests were done using the petroleum standards, according to the 

American Society for Testing and Materials (ASTM), method ASTM D97 

Fuel Composition 

The diesel fuels used (GTL01 and GTL02) were supplied by Sasol Technology Fuels 

Research. The fuels were characterized by a comprehensive multidimensional Leco 

Pegasus 4D GCxGC-TOF/MS system (LECO South Africa Pty. Ltd).  

 

5.3. Results and Discussion 

 

5.3.1 Analyses of diesel fuels 

Properties of diesel fuels, which strongly impact engine performance include some of 

these characteristics, viz. distillation curve of the fuel, chemical compositions (e.g. 

the content of the hydrocarbons and their ratio of normal to branched), aromatic 

content, viscosity, density, sulphur content, and emissions etc.19,20 High content of 

longer chain linear paraffins in diesel fuels generally lead to good cetane numbers, 

but can conversely compromise cold flow properties.19 The cetane number (CN) is a 

performance rating, measuring the ease of combustion of a diesel between the start 

of the injections and the ignition of the fuel. Cetanes are unbranched open chain 

alkane molecules that are easily ignitable under compression. The proportion of 

normal and iso-paraffins needs to be jointly considered for good engine performance.  

The following figures give some insight into some of the mentioned parameters that 

influence operability of diesel fuels mentioned. 
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Figure 2: Paraffin length distribution for GTL01 diesel and GTL02 diesel, data 

obtained by GC.   

 

The total carbon distribution of the two samples used in the study can be observed 

from Figure 2.  The figure indicates the predominance of higher molecular weight n-

paraffins in the GTL01 as compared to GTL02.  The carbon numbers range from C4-

C29 for GTL01 while the range for GTL02 is C5-C23.  Generally paraffins solubility in 

the fuel decreases with increasing carbon number.  Predominance of paraffins with 

high carbon numbers in GTL01 will thus lead to increased solubility problems and 

unavoidably poor cold flow properties because these paraffins will precipitate out of 

the fuel at higher temperatures resulting in wax formation that causes cold flow 

problems.  GTL02 diesel is therefore expected to have superior cold flow properties 

compared to GTL01 since it has a lower content of high carbon number paraffins.     

 

Figure 3 denotes the comparison between the two fuels’ iso-paraffins.  From the 

figure, it is noticeable that GTL01 diesel has a higher percentage of higher carbon 

number branched alkanes compared to GTL02.  Also observable form the Figure is 

that the GTL01 has more longer branched alkanes.      
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Figure 3: Branched alkanes comparison for GTL01 and GTL02 diesel fuels; data 

obtained by GC.    

 

Paraffins that are highly branched give rise to better cold flow properties compared to 

linear paraffins.  The position of the branching plays a significant role in the cold flow 

properties of the fuel, and these simultaneously have an influence on other 

operational parameters such as cetane number.  Branching at terminal positions 

prevents wax crystallization and at the same time maintains the required high cetane 

number.   

Figure 4 is a representative GCxGC plot for the two fuels.  In a 2D-GC (GCxGC) 

experiment, individual components are separated and grouped according to different 

classes, such as branched and normal paraffins, cyclic paraffins, aromatics etc.  The 

technique provides a multidimensional separation of components in complex 

mixtures.   
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Figure 4: GCxGC contour plots for GTL01 (4a) and GTL02 (4b) diesel fuels.    

 

GCxGC analyses of the GTL sample confirmed that GTL diesel is a characterized by 

highly branched paraffinic mixture in the carbon number range of C4 - C30. The fuels 

are largely made up of normal and branched paraffins with no traceable cyclic 

paraffins, bicyclic paraffins or aromatics. GTL diesel fuels display exceptional 
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properties such as lower sulphur contents, aromatic content and higher cetane 

number.20,21 Depending on the n-paraffin content, the cold flow properties of GTL 

diesels may be compromised.20,21 The responsiveness of a fuel to cold flow 

improvers have been reported to be related to the n-paraffin content and the 

aromatics.12 Low n-paraffin contents and relatively high aromatics can improve cold 

flow of a fuel.8,12 Low n-paraffin contents can lead to improved low temperature 

properties while the presence of aromatics can improve the solubility of both the wax 

and the additives in the fuel.   

It is a continuing academic as well as industrial pursuit to fundamentally understand 

the structure-activity relationships between the fuels and their responses to different 

additives.  The investigations reported herein were carried out to evaluate the effects 

of structural influences and interactions, which the polymers have with the fuels.  

Crystallization modifications and cold flow properties of the copolymers in diesel fuels 

were followed using DSC, polarized optical microscopy, CFPP and Pour Point tests.   

 

5.3.2 Evaluation of statistical comb copolymers as cold flow improvers in 

GTL01 diesel fuel 

Additive concentrations of 250 ppm, 500 ppm and 1000 ppm in diesel were prepared 

using the statistical comb copolymers having an amorphous section (styrene) and a 

crystallizable alkyl part, a C18 methacrylate (C18MA) to study the interaction of the 

additive with the diesels.  The copolymers differed in the comonomers molar contents 

feed from no amorphous component to the highest content of [styrene]: [C18MA] = 

16 :1, as designed and tailored by ATRP experimental conditions.   

ATRP as a controlled living radical polymerization technique allows the synthesis of 

polymeric materials with predetermined molecular weight, composition, and 

molecular architecture from different monomers such as the monomers used in the 

study viz. (meth)acrylates and styrenes etc.  Copolymers were analyzed by NMR and 

SEC as outlined in Table 1 and Figure 1. 

The following discussion relates to the interactions and influence of the ATRP 

copolymers in the two diesel fuels investigated.  Figure 5 outlines crystallization 

traces obtained from DSC of the four copolymers in GTL01 diesel.   
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Figure 5: DSC crystallization traces comparing PC18MASt copolymers in GTL01 

diesel at 500 ppm.  The insert traces are comparative crystallization traces at 

different additive concentrations for PC18MASt3.  Only the endotherms are indicated.   

 

Figure 5 indicates that PC18MASt1 and PC18MASt3 delayed the onset of 

crystallization (Tc), of the diesel fuel. This delay in crystallization temperature is 

improved as the styrene concentration increased from zero (PC18MASt0) until 

PC18MASt3. The observed suppressed onset of crystallization suggests that the 

polymeric additives are depressing the cloud point (CP).  The crystallization 

mechanism is via crystal growth inhibition mechanism.2,10,11,22,23 Crystal growth 

inhibition mechanism can be loosely explained as the process where the additive 

interacts with wax in a way as to prevent or delay wax from co-crystallizing with each 

other.10,11,22,23 The DSC traces indicate that Tc is suppressed by about 3-4 °C from -7 

°C to -11 °C and -10 °C for PC18MASt1 and PC18MASt3 respectively.  This onset 

suppressed onset of crystallization indicates that the polymeric materials do effect 

the fuels’ crystallization in a positive way.   

 

GTL diesel fuels as elucidated earlier, are rich in long chain n-alkanes as well as 

branched alkanes. As the alkane molecules are in constant motion in the fuel, they 
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can aggregate together or interact with other molecules in the matrix. Crystal growth 

inhibition is observed when the mobile diesel alkanes selectively associate and 

partition themselves towards the polymeric additive’s carbon chains. 10 Because of 

the association with the additive, the wax molecules would then be less available to 

aggregate together, thus significantly lowering their cohesive energy as well as their 

chances to nucleate wax crystallization.10 The result is inhibition or slowing down of 

crystal formation and a subsequent lowering of the onset of crystallization, as 

observed from the DSC results (Figure 5). Such wax inhibition mechanisms using 

comb-type acrylate polymers were investigated by Jang10 and Duffy11 using 

molecular dynamics simulations. 

In this study, upon a further increase of styrene content beyond [St]: [C18MA] = 3:1, 

the polymeric additive start behaving in a similar way as the poly(C18MA) 

homopolymer.  This was indicated by Tc being very similar to the untreated diesel, 

signifying the decreasing polymeric additive’s efficiency.  

 

Also noticeable from Figure 5 are the two separate crystallization activities for traces 

of PC18MASt1 with [St]: [C18MA] = 1:1 and PC18MASt3 with [St]: [C18MA] = 3:1. In 

the latter case, the difference between the first and second crystallization peak is 

more than 10 degrees, whereas in the former, this difference is only a few degrees.  

An increase in the amorphous material viz. styrene, beyond 3:1 ratio this instance, 

was inefficient since the polymeric additive’s solubility in the diesel matrix became 

limited.  The interaction between the polymeric additive and the diesel was thus not 

most favorable with the higher styrene content polymers.      

 

It is postulated that with these additives, as the temperature is lowered further there 

could still be some wax molecules which did not have sufficient association with the 

polymeric additive in the primary crystallization. These molecules are likely to be 

shorter alkanes since they crystallize only at much lower temperatures. At higher 

additive concentrations, the extent of this secondary crystallization was more 

pronounced.  

The area under a crystallization peak is proportional to the mass of the crystal, based 

on the enthalpy of crystallization.24  The insert in Figure 5 indicates the largest 

secondary crystallization activity at 1000 ppm concentration at around -20 °C.  At 

1000 ppm a small crystal material is formed during the first crystallization event, as 

suggested by the smaller area under the crystallization peak.  With the secondary 
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crystallization event however as the temperature is lowered further, crystals continue 

growing rather rapidly to quite large sizes.  An equally significant observation from 

Figure 5 is the different crystallization even at 250 ppm additive concentration.  

Crystallization traces of the fuel treated with 250 ppm additive exhibited a bigger area 

under the crystallization peak, with an almost negligible secondary crystallization as 

compared to concentrations 500 ppm and 1000 ppm. This larger area under the 

crystallization peak suggests a large crystal material is obtained at these 

concentrations.   

Figure 6 is an illustration of the various crystal morphological differences observed 

under the microscope for the three additive concentrations, corroborating the DSC 

crystallization activities observed in Figure 5 insert.      

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Micrographs illustrating the effect of additive concentration in GTL01 with 

copolymer PC18MASt3. Image size 50x50 μm.  

 

The following figure, Figure 7 depicts crystallization morphologies of GTL01 treated 

with 500 ppm of PC18MASt1, PC18MASt3 and PC18MASt5. For PC18MASt3 

crystallization event starts with initial sphere-type crystals which upon further cooling 

appear deformed by the incorporation of needle-type structures onto the spheres. 

This behavior differs markedly from that shown by the crystallization of wax alone in 

solution (Figure 7 top micrographs); which forms large needle-like crystal 

morphology. 
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Figure 7: An overview of micrographs illustrating the evolution of crystal formation 

over temperature in GTL01 diesel treated with 500 ppm of the C18 methacrylate-

styrene statistical comb copolymers PC18MASt1, PC18MASt3 and PC18MASt5 with 

[styrene] : [C18MA] = 1 : 1, [styrene] : [C18MA] = 3 : 1 and [styrene] : [C18MA] = 5 : 1 

respectively.  Image size 50x50 μm.  

 

Evident from Figure 7, the untreated diesel rapidly formed large crystals earlier on 

over the temperature range. This phenomenon is commonly known for untreated 

diesel that a 3D network forms and it is the reason for flow problems.1-14,20-26 Upon 

treating with the copolymers, changes in the crystal morphology are observed as 

depicted in Figure 7.    

Under the microscope, the crystal morphologies with  different copolymer additives 

showed different crystal morphologies.  The crystal morphologies observed with 
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PC18MASt1 and PC18MASt3 were distinctly different from the other evaluated 

copolymers.  These copolymers also showed different crystallization behaviors with 

the DSC.  A second crystallization was observed in both the DSC and the 

microscopy experiments.  Under the microscopy the crystals appeared as long 

needle-like extensions incorporated onto the spherical crystals which formed during 

the first crystallization.   

It is plausible that the needle formation is conceived to be the copolymers associating 

and interacting with the paraffin chains, preventing the wax molecules from co-

crystallizing together and forming the 3-dimensional structure on their own.  When 

low temperatures are reached, the wax molecules are not available to precipitate out 

of solution was wax crystals.  The polymeric material would have acted as the wax 

crystallization nucleator. 

 

The amorphous fraction proved to be an equally significant component of the wax 

inhibitor.  At even higher content of styrene, solubility of the polymer additive in the 

fuel is compromised.  Precipitation observed at room temperature, rendered 

PC18MASt5 a poor cold flow improver.  Unfavorably long needle-like structures of 

more than 40 μm were observed from micrographs, and cold flow properties 

including CFPP were not improved by the addition of the copolymer additive.   

The C18 methacrylate homopolymer, PC18MASt0 (no styrene) which exhibited poor 

cold flow properties also had poor solubility in the diesel.  These results signify the 

importance of chemical composition of additives and the resultant interactions with 

the chemical compositions of the fuels.  It also confirms that for an efficient cold flow 

improver for the evaluated diesel fuels both the amorphous (that will disrupt crystal 

growth) as well as the crystallizable fractions (to co-crystallize with the wax paraffin 

fraction) in the copolymer additives are required.  

 

Cold flow improvers are largely solvent dependant.  To establish a correlation 

between cold flow improvers and the matrix, crystallization studies of the four 

statistical copolymers were extended to a different diesel fuel.  A comparative 

evaluation looks at the interaction of the polymers with the diesel fuel referred to here 

as GTL02.   
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Figure 8: DSC crystallization traces comparing copolymers of styrene and C18MA 

monomers at 500ppm in GTL02 diesel.     

 

The DSC traces of the different copolymers in GTL02 appear relatively similar as 

shown in Figure 8, particularly PC18MASt0, PC18MASt5 and PC18MASt16.  This 

suggests that the polymeric additives do  not interact with the matrix in a way that to 

facilitate wax crystal modifications.   

From Figure 8, DSC trace for the homopolymer (PC18MASt0) indicates a small 

broad polymer peak crystallizing on its own prior to wax crystallization.  This 

suggests that the homopolymer is not completely miscible in the system.  The 

polymer in this case consists only of the crystallizable segments, which are more 

inclined to self-assemble, possibly because it could be more energetically favorable 

for the polymer to self-assemble than to interact with the paraffin wax fractions.  This 

supports and confirms that the presence of spacers between the crystallizable 

fractions, in this case the styrene units is crucial for designing an efficient cold flow 

improver for the evaluated fuels. 

Visual solubility tests with the additized solutions of the polymers PC18MASt0 and 

PC18MASt16 also supported the above discussions.  The polymers were not 

completely soluble in the diesel fuels.   
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Observable however from the figure is the thermogram for PC18MASt3 as well as 

PC18MASt1. Although not very pronounced an almost separate second 

crystallization peak is noticeable with PC18MASt3.  PC18MASt1 signifies an altered 

crystallization, resulting in a relatively large crystal mass formation as indicated by 

the area under its crystallization trace.  These two copolymers exhibited behaviors 

different from the other copolymers in GTL01, as discussed in Figure 5.  In GTL02, 

the copolymers clearly show a different operating mechanism compared to GTL01 

whereby the onset of crystallization for GTL01 was delayed by a significant margin 

while in GTL02 crystallization temperatures were not delayed.  

 

The crystal morphology observed under the microscope for untreated GTL02 showed 

long needle-like crystals of about 40 μm, increasing with decreasing temperature.  

Upon treating the diesel with the four copolymer additives, changes in crystal 

morphology were observed.  Figure 9 is a representation of the crystallization 

morphological modifications demonstrated in GTL02.   
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Figure 9: An overview of micrographs illustrating the evolution of crystal formation 

over temperature in GTL02 diesel treated with 500 ppm of the C18 methacrylate-

styrene statistical comb copolymers PC18MASt1, PC18MASt3 and PC18MASt5 with 

[styrene] : [C18MA] = 1 : 1, [styrene] : [C18MA] = 3 : 1 and [styrene] : [C18MA] = 5 : 1 

respectively.  Image size 50x50 μm.  

 

A similar trend observed in GTL01 was encountered, whereby an increase in styrene 

content was detrimental to crystallization modifications.  An increase in the styrene 

content displayed rather long undesirable needle-like crystallites particularly as the 

temperature was lowered further, as seen with PC18MASt5 micrographs from Figure 

9.  Comparing micrographs obtained in both diesel fuels, GTL02 displayed more 

needle-like crystals for all the evaluated polymers while GTL01 showed some 
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spherical crystals with some of the polymeric additives. The different chemical 

compositions of the two diesel fuels suggest they interact differently with the 

investigated polymeric additives. The influence and effect of the polymeric additives 

are therefore fuel specific.  

 

5.3.3 Cold Filter Plugging Point (CFPP) and Pour Point (PP) 

The four statistical copolymers used in this study were evaluated for their cold flow 

properties under CFPP and pour point testing.  The results are for the 500 ppm 

additive concentrations.  The results are reported in Table 2.   

 

Table 2: CFPP and PP results in GTL01 and GTL02 diesel fuels.   

The differences in the physicochemical characteristics on various copolymers are 

indicated by the additive’s response and efficiencies in the cold flow properties of the 

fuels, according to the CFPP and PP tests.  Interesting from Table 2 is the minimal 

influence the copolymers had on GTL02, as either CFPP additives or PP additives.  

GTL02, because it already has quite low temperatures for CFPP and PP it can be a 

challenge to further improve on the flow properties of this diesel.     

GTL01 showed a positive interaction with PC18MASt1 and PC18MASt3, where 

ΔCFPP of 5 °C was obtained.  This observation relates to the afore-going discussion 

relating to the mechanism of operation of the two copolymers in GTL01.  The 

copolymers inhibited wax crystal growth and subsequently lead to slow formation of 

wax crystals and an overall delay in the Tc as well as the lowering of the CFPP.   

 

CFPP (°C)         PP (°C)CFPP (°C)         PP (°C)

Untreated GTL02            -20                -21  

PC18MASt0                          -19                -24 

PC18MASt1                          -17                -24

PC18MASt3                          -20                -24

PC18MASt5                          -18                -18

PC18MASt16                        -20                -21

GTL02 Diesel (500 ppm)

Untreated GTL01          -5                 -12

PC18MASt0                      -6                 -12

PC18MASt1                      -10               -9

PC18MASt3                      -10               -

PC18MASt5                       -5                -12

PC18MASt16                     -5                -9

GTL01 Diesel (500 ppm)

CFPP (°C)         PP (°C)CFPP (°C)         PP (°C)

-20                -21  

-19                -24 

-17                -24

-20                -24

-18                -18

-20                -21

-5                 -12

-6                 -12

-10               

-10               -9

-5                -12

-5                -9
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The pour points for both fuels were not significantly affected.  The observed PP 

measurements are insignificant and can be well within the considered experimental 

and operator errors. 

Pour point depressants (PPD) are additives that are able to reduce the pour point 

and improve flow properties of fuels.  Pour points are usually more or less 10 °C 

lower than the cloud point.  The exact mechanism for pour point depressant although 

not clearly understood has been related to disruption and prevention of network 

formation of wax crystals by adsorption of the PPD onto the wax crystal.27  Pour point 

additives are not involved in altering wax crystal formation but rather alter the already 

formed crystals by adsorption onto the wax crystal via intermolecular forces.     

 

In their study Abdel Azim and co-workers27 demonstrated the effect of styrene 

content.  They found that increasing the styrene content had a counter effect on the 

copolymers as pour point additives.  Copolymers with high styrene contents resulted 

in poor pour point depressants due to the phenyl ring reducing the adsorption of the 

additive onto wax crystals.  Analogous reasoning can be established for this study 

whereby the copolymers, due to high styrene contents did not have a positive 

influence on PP. The homopolymer as explained earlier, it is speculated that it is 

energetically favorable for the polymer to self-assemble rather than interact with 

other molecules in the system, hence the homopolymer does not influence either the 

cloud point depressant, CFPP depressant or pour point depressant appreciably.         

It can be concluded from the cold flow tests that although some of the copolymers 

showed good cloud point and CFPP depressants qualities, the copolymers do not 

have pour point depressant qualities for both GTL01 and GTL02.     

 

5.3.4 Effect of the diesel matrix on cold flow properties 

Carbon distribution range of GTL02 consists of a lower percentage of the 

“problematic” long paraffins compared to GTL01.  With CFPP that is already at low 

temperatures (-20 °C), it can therefore be conceived that further improvement on cold 

flow properties of the fuel would be challenging.     

Both GTL01 and GTL02 diesel fuels have both linear and branched alkanes, 

however GTL01 contains branched alkanes that are mostly of higher carbon 

numbers as outlined in Figure 3.  Although branching is known to improve cold flow 

properties, the advantage of this quality is not adequately experienced in GTL01 

because the iso-paraffins are largely terminally branched (C2 – C5 branching).  
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GTL01 would therefore have a large proportion of heavy alkanes contributed by both 

the higher carbon number normal alkanes as well as heavy alkanes that are 

terminally branched, making this fuel highly rich in the problematic high carbon 

number alkanes as compared to GTL02 and inevitably have poorer cold flow 

properties.   

 

5.3.5 Proposed crystallization mechanism of statistical comb-type PC18MASt 

copolymers in GTL01 and GTL02 diesel fuels  

 

As described throughout this chapter, paraffin waxes tend to form orderly stacked 

crystals at low temperatures that cause low temperature flow problems. Relating to 

this study it is conceivable that the statistical comb copolymers employed, provide a 

crystallization site where the wax molecules can associate with the additive.  This 

leads to the wax being unavailable to crystallize, and therefore a delay in CFPP.  

The presence of randomly incorporated long chain alkyl groups of the copolymer 

allow for the fuel alkanes to associate with them while the bulky styrene groups 

improve solubility of the additive in the fuel and also acts as spacers in between the 

long methacrylate units. The spacer units prevent and disrupt long alkyl chains of the 

polymer from self-aggregation, which could result in decreased interaction with the 

paraffin molecules. Too low or too high contents of the styrene units showed 

detrimental because solubility is then compromised, leading to the polymeric additive 

excluding the diesel’s paraffin segments from interacting with the additive. Scheme 2 

attempts to illustrate the proposed interaction mechanism between the polymeric 

additive and the paraffin segments of the diesel.  
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Paraffin stacking and agglomeration 

Additive Addition 

Disruption of wax network

Scheme 2.  Schematic depiction of operating mechanism for the random copolymers 

in diesel fuels.  Scheme adapted from Reference 10. 

 

5.4 Conclusions  

Statistical comb-type copolymers of styrene and C18 methacrylate were prepared via 

a controlled/living radical polymerization, ATRP and evaluated for their cold flow 

properties in Sasol’s FT Gas-To-Liquid diesel fuels. The influence of chemical 

composition of the statistical copolymers was closely investigated in the diesel 

samples, by varying the proportion of the styrene fraction of the copolymers.     

Crystallization studies revealed the importance of chemical composition for tuning the 

desired cold flow properties of additives in diesel fuels of interest.  The synthesized 

polymeric materials were found to influence crystallization modifications positively 

since they were able to suppress the onset of crystallization of the diesel fuel they 

were investigated in.  Although not a vast difference, a suppression of about 3 - 4 °C 

observed with these comb-type polymeric materials signified a positive interaction 

between the polymers and the evaluated GTL diesel fuels.      

 

5.5 Summary  

The results of the study can be summarized as follows :  

 The amorphous as well as crystallizable fractions of the additive are 

complementary crucial components for efficient operation of an additive in the 

tested fuels.  The crystallizable fraction of the additive associates with the 

wax molecules via favorable van der Waal’s interactions.  The association of 

the wax molecules with the crystal inhibitor prevents the wax from 

C18MA

Styrene

Wax paraffins

C18MA

Styrene

Wax paraffins
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aggregating and forming wax crystals, thereby delaying the appearance of 

wax.   

 The aromatic groups assist in improving solubility of the additive in the fuel, 

since GTL diesel are largely aliphatic molecules with limited solubility.  The 

styrene units act as spacers in the polymeric additive improving additive 

solubility in the fuel thus allowing interaction between the polymer and the 

fuel.  In the same context, there was observed a styrene content above which 

the additive looses its efficiency in improving cold flow properties of the 

evaluated diesel fuels.       

 It was also established that the cold flow properties of GTL01 were relatively 

improved compared to GTL02 with the evaluated polymeric additives.  

Different crystallization mechanisms were observed in the different fuels, 

where some copolymers together with GTL01 exhibited a crystal growth 

inhibition mechanism affording the delayed onset of crystallization.   

 The design of an efficient cold flow improver is governed by the fuel’s 

chemical components, more importantly the carbon number distribution 

range. A polymer that has a good comparable match between its constituents 

and the wax components will display good performance. The 

thermodynamically favorable paraffin-additive interactions vs. paraffin-paraffin 

interactions, effect of the amorphous segment as well as solubility factors of 

the additive are some of the parameters of great consideration when 

designing an efficient cold flow improver for the investigated diesel fuels.   
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Chapter 6  

 

 

 

The potential use of quaternary salts and ionic liquids as wax dispersants in diesel 

fuels 

 

 

Abstract 

 

Polymeric materials are used as cold flow improvers (CFI) for middle distillate fuels to modify and 

reduce wax crystals.  At even lower temperatures the modified wax crystals tend to settle to the 

bottom of storage containers.  Wax dispersants (WDs) or wax anti-settling additives (WASAs) are 

additives that significantly delay or prevent wax sedimentation.  This study reports on the 

evaluation of various quaternary salts (QS) and ionic liquids (IL), bearing long alkyl chains 

substituents on the cations, as diesel fuel WDs.  The candidates were the ammonium-based, 

methyltrioctadecylammonium bromide (MTOABr), phosphorous-containing 

tetraoctadecylphosphonium bromide (TOPBr), and three ionic liquids Aliquat 336(AQ), 

trihexyldodecylphosphonium bistriflimide (PhosIL) and 1-ethyl-3-methylimidazolium bistriflimide 

(emimIL).  The selected diesel fuels were treated with statistical copolymers consisting of styrene 

and long alkyl side chain methacrylate units as CFI and the evaluated co-additives.  Crystallization 

studies revealed that the efficiency of the wax dispersant depended on the combined effort of each 

component making up the additive.  The lack of polar functionalities in the investigated additives 

negated the effect of the presence of electrostatic repulsive forces and possible intermolecular 

interactions between the alkyl groups of the wax and those of the QS.  The QS were therefore less 

efficient as WD in the tested fuels.   

 

Keywords:  Wax dispersants, wax anti-settling additives, ionic liquids, quaternary salts, 

crystallization morphology, ATRP. 
Investigating the potential use of quaternary salts and ionic liquids as wax dispersants in diesel fuels 
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6.1 Introduction  

One of the challenges the petrochemical industry is facing is the uncontrolled 

crystallization of the paraffins of the middle distillate fuels such as crude oils and 

diesel fuels.  Diesel fuel for example contains mixtures of hydrocarbons of mostly 

high molecular weights.  These hydrocarbons have limited solubility in the fuel and 

precipitate out of solution at low temperatures as long need-like crystals.  The 

crystals grow until they form an interlocking network that lead to flow problems.  The 

network of crystals traps the remaining fuel in the cage-like structure and cause flow 

problems that result in clogging filter lines and eventual engine failures.1-6 Because 

the paraffin fraction of fuels can not be removed from the distillate as it is required for 

correct ignition in diesel engines and the paraffin crystallization can not be completely 

eliminated, cold flow additives are added to petroleum distillates to control 

crystallizations.  Cold flow additives such as cloud point (CP) depressants, cold filter 

plugging point (CFPP) additives and pour point (PP) depressants serve to manage 

crystallization by modifying and reducing the paraffin crystals.1-11  At even lower 

temperatures or upon storage, the modified paraffin crystals tend to sediment to the 

bottom of fuel storage tanks such as reservoirs of fuel delivery stations or vehicle 

tanks leading to an inconsistent fuel composition and form a 3-dimentional wax 

matrix.1-5  An inconsistent fuel composition as a result of wax sedimentation leads to 

operability problems such as misignition.   

Wax dispersants or wax anti-settling additives (WASAs) are additives that prevent 

paraffin wax crystals from agglomerating and limit sedimentation to the bottom of 

storage containers leading to inconsistent fuels and eventual flow problems.  The 

additives are able to further reduce the wax crystal and enhance stability of the wax 

crystals as they remain suspended in the fuel.1-4 Wax dispersants are reported to 

operate by adsorbing onto the surface of the growing crystal thus disrupting crystal 

growth by providing enhanced colloidal stabilization of crystals.2,5 Some of the known 

WASAs are surfactants4 and adducts of dialkylamines, polyalkylamines and cyclic 

anhydride7,8.        

An investigation is reported in this study, which involves an evaluation into 

quaternary salts as potential wax dispersants for crude-oil derived diesel as well as 

Gas-To-Liquid (GTL) diesel fuels.  Crystallization studies using Differential Scanning 

Calorimetry (DSC) and low temperature optical microscopy were undertaken with the 

quaternary salts, which are categorized as ammonium and phosphonium based 

phase transfer agents and ionic liquids.  Phase transfer agents (PTAs) were of 
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interest for this application because of their versatile applications particularly in the 

petrochemical industry.  They have been applied in sulphur removal from diesel 

fuels, achieving sulphur contents of order of magnitude lower than US and European 

requirements.9 PTAs have also been employed in thioesterification processes for 

lubricants.10  Ionic liquids have also found a variety of applications in the 

petrochemical industry as well as in other application areas.  They are 

environmentally friendly alternatives to traditional solvents.  In petrochemical 

industry, ionic liquids have been used as lubricating additives.11-13   

The selected compounds were of interest as wax dispersants additives because they 

possess both ionic charges (that could offer electrostatic repulsive forces) as well as 

long alkyl chains (for intermolecular interactions required between the additive and 

paraffin chains).  These are some of the distinctive attributes making up wax 

dispersants chemical composition.  Also these chemical compositions qualify the 

compounds as surfactants.  Surfactants have previously been used successfully as 

wax dispersants in diesel fuels.4            

 

Scheme 1: Schematic model illustrating the influence of flow improver additives and 

wax dispersants.   

 

Scheme 1 illustrates a model for wax dispersants application, from base fuel to the 

application of the dispersants.  Upon addition of wax dispersants a further reduction 

in crystal size is often observed, together with the crystals being more evenly 

distributed in the fuel thus preventing agglomeration and sedimentation.   
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The work presented here aims at evaluating the potential use of selected quaternary 

salts in diesel fuels as wax dispersants.  The quaternary salts as mentioned earlier 

are phase transfer agents and ionic liquids.  Their performance in Sasol Fischer 

Tropsch (FT) GTL diesel fuel (GTL01) and a crude-oil derived diesel (EN590) was 

followed in a crystallization study using Differential Scanning Calorimetry (DSC), 

optical microscopy and cold flow property tests such as Cold Flow Plugging Point 

(CFPP).  The diesel fuels were analyzed using Gas Chromatography (GC) and 13C 

Nuclear Magnetic Resonance (NMR) spectrometry diesel fuels   

Wax dispersants are effective only after cloud point depressants (CPD) and CFPP 

depressants have modified and reduced the wax crystals.  For this study some of the 

polymeric additives that have demonstrated cold flow improving characteristics in our 

previous studies were chosen to function in combination with the selected wax 

dispersants (WD) candidates.  These polymer additives were statistical copolymers 

of styrene and C18 methacrylate (C18MA) or a long chain methacrylate with a blend 

of alkyl chains of C16- C24, herein referred to as BlendMA.     

 

6.2 Experimental Section 

 

6.2.1 Materials and Methods 

Five different quaternary salts were evaluated for their wax dispersant qualities in 

diesel fuels. Methyltrioctadecylammonium bromide (MeTOABr), 

tetraoctadecylphosphonium bromide, and Aliquat 336 (AQ) were purchased from 

Sigma Aldrich and used as received.  Trihexyldodecylphosphonium bistriflimide and 

1-ethyl-3-methylimidazolium bistriflimide were synthesized and their chemical 

composition confirmed by 1H and 13C NMR.14    

Statistical comb copolymers of styrene and long chain methacrylates were prepared 

via Atom Transfer Radical Polymerization technique (ATRP).  The copolymers were 

prepared via a copper-mediated ATRP using a multidentate amine 

pentamethyldiethylenetriamine (PMDETA) as the complexing ligand.  The 

copolymerization was conducted according to a literature report.15,16  

Styrene was statistically copolymerized with two different long chain methacrylate 

monomers.  In one polymerization stearyl methacrylate referred to herein as C18MA 

was used as comonomer while in other polymerizations BlendMA was the 

comonomer.  Stearyl methacrylate was purchased from Sigma Aldrich and purified 

according to literature methods17 before use.  A linear long chain blend alcohol 
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NAFOL ™1822 (C16 – C24) supplied by SASOL Germany GmbH, was used to 

prepared Blend methacrylate (BlendMA) monomer.  The monomer was prepared 

according to literature methods.18-19 The monomers were successfully prepared and 

confirmed by Nuclear Magnetic Resonance (NMR) and Fourier Transformation 

Infrared (FTIR).    

A typical polymerization was carried out at ratios of the [monomers] : [initiator] : 

[metal salt] : [ligand] = [60] : [1] : [1] : [2] under Schlenk conditions.  Calculated 

amounts of metal salt (CuBr) and the ligand PMDETA in a 1:2 mole ratios were 

added to a Schlenk flask under nitrogen atmosphere while stirring.  This was followed 

by addition of Aliquat 336 as the catalyst additive at ligand to Aliquat 336 ratio of 1: 1. 

The catalyst complex and the additive together with a fraction of the reaction solvent 

anisole were allowed to stir for 10 – 15 minutes under constant flow of nitrogen to 

allow homogeneity of the complex.  The monomers were dissolved in half the 

reaction solvent which itself was bubbled with nitrogen before use.  The monomers 

solution was added to the reaction flask, which was also allowed to stir and mix with 

catalyst complex.  The initiator was then added and allowed to stir together with other 

reagents.   

Once the solvent was added, the reaction medium was cycled three times between 

freeze-thaw cycles whereby the reaction flask was evacuated under vacuum and 

backfilled with nitrogen for the three cycles.  The polymerization reaction was 

commenced by transferring the reaction flask to a 90 °C thermostated oil bath.  

The reaction was stopped by diluting the reaction medium with cold toluene followed 

by precipitation with methanol.  The polymer product was purified by passing the 

polymer solution through an activated neutral alumina column and the solvent 

allowed to evaporate.  The polymer was collected and dried in a vacuum oven at 50 

°C overnight.  The polymer was collected for analyses.  Monomer conversions were 

done gravimetrically.  Molecular weights and molecular weight distributions were 

obtained by Size Exclusion Chromatography (SEC).  Scheme 1 illustrates the 

polymerization route followed.   
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Scheme 2: Schematic representation for the synthesis of statistical copolymers by 

ATRP. 

 

The copolymers’ chemical compositions were confirmed by 1H NMR, indicating the 

presence of both aromatic as well as the aliphatic segments.  Representative NMR 

spectra for the copolymers are illustrated in Figure 1 while the molecular weights and 

molecular weight distributions as obtained from Size Exclusion Chromatography 

(SEC) data are illustrated in Table 1.   

The copolymers were assigned a generalized code indicating the copolymers 

compositions.  A copolymer denoted PStC18MA and PStBlendMA would represent 

PolyStyrene-co-C18MA and PolyStyrene-co-BlendMA respectively.  Table   1 lists 

the copolymers used in the study.  

  

Figure 1: Representative 1H NMR spectrum for the styrene-C18 methacrylate 

statistical copolymer PStC18MA02 in this study. 

  

The copolymers were assigned a generalized code indicating the copolymers 

compositions. A code PStC18MA for example indicates a copolymer of 
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Poly(StyreneMethacrylate) while PStBlendMA indicated a copolymer consisting of 

styrene and Blend methacrylate.  Table   1 lists the copolymers used in the study.   

 

Table 1: Molecular weight  data (in g/mol) for the polymer additives.   

 

Size Exclusion Chromatography (SEC): Molecular weights and molecular weight 

distributions were estimated using a SEC system equipped with a Waters 

autosampler.  The polymer solution was diluted in THF to a concentration of 

approximately 1 mg/ml. The solution was filtered over a 0.2 μm 

poly(tetrafluoroethylene) (PTFE) syringe filter.  The analysis was carried out using a 

Waters 2695 Alliance pump and injector, a model 2996 photodiode array detector (at 

305 and 470 nm) and a model 410 refractive index detector. The columns used were 

two PLgel Mixed-C (Polymer Laboratories, 5 μm particles) 300 X 7.5 mm followed by 

a PLgel Mixed-D (Polymer Laboratories, 5 μm particles) 300 X 7.5 mm in series 

(which were maintained at 40 °C for analysis). THF was used as an eluent (flow rate 

1.0 ml/min).  Molecular weights were determined against polymethyl methacrylate 

standards. 

NMR: NMR experiments were performed on a Varian UNITY INOVA 400 MHz as 

well as 600 MHz spectrometer equipped with a switchable 5 mm PFG probe in CDCl3 

with TMS as the internal standard.  

Differential scanning calorimetry (DSC): DSC studies were performed in 

aluminium sealed pans using TA Q200 Universal Analysis Instrument V4.3A.  About 

10 mg of solution sample was cooled from 30 °C to -60 °C at a rate of 10 °C/min and 

heated to 30 °C at the same rate.  The heating and cooling experiments were carried 

out under nitrogen atmosphere.     

Low Temperature Optical Microscopy: Crystal morphologies were observed using 

an Olympus BX51 microscope.  Images were captured using an Olympus U-SPT 

Colorview camera connected to a computer.  The software program AnalySIS Image 

  

 

 

 

PStC18MA01                  PSt-co-PC18MA                      10 600             20 000          1.50

PStC18MA02                  PSt-co-PC18MA                        6 000               9 800         1.66

PStBlendMA PSt-co-PBlendMA 4 500               8 000          1.88 

Sample                     Copolymer Composition                Molecular Weight (SEC)
Mn Mw                     PDI

PStC18MA01                  PSt-co-PC18MA                      10 600             20 000          1.50

PStC18MA02                  PSt-co-PC18MA                        6 000               9 800         1.66

PStBlendMA PSt-co-PBlendMA 4 500               8 000          1.88 

Sample                     Copolymer Composition                Molecular Weight (SEC)
Mn Mw                     PDI



Quaternary salts and ionic liquids as wax dispersants in diesel fuels   Chapter 6 

Processing was used to process the data.  Temperature control was performed using 

a Linkam TMS 94.   

The samples were first heated to 20 °C then cooled to -50 °C using liquid nitrogen, at 

a rate of 10 °C/min and heated again to 20 °C at the same rate.  Images were taken 

at timed intervals.     

Cold Filter Plugging Point (CFPP): Tests were done using the Institute of 

Petroleum (IP) Standard Methods for the Analysis and Testing of Petroleum 

Products, method IP 309. 

Fuel Composition: The base fuels used were a crude-oil derived diesel supplied 

and a Gas-To-Liquid (GTL) diesel, by Sasol Technology Fuels Research. The fuels 

were characterized by GC.  The GC used was a comprehensive multidimensional 

Leco Pegasus 4D GCxGC-TOF/MS system (LECO South Africa Pty. Ltd).   

 

6.3 Results and Discussion 

Statistical copolymers mentioned earlier and listed in Table 1 were used in 

combination with wax dispersant candidates in crude-oil derived diesel and GTL 

diesel.  The copolymers were employed as cold flow improvers and showed a 

positive interaction with the diesel fuels.  The two fuels of interest were a Sasol 

Fischer Tropsch (FT) GTL diesel (herein referred to as GTL01) and a crude-oil 

derived diesel (EN590).  

 

GTL diesel fuels are characterized largely by high fraction of normal and branched 

paraffins, ultra low sulphur contents (<5 ppm) and no traceable aromatic compounds.  

On the contrary, crude-oil derived diesel has noticeably high contents of cyclic 

paraffins, bicyclic paraffins and aromatics.   

 

Figure 2 illustrates the paraffin length distribution of the crude-oil derived diesel and 

GTL diesel.     
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Figure 2: Paraffin length distribution for GTL diesel GTL01 and crude-oil derived 

diesel EN590, obtained by GC.   

 

Some of the additives usually added to fuels to improve their cold flow properties 

include cold flow improvers (CFI) and wax dispersants (WD).  

 

It was mentioned earlier that wax dispersants additives are only effective after cloud 

point depressants and CFPP depressants have modified and reduced the wax 

crystals.  Polymeric additives with CPD and CFPP depressant qualities were 

evaluated in combination with the selected wax dispersants (WD) candidates.  The 

selected WDs are outlined in the Table 2.    
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Table 2: Quaternary salts and ionic liquids used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
6.3.1 Crystallization studies in GTL01 
 

DSC and optical microscopy were used to monitor the crystallization behaviors and 

crystal morphological changes of the quaternary salts in combination with the 

polymeric additives in diesel fuels.  Three diesel additives concentrations were 

investigated  (1000 ppm, 500 ppm and 250 ppm).  However, results reported herein 

are obtained at 500 ppm concentrations of polymeric additive to wax dispersant in 

diesel.   
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6.3.2 Low Temperature Optical Microscopy 

Figure 3 presents a series of micrographs collected for GTL01 diesel samples with 

the investigated quaternary salts in combination with the polymeric flow improver 

additive PStC18MA02 at -30 °C.  The selected copolymer showed a crystal growth 

inhibition mechanism because it had depressed the cloud point of GTL01, displayed 

ΔCFPP of 5 °C in GTL01 diesel.  It was therefore of interest to extend the study using 

the same cold flow additive and evaluate its interaction with potential wax 

dispersants.   

Microscopy experiments were performed over a range of sub-zero temperatures; for 

the purpose of this report the micrographs taken at -30 °C are presented.  The 

micrographs allow clear visualization of the morphological changes undergone with 

the different additives, starting from the base fuel with large compact structure to 

needle formation when the polymeric additive was added then followed by different 

morphologies when the quaternary salts are included.   

Figure 3 illustrates that the different quaternary salts do lead to crystal morphological 

changes.  However, the changes are not as would be expected of wax dispersants.  

As mentioned earlier and illustrated in a cartoon depiction in Scheme 1, wax 

dispersants should ideally further reduce the crystals that the cold flow improvers 

would have modified.  Wax dispersants also disperse the wax crystals evenly in the 

solvent matrix.  In this investigation, although modified the wax crystals were long 

unfavorable needles particularly with MTOABr, AQ and TOPBr.  In the case of the 

imidazolium ionic liquid (emimIL) and phosphonium ionic liquid (phosIL) large 

spherical crystals were observed with the microscopy.     
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Figure 3: An overview of micrographs illustrating crystallization interactions between 

the quaternary salts with 500 ppm PC18MA02 treated GTL01 diesel at -30 °C. Image 

size 50x50 μm.  

 

6.3.3. Differential Scanning Calorimetry (DSC) 

The samples were further analyzed by DSC, Figure 4 illustrates the crystallization 

traces thereof.  The crystallization traces show separate crystallization activities, the 

first activity signified by a peak while the second appearing like a small bump a few 

degrees after the first.  This crystallization pattern is representative of the copolymer 

alone in GTL01.  With the quaternary salts, the second crystallization is almost 

smoothened, suggesting that the quaternary salts modified crystals formed during the 

secondary crystallization as the temperature is lowered.   

The crystallization studies from DSC for the sample with the emimIL is of particular 

interest (see Figure 4).  The DSC crystallization trace for emimIL sample indicates 

quite a large crystallization peak compared to other additives, signifying that the ionic 

MTOABr

GTL01 at -30 °C

PStC18MA02 at -30 °C

TOPBr AQ emimIL PhosIL

PStC18MA02 + Quaternary Salt at -30 °C
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liquid lead to large crystalline material.  Although the ionic liquid has functionalities 

capable of wax crystal morphological changes; such as the polar imidazolium group 

and the ionic charges, the lack of long aliphatic chains comparable to the fuel’s 

paraffin fraction seemed to govern the effectiveness of the ionic liquid in the 

evaluated diesel fuel.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: DSC crystallization traces for PStC18MA02 combined with each wax 

quaternary salt at 500ppm in GTL01 diesel.  Crystallization traces show the 

endothermic peaks only.   

 

The imidazolium IL does not have long aliphatic chains required to cocrystallize with 

the paraffin alkyl chains.  The observed trait with this particular additive supports the 

notion that the wax dispersants function according to synergistic interactions of the 

chemical compositions.  The factors viz.  long aliphatic chains,  ionic charges and 

functionalities such as aromatic, carbonyls, amines groups etc work together to 

enhance colloidal stabilization of wax crystals leading to evenly dispersed crystals. 

With the wax crystals evenly dispersed in the fuel, agglomeration and sedimentation 

of wax crystals is thus prevented when the fuel is stored in storage tanks.     

 

GTL01
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It is worth recalling the chemical structures of the quaternary salts, AQ and MTOABr 

are quite similar in their chemical structures.  They are both ammonium based salts 

with cations of relatively long aliphatic chain substituents while the fourth substituent 

being a methyl group allows an open face for easy accessibility to the charged 

species.  The difference between the two quaternary salts is largely that one is an 

ionic liquid with shorter C8 aliphatic chains substituents (AQ) while the other has 

longer C18 alkyl chains on the substituents on the cation and is physically a solid at 

room temperature (MTOABr), refer to Table 2.   

 

It was initially speculated that MTOABr could lead to improved interaction with the 

paraffin wax crystals and exhibited overall wax dispersion qualities, due to the 

quaternary salt’s long aliphatic chains that closely match the paraffin average wax 

chain lengths.  The crystallization behavior of these additives in GTL01 was 

investigated with different cold flow additives to elucidate crystallization interactions 

of these quaternary salts in the diesel fuel.  The copolymers PStC18MA01 and 

PStC18MA02 are statistical copolymers of styrene and C18 methacrylate differing in 

molecular weights and comonomer contents while PStBlendMA is a statistical 

copolymer of styrene with a blend methacrylate of C16-C24 alkyl chains (see Table 

1).  Optical microscopy and DSC crystallization measurements with MTOABr and AQ 

are outlined in Figures 5 and 6.   
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Figure 5: An overview of micrographs illustrating styrene- C18 methacrylate 

statistical comb copolymers with ammonium based ionic liquid AQ and quaternary 

salt MTOABr at -30 °C in 500 ppm treated GTL01 diesel. Image size 50x50 μm. 

 

As observed in Figure 3, the two quaternary salts with PStC18MA02 did not lead to a 

positive influence on wax dispersion.  Micrographs from Figure 5 of PStC18MA01 

which has the higher molecular weight of the two styrene-C18MA copolymers 

indicated crystal modifications with both MTOABr and AQ whereby crystals were 

modified and reduced from very long needles of about 40 μm to smaller crystals of 

about 10 μm.  From Figure 5, MTOABr in combination with the blend copolymer 

PStBlendMA did not indicate significant crystal morphological modifications while AQ 

showed slight reduction in crystal size and the crystals appear fewer.  Solubility of 

AQ in GTL01 was however rather low, forming an emulsion-like mixture while 

MTOABr did not show solubility difficulties.  
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Figure 6a and b: An overview of representative DSC crystallization traces for (a) 

PStC18MA01 and (b) PStC18MA02 ammonium based ionic liquid AQ and 

quaternary salt MTOABr at -30 °C in 500 ppm treated GTL01 diesel.    

 

From the crystallization traces in Figure 6 it is observed that there are no significant 

crystallization changes with PStC18MA01 in combination with the ammonium based 

quaternary salts while with the cold flow additive PStC18MA02 there appear two 

different crystallization activities mentioned earlier in Figure 4. Crystallization 

behaviors for the blend methacrylate copolymer DSC traces complemented the 

observations from the microscopy studies. 
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In other wax dispersants studies1,4, it was established that the cold flow additives 

were found buried inside the wax crystal.1  With the cold flow improver engulfed 

inside the wax crystal, the wax crystals are able to easily co-crystallize with each 

other and agglomerate.  Wax dispersants are therefore necessary to prevent further 

agglomeration and sedimentation of wax crystals.   

The efficiency of the wax dispersant or wax anti-settling additive (WASA) is related to 

the interaction between the wax crystal surface and the WASA.  These additives are 

likely to adsorb onto the surface of the wax crystal.  The aliphatic chains of the 

additives co-crystallize with matching alkyl chains of the paraffin fraction of the fuel,  

the polar functional groups disrupts the growth of the paraffin crystals by inhibiting or 

slowing down crystal growth while the ionic charged facilitates crystal repulsion by via 

electrostatic forces that keeps the wax crystals from agglomerating by enhancing 

colloidal stability.1,18  

 

It is speculated that interactions, whether between the quaternary salts’ aliphatic 

chains or the paraffin-quaternary salt chains govern the operating mechanism.  It is 

conceived that if it is energetically favored for the aliphatic chains of the quaternary 

salt to interact with each other rather than intermolecularly adsorb onto the wax 

crystal, the influence of the quaternary salt as a wax dispersant would be very 

minimal or even lead to no influence on paraffin wax crystals.  The result could even 

be larger wax crystals than the diesel fuels’ crystals, as the microscopy studies 

revealed.   

Crystallization studies with the quaternary salt MTOABr for example suggest the 

above discussed phenomenon. It is plausible that the quaternary salt collectively self 

organizes, excluding the paraffin waxes from interacting with the additive.  The 

paraffin waxes would then be free to co-crystallize with themselves, forming 

unfavorably long crystals.  At the same time, the self-organized additives are not 

prevented from forming their crystals, which will be unfavorable in the efficient 

operation of the diesel.   

Intermolecular interactions are also affected by other molecular constituents of the 

additive as well as the cold flow additive which is used as the co-additive together 

with the wax dispersant.  The study revealed that the wax dispersants respond 

differently to different cold flow additives as well as different solvents.   
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6.3.4 Crystallization studies in crude-oil derived diesel 

The study was extended to crude-oil derived diesel to investigate the effect of a 

different solvent matrix.  Crude-oil derived diesel is characterized by high contents of 

aromatics while GTL diesels selected for this study had no traceable aromatics.   

Crystallization studies were carried out in a similar manner to the previous study for 

GTL diesel.  DSC and optical microscopy were used to monitor the crystallization 

behaviors and crystal morphological changes of the quaternary salts in combination 

with the polymeric additives in diesel fuels.  Three diesel additives concentrations 

were investigated  (1000 ppm, 500 ppm and 250 ppm) however the reported results 

are for the 500 ppm concentrations of polymeric additive to the wax dispersant 

(quaternary salts) in diesel.   
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Figure 7: DSC crystallization traces for PC18MA02 combined with each wa

quaternary salt at 500ppm in crude-oil derived diesel.       

 

In crude-oil derived diesel as was seen in the case of GTL diesel, crystallization

were not significantly altered.  DSC thermograms of the ionic liquid emimIL showed a

similar trend, whereby they were quite different from those of the other quaternary

salts. The ionic liquid once again, as observed in the GTL diesel indicated a h

energy of crystallization associated with its crystallization.  The large area under th

EN590crude diesel

EmimIL+PStC18MA02

PhosIL+PStC18MA02

MTOABr+PStC18MA02
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curve is generally directly related to the resultant crystalline materials.  Therefore the 

large area under the emimIL sample crystallization peak can be related to the 

amount of energy required for the amount of the crystalline material formed, the high 

energy required relates to a large crystal formation.  It is conceivable that the lack of 

long aliphatic chains comparable to those of the paraffin chains of the fuel leads to 

the observed behavior. Figure 8 presents a series of micrographs collected for crude-

oil derived diesel samples with the investigated quaternary salts in combination with 

the same polymer PStC18MA02 used in the GTL studies.  Microscopy experiments 

were performed over a range of sub-zero temperatures.  For the purpose of this 

report, the micrographs taken at -30 °C are presented.  The micrographs allow clear 

visualization of the morphological changes undergone with the different quaternary 

salts.  
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Figure 8: Micrographs illustrating interaction of the quaternary salts in 500 ppm 

treated crude-oil derived diesel at -30 °C, with the styrene-C18 methacrylate 

statistical comb copolymer.  For better visualization the polarizer was used in these 

experiments. Image size 50x50 μm. 

  

In Figure 8, the PStC18MA02 micrograph indicates that the cold flow additive does 

not lead to significant morphological changes.  Omitted from the figure are the 

micrographs for the polymeric additive combined with the ionic liquids.  A similar 

trend was observed with the ionic liquids emimIL and phosIL in GTL01 was seen in 

crude-oil derived diesel, whereby the  imidazolium ionic liquid (emimIL) lead to large 

plate-like crystal morphology while the phosphonium ionic liquid (phosIL) both 

needles and plate-like structures were observed under the microscopy.  The ionic 

liquids did not show positive interaction in crude-oil derived diesel.    

MTOABr

EN590 crude derived diesel at -30 °C

PStC18MA02 at -30 °C

TOPBr AQ
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While the polymeric additive in the crude-oil derived diesel gave long needle-like 

crystals, the addition of the quaternary salts as illustrated in the micrographs showed 

slight crystal morphological changes.  TOPBr and MTOABr resulted in an overfilled 

crystal pattern at higher temperatures, implying that the crystals are agglomerating.  

Hence the additives are not an efficient wax dispersant.  In the case of AQ, small 

dispersed dot-like structures were observed.  The dots were however accompanied 

with long crystal extensions, which were pronounced at further low temperatures and 

at increased additive concentrations.   

 

6.3.5 Effect of concentration 

Figure 9 illustrates the effect of both the polymeric additive as well as the quaternary 

salt additives’ concentration on the wax crystals over the illustrated temperatures.  

 

As seen from the micrographs in Figure 9 it is observed that at increased additives 

concentration of 1000 ppm the wax dispersant portrayed a positive influence on wax 

crystals as the crystals were not as close together as observed in the 500 ppm 

sample.  This influence was however compromised as the temperature was lowered 

further since at these low temperatures long undesired needles became more 

pronounced.   
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Figure 9: Microscopy images illustrating interaction of the quaternary salt AQ in 

combination with PStC18MA02 at 500 ppm and 1000 ppm in crude-oil derived diesel.  

For better visualization the polarizer was used in these experiments. Image size 

50x50 μm.   

 

The quaternary salt AQ seemed to influence wax crystallization better in crude-oil 

derived diesel as compared to GTL.  The quaternary salt displayed better solubility in 

crude-oil derived diesel than in GTL diesel.  The improved solvation of the additive in 

the crude-oil derived diesel seemed to offer an advantage towards crystallization 

improvements.   

 

6.3.6 Operation mechanism of quaternary salts in crystallization studies 

The overall impression with the evaluated additives did not lead to a good response 

in both GTL diesel as well as crude-oil derived diesel, with the exception of AQ with 

co-catalyst PStC18MA02 in crude-oil derived diesel.  These additives combinations 

lead to reduced number and size of crystals that were dispersed in the solvent.  This 

improved interaction was attributed to the additive’s electrostatic repulsive forces.  

With three relatively large C8 alkyl chains substituents and a small methyl group, the 

quaternary salt can be considered to be accessible.20  The smaller subsitutent offers 

an open side to facilitate easy accessibility to the charge on the cation.  The easily 
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accessible charges can thus promote repulsive forces and prevents the wax crystals 

from agglomerating and an eventual sedimentation.  This effect is however 

compromised because AQ does not have long enough alkyl chains that can offer 

sufficient match the problematic longer chain lengths of the fuel.  The lack of fit in the 

alkyl chains can lead to needle-like crystals forming as the temperature is lowered in 

these samples.  It was thus speculated that with long enough matching chain lengths 

the additive such as MTOABr can lead to desired influence as a wax dispersant.   

 

Upon evaluation of MTOABr, it was interesting to observe that the additive did not 

lead to desired crystal modifications indicative of wax dispersant qualities for the fuel 

used, with any of the three polymer co-additives evaluated.  As alluded to earlier, the 

structural composition of MTOABr supposedly fitting for a potential wax dispersant, 

the lack of polar functional groups proved disadvantageous to its operation.  The 

matching alkyl chains are too close to each other that they could be interfering with 

each other instead of facilitating interactions with the wax crystals as desired.   

 

6.4 Conclusion  

Ammonium and phosphonium quaternary salts, including ionic liquids were evaluated 

in Sasol FT Gas-To-Liquid diesel fuel as well as a crude-oil derived diesel for 

potential wax dispersant applications. The wax dispersant candidates were evaluated 

in the presence of polymeric materials consisting of statistical copolymers of styrene 

with pendant C18 methacrylate units, prepared via a controlled radical polymerization 

called ATRP.   

The study revealed that the evaluated quaternary salts were not efficient wax 

dispersants for the investigated diesel fuels.   The lack of alkyl chains that can match 

the paraffin fraction of the diesel fuels supported the observed poor interactions 

between wax crystals and the imidazolium ionic liquids.  The phosphonium ionic 

liquid on the other hand, although had matching alkyl chain subsituents, it also did 

not show improved results conceivably due to its lack of polar functionalities. 

Although AQ indicated some wax dispersing qualities, it lacked longer alkyl chains, 

hence supporting the notion that a comparable match of the additive’s alkanes and 

the fuel’s alkane fractions is crucial for a good interaction between the two.  The 

additives’ potential influence in the diesel fuels was consequently subdued.  More 

significantly the lack of polar functionalities in both AQ and MOTABr are the probable 

factors counteracting these compounds’ influence for the investigated application.   
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6.5 Summary 

The results of the study can be summarized as follows:  

 The evaluated quaternary salts and ionic liquid were did not lead to wax 

dispersing qualities in both crude-oil derived and GTL diesel fuels.     

 It was deduced from the study that an efficient wax dispersant should 

promote wax crystal colloidal stabilization in the fuel via synergistic 

interactions of the following parameters. 

o The comparable alkyl chains of the cold flow improver and the wax 

dispersant to the fuel’s carbon number range.     

o Polar functional groups such as aromatic groups, carbonyl 

functionality and nitrogen were also observed to be crucial.  When 

present, these functionalities are able to assist in the ultimate 

prevention of wax sedimentation.     

This study allowed the rationalization for designing a new class of wax dispersants 

and cold flow additives, based on the structure-activity relations acquired.  The 

following investigation looks at designing and evaluating wax dispersants that contain 

the above recommended structural attributes. The synthesis, evaluation and 

observations with “gemini surfactants as wax dispersants for diesel fuel.” are 

reported in Chapter 7.   
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Abstract 

 

Gemini surfactants(GS) were synthesized and evaluated as crude diesel fuel wax 

dispersants(WDs) or wax anti-settling additives (WASAs).   Aliphatic flexible (class A) and aromatic 

spacers (class B) geminis with 2 or 3 ionic head groups having C18 chain length were used in 

combination with polymethacrylate-styrene statistical copolymers as cold flow improvers (CFI) in 

crude derived diesel.  The statistical copolymers were prepared via a controlled living 

polymerization technique, Atom Transfer Radical Polymerization (ATRP).  Crystallization studies 

revealed that linear aliphatic gemini surfactants influenced wax dispersion more positively than 

rigid aromatic counterparts with the lower molecular weight polymeric additive; as evidenced by a 

reduction in crystal size and 10 degrees lowering of Cold Filter Plugging Point (CFPP) while the 

higher molecular weight polymeric additive interacted better with the bifunctional aromatic gemini 

leading to a 12 degrees lowering of Cold Filter Plugging Point (CFPP).   This study reports on the 

first WASA application of gemini surfactants in diesel fuel.  

 

 

 

Keywords:  Gemini surfactants, wax dispersants, wax anti-settling additives, crystal morphology, 

crystal size, CFPP, ATRP. 
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7.1 Introduction 

Diesel fuels consist of mixtures of hydrocarbons of mostly long chain hydrocarbons.  

The hydrocarbons are crucial for the correct operability of diesel engines. These long 

chain hydrocarbons however pose a problem because they have limited solubility in 

fuels and thus crystallize and precipitate out of the fuel as the fuel temperatures are 

lowered.  The crystals settle to the bottom of storage tanks and vehicle tanks 

resulting in fuel flow problems due to the altered paraffin content of the fuel after wax 

crystallization.  Because the paraffin fraction of fuels can not be removed from the 

distillate as it is required for correct ignition in diesel engines and the paraffin 

crystallization can not be completely eliminated, cold flow additives are added to 

petroleum distillates to control crystallization behavior.  Cold flow improvers such as 

cloud point (CP) depressants, cold filter plugging point (CFPP) additives and pour 

point (PP) depressants serve to manage crystallization by modifying and reducing 

the paraffin crystals.1-6   

   

Wax dispersants or wax anti-settling additives (WASAs), as already discussed in 

Chapter 6, are additives that prevent or limit sedimentation of wax crystals by further 

reducing the wax crystal and enhance stability of the suspended wax crystals.1-4   

Some of the known WASAs are surfactants4 and adducts of dialkylamines, 

polyalkylamines, cyclic anhydride7,8 and nitrogen based copolymers.9,10  In the  

previous study reported in Chapter 6 of this thesis, quaternary salts (QS) and ionic 

liquids were investigated as potential wax dispersants for crude diesel as well as 

Gas-To-Liquid (GTL) diesel fuels.  The QS used were of the types ammonium-based, 

methyltrioctadecylammonium bromide (MTOABr) and phosphonium-containing 

tetraoctadecylphosphonium bromide (TOPBr), while ionic liquids were Aliquat 336 

(AQ), trihexyldodecylphosphonium bistriflimide (PhosphoIL) and 1-ethyl-3-

methylimidazolium bistriflimide (emimIL). Crystallization studies from Chapter 6 

revealed that these compounds lacked functionalities (such as polar groups) that 

when combined together in a molecule can effect wax dispersion.     

Findings from Chapter 6 prompted an interest in investigating molecules with 

chemical compositions that display qualities of wax dispersants.  Synthesis of 

selected additive compounds possessing long alkyl chain hydrocarbons (for 

favorable intermolecular interactions between the additive and wax paraffin chains), 

ionic charges (for electrostatic repulsive forces) and polar functionalities (to retard 

crystal lattice formation and slow down wax crystal growth) is the focus of this 
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chapter.  The described class of molecules can be categorized as surfactants.  

Surfactants are surface active agents consisting of hydrophilic head group and 

hydrophobic tail.  These chemical characteristics are some of the distinctive 

fundamental qualities for wax dispersion in middle distillate fuels.  Surfactants have 

previously been used successfully as wax dispersants in diesel fuels.4   

An interesting extension of these classes of  compounds is Gemini surfactants.  As 

explained, conventional surfactants consist of a hydrophobic tail and an ionic or polar 

hydrophilic head.  Gemini surfactants on the other hand are amphiphiles made up of 

two (or more) hydrocarbon tails, and two (or more) ionic groups linked by a spacer.11-

15  Gemini surfactants are categorized by the sequence outlined in Scheme 1, 

represented by hydrocarbon tail/ ionic group/ spacer/ ionic group/ hydrocarbon tail.   

 

Spacer IonIonHydrocarbon Hydrocarbon

 

 

Scheme 1 : Schematic representation of gemini surfactant structures.   

 

Geminis are superior to conventional surfactants owing to their ability to provide 

greater surface activities.  Geminis are capable of greatly lowering surface tension at 

interfaces such as air-water for example. The presence of more than one 

hydrophobic group and more than one hydrophilic group is more disruptive to surface 

tensions than only one group each as it is in the case of conventional surfactants.  

The geminis are also able to self-assemble at lower critical micelle concentrations 

(cmc). They form interesting and unusual aggregate structures, partly based on the 

spacer types as well as on the interaction of the Gemini with the medium in which it is 

applied.16-17     

Various spacer types have been reported in various studies.  These linkers can be 

rigid spacers such as aromatic groups and stilbene or flexible like aliphatic bridges.11-

14 The choice of the preferred linker is based on the desired application where 

geometric organization of the chain is important to the overall surfactant behavior.  

For example, rigid spacers will be the choice in applications where intermolecular 

chain/chain association is not desired. Due to the rigidity around the spacers, these 

geminis would inhibit chain-chain associations within the same molecule. 
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Gemini surfactants find applications in a variety of different fields.  They are attractive 

alternatives in drug delivery applications.18  In other applications geminis have 

exhibited improved rheological behaviors as well as better wetting properties19-20.  In 

petrochemical application, geminis have been used in water/diesel (W/D) emulsified 

fuels for diesel engines.21  Improved engine performance, reduced emissions and 

reduction in torque are some of the improved qualities observed with the emulsified 

fuels containing Gemini surfactants compared to neat diesel as well as conventional 

surfactants.21  

To the best knowledge of the author, geminis have not been applied as wax 

dispersants in middle distillate fuels.   

This study reports on the synthesis of various gemini surfactants and their 

performance and response in crude diesel as wax dispersants when used in 

combination with statistical copolymers of styrene and C18 methacrylate (C18MA) 

prepared via a controlled radical polymerization, ATRP.  Geminis with flexible and 

rigid spacers of aliphatic and aromatic groups respectively were investigated.  As 

geminis are largely used in aqueous-based applications, some of the questions that 

the study aimed to address were the operating mechanism the geminis would exhibit 

under the unconventional applications as used in this study. The investigation aimed 

to determine the interactions and mutual influence of the three components viz. the 

geminis, the polymer additives and the crude diesel fuel.  Crystallization studies were 

conducted using Differential Scanning Calorimetry (DSC), low temperature optical 

microscopy and Cold Flow Plugging Point (CFPP) tests.    

 

7.2 Experimental Section:  

 

7.2.1 Materials and Methods 

The alcohol precursors hydroquinone >98%, 1,1,1-tris(4-hydroxyphenyl)ethane 99%, 

and 1,10 decanediol 98% were purchased from Sigma Aldrich and used as received.  

Maleic anhydride for synthesis was purchased from Merck and used as received.    

Solvents: Tetrahydrofuran, dichloromethane, and methanol were distilled using 

standard distillation methods and stored over molecular sieves. Triethyl amine 

99.5%, 2-Bromo-2-methylpropionyl bromide (BMPB) 98%, octadecyl amine 98%, 

N,N-Dimethylhexadecylamine >95% were all purchased from Sigma Aldrich and 

used as received.   
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NMR: NMR experiments were performed on a Varian UNITY INOVA 400 MHz as 

well as 600 MHz spectrometer equipped with a switchable 5 mm PFG probe in CDCl3 

with TMS as the internal standard.   

Size Exclusion Chromatography (SEC): Molecular weights and molecular weight 

distributions were estimated using a SEC system equipped with a Waters 

autosampler.  The polymer solution was diluted in THF to a concentration of 

approximately 1 mg/ml.  The solution was filtered over a 0.2 μm 

poly(tetrafluoroethylene) (PTFE) syringe filter.  The analysis was carried out using a 

Waters 2695 Alliance pump and injector, a model 2996 photodiode array detector (at 

305 and 470 nm) and a model 410 refractive index detector. The columns used were 

two PL-gel Mixed-C (Polymer Laboratories, 5 μm particles) 300 X 7.5 mm followed by 

a PL-gel Mixed-D (Polymer Laboratories, 5 μm particles) 300 X 7.5 mm in series 

(which were maintained at 40 °C for analysis). THF was used as an eluent (flow rate 

1.0 mL/min).  Molecular weights were determined against poly(methyl methacrylate) 

standards. 

Differential Scanning Calorimetry (DSC): DSC studies were performed in 

aluminium sealed pans using TA Q200 Universal Analysis Instrument V4.3A.  About 

10 mg of solution sample was cooled from 30 °C to -60 °C at a rate of 10 °C /min and 

heated to 30 °C at the same rate.  The heating and cooling experiments were carried 

out under nitrogen atmosphere.     

Low Temperature Optical Microscopy: Crystal morphologies were observed using 

an Olympus BX51 microscopy.  Images were captured using an Olympus U-SPT 

Colorview camera connected to a computer.  The software program AnalySIS Image 

Processing was used to process the data.  Temperature control was performed using 

a Linkam TMS 94.  The samples were first heated to 30 °C then cooled to -60 °C 

using liquid nitrogen, at a rate of 10 °C /min and heated again to 30 °C at the same 

rate.  Images were taken at timed intervals.     

Fourier Transform Infrared (FTIR): Infrared measurements were recorded with a 

Nicolet MAGNA 560 IR Spectrometer.  The software program OMNIC was used to 

process the data.   

Cold Filter Plugging Point (CFPP): Tests were done using the Institute of 

Petroleum (IP) Standard Methods for the Analysis and Testing of Petroleum 

Products, method IP 309. 

Fuel Composition: The crude oil-derived diesel (EN590) was supplied by Sasol 

Technology Fuels Research. The diesel was characterized by a comprehensive 
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multidimensional Leco Pegasus 4D GCxGC-TOF/MS system (LECO South Africa 

Pty. Ltd).  

 

7.2.2 Synthesis Procedures 

Polymer additives: Crystallization modifiers used in this study were statistical 

copolymers of styrene and long alkyl chain methacrylate, prepared by copper 

mediated Atom Transfer Radical Polymerization (ATRP) according to a literature 

report22 and detailed in Chapter 3.  The copolymers were used together with the 

studied gemini surfactants as wax dispersants.  Table 1 outlines the copolymers’ 

molecular weights of the polymers as well as the polydispersity indexes (Mn, Mw and 

PDI).  The main difference between the copolymers is their molecular weights, where 

one polymer is of higher molecular weight, PStC18MA01 while PStC18MA02 has a 

lower molecular weight.     

 

Table 1: Molecular weight data (in g/mol) for the polymer additives.   

PStC18MA01                  PSt-co-PC18MA                      10 600             15200 1.43

PStC18MA02                  PSt-co-PC18MA                        6 000              9 800          1.50

Sample                     Copolymer Composition                Molecular Weight (SEC)
Mn Mw                     PDI

PStC18MA01                  PSt-co-PC18MA                      10 600             15200 1.43

PStC18MA02                  PSt-co-PC18MA                        6 000              9 800          1.50

Sample                     Copolymer Composition                Molecular Weight (SEC)
Mn Mw                     PDI

  

Gemini surfactants: Gemini surfactants were synthesized from the respective 

alcohol precursors, which were esterified prior to the introduction of the ionic 

moieties.  The synthetic route is outlined in Scheme 1.  Esterification of the alcohols 

was carried out according to a procedure reported in literature21 and detailed in 

Chapter 2.  The products were produced in high yields of around 80% and confirmed 

by 1H and 13C NMR and melting points. 

The esters were subsequently used for the synthesis of geminis according to a 

literature procedure.13 Geminis were produced in high yields of around 70%; the 

products were confirmed by 1H and 13C NMR, melting points and FTIR.   
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Scheme 2: Schematic representation for the synthesis of Gemini surfactants. 

 

The geminis synthesized for this study are outlined in Chart 1 and assigned codes 

according to the number of their ionic head group moieties (2 or 3) followed by the 

type of spacer used, A for a flexible aliphatic spacer and B for a rigid aromatic 

spacer, then lastly the number of carbon chains.  A code 3B18 would thus represents 

a tri-ionic head group (3) Gemini with a rigid spacer (B class in Chart 1) and has 

hydrocarbon length of 18 carbons.  Molecular structures of the investigated gemini 

surfactants are outlined in Chart 1.  The maleic anhydride derived gemini surfactant 

(MAnh18) was classified together with the flexible aliphatic geminis because its 

spacer is not an aromatic ring as the class B spacers.  All the gemini surfactants had 

a hydrocarbon chain length of C18; the length of the chain was selected to match the 

hydrocarbon chain length of the copolymer additives used.       
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Chart 1: Flexible and rigid spacer gemini surfactants used in this study. 
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Figure 1: Representative 1H NMR spectra of a two ionic head group gemini 

surfactant with a rigid spacer and a hydrocarbon chain of 18 carbons (2B18).   

 

Figure 1 presents representative 1H NMR spectra of the starting ester and the gemini 

derived from the ester.  The gemini surfactant NMR spectrum shows a new broad 

peak at 8.28 ppm, and another new peak observed at 3.00 ppm corresponding to the 

-CH2- closest to NH2 protons.   
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Figure 2: FTIR spectra of a two ionic head group gemini surfactant with a rigid 

spacer and two hydrocarbon chains of 18 carbons (2B18) (red) and the ester 

compound that it was derived from (black), ( Scales are wave number (x axis) vs. 

transmittance (y axis)).   

 

The gemini surfactants structures were also confirmed by FTIR.  Indicated in Figure 2 

are FTIR spectra for the same compounds as shown in Figure 1.  It can be seen from 

the FTIR spectrum of the gemini that new bands are appearing just before 3000 cm-1, 

corresponding to -NH2. These bands are not present in the spectrum of the ester that 

the gemini is derived from.     

 

Table 2 outlines the characterization data for the synthesized gemini surfactants 

used in this study.   The data confirm successful syntheses of the gemini surfactants 

used in this study.     
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Table 2: Gemini surfactants characterization data.   

Gemini                 Yield%           m.p 1H NMR, δ ppm (CDCl3)                                            
13C NMR, δ ppm (CDCl3)

MAnh18              80%            70 – 73 °C           12.08(s, NH

 

 

 

 

 

 

 

 

 

 

 

The investigated wax dispersing qualities of the geminis were investigated by 

preparing solutions of the diesel with the polymer additive together with individual 

geminis at equal concentration of each additive, stirring for 30 minutes at 40 °C to 

ensure complete dissolution.  The cold flow performance of the solution was tested 

according to cold filter plugging point (CFPP) ASTM D6371, and by means of 

Differential Scanning Calorimetry (DSC) and low temperature microscopy.    

 

7.3 Results and Discussion 

The paraffin length distribution of the crude diesel used is illustrated in Figure 3.  

From the figure it can be seen that the diesel fuel has a significant amount of the 

“problematic” paraffin fractions viz. the high molecular weight carbon chains that 

crystallizes out of the fuel at low temperatures. 

 

 

3,4H); 7.27(s, CH=CH, 2H);                   162.9(C=O); 130.6 (C=C,) 45.7 (C-N); 

2.83(m, N-CH2, 4H); 1.82(m, -CH2 3 2 15 2 3

1.26 – 1.20 (m, (-CH

-, 4H);                 32.6 (C-CH ); 32.2 ((CH ) -CH -); 14.0 (-CH ) 

2-)15, 60H);

0.88(m, -CH2-CH3, 6H)

                   74%            128 – 132 °C       5.42(m, CH2A18 2-O, 4H); 3.95 (s, NH2,4H);                     170.0(C=O); 67.9 (C-(CH3)2; 47.8 (-CH3)2; 

3.18(s,C-(CH3)2,12H); 2.89(m, N-CH2, 6H), 44.5 (C-N); 32.5((CH2)15-CH2-); 25.5((CH2)8;              

2.65 – 2.23 (s, (-CH2-)15, 60H);                                  14.5 (-CH3) 

2.13 (s, (-CH2-)8, 16H); 1.30(t, -CH2-CH3, 6H)                                                           

62%            >200 °C              8.28(s, NH3A18  2,6H); 4.19(s, CH2-O, 6H); 167.2(C=O); 150.2 (benzene-C); 

3.00(s, N-CH2, 6H); 1.96(s,C-(CH3)2,18H);               125.8 (benzene-C); 64.5 (C-(CH3)2; 

1.79 (m, (-CH2-, 6H); 48.8 (-CH3)2;                            42.5 (C-N); 34.5((CH2)15-CH2-); 

1.30 – 1.19 (m, (-CH2-)15, 90H);                                14.9 (CH2-CH3) 

0.88(m, -CH2-CH3, 9H); 0.12(s,C-CH3, 3H)

                   78%            122 – 125 °C 8.23(s, NH2B18 2,4H); 3.02(s, N-CH2, 4H); 165.0(C=O); 150.2 (benzene-C); 

2.09(s,C-(CH3)2,12H); 1.79 (m, (-CH2-, 4H);            125.8 (benzene-C); 64.5 (C-(CH3)2; 

1.34 – 1.27 (m, (-CH2-)15, 60H);                               48.8 (-CH3)2; 42.5 (C-N); 34.5((CH2)15-CH2-);  

0.88(t, -CH2-CH3, 6H)                                              15.6 (-CH3)                                                               

                   70%            >200 °C              8.35(d,aromatic protons, 6H), 4.94(s, NH3B18 2,6H);      170.7(C=O); 153.6(benzene-C); 

3.44(s, N-CH2, 6H); 3.30(s,C-(CH3)2,18H);             145.7 ((benzene-C);130.00 (benzene-C); 

2.63 - 2.87(m, (-CH2-)15, 90H);                                123.7 ((benzene-C); 73.9 (C-(CH3)2; 

2.52 (s, C-CH3, 3H); 1.30 (m, -CH2-CH3, 9H)         58.9 ((C-(CH3)2; 52.8 (-CH3)2 45.8 (CH3); 

42.8 (C-N); 31.90 ((CH2)15-CH2-); 14.0 (-CH2-CH3)      

Gemini                 Yield%           m.p 1H NMR, δ ppm (CDCl3)                                            
13C NMR, δ ppm (CDCl3)

MAnh18              80%            70 – 73 °C           12.08(s, NH3,4H); 7.27(s, CH=CH, 2H);                   162.9(C=O); 130.6 (C=C,) 45.7 (C-N); 

2.83(m, N-CH2, 4H); 1.82(m, -CH2 3 2 15 2 3

1.26 – 1.20 (m, (-CH

-, 4H);                 32.6 (C-CH ); 32.2 ((CH ) -CH -); 14.0 (-CH ) 

2-)15, 60H);

0.88(m, -CH2-CH3, 6H)

                   74%            128 – 132 °C       5.42(m, CH2A18 2-O, 4H); 3.95 (s, NH2,4H);                     170.0(C=O); 67.9 (C-(CH3)2; 47.8 (-CH3)2; 

3.18(s,C-(CH3)2,12H); 2.89(m, N-CH2, 6H), 44.5 (C-N); 32.5((CH2)15-CH2-); 25.5((CH2)8;              

2.65 – 2.23 (s, (-CH2-)15, 60H);                                  14.5 (-CH3) 

2.13 (s, (-CH2-)8, 16H); 1.30(t, -CH2-CH3, 6H)                                                           

62%            >200 °C              8.28(s, NH3A18  2,6H); 4.19(s, CH2-O, 6H); 167.2(C=O); 150.2 (benzene-C); 

3.00(s, N-CH2, 6H); 1.96(s,C-(CH3)2,18H);               125.8 (benzene-C); 64.5 (C-(CH3)2; 

1.79 (m, (-CH2-, 6H); 48.8 (-CH3)2;                            42.5 (C-N); 34.5((CH2)15-CH2-); 

1.30 – 1.19 (m, (-CH2-)15, 90H);                                14.9 (CH2-CH3) 

0.88(m, -CH2-CH3, 9H); 0.12(s,C-CH3, 3H)

                   78%            122 – 125 °C 8.23(s, NH2B18 2,4H); 3.02(s, N-CH2, 4H); 165.0(C=O); 150.2 (benzene-C); 

2.09(s,C-(CH3)2,12H); 1.79 (m, (-CH2-, 4H);            125.8 (benzene-C); 64.5 (C-(CH3)2; 

1.34 – 1.27 (m, (-CH2-)15, 60H);                               48.8 (-CH3)2; 42.5 (C-N); 34.5((CH2)15-CH2-);  

0.88(t, -CH2-CH3, 6H)                                              15.6 (-CH3)                                                               

                   70%            >200 °C              8.35(d,aromatic protons, 6H), 4.94(s, NH3B18 2,6H);      170.7(C=O); 153.6(benzene-C); 

3.44(s, N-CH2, 6H); 3.30(s,C-(CH3)2,18H);             145.7 ((benzene-C);130.00 (benzene-C); 

2.63 - 2.87(m, (-CH2-)15, 90H);                                123.7 ((benzene-C); 73.9 (C-(CH3)2; 

2.52 (s, C-CH3, 3H); 1.30 (m, -CH2-CH3, 9H)         58.9 ((C-(CH3)2; 52.8 (-CH3)2 45.8 (CH3); 

42.8 (C-N); 31.90 ((CH2)15-CH2-); 14.0 (-CH2-CH3)      
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Figure 3: Paraffin length distribution in the crude diesel, obtained by GC.   

 

The chemical components that are found in high contents in the fuel are the normal 

alkanes, branched alkanes and aromatic species.  A two-dimensional GC, also 

known as GCxGC technique separates and groups individual components according 

to different classes, such as branched and normal paraffins, cyclic paraffins, 

aromatics etc.  The technique provides a multidimensional separation of components 

in complex mixtures, it also allows for peak capacity and high sensitivity level 

components in complex mixtures to be separated and quantified at low ppm levels.  

Figure 4 is a GCxGC contour plot showing different components present in the crude 

diesel used.   
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Figure 4: GCxGC contour plots for the crude derived diesel used in the study.   

 

Cold flow improvers and wax dispersants are some of the additives used to improve 

low temperature operability of diesel fuels.  Cold flow improvers modify wax crystal 

while wax dispersants ensure that the modified wax crystals do not aggregate and 

sediment.  Wax dispersants are also referred to as wax anti-settling additives 

(WASAs).  These additives function by enhancing the colloidal stability of wax 

crystals and affording crystals to remain evenly suspended in the fuel.  The wax 

dispersants are only effective once the cloud point depressants and CFPP 

depressants have modified and reduced the wax crystals, indicating that the wax 

dispersants interact directly with the polymeric additives and not with the fuels.1,4   

 

7.3.1 Crystallization studies of Gemini surfactants in crude diesel 

Optical microscopy and DSC were used to monitor the crystallization behaviors and 

crystal morphological changes induced by the gemini surfactants in combination with 

the polymeric additives in diesel fuel at 1000 ppm and 500 ppm concentrations.  The 

results reported herein are for the 500 ppm concentrations of polymeric additive and 

wax dispersant in diesel to have concentrations comparable to the additive 

concentrations generally used for commercial applications.    

 

  -165- 



Gemini surfactants, a novel class of diesel fuel wax dispersants   Chapter 7 

7.3.2 Low Temperature Optical Microscopy  

Figure 5 presents a series of micrographs taken at -30 °C with the investigated 

gemini surfactants in combination with the polymeric flow improver additives of 

different molecular weights.  The microscopy experiments were performed over a 

range of sub-zero temperatures; the experiments were carried out by cooling from 30 

°C to -60 °C at a rate of 10 °C/min and heated to 30 °C at the same rate under 

nitrogen atmosphere.  Only the micrographs taken at -30 °C are presented, the 

temperature is considered low enough to give a good indication of the additive’s 

response under extended cold temperatures such as places with severe winters or in 

storage tanks and pipelines operating at low temperature.       

Low temperature microscopy experiments offer a simple, quick and effective way of 

following crystallization morphological changes, which are a fundamental indicator of 

efficiency of low temperature diesel flow additives.       

Figure 5 illustrates micrographs of two polymeric additives with the gemini surfactant 

derived from maleic anhydride.  This gemini in combination with the polymeric 

additives exhibited crystal morphological changes, from numerous larger needle-like 

structures to smaller dispersed spherical-like configurations which were too small to 

be measured accurately.   

 

 

 

 
PStC18MA02

PStC18MA01
MAnh18

MAnh18

-30 °C

-30 °C

Crude diesel at -30 °C

-30 °C

-30 °C
 

 

 

Figure 5: Microscopy images taken at -30 °C, illustrating crystallization interactions 

between maleic anhydride based gemini surfactant (MAnh18, Chart 1) at 500 ppm 

each additive in crude diesel.  The white circles are included to highlight the 

crystallites, for better visualization. Image size 50x50 μm.  
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As mentioned earlier, wax dispersants function by further reducing and modifying 

wax crystals. The micrographs in Figure 5 are an attempt at illustrating this working 

hypothesis. The gemini surfactants were able to further reduce the sizes and number 

of the crystallites.  The base fuel on its own gave crystals of around 30 µm, these 

were reduced by the cold flow improver polymer additive to around 10 µm and an 

even further drastic reduction and modification to sparsely distributed dot-like crystals 

by the inclusion of the gemini surfactant indicating the efficiency of the gemini.   

   

7.3.3 Effect of the Gemini surfactant spacer type 

In further experiments, geminis were evaluated for the influence their spacers had on 

crystallization behavior of the diesel fuel.  As outlined in Chart 1 the geminis were 

classified according to their flexible or rigid spacer groups.  The gemini’s spacer 

plays a significant role in the overall performance of a gemini, because they influence 

the gemini’s self-assembly and micelle formation. The relationship between the 

micelle properties and the nature of the spacer is generally not fully understood, one 

study has indicated.14 The micelle formation and properties were not the focal point 

of this study.  This part of the study was conducted to follow geminis interactions and 

influences in wax crystallization modifications, with the aim of obtaining information 

relating to the operating mechanism of the geminis in the selected diesel.   

 

Crystal morphological observations and influence of two bifunctional geminis, a 

flexible aliphatic (2A18) and a rigid aromatic spacer (2B18) geminis are 

comparatively depicted in Figure 6.     
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Figure 6: Microscopy images taken at -30 °C, illustrating the effect of the spacer type 

(2A18 and 2B18) on the gemini’s wax dispersing influence, in combinations with 

styrene-C18 methacrylate statistical copolymers in crude diesel at 500 ppm each 

additive.  The white circles are included to highlight the needles-structures, for better 

visualization. Image size 50x50 μm. 

 

The figure displays the influence of the two geminis when used in combination with 

the polymeric additives.  Both classes A and B gemini surfactants lead to smaller, 

fewer and scattered crystallites.  2B18 in conjunction with PStC18MA02 displayed 

slightly longer needle sized crystals than the other combination.  This system also  

exhibited scattered crystals.  From the figure it appears that both polymeric additives 

together with the geminis led to smaller and scattered crystallites however each 

indicating different crystallites, suggesting that they influence crystal modifications in 

different ways.   
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7.3.4 Effect of functionalities of Gemini surfactants 

Having established that the geminis possess positive wax dispersing qualities in 

crude diesel, the next point of interest was to evaluate the influence of functionalities 

gemini surfactants.  Two three-functional gemini surfactants (3A18 and 3B18) were 

evaluated under the same conditions as the previous experiments in crude diesel.  

Figure 7 illustrates the microscopy observations.   

 

PStC18MA023A18 3B18

Figure 7: Microscopy images taken at -30 °C, illustrating the effect of the tri-

functional gemini surfactants (3A18 and 3B18, see Chart 1) of styrene-C18 

methacrylate statistical copolymers in crude diesel at 500 ppm for each additive. 

Image size 50x50 μm.   

 

The flexible trifunctional gemini 3A18 (left micrograph Figure 7) performed better as 

compared to the rigid counterpart (right micrograph Figure 7).  The micrographs 

obtained with 3B18 show an almost similar crystallization pattern as the diesel 

solution treated with the polymeric additive with no geminis present.  The gemini 

3A18 on the other hand, showed a slightly better crystallization morphological 

changes when compared to the blank experiment, evidenced by fewer crystallites 

although with somewhat similar crystal sizes.  The presence of multi-functionality 

clearly does not offer superior qualities over a bifunctional ionic head-group.  A 

possible explanation for this effect could be that multifunctional geminis may lead to 

supramolecularly cross-linked micelle aggregates, which could be unfavorable for the 

desired further wax crystal modifications.  

 

7.3.5 Effect of concentration of the additives  

The effect of concentration of the additives was investigated at 2000 ppm, 1500 ppm 

and 1000 ppm for both the polymeric additive and the gemini surfactant.   
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PStC18MA02 + 2A18  

 

 

 

 

 

 

 

 

 

Figure 8: Microscopy images illustrating interaction of 2A18 gemini in combination 

with PStC18MA02 at 1000 ppm: 1000 ppm, 1000 ppm: 500 ppm and 500 ppm : 500 

ppm of each polymer additive to the surfactant in crude diesel. Image size 50x50 μm.   

 

Figure 8 illustrates various concentrations tested for the combinations of the gemini 

and polymeric additive PStC18MA02.  The figure demonstrates that at 500 ppm of 

each additive (500 ppm : 500 ppm) positive interactions were obtained, then followed 

by 1000 ppm polymer additive  to 500 ppm gemini (middle micrograph), as these also 

led to fewer smaller crystallites while the highest concentration of 1000 ppm of each 

additive led to conspicuously larger crystals as observed from the first micrograph of 

the figure.  Lower concentrations of the gemini surfactants such as 250 ppm 

(micrographs not included) gave fairly acceptable interactions, 500 ppm of each 

additive was however observably the better of the tested concentrations.   

 

7.3.6 Differential Scanning Calorimetry (DSC)  

Comparative DSC traces of cooling (crystallization) experiments of diesel fuels with 

additives are presented in Figure 9.  The figure depicts the traces comparing 

crystallization behaviors of the flexible and rigid gemini surfactants in combination 

with the two reported copolymers, PStC18MA01 and PStC18MA02.   

 

 

 

 

 

1000 ppm : 500 ppm 500 ppm : 500 ppm1000 ppm : 1000 ppm
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Figure 9(a-c): Comparative DSC crystallization traces for (a)PC18MA01 and 

(b)PC18MA02 combined with gemini surfactants in crude diesel at 500ppm for each 

additive.  Highlighted in (c) are the crystal traces illustrating the MAnh18 and 2A18 

systems with both copolymer additives.  (For experimental conditions, see 

Experimental Section).               

 

It is worth noting the significantly large crystalline material obtained for the untreated 

crude-oil derived diesel as denoted by the large area under its crystallization curve. 

The subsequent crystallization modifications, upon addition of the combination of the 

polymeric additive and the gemini surfactants, are observed by the almost flattened 

crystallization traces illustrations in Figure 9.   

PStC18MA02 + gemini surfactants

b

PStC18MA01 + gemini surfactants

a
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The DSC traces in Figure 9 point to various crystallization interactions of the geminis 

with both polymeric additives in crude derived diesel.  With PStC18MA01, the 

geminis evaluated showed significant crystallization modifications with the effect 

decreasing when increasing the ionic head-groups with rigid spacers 3B18 for 

example.  Interestingly, the rigid gemini 2B18 with PStC18MA01 showed an 

appreciable reduction in the crystallization, as evident from the changes in its DSC 

trace.  At lower temperatures, a smaller separate crystallization activity just above -

20 °C is observed with 2B18/PStC18MA01 system.  It is speculated that this 

behavior results from the copolymer additive and not from the gemini surfactant 

because the pattern is only observed with this particular copolymer additive and it is 

pronounced with the 3B18 DSC trace. 

The rigid geminis 2B18 and 3B18 in combination with PStC18MA02 led to rather 

large crystallization peaks indicative of the formation of large crystalline materials 

(top two DSC traces of Figure 9b).  On another hand, DSC traces for PStC18MA02 

with the aliphatic spacer gemini 2A18 indicated a significant crystallization 

modifications. An even improved crystallization modifications were observed with the 

maleic anhydride-derived gemini MAnh18. The interaction between MAnh18 with the 

polymeric additive PStC18MA02 led to the most reduced crystallization peak, 

signifying synergistic interactions between the two compounds (Figure 9c).  To a 

lesser extend, the trifunctional aliphatic spacer 3A18 also showed some 

crystallization modifications from its DSC trace.  The aromatic trifunctional 

counterpart (3B18) however did not show improvement towards crystallization 

modifications with PStC18MA02.  It therefore appears that the aliphatic spacer 

geminis with PStC18MA02 positively modifies crystallization as compared to the rigid 

spacer counterparts, however increasing ionic head-groups had an unfavorable 

effect.       

 

The DSC results corroborate the low temperature optical microscopy results, 

confirming the ability of the gemini surfactants to influence crystallization 

modifications and crystal size reductions, thus subsequent wax dispersion.  Gemini 

surfactants in solutions generally assemble collectively to form organized structures 

such as micelles.11-15  Gemini surfactants as generally used in aqueous medium and 

owe their superior properties to their ability to rapid formation of micelles that leads to 

lowering of surface tensions, thus setting them above conventional surfactants.  With 

the same principle, in a hydrocarbon solvent such as diesel fuels, micelle formation 

also applies.  The crystallization modification efficiency of a gemini as wax dispersant 

will conceivably be governed by the rapid formation of micelles, which leads to 
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interaction of the hydrocarbon paraffin fraction of the micelles by co-crystallization or 

adsorption with the fuel’s hydrocarbon fraction.  In this situation of diesel fuels, the 

gemini’s hydrocarbon chains would self-assemble and partition towards the fuels’ 

paraffinic segments while the polar functionalities will be directed away from the 

solvent matrix.  The polar groups would then serve as steric hindrances1,4,9 affording 

stabilization of the micelles that are incorporating and associating with the wax 

crystals in the fuel.  It is suspected that self-organization into micelles with rigid 

geminis, particularly of multifunctionalities could be sluggish.  Wax crystals in such a 

situation would remain free to act in their thermodynamically favored way, which is to 

agglomerate and form larger wax crystals even after being modified by the cold flow 

additives.  From the results observed, it appears that rigid spacers, do not facilitate 

easy and rapid formation of stable micelles as compared to flexible geminis, however 

not excluding the influence of the polymeric additive used.   

As abovementioned and clearly evident from Figure 9 is that the efficiency of geminis 

in crystallization modifications relies largely on the polymeric additive used.  The two 

polymeric additives used are both statistical copolymers of stearyl methacrylate 

(C18MA) and styrene with different molecular weights, where one has a higher Mn of 

10 600 g/mol (PStC18MA01) and the other has a relatively low Mn of 6000 g/mol 

(PStC18MA02).  It can be seen from the Figure that the aliphatic geminis interacted 

more with both the polymeric additives.  The exception is exhibited by the rigid 

spacer 2B18, the only rigid spacer gemini showing the best performance however 

only with the high molecular weight polymer PStC18MA01. This indicates that the 

overall efficiency depends on both additives.   

 

Comb type polymers of poly(alkyl (meth)acrylates) cooperatively assemble in organic 

solvents into micelles and vesicular structures comparable in thicknesses to the 

pendant alkyl chains depending on the degree of polymerization.24  Low molecular 

weight polymers as cold flow improvers have been reported to act as crystal growth 

inhibitors while high molecular weight polymers act as nucleators.24  This implies that 

low molecular weight polymers delay crystallization of wax crystals while high 

molecular weight polymers modify crystallization by precipitating out of the fuel at 

temperatures earlier than those of wax crystals thus acting as a template for the wax 

to crystallize upon.  This however is not a general rule applying to all polymers and 

all fuels. The fuel’s chemical composition is integral to its response to additives.       
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3.7 Cold Filter Plugging Point (CFPP)  

The statistical copolymers used in this study were evaluated for their cold flow 

properties under CFPP tests.  The CFPP results illustrated on Figure 10 are for 500 

ppm concentration each for gemini surfactant and additive.   
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Figure 10: CFPP results for the gemini surfactants, in combination with the two 

copolymer additives used in the study.  The horizontal dotted lines denote the 

∆CFPP from the base diesel without additives at -18 °C.  

 

The differences in the physicochemical characteristics of additives are  indicated by 

the additive’s response and efficiencies in the cold flow properties of the fuels, 

generally determined by CFPP and PP tests.  CFPP tests reported in Figure 10 

outline the response of each polymeric additive system with the geminis.  The CFPP 

of the untreated crude oil-derived diesel used in this study, EN590 is  -18 °C. As 

indicated in Figure 10, gemini surfactants exhibited good wax dispersing qualities as 

evidenced by an overall further lowering of the CFPP compared to the diesel 

additized with the polymeric additive only.  

DSC and low temperature optical microscopy experiments discussed earlier 

indicated crystallization modifications and size reductions.  The CFPP results are in 

unison with these techniques and can therefore be concluded that both polymeric 

additives in combination with the various gemini surfactants were able to alter wax 

crystallizations however in their different manners and mechanisms.  The general 

trend observed from the CFPP results in Figure 10 was that the low molecular weight 

polymer PStC18MA02 interacted better with MAnh18 and 2A18 with the efficiency 

decreasing with increasing the ionic head group functionality (3A18). The aromatic 

geminis 2B18 and 3B18 both did not alter the CFPP.  A clear trend can thus be 
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drawn from PStC18MA02, whereby the efficiency of the gemini was governed by the 

spacer as well as the head group functionality.  Used with the polymer PStC18MA02, 

aromatic spacers proved inefficient, followed by trifunctional head groups. 

  

In the case of PStC18MA01 however, the only aromatic spacer gemini showing good 

interactions was 2B18.  A markedly lowered ∆CFPP of 12 °C was attained with the 

PStC18MA01/2B18 system. DSC results also indicated a noticeable altered 

crystallization with the combination (Figure 9), as well as low temperature optical 

microscope displaying clearly modified crystallites with the same combination  

(Figure 6).     

The performance trend of the gemini surfactants in combination with the polymeric 

additives used from Figure 10 can be summed up as follows: 

 

PStC18MA01:  Performance 

Order 

2B18  > 3A18 > MAnh18 ≈ 2A18  ≈ 3B18 

∆CFPP 12°C       9°C        5°C        

 

 
   4°C       3°C 

 

 

PStC18MA02:  Performance 

Order 
MAnh18 > 2A18  > 3A18 > 2B18 = 3B18 

∆CFPP 11°C          9°C         4°C     

 

 
 1°C      1°C 

 

 

As mentioned, results obtained from other techniques used, low temperature optical 

microscope and DSC also support the above trend for reasons discussed in their 

respective sections throughout the chapter.   

 

7.3.8 Evaluation of dual functionality cold flow additive: Cold flow improver + 

Wax dispersant additive in one compound 

The polymerization technique used to prepare polymeric additives, ATRP is an 

interesting polymerization technique because of its ability to retain chain-end 

functionalities due to its “living” character.  The chain-end functionality, (carbon-

halide) can subsequently be chain extended by further polymerization or transformed 

to various functionalities.  The polymeric additives used in this study, PStC18MA01 

and  PStC18MA02 were chain-end modified to produce gemini surfactants according 

to the same reaction scheme followed for the investigated geminis in this study 

(Scheme 3).   
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Scheme 3: Schematic representation for the synthesis of a gemini surfactant derived 

from poly(stearyl methacrylate)-co- polystyrene. 

 

The main objective was to investigate the possibilities of having a polymer additive 

that can serve as both a cold flow improver and a wax dispersant in the same 

compound.  Some polymer additives with dual functions viz. cold flow improvers and 

wax dispersing qualities in one compound have previously been reported in 

literature.9,23  The comb-type alkyl acrylate polymers used by El-Gamal and co-

workers9 were amide-functionalized, and their wax dispersing qualities were 

attributed to the effect of the polar nitrogen/oxygen functionalities incorporated into 

the copolymer.   

   

CFPP measurements revealed that both the dual function polymers derived 

surfactants (PStC18MA01) and (PStC18MA02) were able to afford ∆CFPP of at least 

6 degrees.  It is worth mentioning that on their own, without the polymeric additive, 

gemini surfactants were found to be inefficient in the selected crude-oil derived 

diesel.  From low temperature optical microscopy for example, very large undesirable 

needle-like crystals were observed.      

 

7.3.9 Proposed operating mechanism of the Gemini surfactants as wax 

dispersants in crude diesel.  

Statistical copolymers with crystallizable and non-crystallizable segments are known 

to self-assemble or self-organize in solution.  In diesel fuels, the copolymers would 

self-organize into structures such as micelles, with the pendant crystallizable side 

chains inserted into the fuel towards the wax crystals while the polymer backbone 

with its non-crystallizable polar functionalities remaining on the crystal/fuel interface 

thus preventing agglomeration of other paraffin molecules.27  This type of self-

organization e.g. micelles, is identifiable with statistical copolymers of the 
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architectures mentioned.  Other architecture such as block copolymers for example 

do not form micelles but thermodynamically favor aggregates that are plate-like in 

structure with the core made up of the crystallizable fraction, which gets enclosed by 

the non-crystallizable fraction.28,29   

 

Statistical copolymers used in this study would therefore be expected to organize into 

micelle-type structures in diesel fuels.  The organized structure will result in either co-

crystallization or adsorption of the wax crystals of matching and comparable alkyl 

chain length with the organized structures. This would facilitate retardation of wax 

crystal growth, hence leading to wax crystal modifications as well as wax crystal size 

reduction.   

Addition of wax antisettling additives or wax dispersing additives prevents the wax 

crystals from aggregating further once they have been modified by the cold flow 

additives.  In this study, gemini surfactants were investigated for this purpose.  The 

wax dispersing activity of the geminis in combination with the statistical copolymers 

may be attributed to the synergistic effects of the polymeric additives and the gemini 

surfactants.  The mechanism of the gemini’s micelle formations is speculated to 

occur in such a way that the polymers’ hydrocarbon chains self-organize by inserting 

into the paraffin fractions site of the uninhibited modified wax crystals, thus allowing 

co-crystallization or adsorption onto the wax crystals.  This then would result in 

lowering the cohesive energy between the waxes, in turn improving colloidal stability 

of the wax crystals by the electrostatic forces provided by the ionic groups.1,4   

 

In view of the results obtained, a schematic depiction of the proposed three-way 

interaction between the polymeric additive, crude diesel and the gemini surfactant is 

outlined in the cartoon illustration in Scheme 4.   
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Gemini surfactant assembly

Copolymer assembly

Wax crystal/fuel interface

Gemini surfactant assembly

Copolymer assembly

Wax crystal/fuel interface

Favorable interactions between
polymeric additive + gemini surfactant

Unfavorable interactions between 
polymeric additive + gemini surfactant

Scheme 4: Schematic depiction of the proposed operating mechanism for the crude 

diesel wax dispersion in the presence of polymeric additives and gemini surfactants.     

 

Scheme 4 illustrates the proposed three-way mechanism, indicating the paraffin 

interactions upon addition of the polymeric additive followed by changes when the 

gemini surfactants are added.   The two types of additives viz. cold flow improver and 

wax dispersants function synergistically according to their self-organization 

properties.  The favorable interactions involve the cold flow improver facilitating 

micelle formation which will associate with the matching paraffin fractions of the 

diesel thus leading to wax crystal modifications. The geminis would also 

correspondingly form their favorable micelle aggregations, where the hydrocarbon 

chains would insert towards the fuel’s paraffin fractions.  The geminis ionic groups 

will sequentially facilitate repulsion of the wax crystals thus ensuring their evenly 

dispersion in the fuel matrix.     

The unfavorable interactions are observed when the polymer and the gemini function 

independently of each other thus leading to the exclusion of the paraffin wax crystals 

in the three way process. An example of a typical favorable interaction is the 

PStC18MA01/2B18 while PStC18MA02/2B18 system for example qualifies as 

unfavorable interactions.  With the wax crystals excluded from these interactions, 

they are free to aggregate and form larger wax that will settle at the bottom of storage 

tanks.     
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7.4 Conclusion  

Gemini surfactants were synthesized and evaluated in a European crude oil-derived 

diesel for their wax dispersing properties, in combination with cold flow additives 

consisting of statistical copolymers of styrene with pendant C18 methacrylate units, 

prepared via a controlled radical polymerization called ATRP.  From the results of a 

previous study reported in Chapter 6, it was postulated that the efficiency of a wax 

dispersant depends on the combined interactions of these parameters viz. the effect 

of matching alkyl chains to interact with the fuel’s alkyl chains and the polar 

functionalities exerted by, for example carbonyl moieties. Based on these 

recommendations, it can be concluded from this study that gemini surfactants are a 

novel class of crude diesel wax dispersants.  Low temperature optical microscopy, 

DSC and CFPP results are all in agreement indicating that gemini surfactants can be 

employed as wax dispersants, as evidenced by the results obtained such as an 

appreciable ∆CFPP = 12 °C, and reduced wax crystals’ sizes that were observed 

evenly dispersed in the diesel matrix from low temperature micrographs.     

 

7.5 Summary 

The results of the study can be summarized as follows:  

 The study revealed that the geminis’ efficiency as wax dispersant is directly 

dependent on the polymeric additive.  Both evaluated polymers were able to 

interact positively with some of the geminis, however at differing extents. 

 

  The lower molecular weight copolymer interacted closely with aliphatic 

spacer geminis while the high molecular weight polymer although interacted 

positively with a rigid spacer gemini, crystallization modifications and wax 

dispersion were more improved with the rigid gemini surfactant 2B18.   

 The alkyl methacrylate statistical copolymers and the gemini surfactants 

facilitated synergistic interactions that afford modifications of wax crystal 

formation.  Wax crystals would therefore not be free to agglomerate, the ionic 

charges thus offered the electrostatic repulsion forces that facilitated 

enhanced colloidal stabilization of the wax crystals and their even distribution 

in the crude diesel.   
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 Increasing the number of the ionic head-groups of the gemini surfactant did 

not offer added benefit regarding wax dispersing functioning in crude diesel.  

The evaluated aliphatic and aromatic core tri-functional geminis 3A18 and 

3B18 did not show a significant improvement in performance, however this 

depended on the polymeric additive used since the aliphatic surfactant 3A18 

displayed relatively better performance with PStC18MA01 than in 

PStC18MA02.  With both polymeric additives 3B18 was not efficient.   

 

 Investigation of the dual functionality of cold flow improver and wax dispersant 

in one compound resulted in lowering of CFPP with about 6 °C.  This 

suggests the potential cold flow improving qualities of the dual function 

polymer. 

 

7.6 Suggestions for future work 

 

Cold flow properties were both influenced by the polymeric co-additive (PStC18MA01 

and PStC18MA02).  The high molecular weight copolymer showed a close 

interaction with a bifunctional rigid spacer gemini only while the low molecular weight 

polymeric additive showed a steady decline in performance with rigid spacer geminis 

as well as an increase in ionic functionalities.  Several studies have reported the 

efficiency of polyalkyl acrylate oligomers as wax inhibitors via molecular modelling 

studies.30-32  Having discovered that synergistic interactions between the polymeric 

additive and the gemini surfactants do exist to some degree, gaining further 

understanding into parameters affecting the process as well as the fundamentals of 

the self-organization can be an interesting addition to the study.     

 

Polymeric additives studied in this chapter and throughout the study were statistical 

copolymers of styrene and long alkyl chain methacrylates prepared via Atom 

Transfer Radical Polymerization (ATRP).  The crystallizable fractions are the long 

alkyl methacrylates while the polymer backbone is made up of non-crystallizable 

styrene units. As mentioned, these polymeric structures self-organize into aggregates 

such as micelles and possibly vesicles.  It can be argued that this type of self-

organization is more of a close-configuration, which can have its restriction regarding 

accessibility of the fuel’s paraffin fractions to interact with the polymeric self-

assembled structure   
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Ethylene-Vinyl Acetate (EVA) copolymers have found widespread applications as 

middle distillate fuels cold propery improvers.  Yu-hui and Ben-xian compared the 

efficiency of EVA and polyacrylate as co-additives with SPAN surfactants in wax 

dispersant applications for diesel.4  They attributed the superior properties of EVA 

over polyacrylate to the structure of the two polymers.  The direction of crystal growth 

in the EVA system was reported to be along the main backbone of the polymer, since 

the crystallizable fraction is the polyethylene segment, which is the polymer 

backbone.   The non-crystallizable vinyl acetate groups emerge as pendants from the 

backbone.  It was established that the larger surface area of the crystal growing 

facilitated a greater adsorption of the wax dispersant onto this fast-growing side thus 

affording the wax dispersant to adsorb more easily and readily onto the growing 

sides therefore increasing the efficiency of the wax dispersant.4 

In a similar line of thought, it can of interest to investigate the potential of ATRP 

polymeric materials with crystallizable fractions as part of the main chains while the 

non-crystallizable sections as pendant groups.   

Both ethylene as well as vinyl acetate can not be successfully polymerized via ATRP 

due to their inability to produce stable radicals that are capable to propagate 

polymerizations in a controlled and living manner.   

 

Gemini surfactants, as it was elucidated throughout this chapter are conventionally 

applied in aqueous medium for obvious reasons of affording interactions between 

two incompatible liquids such as water and oil.  Employing geminis in diesel fuel as 

wax dispersant is a new application.  Micelle formation studies particularly in diesel 

fuels are other aspects for further investigation. Techniques such as molecular 

modelling can offer added information relating to the surfactants’ solution behavior.       
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Summary and Recommendations     

The research described in this thesis is primarily aimed at gaining fundamental 

understanding on the structure-activity relationship of polymeric additives in middle 

distillate fuels viz. diesel fuels. Living radical polymerization was used to synthesize 

polymeric materials that have been identified to have the potential to influence cold 

flow properties of some selected diesel fuels.  The design of polymeric materials of 

interest was guided by achieving polymers having crystallizable fractions that can co-

crystallize with the paraffin fractions of the fuels, thus preventing the diesel’s paraffins 

from crystallizing together.  The second part of the polymer had to be 

amorphous/non-crystalline in order to inhibit or/and modify crystal growth. Atom 

Transfer Radical Polymerization (ATRP) was the chosen living radical polymerization 

techniques for the synthesis of statistical copolymers of long alkyl chain 

methacrylates and styrene used in the study.  The synthesis of the statistical 

copolymers was challenging due to solubility issues observed with the long alkyl 

chain methacrylate monomers.  Methacrylate monomers with chain lengths ranging 

from C18 to C20, as well as methacrylate monomers with a blend of C16 – C24 alkyl 

chains, were selected for this study.  The monomers with the long alkyl chains are 

highly non-polar, while the CuBr/PMDETA catalyst complex is polar.  This led to a 

non-homogeneous reaction system, with the catalysts complex observed to deposit 

on the reactor wall.  Phase transfer agents were used as catalysts additives to 

improve catalyst solubility and afford a controlled polymerization system. Statistical 

copolymers of alkyl methacrylate-styrene with topologies of interest and 

predetermined molecular weights and relatively low polydispersity indexes were 

successfully prepared and confirmed by Size Exclusion Chromatography (SEC), 

NMR, FTIR and DSC.             

 

The synthesized statistical copolymers were investigated as potential cold flow 

improvers in selected crude oil-derived diesel as well as gas-to-liquid (GTL) diesel 

fuels.  The results of this investigation revealed two crucial aspects pertaining to the 

cold flow additives.  The first part of the study demonstrated that the copolymer 

composition strongly influences the cold flow properties of the diesel fuels.  The 

copolymer constituents play a significant contribution towards altering wax 

crystallization.  Various copolymers with different ratios of crystalline to non-

crystalline  were evaluated.  Too high fractions of the crystalline components 

promoted undesired wax crystallization as it was observed in the case of 

homopolymers of alkyl methacrylates, while too high non-crystalline content did not 

facilitate solubility of the polymer additive in the diesel matrix also resulting in 
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uncontrolled wax crystallization.  It thus shows that the correct balance of the two 

components is crucial in the desired functioning of the cold flow improvers.  The 

second part of the study elucidated that the copolymers influenced different diesel 

fuels in different ways, indicating that the polymer additives were fuel specific.  The 

results showed that diesel fuels that had low CFPP temperatures were more difficult 

to improve on their cold flow properties with the evaluated polymeric materials, while 

the fuel with a relatively high CFPP responded to the polymers to a certain extent.   

 

Lastly, gemini surfactants were synthesized and successfully applied in a new 

application, i.e. as crude oil-derived diesel wax dispersants in combination with the 

synthesized ATRP statistical copolymers. Interesting from the study was the 

noticeable influence of the polymers’ molecular weight and the subsequent response 

to the different geminis.  It was observed that the evaluated lower molecular weight 

polymeric additives indicated a decrease in efficiency with a change from flexible 

aliphatic spacers to rigid spacer geminis.  Decrease in efficiency with the lower 

molecular weight polymeric additives was also noticed with a shift from bifunctional to 

tri-functional ionic head group geminis.  While a clear trend was not observed with 

the evaluated higher molecular weight copolymer, it was however noticeable that 

comparable efficiency with this polymeric additive was obtained with a bifunctional 

rigid spacer gemini.     

 

Commercially available diesel cold flow additives prepared by ATRP could not be 

obtained; therefore the results of this study could not be compared with similar or 

related commercially available additives.  One widely used commercially available 

cold flow improver for middle distillate fuels is the copolymer of ethylene and vinyl 

acetate (EVA).  EVA copolymers however can not be synthesized via ATRP.     

Future study interests involve synthesizing polymeric materials, via living 

polymerization techniques, which have their crystallizable fractions as part of the 

polymer backbone with the amorphous section as pendants from the backbone.  This 

is envisaged to offer an insight into the response of different polymer topologies that 

have similar structural traits as the widely applied EVA.     

The general conclusion of the thesis is that the branched statistical copolymers 

consisting of crystalline and non-crystalline fractions could be prepared in a 

controlled way using ATRP. The copolymers were able to modify diesel fuel wax 
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crystals. Most of the synthesized copolymers did not significantly lower CFPP, 

particularly for the evaluated GTL diesel fuels. However, the studies using DSC, low 

temperature optical microscope and CFPP tests allowed an insight into fundamental 

understanding of crystallization interactions between polymer additives and diesel 

fuels, which was the primary focus of this study.     
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